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Experimentation Investigate of Gasoline
Engine Emergency Alternative Fuel

Lianling Ren, Changfa Liu, Xingwang Wang and Rui Ge

Abstract This paper has integrated various methods such as engine bench test and
actual road test, etc. to conduct a feasibility study on the emergency alternative
fuel of gasoline by mixed jet fuel and gasoline. The research is divided into three
parts. The first step is to mix the jet fuel and gasoline in different proportions and
to analysis physicochemical properties. The study shows that both the evapor-
ability and anti-knock quality decrease after mixing jet fuel with gasoline. The
second step is to make bench test on the external characteristics and load char-
acteristics with CA20 made use of so as to study the influences of the jet fuel to the
dynamic performance and economical efficiency of the engine. The result shows
that while the mixing proportion increases, the engine power decreases and the
fuel consumption increases gradually. When the proportion reaches 40 %, the
engine power drops by 5.3 to 11.7 %, the fuel consumption rises by an average of
3.8 %,The third step is to make a test on actual use for 1,000 km in order to study
the adaptability of the jet fuel to the gasoline cars making use of blending fuel with
40 % jet fuel mixed in. The result shows that the lubricating oil dilution and
exhaust emissions of engine become worse. All of the above studies show that as
for the gasoline engine, the mixed oil can only be used as emergency alternative
fuel due to its harm to the engine.
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1 Introduction

The working conditions of the gasoline cars are closely related to the physical and
chemical properties of gasoline. To make the engine operate, the fuel of the
gasoline engine has to meet the following requirements [1, 2]: (1) Good anti-
detonation quality. The gasoline should have an appropriate high octane number.
And when it is injected into the combustion chamber, it can be quickly ignited
with stable burning and no detonation so as to make the engine reach the maxi-
mum power. (2) Suitable evaporability. After vaporized in the carburetor or the
intake port, the gasoline should be mixed with air in certain proportion to form
mixed gas before burning in the cylinders. Therefore, the evaporability of the
gasoline directly affects thecombustion velocity and combustion completeness of
gasoline, which consequently affects the power and economical efficiency of
engine. (3) Good oxidation stability. If the oxidation stability of gasoline is poor,
the gums generated by oxidation will block the fuel filters, destroys the normal
supply of fuel, creates carbon deposition and increases the tendency of the
occurrence of detonation.

Both the jet fuel and auto gasoline are petroleum products, with the closest
distillation range. If the mixture of jet fuel and auto gasoline can meet the mini-
mum requirement of engine fuel—to make cars normally operate, it will relieve
the difficulty of oil usage in the emergency conditions to some extent. This paper
analyses the properties of the mixed fuel and its influences to the engine perfor-
mance when jet fuels and auto gasoline are mixed in different proportions.

2 Experimentation

2.1 Samples

A series of samples are made by mixing gasoline and jet fuel in different pro-
portions. After mixing, the proportions of the jet fuel to the samples (calculated by
volume fraction) are respectively as following: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 %. The measurement results of the physical and chemical properties of
the samples have been listed in Table 1.

4 L. Ren et al.
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2.2 Methods

2.2.1 Bench Test Research

According to GB 1105-87 Performance Test Methods for Reciprocating Internal
Combustion Engine and GB 3847-83 Measurement Methods for the Emission
Smoke at Full Load from the Auto Diesel Engine, four fuels of M00, M20, M30
and M40 are selected, with engine CA20 made use of, to make bench test on the
external characteristics and load characteristics so as to study the influences of the
jet fuel to the dynamic performance and economical efficiency of the engine. For
the technical parameters of the engine and the main equipments used, please see
Tables 2 and 3 respectively.

2.2.2 Actual Driving Test Research

M40 with 40 % jet fuel mixed in has been used in 5 gasoline cars to make a test on
actual use for 1,000 km in order to study the adaptability of the jet fuel to the
gasoline cars. Cold start, dynamic performance, performance variation of engine
oil and off gas emission are mainly tested to analyze the adaptability of the jet fuel.
For the main parameters of the test cars, please see Table 4.

Table 3 Main equipments

Serial
number

Type of equipments Service

1 Electric eddy current dynamometer of CW160 type To test power and torque
2 Engine CA20 and associated measurement control

device
To control engine condition

3 FCZ210Z intelligent oil consumption
measurement device

To measure fuel consumption
ratio

Table 2 Main parameters of the engine used for test

Project Parameters

Cylinder numbers Inline 4-cylinders
Cylinder diameters mm 86
Compression ratio 10:1
Max. piston air leakage L/min 28
Ignition sequence 1-3-4-2
Cooling methods Forced water cooled
Lubrication methods Combined pressure and splashing

6 L. Ren et al.



3 Results and Discussions

3.1 Analysis on the Anti-Detonation Quality of the Mixture
of Gasoline and Jet Fuel

For the fuel of the gasoline engine, the octane number, as significant index of the
combustion performance of fuel, determines if the engine can normally work. If the
octane number is too low, it will be difficult to ignite the engine and the detonation
will be easy to happen. By measuring the octane numbers of M00, M10, M20, M30,
M40, we can know from Fig. 1: Firstly, line charts are made with the octane numbers
got. From Fig. 1 we can see that the decrease margin of the octane number forms a
linear relationship with the proportion of jet fuel mixed: R2 = 0.984. They have a
good correlation with each other. Secondly, the octane number of the mixed fuel has
reduced as the proportion of the jet fuel mixed has increased. When the mixed
amount increases from 0 to 40 %, the octane number reduces from 91.4 of M00 to
69.0 of M40, which has exceeded the minimum requirement of the petroleum

Fig. 1 Relationship between addition of jet fuel and anti-detonation quality

Table 4 Conditions of the test gasoline cars

Car model Number of
cylinders

Compression
ratio

Odometer
scale

Car
conditions

CA141 6 7.4 56,000 Good
Cherokee Model 7250 4 8.6 34,000 Good
Beijing Jeep Model

2020
4 7.6 16,000 Good

Santana 2000 4 9.5 152,000 Good
Jetta 4 9.3 3,000 Good

Experimentation Investigate of Gasoline Engine Emergency Alternative Fuel 7



products’ quality. Therefore, as the proportion of jet fuel mixed increases, the anti-
detonation quality of the engine gradually becomes poor. If the mixing proportion
increases further, the octane value would continue to decrease, which may cause the
unstable performance of the engine. Consequently, this article does not use the fuel
whose mixing proportion is over 40 % for test when carrying on the study of the jet
fuel’s influence to the engine performance.

Fig. 2 Contrast of engine torque

Fig. 3 Contrast of engine power

Table 5 Data of cold start test

Fuel Auto. gasoline M20 M30 M40

Times needed for successful start (s) 1*2 1*3 2*4 2*4
Max. number needed for successful start 1 1 1 2

8 L. Ren et al.



3.2 Influences to Engine Performance When Jet
Fuel is Mixed in

3.2.1 Dynamic Property

Figures 2 and 3 respectively show the external characteristics data of torque and
power of the engine when using the four fuels. Based on the data, it is easy to find
that the variation trends of torque and power when the mixed fuel is burnt is in
conformity with that when car gasoline is burnt. As the pictures show, all the
maximum torque points appear around 4,200 r/min. With the raise of the revo-
lution speed, power gradually increases. When the revolution speed reaches
4,000 r/min, the increasing level of the power begins to reduce. When the revo-
lution speed reaches 5,500–6,000 r/min, the maximum power is reached. But both
the torque and power reduce as the proportion of jet fuel mixed increases.
Compared with car gasoline, the torque’s decline range of M20 is 0.9*5.6 %,
with power decline range being 0.1*7.4 %. For M30, the decline range is
2.6*9.9 % and 0*9.8 % respectively. For M40, the decline range is 6.2*12.5 %
and 5.3*11.7 % respectively.

Table 5 shows the cold start conditions of engine when respectively using M20,
M30 and M40. Under the indoor engine bench test temperature of 15 ± 2 �C, cold
start performance test has been made. The addition of the jet fuel has made an
adverse impact on the cold start performance. Compared with car gasoline,
the cold start time becomes longer and the number of cold start also increases
when the mixed fuel is used as the engine fuel. Therefore, long time usage of the
mixed fuel will damage the engine.

The engine has a set of spark plug ignition system to accurately control the
discharge time of the spark plug and the spark energy generated. After the mixed
gas of fuel and air goes into the cylinder, it will be ignited by the spark plug when
the compression of it closes to the end so as to ensure the normal working of the
gasoline engine. After the mixed gas of fuel and air goes into the cylinder, two

Fig. 4 Contrast of FCR during external characteristics test

Experimentation Investigate of Gasoline Engine Emergency Alternative Fuel 9



problems will appear at the original ignition advance angle. One is that it is not the
best time for spark plug to discharge, since the decreased combustion propagation
speed of the fuel and the reduced explosion pressure both cut down the combustion
efficiency of diesel and influences the effective power. The other is that it is not the
optimum state for spark energy. Due to the heavier fraction of jet fuel compared
with that of gasoline, the self-ignition point of fuel reduces while the ignition point
rises correspondingly, which makes it difficult for spark energy to ignite the mixed
gas but easy for the variation of start to occur. Thus, the car gasoline mixed with
jet fuel will make an impact on the cold start and dynamic performance of the
engine.

3.2.2 Economical Efficiency of Fuel

From the data of external characteristics test shown in Fig. 4, all the four fuels present
a regulation as following: the fuel consumption rates, dropping before rising, all
reach the lowest at 3,000 r/min. Thus, it could be said that 3,000 r/min is the most
economical point for engine. Under each speed condition of engine, the fuel con-
sumption rate goes up as the increase of the proportion of the jet fuel mixed. In the
whole speed range, compared with car gasoline, the increase of the fuel consumption
rate of M20 is -5.9*7.3 % with an average increase of 4.2 %; the increase of the
fuel consumption rate of M30 is 2.4*14.5 % with an average increase of 10.7 %; the
increase of the fuel consumption rate of M40 is 8.7*15.9 % with an average
increase of 12.9 %. Meanwhile, M30 and M40 share almost the same fuel con-
sumption rate, with an average gap of each being within 2.0 %.

Figures 5 and 7 show the fuel consumption rate of the four fuels in the load-
characteristic test. From them, it is easy to see that the oil consumption rate rises as
the revolution speed increases. Under each revolution speed, fuel consumption rate
at high power is less than that at low power. Under the relatively low power, fuel
consumption rate reduces as the proportion of jet fuel mixed increases, that is

Fig. 5 Contrast of FCR at low power during load-characteristic test
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Fig. 6 Contrast of FCR at high power during load-characteristic test

Fig. 7 Contrast of lowest FCR during load-characteristic test

Fig. 8 Change of kinetic viscosity of engine oil during driving test

Experimentation Investigate of Gasoline Engine Emergency Alternative Fuel 11



M20 [ M30 [ M40. While it is completely different under the high power, the
fuel consumption rate presents that M20 \ M30 \ M40. But seen from the whole,
the addition of the jet fuel still has adverse effects on the economic efficiency of
the fuel. For example, the fuel consumption rate of M20, M30 and M40, compared
with that of car gasoline, respectively has an increase of 1.3, 2.9, 3.8 % (Fig. 6).

3.3 Influences to the Actual Use When the Jet Fuel is Mixed in

No failure has occurred to the 5 cars during the test. All of them can be normally cold
started at 20 �C. Both the No. 1 truck and No. 3 jeep need to be accelerated at the
beginning of the start for 2*3 min before the normal idle speed. While the rest three
have no obvious abnormal conditions occurred during cold start. While the cars are
running in the smooth road, the dynamic performance and acceleration, compared
with the combustion of the car gasoline, have no obvious abnormal conditions.
However, while the cars are climbing the lane, the dynamic performance of each car
has been found to decline. From this we can see that under heavy duties, the addition
of the jet fuel has a relatively great impact on the dynamic performance.

Figure 8 shows the test data of kinetic viscosity of the engine oil during driving
test. From the picture, it is easy to see that NO. 5 car has the best performance with
the reduction ratio of kinetic viscosity being 14.4 %. The variation ratio of kinetic
viscosity of NO. 3 car is 25.1 %. While the viscosity of NO. 4 car, with the worst
performance, has reduced to 7.2 mm2/s when the car has run for 600 km. In order
to avoid abnormal wears, even the ‘‘scuffing of cylinder bore and bush-burning’’,
the oil of NO. 4 car has been changed while it has run for 600 km before it goes on
the 1,000 km driving test. When the test is completed, the viscosity once again
drops to 7.2 mm2/s.

When the jet fuel is added into the gasoline, the fraction increases. After the
mixed fuel is injected into the engine, it is not easy to be homogeneously mixed,
which will lead to the incomplete combustion. The unburnt fuel will infiltrate into
the oil tank along the inner wall of the cylinder, which will result in the reduction
of the oil density and thus aggravate the wear of the piston. Due to the 152,000 km
running and serious wear to the pistons before the test, the NO. 4 car, with a
relatively poor condition, has the most serious dilution of engine oil. This can also
be proven by the variation of the flashing points in Table 6. From the above
analysis, it is obvious to see that the jet fuel will dilute the engine oil to some
extent, but the dilution degree is closely related to the engine conditions.

Table 6 Variation of splash lights of engine oil before and after test

Car No. No. 1 No. 2 No. 3 No. 4 No. 5 Testing methods

Splash light before test (�C) 230 230 230 230 230 ASTM D92-02
Splash light after test (�C) 172 168 178 156 196
Reduction ratio of splash light (%) 25.2 27.0 22.6 32.2 14.8
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NO. 3 car has been used to analyze the influence of the jet fuel to carbon
deposit generation. The car has undertaken an overhaul inspection, with the carbon
deposit on the tope of the piston and in the cylinder head being cleared, before the
test. A contrastive analysis has been made, as shown in Figs. 9, on the carbon
deposit conditions before and after the test. After M40 is used to make the
1,000 km driving test, the carbon deposit generated in the engine is not much
different from that before the test, which shows that the carbon deposit is within an
acceptable range.

In order to study the influence of the jet fuel to the auto off gas, the author has
used exhaust emission analyzer of MRU-OPTRANS1600 model to make a con-
trastive inspection to the exhaust emissions of the test cars of NO. 1, 2 and 3. For
the inspection result, please see Table 7. Through the data analysis, it is easy to see
that after M40 is used to make the 1,000 km test, the HC content, compared with
that before the test, has risen, while the CO2 content has reduced. After the test is
completed, another inspection is made to test the exhaust emissions with M40
being replaced with car gasoline. There is a returning trend shown in the test data.
This shows that the addition of the jet fuel has affected the complete combustion of
gasoline. As a result, the incomplete combustion increases, which is also proven
by the data of combustion efficiency (k).

Fig. 9 Contrast of the carbon deposit on the top of piston (carbon deposit conditions before the
test, carbon deposit conditions after the carbon deposit is cleared before the test, carbon deposit
conditions after the test)

Table 7 The influence of the jet fuel to the exhaust emissions of the engine

Car No. Project Fuel HC (ppm) CO2 (%) k

1 Before the test Car gasoline 503 11.1 1.226
After 1,000 km +40 % jet fuel 592 10.5 1.156
After the test Car gasoline 486 11.8 1.229

2 Before the test Car gasoline 637 8.7 1.420
After 1,000 km +40 % jet fuel 884 7.6 1.514
After the test Car gasoline 448 9.1 0.958

3 Before the test Car gasoline 327 12.7 0.961
After 1,000 km +40 % jet fuel 391 11.8 0.925
After the test Car gasoline 204 12.9 0.914
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4 Conclusions

For gasoline engine, if the mixed fuel is burnt, it will make a relative great impact
on the power, torque and fuel consumption rate, which will eventually lead to the
drop of the dynamic performance and the reduction of the economical efficiency of
the fuel. Long time use of the mixed fuel will lead to serious wear and dilution.
Auto. gasoline with certain proportion of jet fuel mixed in can be used as the
emergency fuel of the gasoline engine, but not for long-time use. Besides, the
mixed proportion cannot be too big, otherwise, it will cause a relative huge
damage to the engine.
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Analytical Assessment of C2–C8 Alcohols
as Spark-Ignition Engine Fuels

Thomas Wallner, Andrew Ickes and Kristina Lawyer

Abstract The U.S. Renewable Fuel Standard (RFS2) requires a drastic increases
in production of advanced biofuels up to 36 billion gallons over the next decade
while corn-based ethanol will be capped at 15 billion gallons. Currently ethanol is
the predominant alternative fuel and is widely distributed at 10 vol % blends in
gasoline (E10). However, certain properties of ethanol make it less desirable as a
blending agent in particular at higher blend levels. Therefore the engine- and
vehicle-related properties of longer chain alcohols are evaluated in comparison to
gasoline to determine their suitability as blending agents for spark-ignition engine
fuels. This analytical study aims at providing comprehensive property data for a
range of alcohol isomers with a carbon count up to C8. Relevant physical property
data is used to determine the general suitability of longer chain alcohol isomers as
blending agents based on factors such as melting point and boiling. Based on
initial findings the scope of the study was narrowed down to alcohols in the C2–C6
range. It was determined that the engine- and combustion-relevant information is
missing from the literature for a wide range of longer chain isomers. Thus fuel
testing for engine-relevant properties such as lower heating value, knock resistance
(RON, MON) and Reid Vapour Pressure (RVP) for alcohols up to C6 was per-
formed as part of this study. Data suggests that the melting point of alcohols
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increases with increasing carbon count and all C7 and C8 isomers exhibit melting
points in excess of -40 �C making their use as vehicle fuel questionable. Boiling
points increase with increasing carbon count and n-structures generally have
slightly higher boiling points than their respective iso-structures. Latent heat of
vaporization decreases with carbon count, the mass-specific value for ethanol is
triple that of gasoline, the energy specific ratio increases to a factor of 5. Alcohol
fuels generally have a significantly lower RVP than gasoline, RVP decreases with
increasing carbon count. Stoichiometric air demand and fuel energy content
increase with carbon count. Knock resistance expressed as Research Octane
Number (RON) and Motor Octane Number (MON) decreases significantly with
increasing carbon count, iso-structures show increased knock resistance compared
to their respective n-structures. This study is limited to analytical results as well as
fuel property testing according to ASTM standards. Only properties of neat
alcohols are evaluated in comparison to gasoline certification fuel, gasoline blend
stock for ethanol blending and E10. The analysis of the reported properties is
further focused on spark-ignition engine applications only. Future phases of this
project will include the assessment of properties of multi-component blends as
well as efficiency, performance and emissions testing on a modern direct-injection
engine. While data for a limited number of commonly used alcohols such as
ethanol and iso-butanol is available in the literature, little or no data is available for
a majority of other alcohols and their isomers. In addition, engine-related data
published in the past occasionally disregards the significant differences between
alcohol isomers of the same chain length. This study offers a comprehensive
review of physical properties of alcohols and their common isomers in the C2–C8
range as they relate to in-vehicle use and spark-ignition combustion engine
application. Data presented in this paper suggests that higher alcohols have certain
physical properties that might be desirable for blending with gasoline. Due to their
oxygen content all alcohols have an inherent disadvantage in terms of energy
content compared to non-oxygenated fuels. While this disadvantage becomes less
pronounced with increasing carbon count, other less desirable properties such as a
low RVP and reduced knock resistance become more dominant with longer chain
length alcohols. In addition to merely evaluating properties, the selection of
promising alcohols and blend levels will ultimately depend on the introduction
scenario and target properties.

Keywords Alcohol fuels � Spark-ignition engine � Physical properties �
Combustion � Knock resistance � RON � MON � RVP

1 Background

In the United States ethanol is the predominant alternative fuel for spark ignition
engine applications and is widely used in blends of 10 vol % in gasoline (E10).
Further, the U.S. Environmental Protection Agency (EPA) recently granted a
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waiver for use of blends of 15 vol % of ethanol in vehicles starting from model
year 2001 [1]. Although more than 10 Mio vehicles on the road today are Flex
Fuel vehicles capable of operating on E85, only a small fraction of these vehicles
are actually fueled on the high-level ethanol blend. At the same time, the U.S.
Renewable Fuel Standard (RFS2) calls for a dramatic increase in production of
alternative fuels until 2022 (see Fig. 1). Other alcohols beyond ethanol may
possess properties which make them suitable for vehicle use, providing opportu-
nities for further petroleum displacement.

A research project with the working hypothesis that a certain blend of gasoline
with ethanol as well as higher alcohols could provide a fuel with properties
superior to those of traditional gasoline-ethanol blends is currently underway at
Argonne National Laboratory. In addition to ethanol, which is already widely used
in blends with gasoline (E10) in the US market, alcohols with up to eight carbon
atoms (C8—octanol) were considered for this study. Three groups of criteria were
identified as critical to selecting suitable higher alcohols blends; (1) fuel proper-
ties, (2) production process, and (3) Emissions and Performance. The scope of the
initial phase of the project, which is summarized here, focuses exclusively on the
fuel properties of these higher alcohols. Other aspects which will be covered in
later phases include the production process and potential synergies of certain
mixed alcohols as well as the impact of alcohol fuels on engine performance and
emissions characteristics. The final selection of promising alcohol fuel blends will
be based on several sub-criteria within the three main groups with targets for near
term, mid-term and long-term scenarios.
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2 Overview of Alcohol Fuels

Table 1 shows an overview of the alcohols with carbon counts from one to eight.
Alcohols are characterized as organic compounds with a hydroxyl functional
group (-OH) bound to a carbon atom. The table shows the common name of
alcohols up to eight carbon counts together with their chemical composition.
Alcohols contain oxygen as part of the hydroxyl group and the oxygen content is
one of the main differentiating factors and will be used alternately with carbon
count to distinguish between the different alcohols. For alcohols with a carbon
count of 3 or higher, isomers exist that can be differentiated by their structure and
the locating of the hydroxyl group. The straight chain isomer with the hydroxyl
group connected to the terminal carbon is commonly referred to as n-isomer or
1-isomer (e.g. n-butanol or 1-butanol). The branched isomer with the OH-group at
the terminal carbon is called iso-structure.

The properties of certain alcohol isomers with the same carbon count differ
significantly based on structural differences. Also, there are significant limitations
in the availability of property data especially for many of the less common isomers
of longer-chain alcohols. Current production levels of the most common alcohol
isomers, such as methanol, ethanol, iso-propanol, n-butanol and iso-butanol each
exceed 1 billion lbs per year.

3 Physical Properties

This section covers the analytical assessment of alcohol fuels based on physical
properties relevant to engine and vehicle operation. The melting point of a sub-
stance is critical to ensure that the fuel stays liquid regardless of region and season.
Figure 2a shows the melting points of a large range of alcohol isomers as a
function of carbon count with 1- and iso-structures highlighted were applicable.
Although there are several outliers, a general trend of increasing melting tem-
perature with longer carbon chain length can be observed. Using -40 �C as a
realistic upper limit shows that several hexanol and octanol isomers are close or

Table 1 Overview of C1–C8 alcohols

Common name Carbon count Chemical composition Oxygen content (mass %)

Methanol 1 CH4O 49.9
Ethanol 2 C2H6O 34.7
Propanol 3 C3H8O 26.6
Butanol 4 C4H10O 21.6
Pentanol 5 C5H12O 18.1
Hexanol 6 C6H14O 15.7
Heptanol 7 C7H16O 13.8
Octanol 8 C8H18O 12.3
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even exceed this threshold. It is also worth noting that tert-butanol far exceeds the
threshold with a melting point of 25.5 �C.

Fuel evaporative behavior is critical to ensure proper engine cold start as well as
hot operation. Since alcohols are single components, they have a boiling point
rather than an evaporation curve typical for multi-component fuels such as gas-
oline. ASTM standard D4814 specifies certain points in the evaporative curve of
gasoline fuels, specifically the point at which 10 vol % are evaporated at a max-
imum of 70 �C, 50 vol % between 77 and 121 �C and 90 vol % at a 190 �C
maximum. The end point is limited to a 225 �C maximum. Figure 2b shows the
boiling point of a range of alcohol fuels as a function of carbon count for 1- and
iso-structures as well as other isomers. A clear trend of increasing boiling tem-
perature with increasing carbon chain length can be observed for the alcohols
investigated in this study. In addition the 1-structures show a slightly increased
boiling point compared to the respective iso-structures. Boiling temperatures for
the considered range of C1–C8 alcohols ranges from 65 �C for methanol to almost
200 �C for certain octanol isomers. Figure 2b also includes a distillation curve for
certification gasoline (Tier II EEE U.S. Federal Emission Certification Fuel) dis-
playing volume evaporated as a function of temperature (X-axis on the top). The
fact that alcohols evaporate at a defined boiling point versus the distillation range
typical for gasoline results in an extension of the gasoline curve at the boiling point
of the alcohol if blended. Therefore, the boiling point is critical in influencing the
evaporative behavior in particular when longer chain alcohols are used or when
targeting higher blends levels.

Latent heat of vaporization is another critical factor influencing in-cylinder
mixture preparation in engines. Heat of vaporization results in a temperature
reduction inside the engine intake system for port fuel injection and in-cylinder for
direct-injection engines since energy taken from the intake air is required to
evaporate the fuel. Increased heat of vaporization is desirable particularly for
direct injection engines because it can significantly reduce in-cylinder process
temperatures thus reducing NOx emissions formation as well as knock propensity.
As shown in Fig. 3a, mass-specific latent heat of vaporization decreases with
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increasing carbon count. The differences in heat of vaporization within a group of
alcohols are limited compared to the significant differences between different chain
length alcohols. The energy needed to evaporate 1 kg of ethanol (921 kJ) is almost
triple that of iso-octanol (350 kJ). For comparison, the latent heat of vaporization
of gasoline is around 300 kJ/kg.

Vapor pressure is used to determine the volatility of gasoline and other spark-
ignition engine fuels. The Standard Test Method for Vapor Pressure of Petroleum
Products (Mini Method) according to ASTM 5191 was used to compare Reid
Vapor Pressure (RVP) for the fuels considered in this study. This test method is
suitable for testing samples with boiling points above 0 �C that exert a vapor
pressure between 7 and 130 kPa (1.0 and 18.6 psi) at 37.8 �C. Based on com-
parative tests it was also determined that this method is applicable for gasoline/
ethanol blends [1]. The RVP values for a range of gasoline fuels as well as alcohol
isomers as a function of oxygen content are shown in Fig. 3b. While all tested
fuels meet the boiling point requirements of 0 �C (see Fig. 2b), the two pentanol
isomers as well as 1-hexanol fall outside the specified vapor pressure range. The
results show a clear trend of decreasing RVP with decreasing oxygen content for
the alcohol fuels, while all tested alcohols display RVP values significantly below
those of gasoline. ASTM D4814 specifies the maximum RVP for gasoline fuels
with 9.0 psi as the maximum in ‘‘volatility attainment areas’’ and 7.8 psi in
‘‘volatility non-attainment areas’’. In addition a 1 pound waiver was granted for
gasoline/ethanol blends with at least 9 vol % and no more than 10 vol % of
ethanol practically increasing the maximum to 10 psi. This is significant since low
level ethanol blends (as well as methanol and propanol) show near-azeotropic
behavior with an increase in RVP at low blend levels when mixed with gasoline
[1]. In general, blending gasoline with higher alcohols (C4 and higher) is expected
to decrease Reid Vapor Pressure regardless of blend levels. While lower RVP is
desirable from an evaporative emissions point of view, too low an RVP can cause
cold start issues and related increase in hydrocarbon emissions.

The stoichiometric air demand describes the mass ratio of air to fuel that is
required to create a stoichiometric mixture. Assuming that the amount of air inside
an engine is approximately constant for a given load, a decrease in stoichiometric
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air demand suggests that an increased amount of fuel is required to create a
stoichiometric mixture. Figure 4a shows the stoichiometric air demand for the
range of C1–C8 alcohols as a function of carbon count. Since air demand does not
depend on molecular structures, there is no difference in air demand among iso-
mers. However, as alcohols are characterized by an OH functional group, the fuel
itself already contains oxygen (see Table 1). The impact of the single OH group on
air demand decreases with increasing carbon count reflected in increased stoi-
chiometric air demand. For reference the typical range of stoichiometric air
demand for gasoline fuels (*14.5) is also shown in Fig. 4a.

Mass-specific fuel energy content, characterized by lower heating value (LHV)
for several gasoline types and a range of alcohol isomers is shown in Fig. 4b as a
function of fuel oxygen content. As can be clearly seen, increasing oxygen content
of the fuel almost linearly reduces the lower heating value from approx. 42 to
43 MJ/kg for gasoline to approx. 26 MJ/kg for ethanol. This almost 40 %
reduction in mass-specific energy content can be reduced with longer-chain
alcohols such as butanol with a LHV penalty compared to gasoline of approx.
23 % or hexanol with a respective penalty of only 16 %. However, due to their
oxygen content the energy per unit mass is still significantly reduced compared to
the gasoline baseline. Among the alcohol isomers, 1-structures show slightly
higher lower heating values compared to their respective iso-structures.

Other relevant factors when evaluating the suitability of alcohol fuels for engine
combustion include physical properties such as solubility in water and combus-
tion-related factors such as laminar flame speeds and ignitability limits. Solubility
of alcohols in water decreases with increasing carbon count; C1–C3 alcohols are
fully miscible, miscibility decreases from C4–C8 alcohols and higher alcohols are
immiscible with water. Solubility is particularly relevant because it influences
transportability in pipelines [2]. The flammability limits of short-chain alcohols are
similar to those of gasoline. At increasing chain length the upper flammability
limit decreases while the more relevant lower flammability limits remains con-
stant. Limited data is available to suggest trends in terms of laminar burning
velocity of longer-chain alcohol fuels. Data available for C1–C4 alcohols suggests
decreasing laminar flame speeds with increasing carbon chain length.
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4 Engine-Related Properties

In addition to relevant physical properties of alcohols compared to gasoline dis-
cussed in the previous chapter, there are several critical engine-related properties
that need to be considered when selecting alcohol fuels for blending with gasoline.
While the lower heating value as a metric for mass-specific energy content is
relevant when comparing fuels, the volumetric energy content of a fuel directly
affects injection duration when used in an engine. This is particularly relevant
since typical engine calibrations utilize injection duration as a metric for the
amount of energy introduced to the engine and changes in injection duration
influence the mixture formation process in particular for direct injection engines.
The top portion of Fig. 5a shows the fuel energy density of gasoline as well as
several alcohol isomers as a function of fuel oxygen content. Due to the increased
density of alcohol fuels (*790–830 kg/m3) compared to gasoline (*740 kg/m3)
the difference in volumetric energy content is not as pronounced as the gravimetric
energy density (compare Fig. 4b). Nonetheless the volumetric energy content of
ethanol (*21.3 MJ/l) is still more than 30 % below that of gasoline (*31.6 MJ/l)
while that of iso-pentanol (28.3 MJ/l) is only approx. 10 % below the gasoline
benchmark. The lower portion of Fig. 5a shows the mixture calorific value (right
axis) for gasoline and alcohols versus oxygen content. The mixture calorific value
is a metric for the energy content of a certain volume of stoichiometric air/fuel
mixture; it is assumed that the fuel is introduced directly into the combustion
chamber in which case the mixture calorific value is calculated based on lower
heating value, stoichiometric air demand and air density [1]. The mixture calorific
value for gasoline is approx. 3.5 MJ/m3, while the values for alcohols are slightly
higher with approx. 3.55 MJ/m3 for propanol, butanol and hexanol, 3.6 MJ/m3 for
ethanol and almost 3.7 MJ/m3 for methanol. Assuming constant engine efficiencies
and constant volumetric efficiency for the different fuels, an advantage in mixture
calorific value directly translates into an improvement in engine torque.

Considerations analogous to the gravimetric versus volumetric energy content
are the basis of determining the latent heat of vaporization per unit energy. The
mass specific latent heat of vaporization shown in Fig. 3a is a useful metric to
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compare fuels, the result in the engine is a cooling effect. This charge cooling
effect is particularly pronounced for direct injection engines and can significantly
improve the knock resistance [3–5]. Therefore, the engine-relevant metric would
be the latent heat of vaporization normalized by the amount of fuel energy
delivered to the engine. The quantification of this fuel-energy-specific heat of
vaporization is shown in Fig. 5b as a function of fuel oxygen content. The latent
heat of evaporation value of iso-octane (representative for gasoline) is approx.
7 kJ/MJ of fuel energy. For alcohols the value increases linearly with oxygen
content and reaches a maximum for methanol. For comparison, the fuel-energy-
specific latent heat of vaporization of ethanol is approx. 34 kJ/MJ which is almost
a five-fold increase compared to gasoline (the mass-specific latent heat only
increased by a factor of three as discussed earlier).

While the heat of vaporization potentially improves the knock behavior, the
traditional measure for knock resistance is the octane number. Spark-ignition
engine fuels are classified based on Research Octane Number (RON) according to
ASTM D2699 and Motor Octane Number (MON) according to ASTM D2700.
Although the applicability of RON and MON in modern, downsized, turbo-
charged engines has been widely discussed [3–6], the values are still a commonly
used benchmark for fuel characterization. Both, RON and MON are determined by
comparing a fuel’s knock behavior to that of a mix of primary reference fuels
using a single-cylinder CFR engine. Both, engine speed and operating tempera-
tures are higher for MON determination compared to RON.

Figure 6a shows the measured RON values for a range of gasoline fuels as well
as several alcohol isomers. Gasoline EEE has a higher RON value (*98) com-
pared to both, a blend stock for ethanol blending (BOB at RON * 87) as well as a
10 vol % blend of BOB with ethanol (E10 at RON * 92). Alcohol fuels span a
wide range of Research Octane Numbers with a general trend of decreasing RON
with decreasing oxygen content. Iso-structures generally have higher RON values
than the respective n-structures. This difference accounts for approx. 7 points for
propanol and butanol and increases to 13 points for pentanol. Iso-propanol exhibits
the highest RON of all tested fuels at *112.5, while 1-hexanol has a RON of only
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69.3. It is also worth noting that Research Octane Numbers do not scale linearly
when blending gasoline and alcohols as shown in [5].

Due to the higher test speed and operational temperatures, Motor Octane
Numbers are typically lower than Research Octane Numbers. Figure 6b shows
measured MON for the same range of gasoline and alcohol fuels. EEE features a
MON of 88, BOB has a MON of 81 and E10 has a MON of 82. A trend in terms of
decreasing MON with increasing alcohol chain length similar to RON behavior
can be observed. Also, iso-structures display increased knock resistance compared
to n-structures. However, while the RON difference increased with longer chain
length, the advantage in MON of iso-structures over n-structures decreases from
approx. 9 points for propanol to 5 for butanol and less than one point for pentanol.

Other widely used fuel characteristics derived from RON to MON values are
the Anti-Knock Index (AKI = (RON ? MON) / 2) and knock sensitivity (RON–
MON). Figure 7 shows AKI and sensitivity as a function of oxygen content for
gasoline and the range of alcohol fuels considered in this study. The AKI for E10
turns out to be 87 [(82 ? 92)/2] which is typical for regular pump gasoline
(containing up to 10 vol % ethanol). Iso-propanol with a value of approx. 105
exhibits the highest AKI of all tested fuels. The previously identified trends of
decreasing knock values with increasing chain length as well as improved values
of iso-structures over n-structures remain unchanged. The advantage in AKI of
iso-structures over n-structures remains almost constant with approx. 6–8 points
regardless of chain length. This is due to the fact that sensitivity of n-structures
decreases with increasing chain length while it increases for iso-structures as
shown in the bottom of Fig. 7. Sensitivity of gasoline fuels is in the range of 8–10
which is considerable lower than most alcohols except for the longer chain n-
structures of pentanol and hexanol.
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5 Conclusions

An analytical assessment of the properties of alcohols up to C8 was performed to
determine their suitability as fuels for spark ignition engines. While some, mainly
shorter chain alcohols that are produced in quantities of more than 1 billion gallons
annually are well characterized, little to no relevant property specifications are
available for certain longer chain isomers. The following general trends can be
derived based on increasing carbon chain length or decreasing oxygen content
respectively. Specific differences between common structures, in particular n- and
iso-structures are noted were applicable:

• The melting point of alcohols increases with increasing carbon count and sev-
eral C7 and C8 isomers exhibit melting points in excess of -40 �C making their
use as vehicle fuels questionable

• Boiling points increase with increasing carbon count and n-structures generally
have slightly higher boiling points than their respective iso-structures

• Latent heat of vaporization decreases with carbon count, the mass-specific value
for ethanol is triple that of gasoline, the energy specific ratio increases to a factor
of 5

• RVP decreases with increasing carbon count and alcohol fuels generally have a
significantly lower RVP than gasoline

• Stoichiometric air demand and fuel energy content increase with carbon count
• Knock resistance expressed as Research Octane Number (RON) and Motor

Octane Number (MON) decrease significantly with increasing carbon count,
iso-structure show increased knock resistance compared to their respective
n-structures.

Overall, the Renewable Fuel Standard (RFS2) requires a significant increase in
production of advanced, cellulosic and non-cellulosic biofuels. Longer-chain
alcohols might turn out to be an interesting alternative to ethanol due to their
properties which more closely resemble gasoline.
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Improvement of the Automotive Spark
Ignition Engine Performance
by Supercharging and the Bioethanol Use

Constantin Pana, Niculae Negurescu and Alexandru Cernat

Abstract The general objective of this paper is application of the supercharging
method and bioethanol use at the spark ignition engine for improving performance of
power and torque, improving engine efficiency, decrease of the emissions level and
increases of the engine specific power. The paper brings an important contribution to
pollution problems solving in large urban areas, the solution can being easily
implemented on spark ignition engines in running, even on the old designs which can
be converted to fit the current rules of pollution. A modern method to increase
efficiency and specific power of the spark ignition engines is supercharging.
Supercharging is common for diesel engines, but for SI engines becomes restrictive
because of the main disadvantages represented by abnormal combustion phenomena
with knock, exhaust gases temperature increasing, engine thermal and mechanical
stresses increasing. By using modern control methods of the combustion, super-
charging becomes an efficient method even for SI engine. The theoretical and
experimental investigations were performed on a 1.5L aspirated spark ignition
engine with MP injection which was supercharged. The supercharged engine was
fuelled with gasoline-bioethanol blends. The use of bioethanol at supercharged SI
engine assures an efficient cooling effect of the intake air due to its higher heat of
vaporization. The intake air cooling effect leads to a volumetric efficiency increasing
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and the knock appearance risk is reduced. For to achieve of the research objectives
the following methodology was used: modelling of the thermo-gas-dynamics pro-
cesses inside engine cylinder for the theoretical evaluation of engine energetic
performance; experimental investigations carrying out on the test bed of the SI
engine in two versions: aspirated engine and supercharged engine fuelled with
gasoline- bioethanol blends, respectively. For to achieve of the research objectives
the following methodology was used: modelling of the thermo-gas-dynamics pro-
cesses inside engine cylinder for the theoretical evaluation of energetic and pollution
performance for aspirated engine and also for of the supercharged engine fuelled with
gasoline-bioethanol blends in order to decrease the experimental investigations
volume; experimental investigations carrying out on the test bed of the SI engine in
two versions: aspirated engine and supercharged engine fuelled with gasoline-bio-
ethanol blends, respectively; the interfacing of the electronic control units for the
supercharged spark ignition engine fuelled with gasoline- bioethanol blends. The
obtained results of the research are: development of a physic-mathematical model to
simulate thermo-gas-dynamics processes inside engine cylinder; determining the
bioethanol influences on the engine cylinder filling; determining the bioethanol
influences on the supercharged spark-ignition engine combustion process; engine
efficiency increasing by up to 10 %, specific power increasing by up to 33 %, pol-
lutant emission levels reduction (was obtained a reduction of 20 % for NOx emis-
sions, a 10 % reduction of CO emission and a 13 % reduction of HC emission);
establishing the optimal correlation between dosage—electric spark advance—boost
pressure—exhaust gases temperature—coefficient of excess air on one hand and
functional regime of the engine on the other hand. The abnormal combustion phe-
nomena with knock study in this paper were not developed. As a research novelty is
the solution for use of gasoline- bioethanol blends at the supercharging SI engine.
Original elements of the research are: application of the supercharging procedure to
an aspirated car spark ignition engine; use of gasoline- bioethanol blends as an
injected fuel in blower downstream with effect of cooling the compressed air. The SI
engine supercharging and use of gasoline- bioethanol blends is a good method to
efficiency and power performance increasing. The pollutant emissions level
decreases due to the improvement of the combustion processes. Bioethanol can be
considered as an efficient anti-knock agent.

Keywords Supercharged engine � SI engine � Downsizing � Knock

1 Introduction

An efficient method to increase thermal efficiency and specific power of the spark
ignition engines is supercharging [1, 2]. Supercharging is common for diesel
engines, but for SI engines becomes restrictive because of the main disadvantages
represented by abnormal combustion phenomena with knock, exhaust gases
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temperature increasing, engine thermal and mechanical stresses increasing [3].
Supercharging is a significant method for the specific power increasing of the
spark ignition engine which can be assured by the increase of indicated mean
effective pressure. This efficient method allows the use of the downsizing and
down speeding concepts which applied at the SI engines represent modern solu-
tions for a lower displacement engines development (compact gauge and low
costs), with a lower speed for maximum power/maximum torque comparative to
aspirated engines (for the same or higher power/torque values), with favourable
influences on engine thermal and mechanical stress, thermal efficiency, pollutant
emissions and wear. Supercharging was considered a common method used for
IMEP increase for diesel engine only. The main issues of spark ignition engine
supercharging are represented by possibility of knocking phenomena appears,
exhaust gases temperature increases, engine thermal–mechanical stress increases.

Nowadays modern management of SI engine running allows the supercharging
use also for the spark ignition engines. Thus, the engine operation electronic
control can assure every time an optimal correlation between supercharging
pressure—compression ratio—spark ignition timing—supercharging air tempera-
ture—dosage-exhaust gases temperature that can allows the spark ignition engine
operation without knocking combustion and with remarkable energetically and
polluting performance. For example, at the supercharging use the engine thermal
efficiency could be increased by 20 %, the specific power could be increased by up
to 20 %, and the pollutants emission level could be reduced (is estimated to obtain
a reduction of over 5 % for NOX emissions, a 15 % reduction of CO emission and
a considerable reduction in CO2 emission) [4].

During the last time the supercharging of SI engines became the most efficient
method of increasing their performance from the point of view of energetically and
polluting terms [5, 6].

Due to sever national and international pollutant regulations for automotive SI
engine, especially for CO2, the research programs are leaded for alternative fuels
use and for engine thermal efficiency improvement which is directly related to CO2

emission. Among the alternative fuels used for automotive SI engine bioethanol
represents a viable fuel due to its unlimited manufacturing sources. The use of
bioethanol at supercharged SI engines assures an efficient intake air cooling effect
due to its higher heat of vaporization. The intake air cooling effect leads to a
volumetric efficiency improvement and reduces the knock risk developed. The
higher bioethanol octane number (RON 106-114) increases the auto-igniting
resistance of the end-gas and it may be considered as an efficient antiknock agent.
The good burning properties of the bioethanol comparative with the gasoline
(greater burning speed, smaller carbon content and larger oxygen content at
molecular level) assure the combustion efficiency increases. These advantages of
the bioethanol use are added at the supercharged SI engine typically distinguished
advantages: thermal efficiency and specific power increase and pollutant emissions
decrease.

In order to use bioethanol as alternative fuel for a supercharge SI engine the
following methods can be use [7, 8]:
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1. The engine can be fuelled with bioethanol- gasoline blends by:

(a) intake manifold bioethanol-gasoline blends injection (MP injection)
(b) in-cylinder direct bioethanol-gasoline blends injection

2. The injection of bioethanol in the intake manifold after compressor (an intense
local cooling effect of the compressed air is achieved) and a separately injection
of gasoline in the intake manifold in intake valve port or direct injection in
cylinder.

The paper objectives are the increase of the specific power, of the thermal
efficiency and the decrease of the pollutants emissions level for an automotive
spark ignition engine by supercharging method and bioethanol fuelling. The
authors have the goal to apply supercharging method to a serial automotive
aspirated spark ignition engine. The SI engine supercharged was fuelled with
ethanol- gasoline blend (E20) by MP injection.

1.1 Engine In-Cylinder Thermo-Gas Dynamic
Processes Simulation

Engine in-cylinder processes simulation was developed for a 1.5 l engine. In order
to define the energetically performance and the cycle performance parameters, a
zero dimensional and unizonal physic-mathematical model was developed [9].
There have been considered the following hypothesis:

(a) The motor fluid is treated as a perfect gas.
(b) The system is thermodynamically homogenous, thus its every point has the

same temperature and pressure.
(c) The entire combustion developers neglecting the chemical reactions that leads

to intermediate reaction products.

The model takes into consideration the local cooling effect produced by ethanol
vaporisation and relieves the influence of this parameter on cylinder filling and
engine performances. The model uses a Vibe combustion formal law and takes
into consideration the heat transferred to the walls, which has been calculated with
Woschni formula (1994).

For knock avoiding, the combustion duration was established shorter than end-
gas auto ignition delay, parameters being evaluated by Douaud and Evzat equation
[2]. For program calibration the experimental investigations results were used and
the considered model hypotheses were verified. The modelling processes was
developed for the aspirated engine and for the supercharged engine designed and
built in the laboratories of the Department of Thermotechnics, engines, thermal
equipments and refrigeration installations from University Politehnica of Bucha-
rest at different engine operating regimens. Different supercharging pressures, ps—
absolute pressure—and temperatures, Ts, of the blower exhaust cooled air were
taken into consideration.
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For knock avoiding the reach dosages in the area k = 0.8–1 and cooling of the
inlet air were used. For each operation regime, the spark ignition timing was set up
for knock avoiding. The modelling results for full load and speed of 2,500 rpm are
shown in Figs. 2, 3, 4.

2 Experimental Investigations

The experimental researches were carried on an automotive SI engine 1.5 Ll. The
engine mounted on a test bench (Fig. 1) was equipped with the next necessary
instruments for measuring operations: AVL ALPHA 160 eddy current dyna-
mometer equipped with throttle actuator that work in parallel with the dyno in
order to operates the throttle, real time AVL data acquisition system for processing
and storage of measured data’s, AVL in-cylinder pressure transducer line, AVL
gas analyzer, Khrone Optimass mass flow meter, engine inlet air flow meter,
thermo resistances for engine cooling liquid temperature, engine oil and air intake
temperatures and thermocouples for exhaust gas temperature, manometer for air
pressure from engine intake manifold. All instrumentation was calibrated prior to
engine testing. The experimental investigations were carried out on the aspirated
engine and also the supercharged engine. In this paper the experimental investi-
gation results for a turbocharged E20 fuelled engine are shown. (The supercharge
system is equipped in this first stage with a variable-geometry turbine [10].
As novelty character of the research, in the next research stage the engine will be
equipped with a compressor mechanically actuated with variable transmission
ratio for supercharge pressure modification. The bioethanol will be injected into
the compressed air in order to assure an efficient cooling).

Experimental research’s carried out to obtain fuel consumption characteristics
for different speeds and engine full load and to determinate the energetically and
pollutant engine performance. At each engine operating regime for maximum
pressure limitation and knock avoiding, the dosage, spark ignition timing and
supercharge pressure were modified. Thus, an optimal correlation between
supercharge pressure-compression ratio- dosage-spark timing-exhaust gases tem-
perature was establish. Based on fuel consumption characteristics were obtained
some graphic representations for different parameters such as: effective power,
indicated specific fuel consumption (ISFC), maximum pressure, pollutants emis-
sions level (HC, CO, and NOx) versus air-fuel ratio k, at different boost pressure
values and engine operation regimes.

3 Theoretical and Experimental Investigations Results

The results of theoretical and experimental investigations presented in Figs. 2, 3, 4
show good correlation between them.
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Supercharging pressures used are in the range of 1.3–1.8 bar. Comparative to
the aspirated engine, the maximum pressure increases with almost 100 % for a
supercharging pressure (ps) of 1.8 bar at engine full load and 4,800 rpm (speed of

Fig. 1 Test bed schema. AGE exhaust gas analyzer; AS charge amplifier; B battery; ca intake
manifold; CAD data acquisition computer; ce intake manifold; CF dyno power cell; CG fuelling
system computer; CIG injectors actuation; ct three way catalyst; DA air flowmeter; DC fuel
flowmeter; EGR exhaust gas recirculation valve; F eddy current dyno; FC fuel filter; IND
Indimodul 621 data acquisition unit; IT temperature indicators; M Daewoo 1.5 spark ignition
engine; MP supercharging pressure manometer; ORS throttle; PCF dyno command panel;
R engine cooler; RI intercooler; RC fuel reservoir; SA power supply; SCP throttle actuator
servomotor; SRAF dyno cooling system; st gas analyzer speed sensor; TC turbo compressor;
tf dyno cooling water temperature sensor; TF dyno speed transducer; tp cylinder pressure
transducer; TPU angle encoder; UCP principal electronic control unit; UCS secondary electronic
control unit; UPF dyno power unit; UPS throttle actuator servomotor power unit; VE cooling
electric fan for intercooler; x electronic emitter–receptor
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maximum power). High value of maximum pressure leads to the limitation of
supercharging pressure at 1.4 bar when the increases of maximum pressure value
(*with 50 % comparative to classic solution) is acceptable for the engine reli-
ability. For this supercharging pressure, the engine maximum power increases with
33 % (from 65 kW for aspirated engine to 86 kW for supercharged engine). In
order to avoid the knocking and to limit the maximum pressure, the ignition angle
value optimization was achieved. The results of the theoretical and experimental
investigations are presented in the Figs. 2, 3, 4, 5, 6, 7. The maximum torque value
of the aspirated engine obtained at 3,000 rpm is establish at 2,500 rpm for the
supercharge engine and the maximum power at 3,700 rpm comparative to
4,800 rpm for aspirated engine. Thus, by supercharging use the down speeding
concept can be applied and the mechanical stresses and engine wear are reduced.

The theoretical and experimental results at full load regime and 2,500 rpm for
the aspirated engine and also for the supercharged one (1.4 bar boost pressure) are
presented in Figs. 2–7.

Thus, a good correlation between the theoretical and measure results is observed
from the Figs. 2, 3 (continuous line-measured results; discontinuous line-calculated
results).
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By supercharging the engine power increases with *55 % for all air-fuel
ratios, Fig. 2, engine efficiency being improved, Fig. 3. For stoichiometric dosage,
the ISFC decreases with *3 % by supercharging for gasoline fuelling and with
*10 % for E20 fuelling. For knock avoiding at supercharged engine much reach
dosages were used (k = 0.8–1). At the same dosage, for bioethanol E20 use the
power of the supercharged engine increases with *10 % comparative to
the supercharged gasoline fuelled engine due to the cooling effect produced by
bioethanol vaporisation and to the combustion improvement.

Bioethanol fuelling allows engine operation at much leaner mixtures without
knocking running, the power for stoichiometric dosage of the supercharge engine
being obtained for a much leaner dosage, k = 1.1, but for a 10 % lower specific fuel
consumption. The supercharging method also leads to the increase of the maximum
gas pressure with unfavourable influences on mechanical stresses. For maximum gas
pressure limitations, the authors limits the supercharging pressure at 1.4 bar (the
theoretical and experimental investigations were developed for a wide area of
supercharging pressures, 1.1–1.8 bar) for which, at stoichiometric dosage and also
for reach dosages, the maximum pressure rises with 18 % for gasoline fuelling and
with 23 % for E20 fuelling. In the area of lean dosages, k = 1.2, for E20 fuelling, the
supercharged engine in-cylinder maximum pressure is at the same level comparative
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to gasoline engine. Authors appreciate that at these levels of maximum pressure
values, the engine thermo-mechanical stresses are not critical and engine design
major modifications are not required. The improvement of the combustion process by
supercharging use at spark ignition engine leads to the favourable effect of CO and
HC emissions level decreases for gasoline fuelled engine (with 10 and 13 %,
respectively, at stoichiometric dosage and more significantly for reach dosages). For
E20 the reduction of those two emissions is more accentuated, due to a lower C
content and better combustion properties for bioethanol.

Regarding the NOx emission a reduction of 20 % is assured at stoichiometric
dosage and reaches dosages, at gasoline and also much more at E20 fuelling,
because of the local cooling effect produced by bioethanol vaporisation. Instead,
in the area of much leaner dosages, the NOx concentration pronounced increases,
over the level established for aspirated gasoline engine, because of the oxygen
content increases. In terms of theoretically investigations, authors appreciates that
thru the extension of the lean dosages area, k = 1.2, the NOx emission concen-
tration significantly decreases, with the effect of supercharged engine power
reduction (power that always remains bigger comparative to the aspirated engine).

4 Conclusions

From the theoretical and experimental investigations results analyze the following
conclusions can be formulated:

1. SI engine supercharging is a method to obtain engine efficiency and specific
power/torque performance increasing.

2. At bioethanol use a supplementary increase of the engine efficiency and
power/torque is obtained.

3. The utilisation of the supercharge method for SI engine allows the significant
reduce of the CO and HC emissions.
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4. At bioethanol use for supercharge engine the reduction of CO and HC
emissions are more significant due to much better combustion properties of
bioethanol that allows lean dosages use.

5. SI engine supercharging method use leads to a significant decrease of NOx for
gasoline supercharged engine, in the area of stoichiometric and reach dosages.

6. For bioethanol use at supercharged engine the reduction of NOx is more
important in the area of k[ 1.1 dosages, were the strategy of engine load
qualitative adjustment can be applied.

7. The thermo-mechanical stresses of the supercharged engine are much higher
comparative to the aspirated engine and can be controlled by supercharging
pressure limitation, without engine design major modification.

8. Knock is the most important limiting factor of the supercharging engine. An
optimum correlation establish between air boost pressure-air boost tempera-
ture—compression ratio-dosage-spark ignition advance-exhaust gas tempera-
ture-brake mean effective pressure, brake specific fuel consumption leads to
the avoiding of knocking phenomena.

9. Supercharging represents an efficient method of he engine downsizing and
down speeding concepts use.

10. Bioethanol can be defined as an efficient agent for knock avoiding.
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Theoretical and Experimental
Investigations on the LPG Fuelled
Diesel Engine

Niculae Negurescu, Constantin Pana and Alexandru Cernat

Abstract For energetically performance improvement and pollution level decreases
of diesel engine different methods were applied, as the modifying of the energetically
solution, exhaust gases after-treatment and some alternative fuel use (ethanol,
methanol, biodiesel, DME, CNG, LPG e.g.) in different fuelling solution as direct
injection or intake fuelling. Thought, the available information’s in the trade literature
for a complete analyse of alternative fuel diesel engine performances are insufficient.
This happens also because of the operating and design particularities of the diesel
engines used for experimental researches. In the paper the authors show the results of
an theoretically and experimental investigations achieved on a 1.5 L common rail
diesel engine dual fuelled with LPG and diesel fuel by diesel-gas method. The diesel-
gas method is simple and can be applied with minimal modifications also for the
engines in use. Is very difficult to use only LPG at the diesel engine because it has an
auto ignition high endurance (CN = -2 to -3), different fuelling methods being use.
By diesel-gas method the LPG is injected in the inlet manifold and forms with the air
a homogeneous mixture, ignited by a diesel fuel pilot, the combustion being devel-
oped thru the homogeneous mixture from the combustion chamber. The general
objective of this paper is the reduction of the diesel engine pollutant emissions by
LPG use, without affecting the energetically performances. The specific objectives of
this research are the establishment of the optimal LPG cycle dose and setup of the
diesel engine optimal adjustments for all engine operating regimes.
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1 Introduction

The LPG use for diesel engine is limited by its higher autoignition resistance.
From this point of view the LPG can’t be use on diesel engines as single fuel
without some special additives in order to obtain a fuel with an acceptable cetane
number and a stable autoignition. As cetane number improvement additives were
used DTBP (Di-Tertiary-Butyl-Peroxide), 2EHN (2-ethyl-hexyl-nitrate) or DME
(dimethyl ether), [1]. The additive use implies a serial of exploitation difficulties
regarding safety issues and expensive cost price. Another method of diesel engine
conversion into a spark ignition engine implies important disadvantages as engine
major design modifications (compression ratio reductions and the adapting of an
ignition system) and reduction of the engine efficiency comparative to the classic
diesel engine.

From practical reasons the most common method for engine fuelling with
gaseous fuels, LPG type, is the formation of the mixture outside the engine cyl-
inder. The air-gaseous fuel mixture has a higher homogeneity rate and because of
that the mixture repartitions between the engine cylinders is more uniform. This
particularity offers advantages in efficiency and pollution level, [2–6]. However,
intake system LPG fuelling method brings as disadvantage the reduction of inlet
air quantity [7–11]. For normal aspirated engines this leads to the reduction of the
engine power. For supercharged engines the increases of supercharging pressure
eliminate this issue. For diesel-gas method, the ignition of the LPG-air homoge-
nous mixture assured by a diesel fuel pilot injected into combustion chamber is
followed by high speed flame propagation thru the air-LPG mixture, mixture
defined by a significant homogeneous state.

LPG knock resistance is higher comparative to gasoline, defined by an octane
number bigger with *15 units. This fact allows the running of the LPG fuelled
engine at higher compression ratio, specific to diesel engines, using sufficiently
lean air-LPG mixtures. For the establishing of dosage area that provide engine
normal running, the inlet LPG quantity is limited from the consideration of knock,
brutal running avoiding, pressure rate limitation and occurrence of flame incom-
plete propagation (flame extinction into the gas volume).

The LPG injectors are mounted on the engine inlet manifold and actuated by a
second electronic control unit connected back tot back with the engine ECU. The
dual fuelling system is very flexible one and offers the multiple possibilities for the
modification of different parameters such as: diesel fuel injection timing and
duration, LPG injection duration, e.g. The engine power performance was main-
tained at the same level comparative to the classic solution. Thus the operating
regimes setup implies the decrease of the diesel fuel quantity at the increases of
LPG cycle dose.
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2 Experimental Investigations

The experimental researches were carried on an automotive diesel engine, type K9K
-1.5 dci, 50 kW/4,000 rpm equipped with a LPG injection system, at different
engine operating regimens and for different substitution percents of the diesel fuel
with LPG. The experimental engine was mounted on a test bench, Fig. 1, equipped
with the next necessary instruments for measuring operations: Schenck E90 eddy
current dynamometer equipped with throttle actuator that work in parallel with the
dyno in order to operates the control lever of the injection pump, real time AVL data
acquisition system for processing and storage of measured data’s, AVL in-cylinder
pressure transducer line, AVL gas analyzer and opacimeter for Diesel engines,
Khrone Optimass mass flow meters, engine inlet air flow meter, thermo resistances
for engine cooling liquid temperature, engine oil and air intake temperatures and
thermocouples for exhaust gas temperature, manometer for air pressure from engine
intake manifold, LPG gas detector for test bad cell. All instrumentations were cali-
brated prior to engine testing. Experimental research’s carried out to obtain fuel
consumption characteristics for different speeds and engine full load and to deter-
minate the energetically and pollutant engine performances. Based on fuel con-
sumption characteristics were obtained some graphic representations for different
parameters such as: brake specific fuel consumption (BSFC), pollutants emissions
level (HC, CO2, NOx, smoke) versus to LPG substitute ratio, xc. In order to study the
in-cylinder combustion process, the influence of diesel fuel substitution by LPG
dose, 50 pressure diagrams form successive cycles were register.

The engine power could increases at the LPG fuelling but in order to not affect
engine reliability and to improve engine running by maintaining or improving its
efficiency and to decrease the emissions level, the authors choose to maintain the
standard engine power value. The fuelling system for LPG uses an injectors unit
connected to engine intake manifold and controlled by a LPG electronic control
unit in order to establish the LPG cycle dose for every operating regime.

The LPG electronic control unit works in parallel with the main ECU of the
engine and is connected to a computer which allows the modification of the
injectors opening duration. Thus is achieved the reduction of diesel fuel cycle
quantity at the increase of LPG dose and the maintaining of the engine power at
the same level.

3 Experimental and Theoretical Results

The experimental investigations were developed at different engine running
regimes for diesel fuel and LPG dual fuelling at different diesel fuel substitute
ratios, energetically defined xc.

Figure 2 shows the p–a variation pressure diagrams, averaged and smoothed, at
100 % load and 4,000 rpm speed for different diesel substitute ratios by LPG, xc.
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The experimental investigations mark out the influence of LPG substitute ratio
on efficiency, maximum pressure, maximum pressure rate and pollutant emissions.
The variation of this parameters versus LPG substitute dose, xc, at full load and
speed of 4,000 rpm operating regime are presented in the Figs. 3, 4, 5, 6, 7 and 8.

At full load and 4,000 rpm regime the BSFC slightly decrease until xc = 18 %
LPG substitute ratio comparative to classic solution, Fig. 3. Forward increases of
xc lead to the increases of BSFC comparative to the diesel fuelling: with 2.5 % at
xc = 29.5 % and with 3.6 % for xc = 40 %. Thus, following the efficiency
criteria, at the dual fuelling the LPG substitute ratio must be limited at xc * 20 %.
This tendency in variation of BSFC versus xc was also registered for other
investigated operating regimes of the dual fuelled engine by diesel gas method.

The maximum pressure and the maximum pressure rate increase when the
diesel substitute ratio also increases, Figs. 4 and 5, influence explained by the
combustion intensification of the LPG-air homogeneous mixture during the rapid
burning phase comparative to the phase of pilot burning. The values of averaged
cycles, the minimal and the maximum values from the individual cycles are also

Fig. 1 Test bed schema 1 1.5 dci diesel engine, 2 engine cooling system, 3 engine water cooler,
4 intercooler fan, 5 engine angular encoder, 6 AVL piezoelectric pressure transducer, 7 diesel fuel
injector, 8 LPG injector, 9 Turbocharger, 10 intake air drum, 11 intake air flow meter, 12 exhaust
gas recirculation, 13 Schenck E90 dyno, 14 dyno-engine coupling, 15 Schenck E 90 dyno cooling
water pump, 16 dyno cooling system, 17 AVL Dicom 4000 gas analyser, 18 AVL Dicom 4000
Opacimeter, 19 AVL charge amplifier, 20 PC ? AVL data acquisition system, 21 Schenck E 90
dyno controller, 22 temperatures displays: a exhaust gas, b intake air, c engine oil, d engine
cooling liquid, e engine oil pressure, 23 diesel fuel and LPG injection control Laptop, 24 diesel
fuel tank, 25 diesel fuel mass flowmeter, 26 fuel filters, 27 high pressure pump for common Rail,
28 Common Rail, 29 LPG tank, 30 LPG mass flowmeter, 31 LPG vaporizer, 32 LPG ECU, 33
diesel engine ECU, 34 intercooler, 35 supercharge pressure measuring system, 36 throttle
actuator
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represented. The increase in maximum pressure is 23 % for xc = 40 % compar-
ative to the reference solution for full load and speed of 4,000 rpm. Reached
values of 16 MPa in maximum pressure for some cycles implies the limitation of
the substitution ratio in order to maintain the engine reliability.
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From xc = 20 % the dispersion in values of maximum pressure and maximum
pressure angle increase, Fig. 4. The value for the coefficient of cycle variability
(COV)pmax increases when the substitute ratio also increases, but doesn’t exceed
3 % and is no reason for xc limitation. A much pronounced increases of (COV)pmax

at xc [ 20 % is observed, [13].
Maximum pressure rate rises with the substitute ratio increase, Fig. 5 shows an

increase of 130 % at xc = 40 % for the maximum pressure rate, reaching values of
8–10 bar/CA deg. Taken into consideration the increase of dispersion in (dp/da)max

values, Fig. 5, and the value of (COV)(dp/da)max which increases from 6.64 % at
xc = 18.3 to 9.21 % for xc = 29.5 %, the maximum substitute ratio must be limited
at xc * 20 %. In this way the coefficient in cycle variability for IMEP (COV)pi can
also be take into consideration because its values continuous rise with the increases of
substitute ratio xc, registering values of 8 % for xc = 18.3 %, 11.8 % for xc = 29.5 %
and 3.2 % for xc = 40 %, almost 13 times higher comparative to the reference regime,
xc = 0, [13]. If the accepted limit is (COV)pi\10 %, [12], then the substitution ratio
must be limited at xc* 25 %. In this conditions the values for maximum pressure and
the maximum pressure rate are limited at pmax = 15 MPa and (dp/da)max = 6 bar/CA
deg. and are in normal limits for the investigated engine.

The increase of the cycle variability coefficients can be explained by the in-
cylinder state achieved before pilot injection. Before diesel fuel injection the air-
LPG homogenous mixture formed in the intake manifold and admitted inside the
cylinder is very lean. The global dosage of the mixture situated in front of the
flame becomes leaner and influences the combustion process also in terms of cycle
to cycle variability. For xc = 18.5 % the air–fuel ratio before diesel injection is k =

7.3, k = 5,10 for xc = 29,5 % and k = 3.6 for xc = 40 %. At diesel fuelling the
values for the coefficients in cycle variability are 1.3 % in maximum pressure and
1 % for IMEP. Because the combustion starts in different conditions of leaner
mixtures for dual fuelling, the coefficients in cycle variability rise with 46 at 1.9 %
for pmax and with 700 at 8 % for IMEP even for small LPG quantities, xc = 18.3
%, comparative to the classic solution. The increase of cycle variability can be
assigned to the lean mixtures existed inside the cylinder before the combustion
starts and influences the rapid burning phase.
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HC emission decreases with 36 % comparative to the reference regime for xc =

29.5 % at full load and 4,000 rpm speed and slightly increases at xc = 40 %, Fig. 6.
Important reductions of 30–50 % for HC emission were obvious also for other
investigated operating regimes of the diesel-gas LPG fuelled engine, [6, 13]. This
decrease is explained by the improvement of the combustion process in terms of
high homogeneity of the LPG-air mixture. Smoke emission from the exhaust
gases, evaluated by K coefficient, significantly decreases for LPG running in dual
system. At 100 % load and speed of 4,000 rpm, the smoke emission decreases
with *50 % for xc = 18.3 %, Fig. 7, followed by a more reduced decrease of
*40 % when the substitute ratio increase till xc = 40 %.

NOx emission level significantly decreases at the increase of diesel substitute
ratio xc, Fig. 8, being 21 % at xc = 40 %. A similar variation tendency for the
NOx emission versus substitute ratio was registered also for other operating
regimes, [6, 13]. The reduction of the NOx emission when the diesel fuel is
substituted by LPG is explained by the reduction tendency of the available oxygen
and the decrease of the gases temperature at the combustion of the LPG-air lean
homogenous mixtures, evaluated as a global temperature defined by the state
equation. At LPG fuelling by diesel-gas method the increase of substitute ratio xc

the air–fuel ratio is reduced because the quantity of inlet air decreases and because
for 1 kg of LPG the theoretically air quantity is bigger comparative to quantity
required for 1 kg of diesel fuel. For the investigated operating regimes the burning
laws was determined from indicated diagrams editing, Fig. 9.

Because of the physical and chemical phenomena’s complexity from the
combustion process, for simplification, in the calculus model the following
hypothesis was considered:

• physical and chemical properties of the motor fluid in each calculus point and
any moment are uniform;

• the motor fluid is a perfect gases homogenous mixture;
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• temperature and pressure gradients in the combustion chamber are neglected;
• the chemically species are in chemical equilibrium;
• the dissociate phenomena is neglected;
• the blow-by is neglected, which in normal conditions has a reduce ponderosity

without exceeding 2–2.8 %,
• convection heat transfer thru the walls is calculated with Woschni equation;
• the specific heats were calculated taken into consideration the instantaneous

composition and temperature of the in-cylinder motor fluid.

From the energetically balance equation the heat release rate is obtained, dn
da:

dn
da
¼ V

c� 1
� dp
da
þ c

c� 1
� � dV

da
þ dQw

da

� �
� 1
mDFDF + mGPLGPL

where c is the specific heats ratio, V, p and T—volume, pressure and instantaneous
cylinder temperature, mDF, mGPL and HDF, HGPL—cycle fuel doses and LPG and
diesel fuel low caloric heat, respectively, Qw- heat transferred to the walls by
convection.

Based on pressure diagrams registered on each operating regime, for different
diesel fuel substitute ratio by LPG, by application of the calculus model the heat
release rate dn/da - a was determined. The physic-mathematical model for
thermo-gas-dynamic inside engine cylinder processes simulation was calibrated by
experimental results.

Thus, in the Fig. 9 for full load and speed of 4,000 rpm the heat release rates
dn/da - a are shown. Based on these determinations other parameters useful for
analysing and interpretation of some particularly phenomena’s regarding the
influence of LPG substitute ratio on combustion process can be obtained. For these
interpretations, maximum heat release rate and angular fractions of 5, 10, 50 and
90 % from the reaction heat were determinate.

Heat release rate, Fig. 9, has the characteristic shape for an engine with pilot
injection, showing that at the beginning of the combustion a phase with a restrain
increase for heat release exists and is characteristic to diesel pilot dose. This aspect is
specific only to the curves related to the diesel running, xc = 0. For LPG running in
dual system by diesel-gas method, the LPG-air homogenous mixture ignites from the
diesel pilot and the heat release rate, during the initial burning phase which includes
the pilot burning, also increases. LPG amplifies the quantity of heat release by
preformed mixture burning. Heat release maximum rate increases with the increase
of diesel fuel substitute ratio by LPG, Fig. 10, in accordance with the variation of
maximum pressure and maximum pressure rate.

The LPG participation during the first phase of combustion direct influences the
positioning versus TDC of the moments 5, 10, 50 and 90 % of the reaction heat.
The angles on which the same fraction of reaction heat is release are moved earlier
comparative to diesel fuelling, when the substitute ratio increases, Figs. 11, 12,
13, 14.
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The obtained burning laws from the indicated diagrams at full load and speed of
4,000 rpm can be explained by a burning formal law defined by two Vibe func-
tions, definitive for diesel engines.

dn
da
¼ 6; 9 � Rc �

mp þ 1

Dar
� a� ad

Dar

� �mp

� exp �6; 9 � a� ad

Dar

� �mpþ1
" #

6:9 � 1� Rcð Þ �md þ 1
Daa

� a� ad

Daa

� �m
d

� exp �6; 9 � a� ad

Daa

� �mdþ1
" #

where: Dar, and Daa respectively, rapid burning duration and combustion duration;
ad combustion start; mp, and md respectively—shape factors for preformatted
mixture burning, and diffusive burning, respectively; Rc—factor of heat repartition
during the rapid burning phase.
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In Fig. 9, the discontinuous line curves shows the heat release rate obtained by
using formal burning laws with Vibe functions, for substitute ratio xc = 0, 18.3,
29.5 and 40 % at full load and 4,000 rpm. In Table 1 the values of the parameters
used for the heat release rate calculus, with two Vibe functions, are presented.

Is observed that when the substitute ratio increases, the factor of heat repartition
during the rapid burning phase Rc and Dar duration also increase, the heat quantity
released from the preformatted mixture combustion being significantly increased.
Thus, the quantity of heat released during the diffusive phase decreases because
the diesel dose, which preponderant burns during this stage, is reduced at the
increasing of the substitute ratio. The total combustion duration Daa decreases
when the xc increase, because of the rapid burning of the LPG-air homogeneous
mixture and of the reduction of the diesel dose, that burns preponderant during the
diffusive phase, and the maximum rate of heat release increases and is achieved
sooner on the cycle. In generally, when the substitute ratio increases, the shape
factors mp and md also increase, but their values are relative reduced in order to
simulate a much faster heat release during the respective burning periods.

4 Conclusions

The combustion process and engine performance are significantly influenced by
the LPG cycle dose that substitutes the diesel fuel. The theoretical and experi-
mental results show important decreases of emissions level (HC * 36 %,
smoke * 50 %, NOx * 17 % at full engine load and 4,000 rpm) in the same
operating regimes of the engine, in conditions maintaining or lowering break
specific fuel consumption.

The potential benefits of using LPG in diesel engines are on economical and
environmental side because is composed from simple hydrocarbons, doesn’t
contain sulphur and has a lower carbon content comparative to diesel fuel. The
increasing of the diesel fuel substitute ratio by LPG leads to a increase in maxi-
mum pressure and maximum pressure rate comparative to reference regime of
diesel running and represents criteria’s of limitation for the substitute ratio. Thus,
for the full load regime and 4,000 rpm speed, xc was limited at *25 %.

Table 1 The values of the parameters

Parameter Substitute ratio xc (%)

0 18.3 29.5 40
mp 1.12 1.15 1.6 1.8
md 0.8 0.8 2.1 2.8
Dar (CA) 6 8 23 25
Daa (CA) 72 60 54 44
Rc 0.02 0.04 0.35 0.48
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Comparative to diesel fuelling, the partial substitution of the diesel fuel by LPG
implies the increase of reaction heat release rate during the rapid combustion phase.

The study of combustion process at different substitute’s ratios allows the
establishment of some correlations between the burning laws edited from indicated
pressure diagrams and formal burning laws with two Vibe functions, suitable for
diesel engines. The factor of heat repartition during the rapid burning phase, Rc,
and the shape factors, mp and md, increases with the xc substitute ratio increase,
but their values are relative reduced in order to simulate a the faster heat release
development during the respective combustion periods.
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The Research Development in Direct
Injection Spark-Ignition Natural Gas
Engine

Jianjun Zheng, Xiaodong Chen, Tiegang Hu and Zhangsong Zhan

Abstract Natural gas is thought to be one of the most promising alternatives to
traditional vehicle fuels. Nowadays, the natural-gas-fueled engine has been
realized in both the spark-ignition engine and the compression-ignition engine.
Due to the complicated fueling systems in dual fuel mode and the loss in volu-
metric efficiency in port injection mode, direct injection spark-ignition natural gas
engine can be utilized to avoid these defects and its mixture preparation flexibility
will improve the fuel economy. The ability to increase the compression ratio can
improve the engine performance. In addition, natural gas direct injection com-
bustion can avoid smoke emission from gasoline direct injection combustion. Due
to the high injection pressure requirement, special gas injector should be devel-
oped to match the injection and flow characteristics. Meanwhile, the arrangement
of spark plug and fuel injector is very sensitive to the engine performance and
emissions. The injection timings and ignition timings are very important operating
parameters and the control of these parameters will determine the mixture con-
centration distribution in the cylinder and thus the combustion characteristics.
Natural gas direct injection combustion can realize high combustion stability with
less cycle-by-cycle variation and the lean burn limit can be extended compared
with that of the port injection mode, and also the HC emission can be reduced
based on appropriate charge stratification and gas flow condition. However, the
particle number concentration and NOx emission will increase with the
improvement of combustion status. Adding hydrogen into direct injection natural
gas engine is expected to improve the engine performance and decrease engine
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emissions. By using the swirl injection system, this engine can realize the increase
of brake thermal efficiency and the reduction of the brake NOx, HC, CO and CO2

emission simultaneously, when the hydrogen fraction exceeds 10 %. Nevertheless,
further research in spark-ignition system and fuel injection system should be
conducted before the product stage of this kind of engine.

Keywords Research development � Natural gas � Direct injection � Spark-ignition
� Engine

1 Introduction

Natural gas is thought to be one of the most promising alternatives to traditional
vehicle fuels for engines since it has cleaner combustion characteristics and plentiful
reserves. Nowadays, natural gas is widely used in taxis and city buses all over the
world and the natural-gas-fueled engine has been realized in both the spark-ignition
engine and the compression-ignition engine. In addition, its high-octane value and
good anti-knock property permits high compression ratio which will lead to higher
thermal efficiency. Previous studies showed low emissions by using natural gas.
Engines fuelled with natural gas emit less carbon monoxide (CO) and non-methane
hydrocarbons (NMHC) compared with gasoline engines [1, 2].

Currently, there are mainly two kinds of operating mode for engines fueled with
natural gas in practical application. In the first mode (homogeneous charge mode),
the homogeneous mixture of natural gas and air is ignited by a spark plug as in the
conventional port fuel injection (PFI) petrol engines. As natural gas occupies a
larger fraction of intake charge, it has the demerit of lower volumetric efficiency,
and this will decrease the amount of fresh air into the cylinder, leading to a lower
power output compared with that of gasoline engine [3]. In addition, the homo-
geneous charge combustion makes it difficult to burn the lean mixture, for the
narrow flammability limit of natural gas. Furthermore, these engines have a lower
thermal efficiency due to engine knock restriction and unavoidable throttling at the
intake at partial load. In the second operating mode (dual fuel mode), the homo-
geneous natural gas is ignited by pilot injection of the diesel fuel before the
top-dead-center (TDC). This needs two sets of separate fuel supply systems and
makes the system complicated. In addition, HC emissions still remain high at light
loads [3]. So-called homogeneous lean combustion engines have appeared. This
can realize a higher thermal efficiency due to the lower pumping loss, the lower
heat loss and the increase in the specific heat ratio, but the NOx emissions keep
higher level due to the ineffectiveness of the existing catalyst. Also, the large
cycle-by-cycle variation restricts the lean operation limit of this type of homo-
geneous mixture engines [4–8].

In recent years, a gasoline direct injection (GDI) engine has entered into the
stage of production for modern two and four stroke petrol engines. The major
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advantages of a GDI engine are the increase in the fuel efficiency. The charge
stratification formed by fuel injection and turbulence in the combustion chamber
permits extremely lean combustion without high cycle-by-cycle variations, leading
to a high combustion efficiency and low emissions at small load [9–11]. In
addition, there is no throttling loss in some GDI engines, which greatly improves
the volumetric and thermal efficiencies. Moreover, the charge cooling due to fuel
evaporation, reducing the occurrence of knocking, and this allows utilization of an
increased compression ratio to improve engine performance and thermal
efficiency.

An effective method to exploit or combine the advantages of natural gas and
fuel direct injection technology is the development of the direct injection spark-
ignition natural gas engine (DISINGE). This type of engine can be utilized to
avoid the loss in volumetric efficiency, as natural gas is directly injected into the
cylinder. It is flexible in mixture preparation because of forming a stratified
mixture in the cylinder at low loads, and improving the fuel economy. The ability
to increase the compression ratio can improve the engine performance. In addition,
natural gas direct injection combustion can avoid smoke emission from GDI
combustion [12–15].

During the past decades, several studies were conducted on natural gas direct
injection combustion by using a rapid compression machine (RCM) as well as real
research engines [15–25]. Among these works, the effect of adjusting nozzle
geometry, fuel injection pressure, arrange of injector, spark plug, the shape of
piston crown, fuel injection timing, ignition timing as well as compression ratio,
and even adding some fraction of hydrogen into natural gas on engine performance
and exhaust emissions characteristics was studied experimentally and numerically.
Therefore, a detailed understanding of these research achievements and the latest
status is required to improve the engine performance and exhaust emissions of this
type of engine further. Based on this background, this chapter reviews the past
work achievements and the recent research status of the DISINGE.

2 The Fundamentals of Direct Injection Spark-Ignition
Natural Gas Engine

It is very important to acquire an ideal mixture distribution in the combustion
chamber of DISINGE. Therefore, the arrangement of fuel injector and spark plug,
piston shape, fuel injection pressure, injection timing, spark ignition timing and
compression ratio will have a great influence on the performance, combustion and
emission characteristics of the engine. Due to limited space, the related interpre-
tations are showed in this section briefly.
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2.1 The Effect of Compression Ratio

Due to the usage of natural gas and direct injection pattern, the possibility of
knocking occurrence will be greatly decreased and an increased compression ratio
can be used to improve the engine performance and thermal efficiency. Zheng
et al. [25] compared the effect of compression ratio on performance, combustion
and emission characteristics of DISINGE experimentally, the results showed that a
compression ratio of 12 is the compromise optimum value both for performance
and emissions of a DISINGE. Therefore, the new DISINGEs with a higher
compression ratio of 12*14 were developed these years [26–30]. Kalam et al.
[26] developed a new DISINGE with an elevated compression ratio of 14 and
modified ignition system, this engine can get more brake power and better NOx
emission properties than that of the original gasoline engine with the same dis-
placement volume.

2.2 The Effect of Nozzle Geometry
and Fuel Injection Pressure

The natural gas injector should be designed to deliver a precisely metered fuel
quantity with a highly repeatable spray characteristics under the same operating
condition. Mainly, there are two types of gas injector used for DISINGEs in the
literature, multi-hole injector and swirl injector [18, 28]. Due to the swirl injectors
with a single exit orifice have a lower flow rate, the advance injection timings are
required to get the engine power output, while multi-hole injectors with a rea-
sonable tumble flow level can also acquire better mixture formation in-cylinder. It
is considered that the orientation of the nozzle hole, the hole distribution and the
cone angle of individual spray plumes are critical parameters for the engine to
acquire ideal spray structure, reliable flame propagation and thus good engine
performance. Unfortunately, there is few literature refers to it and further research
on gas fuel injection system is needed.

The fuel injection pressure requirement of DISINGEs are much higher than that
of PFI spark-ignition natural gas engine [7, 15, 18]. Usually, the injection pressure
of port fuel injection engine is around 0.5 MPa. On the contrary, the injection
pressure of DISINGE is above 8 MPa [31]. This is due to high fuel injection
pressure is required to overcome the cylinder ambient pressure during late stage of
intake and/or compression stroke, and to realize an ideal mixture distribution in the
cylinder. Due to the high injection pressure requirement, special gas injector
should be developed to match the injection and flow characteristics. However, the
adopt of high injection pressure makes the structure of the system complicated and
increases the requirement to the seal and lubrication of the valves as well as the
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system reliability. Some researchers developed new DISINGEs with relative lower
injection pressure such as 2 MPa [26, 27]. With increased compression ratio and
modified ignition system, this engine can acquire slightly higher brake power than
original gasoline engine with the same displacement volume.

2.3 The Arrangement of Injector, Spark Plug
and the Shape of Piston Crown

As the flammability range of natural gas is narrower than that of gasoline and
stratified charge mixture pattern is used in the DISINGEs at low and medium
loads, the mixture concentration around the spark plug at ignition timing should
have better flammability to realize a stable ignition. Therefore, the arrangement of
fuel injector and spark plug as well as the shape of piston crown are important
factors. The research work of Yuichi et al. [18] showed that the relative distance
from injector holes to spark plug can be determined the by the quasi-static spray
theory, and also the usage of deep dish type piston cavity can increase the squish
flow intensity to overcome the demerit of the harder mixing process between
natural gas and air than the conventional fuels. In addition, unlike the GDI engine,
the impingement of gas jet against cavity wall and swirl flow can improve the
mixture formation process [18].

2.4 The Control of Injection Strategy

Based on the high fuel injection pressure, the common mixture formation strategy
in-cylinder is summarized as that at light and median engine loads, the late
injection timing or two stage injection strategy will be utilized to form a stable
stratified mixture in the cylinder, which is a richer mixture formed in the vicinity
of spark plug at spark ignition time (u = 1.0*1.4), and a leaner mixture in the
region apart from the spark plug. At high load, an early injection timing will be
used to acquire a nearly homogeneous mixture formed in the cylinder to get more
torque and decreased exhaust emissions.

It is worth to mention that due to the mixing process between natural gas and air
is harder than that of the conventional fuels, sufficient time should be allowed for
the mixing between fuel and air [18]. Therefore, more advanced injection timings
compared with petro engines should be adopted to realize a reasonable mixture
distribution in the chamber. Zeng et al.’s result showed that an optimum injection
timing exists around 180 BTDC (medium engine load condition), and the thermal
efficiency, maximum pressure in-cylinder, and the maximum rate of heat release
can get the maximum value around this point [15]. For the more retarded injection
timing, the mixing time for fuel and air is not sufficient, leading to an extreme non-
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uniform mixture formed in the cylinder, and this is unfavourable for the sequential
ignition and flame propagation process, resulting in the decrease of thermal effi-
ciency and engine power output. On the contrary, for the more advanced injection
timing, a relative lean uniform mixture is formed in the chamber, and it is also not
benefit for the realization of the stratified mixture mode at lean condition, leading
to a decreased ignition ability and flame propagation speed, which leads to the
reduce of thermal efficiency. The result of Liu et al. [29] also showed that at
lambda of 1.33, the engine can get maximum net IMEP at injection timing of 170�
BTDC with a single hole injector and the injection pressure is 8.0 MPa. However,
due to great differences exist between the injection pressure and nozzle geometry
of the various injection systems, the control strategies also vary a lot in the
injection timings. Yuichi et al. [18] studied the effect of injection timing on cyclic
variation of maximum pressure in-cylinder, the results showed that at lambda of
2.5 and 2.3, the injection timing of 30� BTDC can get the lowest cyclic variation
of maximum pressure in-cylinder; at lambda of 1.04 and 1.40, the injection timing
of 90 can get the lowest cyclic variation of maximum cylinder pressure with a six
hole injector and the injection pressure is 10 MPa.

2.5 The Control of Ignition Strategy

Ignition timings are very important operating parameters and the control of these
parameters will determine the flame kernel initialization and development in the
combustion chamber and thus the sequent combustion characteristics. As the flame
speed of natural gas is lower than that of the conventional fuels at the same
temperature and pressure condition, the advanced ignition timings should be uti-
lized at low and medium engine load in DISINGEs. Huang et al. [32] studied the
effect of ignition timing on combustion and emission characteristics of a
DISINGE, their results showed that advanced ignition timings will lead to an
increased thermal efficiency, maximum cylinder pressure, and maximum rate of
heat release as well as a short combustion duration and decreased HC emission.
CO emission varies insignificantly with spark timing. But the advanced ignition
timing will also result in an increased NOx emission. Usually, retarded ignition
timings are adopted to decrease the NOx emissions, but this will lead to the
decrease of engine power output at high engine load [7].

2.6 Effect of Hydrogen Addition

Similar with PFI natural gas engine, adding hydrogen into natural gas has great
impact on the combustion and emissions characteristics of the DISINGEs.
As natural gas has the demerits of relatively narrow flammability range and slow
flame propagation speed compared with conventional gasoline and diesel, it will
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result in a limited lean-burn ability and larger cyclic variations occur at small
engine load [33, 34]. In addition, the low flame speed will lead to lower thermal
efficiency which will decrease engine power output and increase fuel consumption
[2, 4]. An effective method to overcome the disadvantages of poor lean-burn
ability and slow flame speed of natural gas is to blend the natural gas with the fuel
which possesses wide flammability range and high flame speed. Hydrogen is
considered to be the best gaseous additive to natural gas due to its wide flam-
mability range and fast burning velocity. And adding hydrogen into natural gas is
thought to greatly improve the engine performance at small engine load and
decrease exhaust emissions [35, 36]. Therefore, some researchers studied the effect
of adding hydrogen into natural gas on the performance and emissions charac-
teristics in a DISINGE [14, 28, 32, 37–39]. Professor Huang and his group
investigated the effect of hydrogen fraction on combustion and emission charac-
teristics in a direct injection engine fueled with natural gas-hydrogen blends under
a compression ratio of 8 and hydrogen fraction less than 20 % [14, 32, 38]. Their
results showed that for the same spark timing, the brake thermal efficiency is
increased and the combustion duration is decreased with increasing hydrogen
fraction in the natural gas-hydrogen blends [32].

Wang et al. [39] studied the combustion and emissions characteristics of a
direct injection engine fueled with natural gas-hydrogen blends at an increased
compression ratio of 12 and extended hydrogen fraction range from 0 to 40 % by
utilizing a single hole high pressure injector. They conducted the experiment based
on the same injection timings and ignition timings for different natural
gas-hydrogen blends under the specified engine speed/load conditions. Their
results showed that the thermal efficiency increased with increasing the hydrogen
fraction, but the NOx emissions also increased simultaneously with increasing the
hydrogen fraction, and the trend is more remarkable when hydrogen fraction
exceeds 20 %. Zheng et al. [28] investigates the combustion and emissions
properties of a spray guided direct injection engine fueled with natural gas-
hydrogen blends with a swirl injector. The results showed that the thermal effi-
ciency increases with increasing the hydrogen fraction at various injection timings,
and also when the hydrogen fraction exceeds 10 %, the brake HC, CO and CO2

emissions decrease with the increase of hydrogen fraction.

3 Advantages in Performance and Emission Characteristics

3.1 Lean Operating Limitation

As mentioned above, due to lean combustion and stratified mixture formed in the
combustion chamber under low engine load, the lean operating limitation of
DISINGEs will be greatly extended compared to PFI natural gas engine [7, 15, 21,
40, 41].
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Normally, a PFI natural gas engine can acquire very lean combustion with a
lambda of 1.6 and the COV of IMEP is larger than 10 %. However, if direct
injection operating mode is adopted, the COV of IMEP will be less than 5 % at the
same lambda condition [7]. Huang et al. [21] studied the basic behaviour of direct
injection natural gas combustion by using a RCM, their results shows that com-
paring with homogeneous mixture case, direct injection natural gas mode can
acquire extremely lean combustion at an equivalence ratio of 0.03. The research
result of Shiga et al. [40] showed that the lean operating limitation of direct
injection natural gas combustion depends on fuel injection timing and spark
ignition timing, and the engine can realize very lean combustion with stratified
mixture at optimum injection timing and spark ignition timing. Zheng et al.’s
result also showed that stable combustion can be realized when the overall excess
air ratio exceeds 1.6 with a compression ratio which is larger than a certain value
(e.g. CR = 12) at low engine load [41]. This is due to the stratified mixture formed
in the cylinder, which is relative rich mixture around the spark plug and lean
mixture in the end gas region. In addition, the high pressure fuel injection also
increase the mixture turbulent level in the cylinder, which will improve the
ignition ability and accelerate flame propagation, leading to higher thermal effi-
ciency and stable combustion.

3.2 Engine Performance and Emissions

Due to lower throttling loss in DISINGEs, the volumetric and thermal efficiency are
greatly increased compared with PFI natural gas engines. In addition, based on the
good anti-knock property of natural gas, higher compression ratio can be used to
improve the combustion and thermal efficiency. Furthermore, the charge stratifica-
tion and the turbulent intensified by the fuel injection also improve the combustion
status and thus engine performance. Huang et al.’s result showed that direct injection
natural gas combustion can get shorter combustion duration, higher pressure rise due
to combustion, and higher rate of heat release compared with homogeneous mixture
case [21]. The new DISINGE developed by Kalam and his colleague can acquire
slightly higher brake power than original gasoline engine with the same displacement
volume [26, 27]. Huang et al. [21] reported that the combustion efficiency maintains
as high as 0.92 when the average equivalence ratio in the range of 0.1–0.9 due to
stratification mixture formation in the direct injection natural gas combustion.

The unburned methane emissions of direct injection natural gas combustion
were almost the same level as that of homogeneous mixture combustion as showed
in Huang et al.’s results [21]. But the CO emission increased steeply with
increasing the equivalence ratio when equivalence ratio exceeds 0.8, this is due to
an over stratified mixture formed in the cylinder. Due to higher combustion
temperature in the cylinder, the NOx emission is at higher level for DISINGEs [7].
Huang et al.’s result also showed that the NOx emission get its maximum value at
lower equivalence ratio region [21]. Therefore, retarded ignition timing strategy
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are adopted to decrease the NOx emissions in usual, but this will lead to the
decrease of engine power output at high engine load [7]. But Arcoumanis et al.
[42] reported that NOx emission is lower for direct injection natural gas com-
bustion due to an increased charge stratification. There are few literature refer to
the particle number and mass distribution of DISINGEs. It is reported that particle
number concentration will increase with the improvement of combustion status
and the peak particle number concentration occurs at a diameter of 0.039 mm by
Liu et al. [29] which is at the same level of PFI natural gas. In addition, as natural
gas is gaseous fuel, there are no liquid fuel droplets distributed in the cylinder, and
the local air fuel ratio distribution is not influenced by fuel impingement, wall-
wetting and fuel evaporation. Therefore, the effect of mixture inhomogeneity on
particle number is weaker than that of the GDI engine [29].

3.3 Cycle-by-Cycle Variations

Due to stratified mixture and fast flame propagation based on intensified turbulence
produced by the high pressure fuel injection at light load, DISINGEs can acquire
better ignition ability and realize stable combustion. Huang et al. [24] studied the
cyclic variations of natural gas direct injection combustion by using a RCM. Their
results showed that natural gas direct injection combustion can realize high com-
bustion stability with less cycle-by-cycle variation in the maximum cylinder pres-
sure, the maximum rate of pressure rise and maximum rate of heat release at the given
equivalence ratio. In addition, Huang et al. [16] also studied the cyclic variations of
natural gas direct injection combustion on a single cylinder research engine (SCRE).
The results also showed that the DISINGE has a better lean burn capability, and the
misfire and partial burn cycles only occurs when the equivalence ratio is below 0.4.
Zheng et al. [41] investigated the effect of compression ratio on cyclic variations in a
DISINGE and to analyze the cause of cycle-by-cycle variations in the direct injection
natural gas combustion. Their result shows that a compromise compression ratio
exists for the DISINGE to acquire the stable engine operation and low cycle-by-cycle
variations. Their results also showed that cyclic variations of the DISINGEs are
resulted from the fluctuations in flame development duration and late combustion
durations, which is different from PFI engine in which cycle-by-cycle variations
mainly result from fluctuations at the initial stage of combustion. Professor Sen et al.
[43] investigated the dynamics of cycle-to-cycle variations in a DISINGE by using
continuous wavelet transform and cross wavelet transform method. The results
reveal that the cyclic variations exhibit multiscale dynamics as fluctuations occurs at
different timescales, and the spectral power of cyclic variations for compression ratio
of 12 was found to be significantly reduced at the various timescales compared to the
cyclic variations at other compression ratios. Their results also proved Zheng et al.’s
results that strong interdependence exists between the IMEP and main combustion
duration as well as total combustion duration over a wide range of frequencies and
engine cycles [41].
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4 Future Development

4.1 Spark-Ignition System

As natural gas has the disadvantages of relatively narrow flammability range and
slow flame propagation speed compared with conventional fuels, the DISINGE
also suffers from poor lean-burn ability and remarkable cyclic variations at small
engine load when over lean combustion (no throttle case)mode was used [33, 34].
And under the over lean combustion mode, the current commercial spark ignition
system is harder to achieve stable ignition for all operating conditions, especially
when more residual gas exists in the combustion chamber and large cyclic vari-
ations of fuel concentration occurs in the vicinity of the spark plug. Therefore,
further effort in spark-ignition system development should be conducted before the
product stage of DISINGEs and the ultra high energy spark ignition system with
special design is expected to be introduced in the future product of DISINGEs.

4.2 Fuel Injection System

In the DISINGEs, without the consideration on fuel spray and atomization, usually
natural gas is directly injected in the cylinder by electromagnetic injector, and the
fuel injection systems should have wide range of setting variations for injection
control such as valve open timing and duration under high fuel feed pressure. For
the high pressure electromagnetic injector, normally the ratio of fuel-feed pressure
and in-cylinder pressure is more than the critical pressure ratio, the chock flow
condition is kept during the fuel injection, the amount of fuel injected is almost
proportion to the injection duration [14, 18, 25, 28]. However, due to an ideal
stratified or homogenous mixture is expected to formed in cylinder in various
DISINGEs, the fuel injector should be designed specially to consider the inter-
action of fuel jet, air flow, chamber shape. Therefore, further research in fuel
injection system should be conducted later.

5 Summary and Conclusions

This chapter reviews the past research development in DISINGEs briefly, the
remarkable conclusions are as follows:

The compression ratio, nozzle geometry, fuel injection pressure, arrangement of
fuel injector, spark plug and shape of piston is extremely critical to the engine
performance and emissions. Meanwhile, the injection timings and ignition timings
are very important operating parameters and the control of these parameters will
determine the mixture concentration distribution in the cylinder and thus the
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combustion characteristics. Adding hydrogen into DISINGE is expected to
improve the engine performance and decrease engine emissions.

Natural gas direct injection combustion can realize high combustion stability
with less cycle-by-cycle variation and the lean burn limit can be extended com-
pared with that of the port injection mode. The HC emission can be reduced based
on appropriate charge stratification and gas flow condition. However, the particle
number concentration and NOx emission will increase with the improvement of
combustion status.

Due to great differences exist between the injection pressure and nozzle
geometry of the various injection systems, special gas injector should be devel-
oped to match the injection and flow characteristics. Further research in spark-
ignition system and fuel injection system should be conducted before the product
stage of this kind of engine.
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Experimental Results Using Ammonia
Plus Hydrogen in a S.I. Engine

Stefano Frigo, Roberto Gentili, Giacomo Ricci, Giuseppe Pozzana
and Massimiliano Comotti

Abstract In the prospective to reduce greenhouse gas emission from vehicles, the
use of hydrogen as fuel represents a possible solution. However, if proper engine
running with hydrogen has been widely demonstrated, hydrogen storage onboard of
the vehicle is a major problem. A promising solution is storing hydrogen in the form
of ammonia that is liquid at roughly 9 bar at environmental temperature and
therefore involves relatively small volumes and requires light and low-cost tanks.
Moreover, liquid ammonia contains 1.7 times by volume as much hydrogen as liquid
hydrogen itself. It is well known that ammonia can be burned directly in I.C. engines,
however a combustion promoter is necessary to support combustion especially in the
case of high-speed S.I. engines. As a matter of fact, the best (and carbon-free!)
promoter is hydrogen, which has very high combustion velocity and wide flam-
mability range, whereas ammonia combustion is characterised by low flame speed,
low flame temperature, narrow flammability range (combustion is impossible if
mixture is just slightly lean), high ignition energy and high self-ignition temperature.
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The experimental activity shown in the paper was aimed at determining proper air-
ammonia-hydrogen mixture compositions for the actual operating conditions of a
twin-cylinder 505 cm3 S.I. engine. Hydrogen and ammonia are separately injected
in the gaseous phase. The experimental results confirm that it is necessary to add
hydrogen to air-ammonia mixture to improve ignition and to speed up combustion,
with ratios that depend mainly on load and less on engine speed. This activity is
correlated with a larger-scale project, founded by Tuscany Region, in which a
partnership of research and industry entities has developed a fully-working plug-in
hybrid electric vehicle equipped with a range-extending 15 kW IC engine fuelled
with hydrogen and ammonia. Hydrogen is obtained from ammonia by means of on-
board catalytic reforming.

Keywords Ammonia engine � Hydrogen engine � Alternative fuels � Carbon-free
fuels � Ammonia reforming

Abbreviations
AIT Auto ignition temperature
AMIE Absolute minimum ignition energy
BTDC Before top dead centre
CA Crank angle
CNG Compressed natural gas
COV Coefficient of variation
DI Direct injection
EBTE Engine brake thermal efficiency
ECU Electronic control unit
EC Energy content (stoichiometric mixt)
EGR Exhaust gas recirculation
FL Flammability limits (gas in air)
HAER Hydrogen-ammonia energy ratio
IC Internal combustion
LFV Laminar flame velocity
LHV Lower heating value
IMEP Inlet mean effective pressure
MBT Maximum best torque
RPM Revolution per minute
ON Octane number
SCR Selective catalytic reactor
SI Spark ignition
ST Stoichiometric
TDC Top dead centre
UEGO Universal exhaust gas oxygen
WOT Wide open throttle
q Density
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1 Introduction

The main problem of electric vehicles is poor driving range due to low battery
capacity. This drawback is enhanced by power requirement for lights and heating
in winter.

Therefore in many cases range extenders are required, which use fuel to pro-
duce electricity when necessary [1–4]. Almost all present range extenders are
based on conventional S.I. or C.I. engines, which are reliable and not expensive,
but produce large green house gas emissions.

To produce carbon-free emissions, hydrogen can be employed as fuel in the
range-extender engine (I.C. engine running ability with hydrogen has been widely
demonstrated), but it reduces the range extending capacity, due to the scarce
amount of hydrogen that can be stored on board. Moreover, as underlined by other
authors [5], actually there is no existing infrastructure for hydrogen delivery and
over 90 % of hydrogen production is still from reforming of fossil fuels such as
natural gas, with the accompanying CO2 emissions.

A solution to overcome this problem consists in storing hydrogen in the form of
ammonia, which, at environmental temperature, is liquid at roughly 9 bar at
environmental temperature and therefore involves relatively small volumes and
requires light and low-cost tanks. Moreover, liquid ammonia contains 1.7 times by
volume as much hydrogen as liquid hydrogen itself [6, 7].

Roughly 85 % of world ammonia production is based on steam reforming of
natural gas using the well known Haber–Bosch process [8], but ammonia can be
produced also electrochemically, or organically, or biologically, or by renewable
sources: biomass energy, wind energy, solar energy, geothermal energy, hydro-
electric energy can be used to electrolyse hydrogen from water and produce
ammonia. These methods provide a number of scalable manufacturing routes that
can be developed and employed in accordance with evolving market demand and
economy.

The possibility to use ammonia as direct gasoline replacement has been con-
cretely discussed since mid-1960s [9–12], even if previous attempts and a patent of
1938 attest the possibility of using a mixture of hydrogen, ammonia and nitrogen
as fuel in internal combustion engines [13, 14]. Some experiences show that lone
ammonia can be burned in IC engines. However, due to low flame temperature,
low laminar burning velocity and high ignition energy, it is practical to use
ammonia together with other fuels used as combustion catalysts. Some investi-
gations attest [15–19] that the best one is hydrogen, showing that a small amount,
added to air-ammonia mixture, is effective to speed combustion up.

The opposed and potentially complementary properties of hydrogen and
ammonia give new prospective in engine combustion control. As aforesaid,
ammonia is characterized by low flame speed (also with respect to gasoline) and
narrow flammability range (combustion is impossible even with low excess air),
high ignition energy and high auto-ignition temperature. On the other side,
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hydrogen displays low ignition energy, high combustion velocity and wide flam-
mability range that allows the engine to operate with very high air–fuel ratios.

A comparison of combustion properties of ammonia, hydrogen and gasoline are
given in Table 1 [17–20].

Extensive analyses of ammonia production cost and of energy per unit of
storage tank volume, in comparison with other conventional fuels (gasoline,
compressed natural gas CNG, liquefied petroleum gas LPG, methanol, hydrogen)
has been conducted by other authors [20]. The study shows that ammonia is the
least expensive fuel in terms of cost per GJ stored onboard, while in terms of GJ/
m3 ammonia becomes the third, after gasoline and LPG. Moreover, ammonia is the
cheapest fuel per 100 km driving range.

It is noteworthy resuming some data, shown in Table 2, related to a comparison
of ammonia and hydrogen storage and driving range characteristics on a prototype
vehicle based on a Ford Focus. Some of the original data were recalculated taking
into consideration the Italian law that imposes 200 bars as maximum storage
pressure on board. The power-train performance is characterized by 1.19 MJ/km
shaft power and the efficiency of the ammonia engine has been taken the same as
of the hydrogen engine. As it can be noted, the driving range of the NH3 vehicle is
much longer and hence less expensive (for ammonia it was assumed a cost of
$0.30/kg and for hydrogen an average cost of $4/kg). Moreover, the tank of the
ammonia car is about 6 times more compact.

Some additional advantages of ammonia in respect of hydrogen are commercial
availability and viability, global distribution network, easy handling experience,
etc., while the problem of its toxicity that can easily be overcome with the current
control and storage technologies.

The experimental activity displayed in this paper was mainly aimed at devel-
oping a simple electronic hydrogen-ammonia injection system and determining
appropriate air-ammonia-hydrogen mixture composition for each actual operating
condition of a prototype engine and therefore at establishing the proper technical
characteristics of the injection system.

This activity is correlated with a larger scale project, focused on a range-
extended electric vehicle (briefly presented at the end of the paper) involving the

Table 1 Combustion properties of ammonia, hydrogen and gasoline [21]

Properties Ammonia Hydrogen Gasoline

LHV (MJ/kg) 18.8 120 44.5
FL (vol. %) 15–28 4.7–75 0.6–8
LFV (m/s) 0.015 3.51 0.58
AIT (�C) 651 571 230
AMIE (mJ) 8.0 0.018 0.14
ON (RON) [130 [100 90–98
q (25 �C, 1 bar) (g/L) 0.703 0.082 740
ST (air/fuel) (mass) 6.04 34.3 *14.5
EC (st. mixt.) (MJ/kg) 2.8 3.3 2.7
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ammonia-plus-hydrogen I.C. engine and where the necessary flow of hydrogen
comes from a special catalytic ammonia cracker (purposely realized within the
project) that is heated by engine exhaust gases. No production of greenhouse gases
occurs since ammonia does not contain carbon.

2 Engine Experimental Setup

The prototype engine derives from a 505 cm3 Lombardini twin-cylinder S.I.
engine, whose specifications are reported in Table 3. Hydrogen and ammonia are
separately injected in the gaseous phase. Accordingly, the original intake manifold
was modified to add electro-injectors for hydrogen and for ammonia to the original
ones for gasoline. This is the only mechanical modification the original engine
underwent.

As a whole, six electro-injectors are now located on the intake manifold (three
for each duct). The injectors for ammonia and for hydrogen are conventional ones
for CNG application with appropriate modifications to their inner parts.

Ammonia was stored in the liquid phase at room temperature and 9 bars. An
heated vaporizer with a pressure regulator was placed before the electro-injectors.
Careful attention was dedicated to the hydrogen-ammonia feeding line to avoid
leakages and partial ammonia condensation before the injectors.

Table 2 Ammonia and hydrogen storage characteristics

Parameter Unit Ammonia Hydrogen

Tank volume Liter 60 200
Storage pressure Bar 10 200
Energy on-board MJ 814 393
Estimated driving range km 340 165
Tank compactness L/100 km 18 121

Table 3 Experimental engine specifications

Model Lombardini LGW 523 MPI
Displacement 505 cm3

Stroke 62 mm
Bore 72 mm
Compression ratio 10.7:1
Cooling system Water cooled
Valves 2 per cylinder
Max power (gasoline) 21 kW @ 6,000 rpm
Max torque (gasoline) 39 Nm @ 2,200 rpm
Engine velocity at idle 1,100 rpm
Mass 49 kg
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The original ECU was replaced with a fully-programmable one (MoTeC model
M800) and set to drive the ignition system and the six electro-injectors for
hydrogen, ammonia and gasoline (this last option, i.e. the use of gasoline, was kept
in the prospective of a more flexible hybrid vehicle).

The engine was fully instrumented. A magnetic sensor was located on the
camshaft for the correct phasing of the injection and ignition events. Thermal flow
meters were adopted to measure hydrogen and ammonia consumption. Piezo-
resistive pressure sensors gauged the intake and the exhaust pipes, while a special
spark plug with integrated piezoelectric sensor gauged cylinder pressure. Pressure
sensors were placed in the ammonia and in the hydrogen feeding lines. Thermo-
couples were located in the intake and exhaust pipes, as well as in the cooling and
in the lubrication circuits. To measure fuel–air ratio (k) a proportional O2 (UEGO)
sensor was placed in the exhaust pipe, while a chemiluminescence NOx analyzer
gauged the exhaust emissions. An optical encoder was placed on the frontal side of
the crankshaft, while an AVL Indicom system performed data acquisition and
processing. The intake air flow rate was controlled by the original motorized
throttle valve.

Figure 1 shows a picture of the experimental engine with ammonia and
hydrogen injectors in evidence.

3 Experimental Activity and Results

Preliminary tests were performed to verify the possibility to operate the engine
with a mixture of air, ammonia and hydrogen and to determine proper injection
timings and feeding line pressures of hydrogen and ammonia for suitable com-
bustion at all speeds and loads. This first experimentation was performed mainly in
view of producing hydrogen on board the vehicle by ammonia catalytic reforming,
to verify whether the working temperature and the output limits in hydrogen flow

Ammonia 
injectors 

Hydrogen 
injectors 

Fig. 1 The experimental
engine with ammonia and
hydrogen injectors in
evidence
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rate and pressure (roughly 1.35 Nm3/h and 0.5 bar relative pressure) of the
designed catalytic reformer were compatible with engine characteristics and needs.

This performance of the catalytic reformer was separately verified by experi-
mental tests that proved full conversion of ammonia to hydrogen and nitrogen
(whose flow rate to the engine is negligible compared to nitrogen flow rate due to
air intake) at the designed temperature of 500 �C. Yet, ammonia conversion was
proved to be almost complete even at as low reformer temperature as 450 �C,
allowing security margin in case of exhaust gas temperature fluctuation. The
thermal energy necessary for the catalytic reaction can be obtained from the
exhaust gasses whose temperature, into the operative range examined, is always
higher 550 �C. In addition, the reformer is electrically heated to overcome the
problem of insufficient exhaust gas temperature during cold start transient.

Injection timings for hydrogen and ammonia were set at TDC of the passive
cycle. Feeding line relative pressures for hydrogen was set at 0.4 bar, while for
ammonia a relative pressure of 2.4 bar was utilised.

The next experimental activity was focused on determining the minimum
hydrogen-to-ammonia energy ratios (HAER) that keep COVimep \ 10 %. This is
considered the maximum value of cyclic variation for acceptable engine behaviour
[22]. Tests were performed at various speeds (from 2,500 to 5,000 rpm with steps
of 500 rpm) and loads (full and half load) with stoichiometric mixtures (k = 1),
taking the operating range of the engine connected to the electric generator into
account. Forthcoming tests will explore engine behaviour with lean mixtures.

Ignition advance was set at MBT at every engine speed and load and for each
experimental condition 100 cycles were recorded and analysed.

The experimentation evidenced two important issues, summarized as follows:

1. With the smallest acceptable HAER, 40� to 42� BTDC ignition timing gives the
best results at every engine speed and load. This spark advance is 10� to 15�
larger than with gasoline and can be addressed to high ignition energy and low
flame speed that characterize and protract ammonia combustion, leading to
larger heat loss through cylinder walls and less residual expansion than with
gasoline, with consequent less thermal efficiency.

2. Engine COVimep rapidly increases as HAER falls below a certain value, as
Fig. 2 proves for full load and k = 1 at 3,000 and 4,000 rpm. In this case
COVimep sharp increase occurs below a HAER value of roughly 6–7 %, yet
engine behaviour remains acceptable up to a HEAR value of roughly 5 %.

Conservatively, the HAER below which engine COVimep rapidly increases have
been considered as the ‘‘practical’’ minimum HAER that is given in Fig. 3 versus
engine speed with k = 1, at full and half load.

Figure 4 displays brake power vs. engine speed at WOT and k = 1 with gas-
oline and with ammonia plus the above-mentioned minimal sufficient amounts of
hydrogen, proving that in the second case power is roughly 10 % less at low rpm
and 25 % less at high rpm. This is due to mixture poor volumetric heating value,
because of the high specific volume of ammonia and hydrogen, and to ammonia
low flame speed that penalizes the more, the faster the engine runs.
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NOx is the only meaningful pollutant found in the exhaust emissions (unburned
hydrocarbons from lubricant are negligible and the presence of ammonia in the
exhaust gas was not measured). Figure 5 displays NOx emission vs. engine speed
with the minimum HAER at full and half load, keeping k = 1. At full load, NOx

maximum emission is 1,700 ppm at 3,000 rpm. Due to the lower combustion
temperatures, NOx emission is always lower at half load, with a maximum of
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1,500 ppm, still located at about 3,000 rpm. Yet, NOx emission is not a problem,
since, in the case of stoichiometric mixture, NOx can be effectively abated by a
normal reducing catalyst and, in the case of lean mixture, the use of a SCR is eased
by the presence of ammonia onboard.

3.1 Cold Start Procedure

Hydrogen-to-ammonia ratio must be considerably increased to guarantee correct
engine cold start, as data on Table 4 prove. Cold start feeding conditions must be
kept for few seconds after starting, with the engine at idle (1,800 rpm, quite high
idle speed in respect of around 1,100 rpm with gasoline). Then hydrogen-to-
ammonia ratio is progressively reduced and engine speed increased to reach the
required operating conditions.

Since hydrogen flow rate is higher than the one provided by the catalytic
reformer, a suitable amount of hydrogen must be stored in a tank that will be
recharged during engine normal running. Solutions are being studied to reduce the
cold-start requirement of hydrogen flow rate to the level provided by the catalytic
reformer. Among them, high engine compression ratio (allowed by very high
ammonia octane number) and special solutions for ignition are worth mentioning.

4 The Range-Extended Electric Vehicle

The ammonia-hydrogen engine was installed on prototype range-extended electric
vehicle that derives from Effedi Gasolone 35, a small commercial vehicle con-
ceived for garbage collection, originally equipped with a Diesel engine.

This vehicle displays two important features:

1. It has a flexible chassis that is suitable for the transformation to hybrid (several
new devices must be installed on board, such as all the electric and electronic
devices, the hydrogen generator, the ammonia tank, etc.);
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2. It is a typical example of vehicle for city use; as a matter of fact it is the
smallest available one with 3.5 t capacity and it is characterized by high
manageability.

Range-extended electric vehicles for garbage collection are especially suited for
city centres where noise and pollution are very important issues and where these
vehicles can work in pure electrical mode (sometimes garbage is collected during
the night), restricting the use of the I.C. engine to the transfer travels.

The prototype is a series hybrid: the vehicle is driven by the electric motor with
no mechanical connection to the I.C. engine that only runs a generator to recharge
the batteries.

All the components of the power train, i.e. the I.C. engine, the generator, the
electric motor, the electronic controls and devices, etc. were expressly studied,
designed and realised.

Because of the toxicity of gaseous ammonia, a suitable monitoring system was
integrated into the vehicle. It is based on a modular architecture, which allows the
integration of several sensors in a scalable plug-an-play structure and provides data
pre-elaboration.

Three ammonia sensors are located in different places of the vehicle: one is
placed inside the cockpit, for the safety of the driver; another sensor is placed near
both the ammonia tank and the catalytic reactor, to monitor possible ammonia
leakages, and the last one is at the exit of the tailpipe to detect the presence of
unburned ammonia. The system alarms were settled on a threshold of 20 ppm of
ammonia for inside the vehicle and of 100 ppm for outside.

Table 4 Cold start feeding
conditions

H2 flow rate 2.6 Nm3/h
H2 feeding line relative pressure 0.4 bar
NH3 flow rate 0.54 Nm3/h
NH3 feeding line relative pressure 2.1 bar
HAER 360 %

Fig. 6 Final assembly of the
vehicle, ready for road test
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The final assembly of the vehicle, ready for road test, is showed on Fig. 6.

5 Conclusions

Ammonia represents a hydrogen carrier and can be effectively utilized as fuel in IC
engines, provided that a small percentage of other fuels is added as combustion
catalyst. Among them, the best one is hydrogen, which can be obtained directly
from ammonia on board the vehicle by means of a catalytic reformer.

In this experimental activity a simple electronic fuel injection system, that
injects ammonia and hydrogen in the gaseous phase, was designed and imple-
mented on a 505 cm3 twin-cylinder S.I. engine that was mechanically modified
only as concerns the intake manifold, to host the electro-injectors for ammonia and
hydrogen.

The final aim of the study is the design and construction of an electric vehicle,
where the ammonia-plus-hydrogen engine is employed as range extender and
hydrogen is obtained from ammonia by on-board catalytic reforming.

The experimental results confirm the need to speed combustion up by adding
hydrogen to air-ammonia mixture, with ratios that mainly depend on load. The
minimum HAER to get correct engine behaviour (i.e. COVimep \ 10 %) is roughly
6–7 % at full load and 10–11 % at half load.

Keeping k = 1 on the whole, engine stability increases increasing the HAER,
as expected.

NOx is the only meaningful pollutant found in the exhaust emissions (unburned
hydrocarbons from lubricant are negligible), with a maximum of 1,700 ppm at full
load and 3,000 rpm.

The presence of ammonia in the exhaust gas was not measured at test bench.
However, an ammonia sensor is placed at the exit of the exhaust pipe on the
vehicle for the next road testing activity.

No meaningful mechanical inconvenience occurred during the described
experimental activity. Nevertheless, long-time reliability of the injection system
for ammonia and for hydrogen has to be verified.
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Dual Fuel H2-Diesel Heavy Duty Truck
Engines with Optimum Speed Power
Turbine

Alberto Boretti

Abstract The turbocharged direct injection lean burn Diesel engine is the most
efficient engine now in production for transport applications with full load brake
engine thermal efficiencies up to 40–45 % and reduced penalties in brake engine
thermal efficiencies reducing the load by the quantity of fuel injected. The secrets of
this engine’s performances are the high compression ratio and the lean bulk
combustion mostly diffusion controlled in addition to the partial recovery of the
exhaust energy to boost the charging efficiency. The major downfalls of this engine
are the carbon dioxide emissions and the depletion of fossil fuels using fossil
Diesel, the energy security issues of using foreign fossil fuels in general, and finally
the difficulty to meet future emission standards for soot, smoke, nitrogen oxides,
carbon oxide and unburned hydrocarbons for the intrinsically ‘‘dirty’’ combustion
of the fuel injected in liquid state and the lack of maturity the lean after treatment
system. Renewable hydrogen is a possible replacement for the future of the Diesel
that is free of carbon dioxide and other major emissions, with the only exception of
nitric dioxides. In this paper, a Diesel engine is modelled and converted to run
hydrogen retaining the same of Diesel full and part load efficiencies. The con-
version is obtained by introducing a second direct fuel injector for the hydrogen.
The dual fuel engine has slightly better than Diesel fuel efficiencies all over the load
range and it may also permit better full load power and torque outputs running
closer to stoichiometry. The development of novel injectors permitting multiple
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injections shaping as in modern Diesel despite the extremely low density of the
hydrogen fuel is indicated as the key area of development of these engines.

Keywords Heavy duty trucks � Hydrogen � Internal combustion engines � Power
turbine

Abbreviations
BDC Bottom dead centre
CNG Compressed natural gas
CVT Continuously variable transmission
EGR Exhaust gas recirculation
EVO Exhaust valve opening
EVC Exhaust valve closure
HPDI High pressure direct injection
IVO Intake valve opening
IVC Intake valve closure
LHV Lower heating value
TC Turbocharged
TDC Top dead centre

1 Dual Fuel H2ICE

Apart from few remarkable experiences of the past, the most part of the hydrogen
internal combustion engines (H2ICE) have been built in the last 20 years and in
almost the totality of the cases starting from a gasoline-fuelled power plant. Many
traditional gasoline engines have been modified for manifold or port injection of
hydrogen with combustion controlled by a spark discharge and load controlled by
throttling the intake. Direct injection of hydrogen has proved to be effective in
improving the performances of these gasoline-like H2ICEs both experimentally
and computationally [1, 2]. Diesel-like applications have also been proposed [3–6].
Computationally, it has been demonstrated that a dual fuel pilot Diesel and
hydrogen main direct injection permits similar to Diesel only operation and effi-
ciencies both full and part load [3]. Experimentally, it has been demonstrated that
direct injection of hydrogen only by using today’s best single fuel injectors may
permit similar to Diesel efficiencies continuously operating a glow plug providing
surface ignition of the hydrogen and air mixture [4–6].

Single fuel direct injection injectors for compression ignition engine applica-
tions with hydrogen are proposed by Westport [7] and Hoerbiger [8]. The Westport
injector has been already adopted in a large number of engine applications but with
Compressed Natural Gas (CNG) and ignition forced by either a hot surface or a
spark. With hydrogen, these off-the-shelf injectors are not able to deliver the
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amount of fuel needed to large displacement heavy duty truck (HDT) engine
cylinders within acceptable time frames.

Three properties of hydrogen are particularly relevant for the use as a fuel for a
compression ignition engine. Hydrogen has a very low density, therefore delivery
of quantities large enough within time frames small enough may be an issue.
Hydrogen has a wide ignition limits of mixtures with air, from k = 0.14 to k = 10
homogeneous. This permits the load control throttle-less typical of the Diesel.
Hydrogen has auto ignition temperatures in air of about 850 K much larger than
the Diesel. This requires much higher in-cylinder temperatures or the assisted start
of combustion to produce Diesel-like combustion processes.

With reference to Diesel, hydrogen has also the advantage to be delivered into
the combustion chamber in its gaseous form. When the hydrogen jets penetrate the
combustion chamber, then they mix with the surrounding air and the hydrogen is
heated up. There is no need to vaporize the liquid droplets, and combustion may
proceed much faster with hydrogen after the more troublesome start-up phase also
thanks to the faster combustion properties of the hydrogen versus the Diesel
vapour made up of various hydrocarbon vapours.

Two compression ignition hydrogen engines ideas have been developed recently,
one working with hydrogen only but requiring a surface ignition, and one working
with a pilot Diesel injection preceding the main hydrogen injection. Both experiences
are very far from production standards with [3] probably much easier to be translated
in a real product than [4–6]. Auto-ignition of hydrogen is also studied in [9].

In the surface system ignition of [4–6] working with a single fuel injection pulse,
the hydrogen is first ignited following impingement on the continuously operated
glow plug. This surface ignition occurs 0.4 ms after the injector needle opens,
immediately after the impinging of the hydrogen on the glow plug and the mixing
with the surrounding air. The combustion evolution then sharply raises the chamber
pressure and temperature, and once better auto-ignition conditions are globally
reached within the chamber, then all of the hydrogen jets emerging from the multi
holes injector ignite just following the mixing with air [4–6]. Assuming adequate
glow plug surface temperature, combustion starts as soon as one of the hydrogen
jets reaches the glow plug. Knock is avoided by the then quick combustion of the
hydrogen already available in the chamber. After the combustion start-up phase, the
injection of hydrogen in high temperatures gases produces a combustion rate
basically controlled by the rate of injection for the hydrogen that then burns almost
instantaneously following mixing with air and temperature heating up.

The conversion is obtained here by introducing a second direct fuel injector for
the hydrogen. A sketch of the combustion chamber is shown in Fig. 1.

The computational results proposed in [3] with a pilot Diesel preceding a main
hydrogen injection have shown that as soon as the main injection of hydrogen
occurs in an environment with temperatures high enough and within the same
injection duration of the main diesel injection, then the fuel conversion efficiency
can be made even higher both full and part load and thanks also to the ability to
run richer k than the Diesel both the power and torque outputs may also be
increased.
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2 Optimum Speed Power Turbine

The engine considered as the baseline is a Diesel engine having a power turbine.
Internal combustion engines have a maximum theoretical fuel conversion
efficiency that is similar to that of fuel cells and considerably higher than the mid-
40 % peak values seen today. To be precise, this is a true statement only at high
temperatures, because at low temperatures the fuel cell has a much better theo-
retical efficiency, but this does not make too much difference for the typical
operating conditions of heavy duty truck engines. The primary limiting factors to
approaching these theoretical limits of conversion efficiency start with the high
irreversibility in traditional premixed or diffusion flames, but include heat losses
during combustion and expansion, untapped exhaust energy, and mechanical
friction. One area where there is large potential for improvements in ICE efficiency
is losses from the exhaust gases [10, 11]. Exhaust losses are being addressed by
analysis and development of compound compression and expansion cycles
achieved by variable valve timing, variable stroke use of turbine expanders,
regenerative heat recovery, and application of thermoelectric generators.
Employing such cycles and devices, it has been claimed to have the potential to
increase engine efficiency by 10 % [10, 11]. Of all these technologies, the more
mature is the use of two turbines in series; one waste gated driving the upstream
compressor, and one to producing additional power to the driveline, historically
known as turbo compound.

The use of turbo compounding goes back quite a long way. The concept was
originally used back in the late 1940 and 1950s on two notable aircraft engines
[12, 13]. Its promise of low fuel consumption was soon overtaken by the rapid
development of the turboprop engine. For automotive diesel engines, the intro-
duction of a power turbine downstream of the turbocharger generates more work
by re-using the exhaust gases from the conventional turbocharger [14–23]. The

Fig. 1 Diesel igniting fuel design—main combustion chamber. The main chamber multi fuel
injector introduces the most part of the fuel. The Diesel injection may occur prior, simultaneously
or after the multi fuel injection
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work generated by the power turbine is then fed back into the engine crankshaft
via an advanced transmission. A gear is fitted to the power turbine shaft. To assist
the power turbine, the turbine for the conventional turbocharger is designed for a
reduced expansion ratio. This small turbocharger gives another system advantage
to the turbo compound engine, providing better transient response and higher boost
pressure for improved low speed torque. The behaviour of the two turbines in
series—turbocharger and power turbine—offers a dynamic response across the
engine speed and air flow range. However, it requires optimum matching of the
turbines.

In traditional turbo compounding applications, the turbo compound includes a
downstream axial flow power turbine plus the speed reduction gears, the fluid
coupling and the final gear reduction to crankshaft to supplement crankshaft
power. In the mechanical transmission made up of a gear train and a hydraulic
coupling, the turbine is running with maximum speeds of up to 70,000 rpm. The
gear ratio from the exhaust turbine to the turbo compound intermediate shaft is
around 6:1, and the gear ratio from the intermediate shaft to the crankshaft is
around 5:1 for an overall gear ratio of about 30:1. Torsional vibrations caused from
the internal combustion engine process would be increased by the overall gear
ratio exceeding 30:1 and could possibly destroy the turbine. To reduce torsional
vibrations the turbo compound intermediate shaft is equipped with a hydrody-
namic coupling with a slip inside the coupling that is normally around 2 %.

Despite few truck manufacturers claim better efficiency and increased power
output as a result of the additional power turbine, this solution has not encountered
so far the favour of the vast majority of truck and the totality of car manufacturers.
Because the amount of energy available downstream of the turbocharger turbine is
small and the complexity to add a second power turbine geared to the crankshaft is
high, turbo compound is expected in principle to provide limited advantages in a
limited area of operation of the engine at high costs in terms of design, control,
packaging and weight. Engine manufacturers that have had or will have Turbo
compound Engines include Volvo, Iveco (off-highway) and Scania. Detroit Diesel,
Cummins, CAT, Mercedes, and International have also considered the technology.

In the Diesel engine considered as the baseline for the hydrogen conversion, the
traditional gear train coupling of the power turbine is replaced by a constant
variable transmission (CVT). A by-pass of the power turbine is also included. This
permits to narrow the range of speeds where the turbine operates producing more
power than the power loss for back pressures while permitting temperatures to the
downstream after treatment system high enough.

The principle of adding a power turbine in a configuration with a clutch, a
continuously variable transmission and a by-pass is a novelty. The very well know
fixed gear ratio connection of a power turbine always operational to the crankshaft
is also very well know to produce more downfalls then benefits, and as a matter of
fact, almost every car maker has studied this opportunity then dropping the
solution for non adequate cost-to-benefit ratio (Fig. 2).
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3 Engine Details

Engine performance simulations are performed for a 12.8 l in-line six cylinder
turbo charged directly injected HDT Diesel engine converted to hydrogen. The
engine geometry (baseline) is presented in Table 1. A power turbine downstream
of the turbocharger is used to recover a percentage of the thermal energy that

Fig. 2 Sketch of the novel power turbine layout. With reference to the arrangement previously
proposed with just a gear in between the crankshaft and the power turbine shaft, this design now
include a clutch and a continuously variable transmission to disconnect the power turbine when
bypassed by the exhaust gases and to operate the power turbine at the most favourable speed

Table 1 12.8 l in-line six
cylinder turbo charged
directly injected Diesel
engine

Displacement per cylinder (l) 2.13
Number of cylinders 6
Engine layout I-6
Compression ratio 18
Bore (mm) 131
Stroke (mm) 158
Connecting rod length (mm) 300
Wrist pin offset (mm) 0
Clearance volume (l) 0.125
Engine type C.I.
Number of intake valve per cylinder 2
Intake valve diameter (mm) 46.3
Intake valve maximum lift (mm) 12.1
Number of exhaust valve per cylinder 2
IVO (deg) 314 (-46)
IVC (deg) 602 (+62)
Exhaust valve diameter (mm) 41.5
Exhaust valve maximum lift (mm) 13.4
EVO (deg) 100 (-80)
EVC (deg) 400 (+40)
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would normally be lost through the engine’s exhaust. A by-pass of the power
turbine is also included. This permits to operate the power turbine when this
turbine produces more power than the power loss for the back pressures while
permitting temperatures to the downstream after treatment system high enough.
A constant variable transmission (CVT) permits operation of the power turbine at
the more efficient speeds.

The Diesel engine has a target performance of 2,600 Nm torque 1,000–1,450 rpm,
and of about 400 kW of power 1,450–1,900 rpm, with BSFC values around 190 g/
kWh, corresponding to brake fuel conversion efficiencies of 44 %. The Diesel engine is
compliant with EURO-5 emission standards. The additional cooling of the exhaust
gases through the power turbine may in principle reduce the effectiveness of the
exhaust after treatment systems. However, using the power turbine for high loads and
speeds only, this is not an issue, because temperatures for these loads and speeds will be
otherwise much higher than those of medium to low loads and speeds. Operating with
hydrogen, only the NOx system is a concern and the other after treatment device is then
removed. With hydrogen, the temperatures to the power turbine are larger, with the
subsequent opportunity to further increase the exhaust energy recovered.

4 Non-predictive Combustion Modelling

The proposed designs may permit operation Diesel-like, gasoline-like and mixed
Diesel/gasoline-like. Their analysis in engine performance codes may only follow
drastic assumptions about the injection and combustion evolution. Diesel-like
and gasoline-like operations with different fuels may be modeled by using non-
predictive Wiebe functions only.

For the Diesel-like operation (M1), the pilot Diesel direct injection occurs
before the main chamber multi fuel is injected. This mode of combustion assumes
that the most part of the main chamber multi fuel is injected after proper conditions
are created for the main chamber multi fuel injection combustion to occur place
diffusion controlled.

The main injection combustion is modeled with the GT-POWER DI Wiebe
model [24]. This model imposes the burn rate using a three-term Wiebe function
(the superposition of three normal Wiebe curves). These Wiebe curves approxi-
mate the ‘‘typical’’ shape of a DI compression ignition burn rate. The purpose of
using three functions is to make it possible to model pre-ignition (the large initial
spike) and larger tail. The injection profile does not influence the burn rate except
if, at any instant, the specified cumulative combustion exceeds the specified
injected fuel fraction. The inputs of the Wiebe equations are SOI = Start of
Injection, ID = Ignition Delay, DP = Premix Duration, DM = Main Duration,
DT = Tail Duration, FP = Premix Fraction, FT = Tail Fraction, EP = Premix
Exponent, EM = Main Exponent, ET = Tail Exponent and CE = Fraction of
Fuel Burned (also known as ‘‘Combustion Efficiency’’). The calculated constants
of these equations are FM = Main Fraction, WCP = Wiebe Premix Constant,
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WCM = Wiebe Main Constant and WCT = Wiebe Tail Constant given by
equation below:

FM ¼ ð1� FP � FTÞ ð1Þ

WCP ¼
DP

2:3021=ðEPþ1Þ � 0:10511=ðEPþ1Þ

� ��ðEpþ1Þ
ð2Þ

WCM ¼
DM

2:3021=ðEMþ1Þ � 0:10511=ðEMþ1Þ

� ��ðEMþ1Þ
ð3Þ

WCT ¼
DT

2:3021=ðETþ1Þ � 0:10511=ðETþ1Þ

� ��ðETþ1Þ
ð4Þ

With h = Instantaneous Crank Angle, the burn rate is finally given by the
equation below:

CombustionðhÞ¼ CEð Þ� FPð Þ� 1�e� WCpð Þ h�SOI�IDð Þ EPþ1ð Þh i

þ CEð Þ� FMð Þ� 1�e� WCMð Þ h�SOI�IDð Þ EMþ1ð Þh i
þ CEð Þ� FTð Þ� 1�e� WCTð Þ h�SOI�IDð Þ ETþ1ð Þh i

ð5Þ

The cumulative burn rate is calculated, normalized to 1.0. Combustion starts at
0.0 (0.0 % burned) and progresses to 1.0 (100 % burned). The values of the model
inputs may be obtained using the excel worksheet accompanying the software
from a recorded pressure trace. With pressure traces recorded at different loads and
speeds, then the model inputs can be made a tabular function of speed and load for
all the inputs.

For the operation gasoline-like (M3), the Diesel post injection occurs after the
main chamber multi fuel is injected. The main injection combustion is modeled
with the GT-POWER SI Wiebe model [24]. This model can be used with any type
of injection, but if the fuel is injected directly into the cylinder, the start of
injection must precede the start of combustion so that there is fuel in the cylinder
to burn when combustion starts. At any instant, the specified cumulative burned
fuel fraction must not exceed the specified injected fuel fraction. The inputs of the
Wiebe equations are: AA = Anchor Angle; D = Duration; E = Wiebe Exponent;
CE = Fraction of Fuel Burned (also known as ‘‘Combustion Efficiency’’);
BM = Burned Fuel Percentage at Anchor Angle; BS = Burned Fuel Percentage at
Duration Start; BE = Burned Fuel Percentage at Duration End. The calculated
constants of these equations are Burned Midpoint Constant BMC, Burned Start
Constant BSC, Burned End Constant BEC, Wiebe Constant WC and Start of
Combustion SOC given by equation below with h the Instantaneous Crank Angle,
BMC = -ln(1-BM), BSC = -ln(1-BS), BEC = -ln(1-BE):
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WC ¼ D

BEC1=ðEþ1Þ � BSC1=ðEþ1Þ

� ��ðEþ1Þ
ð6Þ

SOC ¼ AA� Dð Þ � BMCð Þ1=ðEþ1Þ

BEC1=ðEþ1Þ � BSC1=ðEþ1Þ ð7Þ

CombustionðhÞ ¼ CEð Þ � 1� e� WCð Þ h�SOCð Þ Eþ1ð Þ
h i

ð8Þ

The cumulative burn rate is calculated, normalized to 1.0. Combustion starts at
0.0 (0.0 % burned) and progresses to 1.0 (100 % burned). The Wiebe constants
may be matched to an apparent burn rate that has been calculated from measured
cylinder pressure [13]. With pressure traces recorded at different loads and speeds,
then the model inputs can be made a tabular function of speed and load [13] for all
the inputs.

In mixed Diesel/gasoline modes of operation (M2), the Diesel injection occurs
in the main chamber after only part of the main chamber multi fuel is injected. The
engine then operates mixed Diesel-like/gasoline-like.

Homogeneous Change Compression Ignition operation (M4) is obviously also
theoretically possible without any igniting Diesel. Being HCCI quite difficult to be
controlled and limited to a very narrow window of operating conditions, an HCCI
assisted operation is made possible by the post injection of the Diesel approaching
top dead centre in M3.

The novel designs permit complicated strategies coupling premixed and dif-
fusion combustions within the main chamber, but unfortunately these strategies
cannot be modeled with the available Wiebe function approach. An experimental
campaign is certainly the best option available to address all the issues and fully
explore the capabilities of the systems.

5 Simulation Results

Engine performance simulations have been performed with the GT-POWER code
[24]. Figure 3 presents the volumetric efficiency and the compressor pressure ratio
versus the engine speed and load for the Diesel engine operating with and without
the power turbine. The maximum load BMEP, torque and power curves are also
shown. With the power turbine, the engine generally works with a reduced
compressor pressure ratio and with a reduced volumetric efficiency for the same
BMEP, because the power turbine supplements the in-cylinder power supply when
the power turbine is operational.

Figures 4, 5, 6, and 7 presents the BMEP and the fuel conversion efficiency
with Diesel and hydrogen fuels operating in diffusion Diesel-like combustion
mode. A k = 1.45 is always considered for the Diesel, where both k = 1.45 and
k = 1.35 are considered for the hydrogen fuel. The operation with hydrogen and
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Diesel is compared with same k = 1.45. Then, because hydrogen permits much
richer mixtures (the Diesel is a mixture of complex, liquid hydrocarbons much
more difficult to burn closer to stoichiometry) a k = 1.35 is considered for
hydrogen.

The gaseous fuel has the opportunity to increase both power and torque outputs
and efficiency. The operation with same k permits much higher BMEP with
hydrogen than Diesel (5 bar more on average). The operation with same k
also permits much higher fuel conversion efficiencies with hydrogen than Diesel
(2–3 % points on average). The Diesel fuel has a lower heating value of 43.25 MJ/
Kg and a stoichiometric air-to-fuel ratio of 14.33. This translates in 2.82 MJ of
energy per kg of stoichiometric mixture of Diesel and air. The hydrogen fuel has a
lower heating value of 119.9 MJ/Kg and a stoichiometric air-to-fuel ratio of 34.04.
This translates in 3.42 MJ of energy per kg of stoichiometric mixture of hydrogen

Fig. 3 a Volumetric efficiency (top) and compressor pressure ratio (bottom) versus engine speed
and load for the Diesel engine operating without the power turbine. Full load k = 1.45 BMEP
(bar), torque (Nm) and power (kW) versus engine speed also shown. b Volumetric efficiency
(top) and compressor pressure ratio (bottom) versus engine speed and load for the Diesel engine
operating with the power turbine. Full load k = 1.45 BMEP (bar), torque (Nm) and power (kW)
versus engine speed also shown
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and air. Clearly, running with hydrogen at similar fuel conversion efficiencies of
the Diesel, the same BMEP is obtained with much leaner mixtures. Worth of
mention is that the assumption of similar burning rates for the Diesel and the
hydrogen at same percentage of maximum load produces a larger heat release rate
with the hydrogen.

Fig. 3 continued

Fig. 4 BMEP of the engine
operating k = 1.45 with
Diesel or k = 1.35 with
hydrogen, with Diesel-like
combustion mode M1 when
fuelled with hydrogen and
power turbine supplementing
the power output of the
crankshaft operational
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Figure 8 presents the fuel conversion efficiency of the engine operating with
Diesel or hydrogen at 20 bar BMEP, with Diesel-like combustion mode when
fuelled with hydrogen and power turbine supplementing the power output of the
crankshaft operational or bypassed and disconnected. With Diesel the average
working k is 1.5–1.55 with or without power turbine, while with hydrogen the
working k is 1.73–1.85 with or without power turbine. With the power turbine, the

Fig. 5 Fuel conversion
efficiency of the engine
operating k = 1.45 with
Diesel or k = 1.35 with
hydrogen, with Diesel-like
combustion mode M1 when
fuelled with hydrogen and
power turbine supplementing
the power output of the
crankshaft operational

Fig. 6 BMEP of the engine
operating k = 1.45 with
Diesel and hydrogen, with
Diesel-like combustion mode
M1 when fuelled with
hydrogen and power turbine
supplementing the power
output of the crankshaft
operational

Fig. 7 Fuel conversion
efficiency of the engine
operating k = 1.45 with
Diesel or hydrogen, with
Diesel-like combustion mode
M1 when fuelled with
hydrogen and power turbine
supplementing the power
output of the crankshaft
operational
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power produced in-cylinder decreases less than the power produced in the power
turbine, and the efficiency of the fuel conversion process increases. With hydrogen,
the engine works more fuel energy efficiently than with the Diesel. Some points
are missed in the speed range because at these speeds the engine delivers less than
the listed BMEP.

Figure 9 presents the fuel conversion efficiency of the engine operating with
Diesel or hydrogen fuel at 15 bar BMEP, with Diesel-like combustion mode when
fuelled with hydrogen and power turbine supplementing the power output of the
crankshaft operational or bypassed and disconnected. With Diesel the average
working k is 1.79–1.77 with or without power turbine, while with hydrogen the
working k is 1.94–1.98 with or without power turbine. Operating with hydrogen in
the mode of HCCI/gasoline like premixed combustion the maximum pressure
within the cylinder would be 204–210 bar with or without power turbine. This
operation is therefore not shown. At 15 bar, the benefits of the power turbine are
almost cancelled. The power turbine is producing a power marginally larger than
the power lost within the cylinder for the increased back pressure. With hydrogen,
the engine works more fuel energy efficiently than with the Diesel.

Figure 10 presents the fuel conversion efficiency of the engine operating with
Diesel or hydrogen fuel at 10 bar BMEP, with Diesel-like injection and com-
bustion mode Diesel-like or HCCI/gasoline-like when fuelled with hydrogen and
power turbine supplementing the power output of the crankshaft operational or
bypassed and disconnected. With Diesel the average working k is 2.14–2.17 with
or without power turbine, while with hydrogen the working k is 2.53–2.61 in
combustion mode Diesel-like and 2.35–2.60 in combustion mode HCCI/gasoline-
like with or without power turbine. At 10 bar, the benefits of the power turbine are
lost. The power turbine is producing a power smaller than the power lost within the
cylinder for the increased back pressure. With hydrogen, the engine works more
fuel energy efficiently than with the Diesel. Replacing the Diesel-like operation
with the operation HCCI/gasoline-like the fuel conversion efficiency increases.
Improvements of efficiency are 1–3 % points. Intermediate results are expected
operating the engine in the mixed Diesel/gasoline-like mode increasing the amount
of main chamber fuel injected before the injection in the jet ignition pre-chamber.

Fig. 8 Fuel conversion
efficiency of the engine
operating at 20 bar BMEP
with Diesel or hydrogen, with
Diesel-like combustion mode
M1 when fuelled with
hydrogen and power turbine
supplementing the power
output of the crankshaft
operational bypassed and
disconnected

Dual Fuel H2-Diesel Heavy Duty Truck Engines 89



Figure 11 presents the fuel conversion efficiency of the engine operating with
Diesel or hydrogen fuel at 5 bar BMEP, with Diesel-like combustion mode or
HCCI/gasoline-like combustion modes when fuelled with hydrogen and power
turbine supplementing the power output of the crankshaft operational or bypassed
and disconnected. With Diesel the average working k is 2.98–3.49 with or without
power turbine, while with hydrogen the working k is 3.64–4.18 in combustion
mode Diesel-like and 3.48–4.21 in combustion mode HCCI/gasoline-like with or
without power turbine. At 5 bar, the power turbine has no benefits. With hydrogen,
the engine works more fuel energy efficiently than with the Diesel. Replacing the
Diesel-like operation with the operation HCCI/gasoline-like the fuel conversion
efficiency increases. Improvements of efficiency are 1 % point. Intermediate
results are expected operating the engine in the mixed Diesel/gasoline-like mode
increasing the amount of main chamber fuel injected before the injection in the jet
ignition pre-chamber.

Figure 12 presents the fuel conversion efficiency of the engine operating with
Diesel or hydrogen fuel at 2.5 bar BMEP, with Diesel-like or HCCI/gasoline-like
combustion modes when fuelled with hydrogen and power turbine supplementing
the power output of the crankshaft operational or bypassed and disconnected. With
Diesel the average working k is 3.98–4.90 with or without power turbine, while

Fig. 9 Fuel conversion
efficiency of the engine
operating at 15 bar BMEP
with Diesel or hydrogen, with
Diesel-like combustion mode
M1 when fuelled with
hydrogen and power turbine
supplementing the power
output of the crankshaft
operational bypassed and
disconnected

Fig. 10 Fuel conversion
efficiency of the engine
operating at 10 bar BMEP
with Diesel or hydrogen, with
Diesel-like combustion mode
M1 or HCCI/gasoline-like
combustion modes M3-4
when fuelled with hydrogen
and power turbine
supplementing the power
output of the crankshaft
operational bypassed and
disconnected
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with hydrogen the working k is 4.88–5.99 in Diesel-like operation and 4.98–6.11
in operation HCCI/gasoline-like with or without power turbine. Comments on fuel
efficiency with hydrogen or Diesel, with or without power turbine and with dif-
ferent modes using hydrogen are same as above for 5 bar.

Figure 13 finally presents the fuel conversion efficiency of the engine operating
with Diesel or hydrogen fuel at 1 bar BMEP, with Diesel-like combustion mode
when fuelled with hydrogen and power turbine supplementing the power output of
the crankshaft operational or bypassed and disconnected. With Diesel the average
working k is 5.46–6.75 with or without power turbine, while with hydrogen the
working k is 6.67–8.21 with or without power turbine. With hydrogen in operation
HCCI/gasoline-like the working k would be 7.13–8.72 with or without power
turbine and these points are omitted because it is not expected that combustion
may occur rapidly at these k. Comments on fuel efficiency with hydrogen or
Diesel, with or without power turbine are same as above, even if differences are
smaller because of the much larger importance of friction losses.

Figure 14 finally presents the maximum efficiency versus BMEP at different
speeds with mode of combustion Diesel-like and power turbine engaged and fluxed,
while Fig. 15 presents the maximum efficiency versus BMEP at different speeds with
different modes of combustion—Diesel-like or mixed HCCI/gasoline-like—and

Fig. 11 Fuel conversion
efficiency of the engine
operating at 5 bar BMEP
with Diesel or hydrogen, with
Diesel-like combustion mode
M1 or HCCI/gasoline-like
combustion modes M3-4
when fuelled with hydrogen
and power turbine
supplementing the power
output of the crankshaft
operational bypassed and
disconnected

Fig. 12 Fuel conversion
efficiency of the engine
operating at 2.5 bar BMEP
with Diesel or hydrogen, with
Diesel-like combustion mode
M1 or HCCI/gasoline-like
combustion modes M3-4
when fuelled with hydrogen
and power turbine
supplementing the power
output of the crankshaft
operational bypassed and
disconnected
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power turbine operational or bypassed and disconnected. The mixed HCCI/gasoline-
like mode is only allowed at BMEP values of 2.5–10 bar. The largest BMEP are
obtained without the power turbine. The power turbine helps at high loads to improve
the fuel conversion efficiency. These figures give the trends of fuel conversion effi-
ciency versus the load.

Reducing the engine speed for a given BMEP, the maximum in the fuel con-
version efficiency is clearly shifting to the left to lower engine speeds. This is
mostly the result of a friction component of BMEP weakly dependent on the load
but linearly and quadratically dependent on the speed. The friction mean effective
pressure FMEP is computed through the Chen and Flynn correlation [30]. The
correlation has a constant term (for accessory friction), a term which varies with
peak cylinder pressure, a third term linearly dependent on mean piston velocity
(for hydrodynamic friction) and a fourth term quadratic with mean piston velocity
(for windage losses). The equation used to calculate the Friction Mean Effective
Pressure (FMEP) is given below:

FMEP ¼ Acf þ
1

ncyl

Xncyl

i¼1

Bcf � ðPcylÞi þ Ccf � ðSfactÞi þ Qcf � ðSfactÞ2i
h i

ð9Þ

Fig. 13 Fuel conversion
efficiency of the engine
operating at 1 bar BMEP
with Diesel or hydrogen, with
Diesel-like combustion mode
M1 when fuelled with
hydrogen and power turbine
supplementing the power
output of the crankshaft
operational bypassed and
disconnected

Fig. 14 Maximum efficiency
versus BMEP at different
speeds with mode of
combustion M1 and power
turbine operational
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with: Sfact = ��RPM�S, Acf, Bcf, Ccf and Qcf user inputs, Pmax the maximum
cylinder pressure, RPM the cycle-average engine speed and S the cylinder stroke.
Each cylinder has its own contribution to the total engine friction based upon its
own maximum cylinder pressure and stroke (folded into the speed factor, Sfact).
Acf is the constant portion of the Chen-Flynn friction correlation, Bcf the term
which varies linearly with peak cylinder pressure, Ccf the term accounting for
hydrodynamic friction in the power cylinder which varies linearly with the piston
speed and Qcf the term which varies quadratically with the piston speed and
accounts for windage losses in the power cylinder. As soon as the load is reduced,
being BMEP = IMEP-FMEP, with IMEP the indicated mean effective pressure
resulting from the in cylinder pressure work, the operation at higher engine speeds
clearly result to be less efficient.

6 SRM Detailed Chemistry Simulations

The SRM (Stochastic Reactor Model) suite [26] is a sophisticated engineering tool
for carrying out computations of fuels, combustion and emissions formation in an
IC engine context. The software has five major features that distinguish it from
conventional 1 or 3D fluid dynamics approaches. It can solve for in-cylinder
in-homogeneities (in contrast to 1D codes), enabling to deal with composition/
thermal stratification. On account of its unique approach, the code is faster than 3D
CFD, enabling to carry out model parameter and design optimizations. It includes
detailed combustion chemistry, enabling to solve for fuels, combustion charac-
teristics, emissions and engine performance. The gaseous emissions of NOx, CO
and HCs are computed based on their formation starting as a fuel molecule, during
combustion and expansion. Soot emissions can also be computed using a detailed
soot model, which solves for soot particle dynamics providing information such as
particle size distribution including composition and morphology of soot aggre-
gates. SRM is either and both a 1 or 3D code. The code combines the features from
both approaches, the speed of 1D and mostly of the predictive capabilities of 3D,
but with the addition of detailed combustion chemistry.

Fig. 15 Maximum efficiency
versus BMEP at different
speeds with different modes
of combustion—M1 or M3-
4—and power turbine
operational or disengaged and
bypassed. The M3-4 mode is
only allowed at BMEP values
of 2.5–10 bar. The largest
BMEP are obtained without
the power turbine
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The stochastic term means combustion is modeled as a process involving a
sequence of observations each of which is considered as a random sample from a
probability distribution. Stochastic fluctuations are inherent to any internal com-
bustion engine operation and need to be accounted in engine models. Each element
of the probability distribution is termed a stochastic particle. In a way a stochastic
particle represents the air–fuel parcel. Depending on the application, between 50
and 500 stochastic particles are typically required to properly sample in-cylinder
processes. IN the simulations performed here after, 250 parcels are used. The SRM
Suite uses a probability density function (PDF) based approach that simplifies
many of the most computationally expensive fluid-dynamic processes whilst
maintaining much of the predictive capability of the 3D CFD codes. This is
achieved by down sampling the required number of grid points associated with
CFD from tens-of-thousands down to a few hundred stochastic particles which best
represent the in-cylinder mixture composition states. The method retains most of
the spatial information required to achieve a predictive model without incurring
the computational overhead. The ensemble of the stochastic particles approximates
the distribution of the in-cylinder properties such as the composition of chemical
species and the temperature. The model is then solved to account for the influence
of the processes such as fuel injection, combustion kinetics, turbulent mixing,
piston motion and convective heat loss on the multi-dimensional PDF. The
approach thus accounts for in homogeneities in composition and temperature in the
engine cylinder.

Unfortunately, the SRM direct injection of the fuel permits multiple injection
events but is limited to a single composition fuel, i.e. to a fuel having same
prescription of mass fractions for all the injections. Furthermore the direct injec-
tion occurs from a single injector location. Within these limitations, the SRM
software is used to improve the understanding of the detailed chemical kinetics for
the unconventional multi fuel, multi injector, Diesel injection ignition system as
described below.

Simulations are performed from intake valve closure 120 crank angle degrees
(cad) before top dead center (BTDC) to exhaust valve opening 100 crank angle
degrees (cad) after bottom dead center (ABDC) starting from the intake valve
closure conditions of the 25 bar, 1,900 rpm operating point. The initial pressure is
2.6 bar and the temperature is 344 K. EGR internal or external is neglected for
sake of simplicity. The mass of air is 4620 mg. Simulations are performed lean of
stoichiometry with different fuels using the same amount of fuel energy rather than
the same fuel-to-air equivalence ratio to compare their behaviors.

7 Multi Mode Combustion with Diesel Ignition

These simulations consider the option to directly inject the main chamber fuel with
a specific injector in addition to the Diesel injector and to control the about TDC
ignition with the Diesel injection ignition. The glow plug is retained.
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The SRM detailed PRF mechanism chemistry is now used [26]. Despite this
mechanism includes all the major hydrocarbon components, the fuel composition
is limited to a mixture of N-C7H16 and I-C8H18 surrogate of Diesel and gasoline.
The SRM detailed PRF mechanism [26] includes 208 different species. However,
simulations with H2, CH4, C3H8, and NH3 are not possible because the fuel
composition may only be I-C8H18 or N-C7H16.

The simulations will be limited to the reference N-C7H16 pilot plus main
injection combustion, plus two conditions where the top dead center ignition is
obtained auto igniting the I-C8H18 injected early during compression (homoge-
neous charge compression ignition mode). In a first case, no further injection of
I-C8H18 is made during expansion. This is basically a particular gasoline-like
mode. In a second case, the early compression injection of I-C8H18 is followed by
a second injection of I-C8H18 during the expansion, as in the mixed Diesel/gas-
oline-like mode. The Diesel-like operation with pilot N-C7H16 and then I-C8H18 is
not investigated because of the multi fuel issue. Similarly, the support of the auto
ignition process of I-C8H18 injecting N-C7H16 at top dead center is not analyzed.

Results are presented in Fig. 16, with the same fuel energy input of the previous
paragraph in case of I-C8H18 of Fig. 16a and N-C7H16 of Fig. 16b. The figure
presents in-cylinder pressure, temperature, heat release rate and cumulative heat
release rate. The fuel input of I-C8H18 of Fig. 16c is one half of the total of
Fig. 16a or b. The simulations are performed for same pressure, temperature and
composition at intake valve closure of the prior paragraph. The injection of
100 mg of liquid I-C8H18 occurs -100 to -75 cad BTDC. Under these specific
circumstances, no Diesel ignition is needed to start combustion, because the early
injected I-C8H18 auto ignites before TDC, with heat release becoming significant
about TDC. Then a second injection of 100 mg of liquid I-C8H18 occurs from TDC
to 25 cad ATDC for the results of Fig. 16a, while no more fuel is injected in the
case of Fig. 16c. Auto-ignition of I-C8H18 is quite difficult to be controlled even in
simulations; therefore a pilot Diesel injection is always practically needed to make
the TDC ignition stable and repeatable. Even in the simulations, small changes
bring to much earlier auto ignition or not significant auto ignition.

Injection of the 200 mg of liquid I-C8H18 earlier during the compression stroke
does not make any sense, because it would only produce huge compression work
and compression pressure. With the 100 ? 100 mg splitting, part of the fuel burns
HCCI-like at TDC, and part of the fuel burns Diesel-like after TDC. This maxi-
mizes the pressure work for a given fuel energy within normal mechanical con-
straints. AS previously noted, injection of a small quantity of liquid N-C7H16 is
theoretically not needed at TDC in this particular case but practically necessary to
make robust the process. This injection is needed to ensure that combustion starts
about TDC. Being the auto-ignition process quite difficult to be controlled over a
full speed and load map by simply adjusting the amount of I-C8H18 injected during
compression, the TDC injection of N-C7H16 is what makes the TDC start of
combustion stable and repeatable at any load and speed. The I-C8H18 injected
during the compression stroke may be adjusted with the speed and load up to
values that do not incur in significant auto ignitions. Then, the TDC ignition of
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N-C7H16 is what starts combustion. The I-C8H18 injected earlier during com-
pression burns premixed, the I-C8H18 injected after during expansion burns
diffusion.

Figure 16 presents the results with early injection of I-C8H18 100 mg -100 to
-75 cad BTDC and late injection of I-C8H18 100 mg TDC to 25 cad ATDC (a),
pilot injection of N-C7H16 20 mg -25 to -10 cad BTDC followed by a main
injection of N-C7H16 180 mg -5 cad BTDC to 25 cad BTDC (b) and finally early
injection of I-C8H18 100 mg -100 to -75 cad BTDC (c). I-C8H18 and N-C7H16

have very close lower heating value and stoichiometric air-to-fuel ratios.
Obviously the almost isochoric premixed combustion of I-C8H18 permit the best
pressure distribution during the expansion stroke (positive work) versus pretty
much the same pressure distribution during the compression work (negative work)
during non-firing conditions thus producing the larger indicated mean effective
pressure (IMEP) and therefore the larger output and the larger fuel efficiency.

Fig. 16 Top to bottom heat release rate, cumulative heat release rate, in-cylinder pressure
and temperature with 100 ? 100 mg of I-C8H18 (a), 20 ? 180 mg of N-C7H16 (b) and 100 mg
of I-C8H18 (c)

96 A. Boretti



These simulations demonstrated the opportunity to produce a nearly optimal
pressure build up within limited maximum pressure constraints modulating the
premixed and diffusion combustion events. Worth of mention is that the very high
in cylinder temperatures for this mild lean of stoichiometry operation is an
opportunity to further increase the fuel conversion efficiency by injecting water
and expanding steam as shown in [13, 14].

To properly study all the possible combustion modes with better details,
obviously a fully 3D CFD + chemical kinetic simulation is needed for the two
phase, multi fuels, reacting flows but more than that a detailed experimental
campaign is needed for the further engine development as well as the refinement of
the models.

8 Discussion and Conclusions

Up to 20–25 % of the fuel energy in a modern heavy duty diesel is exhausted, and
by adding a power turbine in the exhaust flow, theoretically up to 20 % of this
exhaust energy can be recovered. In reality, only a minor part of this fuel energy
can be practically recovered, first of all because of the added exhaust back pressure
also increasing the pumping losses. Further limits to the use of a power turbine
arise from the after treatment requiring temperatures above threshold values to
operate efficiently. The increasing use of cooled EGR further limits the perspec-
tives of this technique. Crank train coupling and power turbine add weight,
complexity in design, control and service and costs, with a definitively negative
trade-off in light load applications.

The additional cooling of the exhaust gases reduces the effectiveness of exhaust
after treatment systems, requiring more active regenerations for particulate filter
and reducing the time NOx control systems are effective. This is not an issue for
the proposed application where a by-pass system avoids the cooling for expansion
in the power turbine except than when useful and without implications on the after
treatment. The use of external cooled EGR is negative with a turbo compound
because the exhaust energy decreases due to energy extracted into cooling system
reducing the energy available to turbo charger and power turbines. Space
requirements of turbo compound further constrain packaging of exhaust gas
recirculation and turbochargers.

Simulations performed for a 12.8 l in-line six cylinder turbo charged directly
injected Diesel engine have shown the opportunity to gain up to 2 % points in
efficiency at high loads and speeds where the wasted energy is relatively large. At
low engine loads the converted energy available downstream of the turbine is not
enough to compensate for back pressure losses and the efficiency deteriorates. The
turbo compound has therefore the advantage of improved fuel conversion effi-
ciency in applications where high engine loads are dominating, but negative
impact at light load. Also worth of mention the increase in maximum power output
about maximum speed, where otherwise the power output sharply reduces. These
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improvements do not impact on the efficiency of the after treatment as well as on
the use of cooled EGR to control the emissions, because the power turbine is
by-passed when needed.

The use of a constant variable transmission to replace a gear ratio in between
the power turbine and the crankshaft has the advantage of permitting operation of
the power turbine within a narrow range of speeds decoupled from the speed of the
crankshaft. The better efficiency of the power turbine translates in a better recovery
of the exhaust energy. The idea of using a CVT and a by-pass is relatively novel
and the model will certainly need further refinements. Prototyping of the solution
will certainly help considerably in understanding the limits of the technology only
partially addressed in this paper.

Results of simulation on a compression ignition Diesel Truck engine converted
to hydrogen provide better than Diesel brake efficiencies at same BMEP outputs.
The hydrogen engine also permits higher power and torque outputs running about
same k. The multi-mode operation permits to improve significantly also the part
load efficiencies versus the Diesel.

In addition to the Diesel-like operation, the engine design permits a HCCI/
gasoline-like mode delivering better part load efficiencies as presented here, but
more than that mixed gasoline/Diesel like modes where the premixed and diffusion
combustion may be finely tuned to deliver better maximum torque and power
outputs as well as better full and part load efficiencies.

The practical design of these hydrogen truck engines requires the development
of better fuel injectors able to deliver the mass of hydrogen requested by the large
displacement cylinder within small time frames.
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Well-to-Wheel Analyses for Energy
Consumption and Greenhouse Gas
Emissions of Electric Vehicles Using
Various Thermal Power Generation
Technologies in China

Wei Shen and Weijian Han

Abstract Since majority of electricity in China is generated from coal and natural
gas, the study carried out WTW analyses for battery electric vehicles (BEVs) using
China’s various thermal power generation technologies and compare their total
energy use and GHG emissions against gasoline or diesel internal combustion
engine vehicles (ICEVs), as well as hybrid electric vehicles (HEVs). The WTW
analyses of BEVs, HEVs and ICEVs were conducted using the GREET (Green-
house gases, regulated emissions, and energy use in Transportation) model
developed by Argonne National Lab combined with a localized database of
Chinese domestic data. A 2011 mid-size gasoline car is used as a baseline. Two
types of BEV assumed in this study: Common BEVs and High-efficient BEVs.
Common BEV pathways will save up to 99 % petrol consumption. However,
comparing to that of HEV pathway, WTW energy consumption of all Common
BEV pathways will be increased, with a maximum of 71 %. WTW energy con-
sumption of High-efficient BEVs will be 2–29 % less than the WTW energy in the
HEV pathway. GHG emissions of Common BEVs depend on differences in power
generation technologies. Without CCS, the WTW GHG emissions of Common
BEVs using coal-fired electricity are 11–77 % higher than the WTW GHG
emissions of the baseline. When USC and IGCC generation technologies are
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equipped with CCS, the WTW GHG emissions of High-efficient BEVs are 79–
83 % less than that of the baseline, and 69–75 % less than the hybrid pathway.
This is the first time that a WTW analysis in China at this magnitude was com-
pleted with a fully localized fuel-cycle database. Outcomes of the study provide
more relevance and accuracy for both the government and industry to develop
strategies and policies in China. The model and database developed in this study
can be used for analysis both at national and regional levels. This study did not
include the energy use and GHG emissions in vehicle manufacturing stage.
Although it is a small portion in the analysis, it could provide understanding of the
difference in vehicle manufacturing process between EVs and traditional gasoline
vehicles. This paper shows that the Common BEVs currently demonstrated are not
a silver bullet for attacking energy consumption challenges and GHG emissions. In
China context, full HEVs seem more attractive than Common BEVs to deal with
energy security and GHG reduction challenge today. In order to achieve GHG
reduction targets through vehicle electrification, China must promote CCS tech-
nology to help USC and IGCC power plants deliver low-carbon transportation
energy on supply side. At the same time, High-efficient BEVs have to be set as the
highest priority of automotive technology development.

Keywords Electric vehicle �Well-to-Wheel Analysis �GHG emissions � Thermal
power generation � China

1 Introduction

China’s economy has undergone fast and sustained growth in the past three dec-
ades. In 2010, China sold a record high—18 million vehicles and became the
largest auto market in the world. China’s vehicle parc reached 78 million [1],
which consumed more than 150 million tons of gasoline and diesel [2]. A total of
430 million tons of crude oil were used to meet the growth of energy in trans-
portation, of which 55 % were imported oil [3]. It is projected that China’s vehicle
parc will be 550–730 million in 2050 [4]. To fuel such a big number of vehicles,
China faces significant challenges in energy security. At the same time, China is
the largest CO2 emitter in the world and contributed 23.6 % of the world’s total
CO2 emissions from fuel combustion in 2009 [5]. At the Climate Change Summit
of United Nations in 2009, the Chinese government promised to reduce by 40–
45 % carbon intensity per GDP in 2020 from 2005 levels.

Vehicle electrification is viewed an effective solution to both energy security
and GHG reduction by the Chinese government. In 2009 the government launched
a ‘‘new-energy vehicle’’ (NEV) program to demonstrate plug-in hybrid vehicles
(PHEVs), battery electric vehicles (BEVs) and fuel cell vehicles (FCVs). The
demo program extended to 25 cities with 6000 NEVs, 4500 charging poles and
100 charging/battery swap stations by the end of 2011 [6]. Recently, the State
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Council approved the ‘‘Energy Saving and New Energy Vehicle Industry Devel-
opment Plan (2012–2020)’’ that targeted development of PHEVs and BEVs as
strategy for transforming the Chinese automotive industry. According to the plan,
sales of PHEVs and BEVs will reach a half million units by 2015 and 5 million
units by 2020. In China’s Twelfth Five-Year-Plan (FYP) (2011–2015) of National
Strategic Emerging Industries Development, the government promises to devote
RMB 1–2 billion annually to support R&D and subsidize demonstration of NEVs
in the 25 cities. In addition, the government will initiate a series of incentive
policies to attract customers to NEVs, including removal of limits on license
plates, tax exemptions, and reduction of electricity prices and parking fees.

The main reasons for promoting BEVs are energy conservation and GHG
reduction [7, 8]. Although BEVs do not use gasoline or diesel and have zero
emission of GHG in operation, the electricity they consuming is primarily
generated from coal-fired power plants with high GHG emissions. It is essential to
evaluate energy use and GHG emissions of BEVs during their entire life cycle.
The objective of this project is to carry out WTW analyses for BEVs using various
thermal power generation technologies and compare their total energy use and
GHG emissions against gasoline or diesel internal combustion engine vehicles
(ICEVs), as well as hybrid electric vehicles (HEVs).

2 Methodology and Data Collection

2.1 Model

The WTW analyses of BEVs, ICEVs and HEV were conducted using the GREET
(Greenhouse gases, regulated emissions, and energy use in Transportation) model
developed by Argonne National Lab [9] combined with a localized database of
Chinese domestic data. The scope of analyses is limited to energy consumption
and GHG emissions in the fuel cycle and does not cover manufacturing and
infrastructure construction. The function unit is defined as 1 km traveled of a five-
seat compact car. Total life-cycle energy use is a summation of fuel consumption
per km travel by car, and energy use during fuel process including extraction,
production, and distribution of the fuel.

GHG emissions are expressed in terms of grams CO2-equivalent (gCO2-eq.). The
‘‘equivalence’’ is based on the conventional global warming potentials (GWPs) of
respective individual GHGs for a time span of 100 years. Because radiative forcings
are time dependent, so are the GWPs. The GWP value provided by the Intergov-
ernmental Panel on Climate Change for the methane (CH4) is 251 [10].

1 More recently, by incorporating gas-aerosol interactions, some researchers have indicated that
the methane GWP ought to be revised upward to about 33 [11]. This revision is not considered
here.
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2.2 Power Sources Mix of China’s Electric Grid

Although there has been fast development of renewable and fossil-free resources,
such as biomass, hydro, solar, wind, geothermal and nuclear in the past five years, the
fossil fuel fired portion in the China’s electric grid remains high. As the working
hours of renewable power plants is less than fossil-fired counterpart and the China’s
total demand of electricity grew very sharply, the proportion of electricity coming
from fossil fuels has nearly not changed, as shown in Fig. 1. Half of China’s coal
consumption is used to generate about 77 % of the nation’s electricity, less than 5 %
of which is presently based on clean-coal technology (such as ultra-supercritical
pulverized coal combustion and integrated gasification combined cycle—IGCC).
Hydro-electricity contributes a little more than 16 % of China’s electricity. Nuclear
contributes 1.8 %, while natural gas also accounts for 1.8 %. Fuel–oil power has
greatly reduced in the past two decades, from 7.0 % in the 1990s to less than 2 % in
2010 [3]. As the hike of fuel oil price and government’s action to shut down small
generation units, existing oil-fired units are usually used as backup power source for
big enterprises and mostly do not connect with grid [12].

There have been several studies that project the future mix of electric grid in
China [12–15]. All studies indicate that coal-fired power will continue to dominate
China’s electricity in the near and mid-term future. Integrating information from
some authoritative sources [16–18], our projections of China’s electricity grid are
illustrated in Table 1.

In the past few decades the unit capacity of coal-fired and gas-fired power
plants has increased to get better efficiency. As summarized in Table 2 [19],
generation units below 200 MW were mainstream and accounted for 75 % of
thermal power plants in 1985, while units equal to and above 300 MW were only
8 %. In 2000, these percentages changed to 45 and 38 %. Between 2005 and 2010,
mainstream technologies for new thermal power plants were 600 MW and above
supercritical (SC) units, ultra-supercritical (USC) units, and 350–400 MW natural
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Fig. 1 Share of thermal generation capacity and electricity generated from thermal power plants
in China (1980–2010)
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gas combined cycle (NGCC) units. In 2010, the percentage of generation units
equal to and greater than 600 MW accounted for 37 % of total thermal power
generation units, while proportion of generation units with less than 200 MW
reduced to 20 %.

2.3 Coal-Fired Power Generation

Coal-fired power in China comes primarily from conventional pulverized coal-
fired power plants.2 These pulverized coal-fired units can be classified as high
pressure (HP), very high pressure (VHP), subcritical, SC and USC based on
parameters of boilers and turbines. The temperature and pressure for different coal-
fired units are listed in Table 3.

China started to produce HP units in the 1950s. The first 125 MW VHP unit
was built in 1969. The majority of 50–100 MW HP units and 125–200 MW VHP
units which are still in operation were built in the 1990s or early this century. The
average net coal consumption per kilo-watt hours (kWh) of electricity generated in
50–100 MW units is 417 grams standard coal equivalent (gce). For 125–150 MW
VHP units, this indicator is 371 gce per kWh with a maximum of 396 gce per
kWh. For 200 MW VHP units, the average net coal consumption is 365 gce per
kWh with a maximum of 386 gce per kWh [20].

Table 1 The Chinese electricity supply mix in 2010 and 2020

Coal
(%)

NG
(%)

Oil
(%)

Nuclear
(%)

Biomass
(%)

Hydro
(%)

Wind and Others
(%)

2010 76.9 1.7 1.7 1.8 0.5 16.2 1.2
2020

projection
71.0 3.0 – 8.0 1.0 14.5 2.5

Table 2 China’s thermal power generation unit share by unit capacity

1985 (%) 2000 (%) 2004 (%) 2010 (%)

C1000 MW 50
600–999 MW 7 11 32
300–599 MW 8 31 33 36
200–299 MW 16 17 14 7
100–199 MW 27 15 15 9
B100 MW 49 30 27 110

Source CEC

2 In order to use coal gangue and low quality lignite, China also built a number of power plants
with circulating fluidized bed technology, currently about seventeen 300 MW units and one
600 MW unit, 1 % in total thermal power capacity. In addition, ther is a 250 MW IGCC
demonstration unit located in Tianjin.
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China started to import 300 and 600 MW subcritical units in the 1980s. The first
600 MW SC unit was imported in 1992. Domestically made 600 MW SC units were
put into operation in 2004. Installation of 600 and 1000 MW USC units began in
2006. By 2010, there were more than 700 units of 300 MW, about 400 units of
600 MW, and 32 units of 1000 MW power generation system in operation. The
average net coal consumption per kWh of electricity generated in 300 MW level
subcritical units is 334 gce. For 600 MW subcritical units, this indicator improves to
322 gce. When USC technology is employed, the average net coal consumption is
312 and 290 gce per kWh for 600 and 1000 MW units, respectively [21].

In addition to design parameters, operation management, and maintenance, some
external factors, such as ambient temperature and coal type, will also change the
power supply efficiency in the real world. The greatest impact often comes from
actual capacity factor (CF) which can not be controlled by the power plant operators.
Some studies have proved that net coal consumption rate will largely higher than
design value which is caused by much higher turbine heat loss and service power rate
and lower boiler efficiency when real CF is less than 75 % [22–24]. The avearge CF
of Chinese coal-fired units was 60 % in 2011, a little higher than that of 2010 [19].
Relatively low CF will have negative impact on the unit performance, including net
coal consumption rate. Our survey shows that the worst net coal consumption rate of
300 and 600 MW subcritical units can reach 366 and 349 gce per kWh, respectively.
For 600 MW SC unit and 1000 MW USC unit, worst net coal consumption rate
reached 323 and 313 gce per kWh, respectively. These data are substantially higher
than the average level of different types of units announced by the CEC.

China constructed a clean coal power generation system in 2009 to demonstrate
CO2 capture and sequestration (CCS) technology. The CCS equipment has a
capacity of 120 kt/yr, serving for two 600 MW SC units. Integrated Gasification
Combined Cycle (IGCC) is considered a more advanced clean coal technology to
match CCS. When IGCC is coupled with CCS, the net coal consumption rate could
only increase 20 % comparing with that of original IGCC system. This incre-
mental energy consumption percentage is only half of that of newly built
pulverized power plant with CCS and one third of that in existing pulverized
power plant adding CCS [25, 26]. The five major state owned utility companies in
China initiated nine 200–400 MW IGCC plants from 2005 to 2006. However, only
one 250 MW IGCC plant was put into demo operation by 2011 as there are some
concerns in generating cost, actual efficiency and equivalent available factor
(EAF). The power supply efficiency of this demo plant is not available. The actual
power supply efficiency of 250 MW level IGCC plants demonstrated in North
America and Europe is in a range of 37–43 % [27].

Table 3 Mainstream parameters of thermal power generation unit

HP VHP Subcritical SC USC

Temperature (�C) 535 535 538 566 600
pressure (MPa) 8.8 12.2 16.7 24.2 25–27
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To reduce air pollution in big cities, some existing coal-fired units are replaced
with gas-fired units in thermal power plants near the city. Newly built coal-fired
power plants are in remote locations. Electricity is transmitted long distances to
urban customers. Data released by the State Electricity Regulatory Commission
(SERC) indicates that in 2010 there was a 6.5 % loss of electricity during the long
distance transmission, comparable to US rates for 2007 [28].

2.4 Natural Gas Fired Power Generation

In order to meet the challenge of reducing carbon intensity per GDP, China is
planning to increase NG consumption in next five years to 250 billion cubic
meters, more than double the current level. In 2010 NG used for power generation
accounted for 17 % of overall NG consumption. Large growth of NG-fired power
generation is part of an aggressive plan to increase NG consumption to 12 % of
primary energy use in China by 2020 [29].

The total capacity of NG-fired power generation in China was 33 GW in 2011
[19]. Typical gas-fired power generation technologies deployed in China are
180 MW natural gas combined cycle (NGCC) and fast growing 350 MW NGCC
in the past five years. Among 119 NG-fired power plants surveyed nationwide, 64
units were 350 MW NGCC and 46 units were 180 MW NGCC. These 18 and
350 MW NGCC units accounted for 98 % of gas-fired power generation capacity
in China. The theoretical power supply efficiencies of 180 and 350 MW NGCC
plant could reach 50 and 55 % respectively. However, statistical data shows that
the real CF of most of Chinese gas-fired units were only in a range of 30–50 % in
recent years [30]. The average CF of gas-fired units nationwide was only 37 % in
2011 [19]. Some researchers have proved that gas-fired power generation units
have an 20–31 % increase in heat loss when they operated at 30–40 % load rate
[31]. Another study showed that power supply efficiency would be reduced from
51 to 42 % when CF decreased from 100 to 45 % and then slipped to 40 % when
CF further fell to 30 % [32].

2.5 Coal Mining, Processing and Transportation

China’s proved coal reserve is about 114,500 million tones at the end of 2011.
As China consumes more than three billion tones of coal each year, the reserve-
production ratio (R/P ratio) is 33 years, less than one-third of world average. Sub-
surface mining dominates the industry, accounting for 95 % of coal extraction in
China. Mining one tone of coal consumes 34 kWh electricity and 27 kg raw coal
[33]. Furthermore, for each tone of coal excavated, there is an accompanying
emission of roughly 7–8 cubic meters of methane [34, 35], 6 cubic meters of CO2

[33], and trace amounts of SO2 and oxides of nitrogen. About 25 % of the coal
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produced in China was cleaned and sorted in 2010 [3]. For each tone of coal cleaned
and sorted, 3 kWh electricity was consumed. There is about 10 % of gangue elim-
inated during the process that has a total energy efficiency of 95 % [33].

For power plants, coal transport is comprised of 45 % railway, 40 % highway
and 15 % waterway. The average transport distance is 640 km for railway and
1500 km for waterway (coal for power generation is transported by barge from
ports in North China to the 7 southeast provinces) [36]. There is no statistical data
available and we estimate the highway transportation distance is 500 km. Some
key parameters of long-distance transportation is showed in Table 4. The energy
consumed for the return trip of the empty vehicle and vessel after delivery has
been considered.

2.6 NG Recovery, Processing and Transportation

Besides a few inland NG-fired power plants that can use local NG resources, the
majority of NG-fired power generation units are located in southeast coastal areas to
which NG is delivered either by long distance pipeline from west China, or LNG
ocean tanker. About 40 % of China’s imported LNG came from Australia in 2010
[37]. Two cases are assumed in this study: The first is NG pipeline from Xinjiang to
the east coast at a distance of 4,000 km; and the second is LNG ocean tanker of
147,000 cubic meters from Dampier port, Australia, to Shanghai Yangshan port at a
distance of about 6,000 km. Energy efficiency for NG liquefaction is generally 85–
93 % [38, 39]. NG transportation and distribution parameters for the two cases are
shown in Table 5.

2.7 Vehicle Technologies

We compared BEV with the conventional gasoline car, diesel car, and hybrid
electric car in terms of total energy use and GHG emissions. Our baseline is a
MY2011 mid-size3 gasoline car with a gross vehicle weight (GVW) of 1,280–

Table 4 Key parameters of coal long-distance transportation

Waterway Railway Truck

Mode Share (%) 15 45 40
Distance (km) 1,500 640 500
Fuel type Fuel oil Diesel Electricity Diesel
Energy intensity (kJ/t km) 257 203 78 1,480

3 According to definition from U.S. EPA, mid-size car is pointed to the car with a total passenger
& cargo volume from 110 to 119 cubic feet.
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1,430 kg, 1.8 l engine with port-injection spark-ignition (PISI), and five-speed
automatic transmission. The baseline car uses RON 93 gasoline and meets China
Stage IV emission standards. The baseline car has a fuel consumption of 8.0 l/
100 km under New European Drive Cycle (NEDC). Although actual fuel con-
sumption could be 20–30 % higher for driving in big cities, like Beijing and
Shanghai [40], for convenience and consistency, we use fuel consumption in
NEDC test to compare the different pathways.

A diesel car with direct-injection compression-ignition (DICI) could save 20 %
of the energy consumed by the baseline vehicle (about 30 % saving if counted in
fuel volume). If direct-injection is applied to a gasoline car, with turbocharging
system, fuel consumption could be reduced 10–15 %; while a full HEV could
deliver more than 30 % fuel consumption savings. There are no official fuel
consumption data under NEDC for BEVs in China. Some reports indicate that the
currently demonstrated BEVs consumed 20–27 kWh/100 km [41, 42]. Our field
survey in demo taxi fleet showed a even higher electricity consumption—some-
times more than 30 kWh/100 km. There are some international brands of BEVs
that have fuel consumption in a range of 14–17 kWh/100 km. We assumed two
cases in this study: The first is the Common BEV and the second, the High-
efficient BEV. Their fuel consumptions are 24 and 16 kWh/100 km respectively.
The charging loss of BEV is estimated to a range of 7–15 %.

3 Results and Discussion

We conducted WTW analyses for 20 fuel/vehicle systems, including 16 electric
vehicle pathways. WTW energy results of Common BEVs and High-efficient BEVs
using different power generation technologies are summarized in Figs. 2 and 3. The
WTW petroleum consumption for each pathway is marked in darker color. Each
solid bar denotes an average value with upper and lower bounds. Thus each pathway
represents a range due to differences in technologies and operational conditions in
energy feedstock recovery, transportation, and storage, fuel production, transpor-
tation and distribution, and electricity generation, transmission and charging,
including efficiencies difference among power generation units.

The WTW energy consumption of the baseline PISI gasoline car is 3.34 MJ/
km. The gasoline direct-injection plus turbo pathway (DISI) will cut 15 % of the
baseline WTW energy consumption, while the dieselization pathway can reduce
the WTW energy consumption to 2.60 MJ/km. The WTW energy consumption of

Table 5 Key parameters of NG transportation and distribution

Pipeline Ocean tanker (LNG)

Distance (km) 4,000 6,000
Fuel type NG and electricity LNG and fuel oil
Energy intensity (kJ/t km) 1,435 66

Well-To-Wheel Analyses for Energy Consumption and Greenhouse Gas Emissions 109



0.0 

1.0 

2.0 

3.0 

4.0 

5.0 
W

T
W

 T
ot

al
 E

ne
rg

y 
U

se
 (

M
J/

km
)

Petroleum Other Energy

Fig. 2 WTW total energy use and petroleum replacement of common BEV pathways
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Fig. 3 WTW total energy use and petroleum replacement of high-efficient BEV pathways
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the hybrid pathway can be further reduced to 2.22 MJ/km without increase in
PM2.5 emission.

As shown in Fig. 2, all Common BEVs can reduce petroleum consumption no
matter whether electricity is generated from coal or NG. WTW petroleum con-
sumption for EVs is less than 2 % of the petroleum used in the baseline gasoline
car. Even compared to the HEV pathway, BEVs can save up to 99 % of petroleum.
The little petroleum consumed in the BEV pathways is from fuel used in transport
of coal to power plants.

In the vehicle operation stage, energy consumption of Common BEVs on per
100 km basis is only 25 % of that in the DISI pathway, and it is 66 % lower
than the HEV pathway. However, WTW total energy analysis tells a total different
story. When Common BEVs use electricity from coal-fired power plants with
generation units less than 600 MW(which occupies 60 % of coal-fired power
generation units in 2010), the WTW energy consumption of Common BEVs will
increase 4–40 % compared to the baseline. Compared to the HEV pathway, WTW
energy of Common BEVs will increase 7–60 % for NG-fired electricity generation
and 17–71 % coal-fired electricity generation.

The High-efficient BEV is equipped with an advanced motor, regenerative
braking system, and battery package with high energy density. WTW energy
consumption of High-efficient BEVs is 2.22 MJ/km when electricity is from
125 MW VHP generation units, which is equal to WTW energy of the HEV
pathway. If electricity is from more efficient generation units, such as 200 MW
VHP, 300 MW subcritical, 600 MW SC and 1000 MW USC units, the WTW
energy consumptions of High-efficient BEVs are 2, 9, 15 and 22 % less than the
WTW energy consumption in the HEV pathway. If electricity is from NG-fired
generation units, WTW energy consumption of High-efficient BEVs will be
17–29 % less than the WTW energy in the HEV pathway.

The WTW GHGs emission of the baseline PISI gasoline car is 249 gCO2-eq./
km. The DISI plus turbo pathway will cut 15 % of the baseline WTW GHG
emissions, while the hybrid pathway can reduce the WTW GHG emissions to
167 gCO2-eq./km. In the vehicle operation stage, there is no GHG emission of
Common BEVs. Therefore WTW GHG emissions of BEVs depend on differences
in power generation technologies. As shown in Fig. 4, when electricity comes
from HP and VHP generation units, WTW GHG emissions of all Common BEVs
are above 350 gCO2-eq./km, with a maximum of 440 gCO2-eq./km. If electricity
is generated from mainstream generation units today and in future, such as
300 MW subcritical, 600 MW SC and 1000 MW USC units, the WTW GHG
emissions of Common BEVs are still 28, 20, and 11 % higher than the WTW GHG
emissions of the baseline gasoline pathway and much higher than that of HEV
pathway. CCS technology must be employed for coal-fired power plants to meet
GHGs emission reduction tasks. When USC and IGCC are equipped with CCS, the
WTW GHG emissions of Common BEVs can be reduced to 78 and 63 gCO2-eq./
km respectively. However, as a trade-off, the pathways with CCS technology will
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consume more energy in the whole fuel-cycle. If electricity is generated by NG-
fired 350 MW units using NG piped from Xinjiang Province, the WTW GHG
emissions of Common BEVs are similar to that of the HEV pathway. With
electricity generated by LNG fired NGCC, the WTW GHG emissions of Common
BEVs are 12 % less than that of HEV pathway. The difference is caused by the
higher energy consumption in processing and transport of long-distance pipeline
NG compared to LNG from overseas.

WTW GHG emissions of High-efficient BEV powered by electricity from
different coal-fired units are 10–59 % higher than the HEV pathway. However,
WTW GHG emissions of High-efficient BEV using electricity from any 300 MW
or larger generation units are less than that of the advance gasoline pathway—
DISI. When USC and IGCC are equipped with CCS, the WTW GHG emissions of
High-efficient BEVs are 79–83 % less than that of the baseline, and 69–75 % less
than that of the HEV pathway. WTW GHG emissions of High-efficient BEVs
using electricity from NGCC units are 51–60 % less than that of the baseline, and
27–41 % less than that of the HEV pathway (Fig. 5).
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Fig. 4 WTW GHG emissions of common BEV pathways
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4 Conclusions and Implications

The WTW analyses indicates that Common BEVs currently demonstrated are not a
silver bullet for attacking energy consumption challenges and GHG emissions in
China. The electric grid in China will be dominated by coal-fired power generation
through the next few decades. Although electrification of China’s vehicle fleet
could reduce dependence on petroleum, it will not realize the targets of conser-
vation of energy and reduction of GHG emissions. Considering China was a net
importer of some 144 Mt coal in 2010 [3], the energy conservation concern also
needs to be kept in mind, as responsibility to global warming mitigation.

With electricity from 300 MW or larger coal-fired generation units, WTW GHG
emissions of High-efficient BEVs are lower than that of the advanced DISI gasoline
pathway, but still higher than that of the hybrid pathway. Only with electricity
generated from NGCC units, or coal-fired units with CCS, is High-efficient BEV
pathway more attractive than the hybrid pathway in GHGs reduction.

With a coal-fired dominant grid in near and mid-term future, in order to achieve
GHG reduction targets through vehicle electrification, China must promote CCS
technology to help USC and IGCC power plants to deliver low-carbon transpor-
tation energy in supply side. At the same time, High-efficient BEVs have to be set
as the highest priority of automotive technology development.
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Effects of Fuel Thermo-Physical
Properties on Spray Characteristics
of Biodiesel Fuels

Xinwei Cheng, Harun M. Ismail, Kiat Hoon Ng, Suyin Gan
and Tommaso Lucchini

Abstract The main emphasis of this study is to examine the effects of biodiesel
thermo-physical properties on the fuel spray development using CFD modelling.
A complete set of 12 thermo-physical properties is estimated for PME, SME and
CME. The methods employed for this as reported here are generic as the methods
are dependent on the chemical compositions and temperature. Sensitivity analysis
is performed by integrating the estimated fuel properties into CFD modelling.
Variations in spray development such as mass of fuel evaporated and liquid and
vapour axial penetration length of biodiesel fuels are found to be different from
fossil diesel due to the difference in thermo-physical properties. A total of five
biodiesel properties are identified to have profound impacts on fuel spray devel-
opment, which are liquid density, liquid viscosity, liquid surface tension, vapour
pressure and vapour diffusivity. Nevertheless, only liquid surface tension and
vapour pressure are the most sensitive fuel properties to the fuel spray
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development. The work has provided better representation of biodiesel properties,
which improve the in-cylinder CFD simulation of reacting spray jet for the fuel.

Keywords Biodiesel � CFD � Fuel spray � Thermo-physical properties

1 Introduction

Despite the widespread use of biodiesel in conventional diesel engine, there is a need
for more comprehensive research work to conclusively determine the benefits and
drawbacks of biodiesel [1, 2]. One such effort is the utilisation of computational fluid
dynamics (CFD) techniques to better understand and improve biodiesel fuel spray,
combustion and emission characteristics in compression ignition (CI) engines.

For accurate in-cylinder CFD simulations of biodiesel spray combustion pro-
cess, the most important element is the spray and vapour structures of fuel as these
structures dictate the fuel vaporisation rate and the subsequent ignition, combus-
tion and pollutant formation processes. Since fuel spray and vapour structures are
primarily governed by the fuel thermo-physical properties, it is imperative to
understand the effects of these properties of different biodiesel fuels in compari-
sons to fossil diesel. Nevertheless, there are limited studies on developing and
establishing the impacts of thermo-physical properties of biodiesel fuels [1–3].
Moreover, most of the fuel properties were developed based on the mixture
compositions of soybean [1–3] or based on approximated single component
molecule, for example methyl oleate (C19H36O2) that represents rapeseed methyl
ester [4]. Thus, fuel spray modelling using the approximated generic biodiesel fuel
properties inherently result in a certain level of inaccuracy in the predictions.

In line with the discussion above, the reported work here is based on palm
methyl ester (PME), soybean methyl ester (SME) and coconut methyl ester (CME)
to represent biodiesel fuels with low, moderate and high degree of unsaturation,
respectively. The fuel properties of PME, SME and CME are first developed due to
limited comprehensive validated thermo-physical properties of biodiesel fuels
available. Then, a set of numerical experiments are performed to investigate the
sensitivity of individual fuel properties under constant volume combustion. Fuel
spray characteristics of biodiesel fuels and fossil diesel are the main interest of
comparisons for the sensitivity analysis of fuel properties.

2 Development of Biodiesel Thermo-Physical Properties

There is a total of 12 pertinent biodiesel thermo-physical properties excluding critical
properties. The evaluation of biodiesel properties is done using empirical methods
available in the literature. The selection of appropriate methods of evaluation is
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assessed through the applicability of these methods over a wide range of temperature.
In order to reduce the complexity in the evaluation of fuel properties, the chemical
compositions of fatty acid methyl ester (FAME) components for each biodiesel in
this study, PME, SME and CME are maintained to five distinct components as listed
in Table 1. Fuel properties of fossil diesel, represented by tetradecane (C14H30) are
used as the basis of comparisons for the estimated biodiesel properties.

In the estimation of biodiesel thermo-physical properties, the critical properties,
critical pressure, critical volume and critical temperature of each FAME compo-
nent are first evaluated using Lydersen’s method [5] as listed in Table 2. Then,
Lee-Kesler mixing rule [5] is imposed according to respective biodiesel chemical
compositions to obtain the critical properties of PME, SME and CME. These
critical properties are vital as any biodiesel properties beyond these properties will
cease to be valid. The estimated critical properties of FAME components in this
study are validated against those in literature [3]. Approximately 20 % of error is
obtained for critical pressure, whereas less than 0.6 % of error is found for the
estimated critical temperature and critical volume. Besides that, Lydersen’s
method [5] is proven accurate with reasonable error margin of only 10 % [6].
Therefore, the estimated critical properties for other biodiesel fuels are reasonably
accurate as the critical properties are evaluated based on the respective chemical
compositions of FAME components.

Figures 1a–l displays the estimated thermo-physical properties of PME, SME
and CME, as well as the fossil diesel properties. The liquid densities of PME, SME
and CME are predicted using Rackett equation modified by Spencer and Danner
[5]. Less than 10 % of deviation is obtained when the estimated liquid densities of

Table 1 Average FAME compositions of PME, SME and CME based on mole fraction

FAME Fuel types Critical property

PME SME CME Temperature
(K)

Pressure
(bar)

Volume (ml/
mole)

Laureate
(C13H26O2)

– – 0.53 695.330 14.210 789.500

Myristate
(C15H30O2)

0.011 – 0.20 724.110 14.210 901.500

Palmitate
(C17H34O2)

0.410 0.080 0.12 767.050 14.210 1013.500

Stearate (C19H38O2) 0.042 0.040 0.065 775.590 14.210 1125.500
Oleate (C19H36O2) 0.429 0.250 0.085 774.400 14.080 1105.500
Linoleate

(C19H34O2)
0.108 0.550 – 798.460 13.950 1085.500

Linolenic – 0.080 – 801.680 13.830 1065.500
Critical temperature

(K)
773.455 789.209 721.202

Critical pressure
(bar)

13.993 13.000 15.304

Critical volume
(ml/mol)

1063.814 1084.644 884.839
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SME across the interested temperature range are compared to the estimated
properties of SME by Yuan et al. [3]. Since the trends and range of estimated
liquid densities of PME and CME are similar to SME, the estimated liquid den-
sities of PME and CME are proven accurate. Based on Fig. 1a, the liquid densities
of PME, SME and CME are 20 % higher than diesel at lower temperatures and
linearly decrease with increasing temperatures. Thus, the vaporisation rates of
biodiesel fuels are lower than fossil diesel. Liquid surface tensions of PME, SME
and CME are predicted using equation proposed by Allen et al. [7]. Liquid surface
tensions of PME, SME, CME and fossil diesel are presented in Fig. 1b. The
validation of liquid surface tensions is done by comparing the estimated liquid
surface tension of SME against predicted value by Allen et al. [7] at 40 �C. The
estimated surface tension value at 40 �C for SME in this study is 30.2 mN/m, is
approximately 7 % higher than measured value of 28.2 mN/m by Allen et al. [7].
Comparatively, the liquid surface tensions of the biodiesel fuels are 14 % higher
than diesel. Thus, the fuel spray break-up and vaporisation rates of biodiesel fuels
are expected to be lower than fossil diesel.

Low temperature liquid viscosities of FAME components of PME, SME and
CME are computed using Orrick and Erbar method [5] up to reduced temperature
(ratio of temperature to critical temperature) of 0.7. Grunberg and Nissan method
[5], a mixing rule specifically for liquid viscosity is then used to compute the liquid
viscosities of PME, SME and CME. For liquid viscosity at reduced temperature
higher than 0.7, Letsou and Stiel method [5] is utilised. The estimated values of
SME seen in Fig. 1c are validated against those measured by Tat and van Gerpen
[5] with the largest relative error of 18 % at 0 �C and the least error of 7 % at
100 �C as seen in Table 3. The error is observed to be reduced with increasing

Table 2 Methods of evaluation for the thermo-physical properties of biodiesel fuels

Thermo-physical property Method of analysis References

Critical properties Joback modification of Lydersen’s method [5]
Liquid density Rackett equation [5]
Liquid surface tension Correlation proposed by Allen et al. [7]
Liquid viscosity Orrick and Erbar method, [5]

Letsou and Stiel method [5]
Liquid heat capacity van Bommel correlation [8]
Liquid thermal conductivity Method of Robbins and Kingrea [5]
Vapour pressure Antoine equation [9]
Latent heat of vaporisation Pitzer acentric correlation [5]
Vapour viscosity Correlation by Chung et al. [10]
Vapour thermal conductivity Correlation by Chung et al. [11]
Vapour diffusivity Method of Wilke and Lee [12]
Vapour heat capacity Method of Rihani and Doraiswamy [5]
Second virial coefficient Method of Tsonopolous [5]
Mixing rules Lee-Kesler equation, [5]

Simple mixing rule, [5]
Nissan and Grunberg method [5]
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temperatures. Therefore, the estimated liquid viscosity values for SME seen in
Fig. 1c are relatively accurate as do the estimated liquid viscosity values of PME
and CME as the correlations used are dependent on temperature and chemical
compositions. It is expected that the break-up processes of fuel droplets will be
affected by liquid viscosities since the estimated liquid viscosities of biodiesel
fuels are higher than fossil diesel especially at lower temperatures.

The liquid heat capacities of PME, SME and CME are estimated using corre-
lation by van Bommel et al. [8] and simple mixing rules [5]. The trends of
estimated liquid heat capacities of PME, SME and CME are compared to fossil
diesel. Here, similar trend is found where the estimated liquid heat capacities of
biodiesel fuels displayed in Fig. 1d are 25 % lower than fossil diesel at higher
temperatures. This implies that fuel droplets of biodiesel fuels are heated up faster

(a)    (c)  (d) (b)

(e)     (f) (g) (h)

(i)      (j)   (k)

(l)

Fig. 1 Thermo-physical and transport properties of PME, SME and CME as compared to C14H30

for a liquid density, b liquid surface tension, c liquid viscosity, d liquid heat capacity, e liquid
thermal conductivity, f vapour pressure, g latent heat of vaporisation, h vapour viscosity, i vapour
thermal conductivity, j vapour diffusivity, k vapour heat capacity, and l second virial coefficient

Table 3 Comparisons between predicted and measured liquid viscosities of SME

Temperature
(�C)

Predicted liquid viscosity
(mPa s)

Measured liquid viscositya

(mPa s)
Relative error
(%)

0 9.89 12.07 18.09
20 6.00 6.4 6.33
40 3.87 3.89 0.40
60 2.64 2.63 0.34
80 1.88 1.92 2.22

100 1.39 1.49 7.03

a Values obtained from Tat and Van Gerpen [14]
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than fossil diesel and consequently the vaporisation rate of fuel droplets is
enhanced. The liquid thermal conductivities of individual FAME components are
predicted using the method of Robbins and Kingrea [5]. After that, Li’s equation
[5] is employed to determine the liquid thermal conductivities of PME, SME and
CME. Based on Fig. 1e, the estimated biodiesel liquid thermal conductivities are
compared to fossil diesel as a result of the limited validation data. Liquid thermal
conductivity is required to compute heat transfer across the fuel droplets, where a
transient temperature distribution is assumed [9].

Vapour pressure is one of the key thermo-physical properties as it affects the
vaporisation process of fuel spray. Vapour pressure of each FAME component is
evaluated using Antoine equation [9] and then simple mixing rule [5] is applied to
obtain the vapour pressure of PME, SME and CME. Based on Fig. 1f, the esti-
mated vapour pressures for PME, SME and CME remained low from 280 up to
580 K. But the vapour pressures of biodiesel fuels increase to maximum value at
their respective critical temperature right after 580 K. The validation of estimated
vapour pressures is done by comparing the trends of estimated vapour pressures of
PME, SME and CME seen in Fig. 1f against the predicted and measured vapour
pressure values of SME [3]. Satisfactory agreement of less than 10 % is found.
Latent heat of vaporisation at normal boiling point is estimated using Pitzer
acentric factor correlation [5]. Compared to fossil diesel, the latent heat of
vaporisations of the biodiesel fuels are 13 % lower along the temperature range as
seen in Fig. 1g. Thus, the fuel droplets of biodiesel fuels will be heated up quickly
during the vaporisation process.

Vapour viscosities and vapour thermal conductivities are calculated by
employing the Chapman-Enskog kinetic theory [5] as proposed by Chung et al.
[10, 11]. Both vapour viscosities and thermal conductivities of PME, SME and
CME are fairly accurate when vapour viscosity and thermal conductivity of fossil
diesel are taken as the baseline case for validation. Vapour viscosities of the PME,
SME and CME are comparatively lower than fossil diesel as seen in Fig. 1h. From
Fig. 1i, vapour thermal conductivities of biodiesel fuels are also lower than fossil
diesel. Hence, it is important to investigate the rate of break-ups of vapour fuel
droplets and the heat transfers across the combustion chamber as these two phe-
nomena are affected by vapour viscosity and thermal conductivity.

Vapour diffusivity defines the speed of movements of fuel vapours in the
combustion chamber. The estimated vapour diffusivities of PME, SME and CME
are presented in Fig. 1j and are evaluated using Wilke and Lee method [12]. Good
agreement is obtained when the trends of estimated vapour diffusivities of PME,
SME, CME and fossil diesel are compared. Meanwhile, values of vapour heat
capacity are predicted using the method of Rihani and Doraiswamy [5] as pre-
sented in Fig. 1k. The transient heat transfer of surrounding gas to the fuel droplet
surface depends on the vapour heat capacity of fuel. Vapour heat capacity is also
required to predict the vapour viscosities and vapour thermal conductivities of the
PME, SME and CME. On the other hand, second virial coefficient is a coefficient
used in gas equation expansion. The second virial coefficients of FAME
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components are computed using the method of Tsonopoulos [5]. The Lee-Kesler
mixing rule [5] is then applied to determine the second virial coefficient of PME,
SME and CME, as presented in Fig. 1l.

3 Numerical and Experimental Operating Conditions

In-cylinder constant volume combustion is simulated using OpenFOAM to examine
the sensitivity of individual biodiesel properties to the fuel spray development. The
constant volume combustion chamber utilised displayed in Fig. 2 with a total volume
of 2 L is built based on Chalmer’s high-pressure, high-temperature spray rig [13].
The operating conditions for the constant volume combustion are listed in Table 4,
where a vertically aligned and single-hole injector operating at 313.15 K tempera-
ture and 1200 bar pressure is used [13]. In order to examine the effects of individual
properties on the fuel spray characteristics, the properties of PME are set as base
properties. Then, each individual fuel property is varied to that of fossil diesel. The
main results of interest here are the development offuel spray, liquid and vapour axial
penetration length, mass of fuel evaporated and Sauter Mean Diameter (SMD). Due
to limited experimental data available for SME and CME, the sensitivity analysis in
this study is only conducted for PME.

4 Sensitivity Analysis of Biodiesel Thermo-Physical
Properties Under Constant Volume Combustion

Only 5 out of the 12 thermo-physical properties of PME have been identified as
significant properties since profound changes on the biodiesel spray analysis are
found as shown in Fig. 3. The five significant properties include liquid density,
liquid surface tension, liquid viscosity, vapour pressure, and vapour diffusivity.

Fig. 2 Computational mesh
of constant volume
combustion chamber
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Among the identified five significant properties, vapour pressure has the largest
impact based on the changes on fuel spray structures as seen in Figs. 3a–d. The
reason for this is due to the notable difference in biodiesel properties as illustrated
in Fig. 1f, where vapour pressure of PME is lower than fossil diesel. Hence, the
vaporisation rate of fuel droplets is higher. In Fig. 3b, vapour pressure has the
largest influence to the vaporisation rate amongst other fuel properties. Besides
that, the liquid axial penetration for vapour pressure is also one the lowest, which
implies that the vaporisation rate of the fuel droplet is the fastest.

Apart from vapour pressure, liquid surface tension is also observed to have
noticeable effects on the spray structure. Larger liquid surface tension value of PME
than fossil diesel is found as displayed in Fig. 1b proves that the break-ups and

Table 4 Numerical and experimental operating conditions for the constant volume combustion
chamber

Chalmer’s high-pressure, high-temperature constant volume combustion chamber [15]

Volume 2 Litre
Pressure 50 bar
Temperature 830 K
Nozzle diameter 0.14 mm
Injection duration 3.5 ms
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Fig. 3 Constant volume sensitivity analysis of reacting spray jets by examining the effects of
individual fuel properties on a vapour axial penetration length, b evaporated mass, c sauter mean
diameter, and d liquid axial penetration length
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atomisation rates of fuel droplets into smaller particles are slower. Thus, the liquid
axial penetration length of liquid surface tension is comparatively longer than other
fuel properties due to larger fuel droplets formed with high momentum to penetrate
across the combustion chamber as seen in Fig. 3d. Liquid viscosity, liquid density
and vapour diffusivity have marginal effects on the spray structure such as the mass
of fuel evaporated and SMD as compared to vapour pressure and liquid surface
tension. This is presented in Fig. 3b and c. Based on Fig. 3a–d, liquid heat capacity,
liquid thermal conductivity, latent heat of vaporisation, vapour viscosity, vapour
thermal conductivity, vapour heat capacity and second virial coefficient are deemed
to be less important since only marginal effects are observed.

In short, biodiesel thermo-physical properties are shown to affect the fuel spray
development. In particular, liquid density, liquid viscosity, liquid surface tension,
vapour pressure and vapour diffusivity are distinguished as determined as the most
influential fuel properties based on the observation of fuel spray development and
structures. It is imperative to accurately determine all the required fuel properties
for different biodiesel fuels for in-cylinder CFD simulation in order to accurately
describe the fuel spray characteristics.

5 Conclusion

A set of thermo-physical properties for biodiesel using generic methods is
developed here, where the methods employed is suitable for biodiesel produced
from various feedstocks. From the sensitivity analysis, liquid density, liquid sur-
face tension, liquid viscosity, vapour pressure and vapour diffusivity exert the most
significant influences on biodiesel fuel spray development. Larger fuel droplet and
longer fuel spray axial penetration are found as a result of the higher values in
liquid density, liquid viscosity and lower vapour pressure for biodiesel. Subse-
quently, poorer vaporisation rate of the biodiesel fuel spray results, which affect
the air-fuel mixture preparation process. The key conclusion drawn from this study
is that the thermo-physical properties of biodiesel play an important role in
defining the fuel spray development, which subsequently gives rise to its distinct
combustion and emission behaviours from fossil diesel combustion. For accurate
in-cylinder CFD simulation for biodiesel spray combustion, the thermo-physical
properties of biodiesel must be determined appropriately.
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System Design for a Direct-Boost
Turbocharged SI Engine Using
a Camshaft Driven Valve

Christoph Voser, Christopher Onder and Lino Guzzella

Abstract Downsizing and turbocharging for retaining the maximal power is a
common approach to improve the fuel economy of SI internal combustion engines.
Due to the additional turbocharger dynamics, small engines suffer from a significant
time lag of the torque build-up. The injection of pressurized air into the combustion
chamber during the compression phase, also called direct-boost, can recover the
driveability. Thus far, expensive and complex fully variable valve-trains have been
proposed for the air exchange between the air tank and the combustion chamber. In
this paper, a direct-boost system using a camshaft driven valve is designed. An
appropriate control strategy is presented. The transient performance of the complete
system and the feasibility of the control strategy are demonstrated on a modified
0.75 l turbocharged two-cylinder test bench engine.

Keywords Downsizing � Turbocharging � Turbo lag � Driveability � Direct-boost

1 Introduction

Downsizing and turbocharging for retaining the maximal power is a common
approach to improve the fuel economy of SI internal combustion engines [1, 2].
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Due to the additional turbocharger dynamics, small engines suffer from a signif-
icant time lag of the torque build-up. The injection of pressurized air into the
combustion chamber during the compression phase, also called direct-boost,
can recover the driveability. Figure 1 shows the resulting engine structure. Thus
far, expensive and complex fully variable valve-trains have been proposed for the
air exchange between the air tank and the combustion chamber. Fully variable
valves are rather complex devices that demand an additional power supply, e.g.,
electric, hydraulic and pneumatic.

In this paper, a direct-boost system using a camshaft driven valve with fixed
valve timing, called charge valve (CV), is designed. The valve actuation has to be
equipped with an on/off capability only. The introduction of a camshaft driven,
deactivatable CV makes the system much more cost-effective and thus more
attractive for a realization. The loss of variability in the valve-train results in the
demand of a sophisticated control strategy to achieve a fast and smooth torque
response.

First, a model is presented for the air mass transferred through a camshaft driven
CV. This model is then implemented in a mean value model (MVM) of a 0.75 l
turbocharged two-cylinder SI engine. Validation measurements of the mean value
model are shown. The mean value model is then used to study the performance of the
torque build-up for various CV sizes. A procedure for the choice of the valve size and
the respective camshaft profile is presented. To achieve a smooth torque response a
control strategy is derived. The high dynamic of the ignition variation ideally
complements the on/off actuation of the CV. A compromise between air and fuel

Fig. 1 Schematic of the downsized and turbocharged SI engine with direct-boost. Charge valve
(CV), exhaust valve (EV), intake valve (IV)
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demand arises. Since a small air tank has significant advantages concerning pack-
aging and cost, the minimal-air control strategy is analyzed and experimentally
verified on the test bench engine.

2 Model

According to [3], the air mass transferred through a camshaft driven CV mCV is
calculated as

mCV ¼ lCV=xe;

where xe is the engine speed. The variable lCV is called the CV mass flow. It
depends on the tank pressure, the diameter and the lift curve of the CV. The air
mass transferred per engine cycle through the camshaft driven CV is inversely
proportional to the engine speed. Thus, the effect of the direct-boost is largest at
low engine speeds. This ideally compensates the turbo lag, which is most prom-
inent at low engine speeds.

To study the dynamic performance of a turbocharged (TC) SI port-fuel injected
engine with direct-boost a standard mean value model is extended with the
capability to simulate the injection of air through a camshaft driven CV. The
engine used for this analysis is a modified 0.75 l two-cylinder engine where one
exhaust valve was replaced by a fully variable camless valve that is actuated by an
electro-hydraulic valve-train system (EHVS). Details on the modification are given
in [4]. The main parameters of the engine are given in Table 1. A specially
designed controller for the EHVS allows the injection of a defined amount of air
through the CV. This functionality allows an emulation of the behaviour of a
camshaft driven CV in terms of the mass transferred instead of the lift curve.

Figure 2 shows the simulated and measured trajectories of the mean effective
pressure with and without boosting at an engine speed of 2000 rpm. The solid lines
show the case with direct-boost for a CV mass flow of lCV = 34 g/s, i.e.,
mCV = 0.167 g at 2000 rpm. At t = 0 s, the throttle is fully opened and the direct-
boost is activated. It remains active in the time frame shown. The engine torque is
measured with a torque flange sensor which is located between the dynamometer
and an elastic shaft that is connected to the engine. The measured torque signal is
post-processed with a non-causal filter over one engine revolution. The oscillations

Table 1 Data of modified
engine

Displacement 0.751
No. of cylinders 2
Rated power 61 kW
Rated torque 131 Nm
Compression ratio 9
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present after the torque step result from the unmodelled elasticity of the shaft.
Since the engine is port-fuel injected, the torque does not immediately rise after
the tip-in. The delay from injection update to torque center is approximately one
engine cycle. The dashed lines show the situation without boosting where the
throttle is fully opened at t = 0 s.

Fig. 2 Comparison of
measurement and simulation
data of the mean effective
pressure pme for
lCV = 34.9 g/s and
2000 rpm. Dashed curves
without boost, solid curves
with boost

Fig. 3 Simulation-based
comparison of the transient
response of the conventional
and the boosted engine at
2000 rpm
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The good agreement between the simulation and the measurement confirm that
the MVM approximates the dynamic behaviour sufficiently well. It is therefore
suited for the subsequent performance analysis.

3 System Performance

In the model validation shown in Fig. 2 it was already noticeable that the direct-boost
substantially accelerates the torque build-up. The fastest torque build-up is achieved
if the throttle is fully opened and the direct-boost is activated. In this way, the
maximal amounts of air and consequently fuel enter the cylinder. The injection of
compressed air affects the transient response in two ways: In addition to an instan-
taneously higher torque due to the higher in-cylinder air mass, the exhaust enthalpy
flow is substantially increased, which leads to a much faster TC acceleration. In
Fig. 3 the transient performance of the conventional and the direct-boosted engine
are shown. The upper plot shows the mean effective pressure while the lower plot
shows the various air mass per cylinder. As a result of the faster TC acceleration, the
intake air mass per cylinder mb increases considerably faster with direct-boosting.
On top of that air from the tank is injected which leads to the high torque.

Figure 4 shows the torque build-up at constant engine speed for two different
CV sizes, i.e., values of lCV. Prior to the activation of the boost mode and before
the opening of the throttle is initiated, the engine is operated at a mean effective
pressure pme of 1.7 bar. The solid lines show the torque development with direct-
boost. The dashed lines show the performance without direct-boost.

The left plot in Fig. 4 shows the engine performance resulting from a CV
design with lCV = 34.9 g/s. The maximum stationary torque pme, max is reached

Fig. 4 Build-up of the mean effective pressure at constant engine speeds: The dashed lines show
the performance of the TC SI engine without boost. The solid lines depict the performance with
boost. The gray dash-dot line indicates the engine torque before the throttle step and the direct-
boost activation. Left lCV = 34.9 g/s. Right lCV = 55 g/s (Note the differing legend)
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within one second for every engine speed. At low engine speeds the turbo lag is
eliminated completely as a result of the inverse proportionality of the CV air mass
to the engine speed. The right plot shows the performance for lCV = 55 g/s (note
the differing legend). As a result of the higher value of lCV, the torque rise with
direct-boost is faster, of course, due to the increased CV air mass. In this case the
maximum stationary torque for every engine speed is reached within approxi-
mately 0.6 s or less.

The performance without the direct-boost activation is significantly slower.
Especially at low engine speeds, the turbo lag is well noticeable. Figure 4 clearly
shows that the direct-boost substantially improves the response behaviour at low
engine speeds. For high engine speeds the responsiveness can be improved also,
but to a smaller extent.

3.1 CV Sizing: Determination of the CV Mass Flow

An appropriate value for the CV mass flow lCV can be derived by formulating a
performance criterion that has to be reached, e.g., torque step from 1.7 to 20 bar
pme in 0.5 s at 2000 rpm. This performance would require a CV mass flow of
lCV = 55 g/s (see Fig. 4, right).

3.2 CV Design

According to [1], the CV mass flow lCV is a function of the tank pressure, the CV
diameter and its valve lift curve. The relevant design variables are the CV opening
(CVO), the CV closing (CVC), the CV acceleration, the CV diameter and the
minimal tank pressure.

lCV ¼ f ð/CVO;/CVC; aCV ; dCV ; ptÞ

The derivation of the CV design variables is underdetermined since there is one
equation for five variables. Additional constraints reduce the feasible design space.
In the following the most important constraints are discussed.

3.2.1 Spatial Constraint

Adding a CV to the cylinder head might reduce the area available for intake valves
(IVs) and exhaust valves (EVs). If the fitting of the CV requires the downsizing of
the IVs and/or the EVs, the volumetric efficiency of the conventional combustion
mode might be deteriorated, possibly reducing the peak power capability.
However, depending on the cylinder head design the downsizing might not be
necessary, resulting in an unaltered volumetric efficiency.
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3.2.2 Valve Timing Constraint

The earliest opening of the CV is possible around IV closing (IVC). An overlap of
several degrees is acceptable, but blowing charge out through the IVs has to be
avoided because pressurized air would be wasted. Hence, shifting IVC in favour of
the CV opening has an impact on the gas exchange performance in the conven-
tional combustion mode.

3.2.3 Safety Constraint

Any flow of air/fuel mixture from the cylinder to the tank has to be avoided.
Hence, throughout the opening period of the CV, the cylinder pressure has to be
smaller than or equal to the tank pressure. A minimal value for the tank pressure
can be found which should never be underrun in order to guarantee a safe oper-
ation in the entire operating range.

3.2.4 Results

All variable configurations shown in Fig. 5 correspond to the same lCV = 34.9 g/
s. It can be concluded that

• a higher tank pressure allows a smaller CV diameter, and
• an earlier CV opening also allows a smaller CV diameter.

Recall that the CV mass can only take on the values zero and mCV due to the on/
off capability. Hence, the activation or deactivation of the direct-boost always
leads to a step in the cylinder air mass. In the following section a control strategy is
presented which results in a smooth torque response.

Fig. 5 CV diameter as a
function of the tank pressure
pt and the CV opening angle
/CVO: lCV = 34.9 g/s

System Design for a Direct-Boost Turbocharged SI Engine 133



4 Control Strategy

According to [5], when tipping in, the driver expects a good driveability and
comfort. For the discussion of these requirements Fig. 6 is used. Good driveability
is characterized by as much torque as possible as fast as possible. Hence, the
torque request has to be met in minimal time tstep. This goal is achieved if the
direct-boost uCV is activated and the throttle uth is fully opened, i.e., the exhaust
enthalpy and consequently the TC acceleration are maximized. In addition to a fast
torque build-up, the driver wants a smooth and predictable torque development
when tipping in, i.e., the torque trajectory has to remain constant once the desired
torque is reached. Consequently, the direct-boost cannot be switched off imme-
diately after the desired torque is reached at tstep because it would lead to a drop of
the air mass in the cylinder ma to the value of the intake air mass mb, which is
below the desired value ma,des. Thus, the torque would drop, too. Consequently, the
direct-boost has to remain active which results in excessive charge in the cylinder,
i.e., ma [ ma,des. To keep the torque at the desired level, the spark timing has to be
retarded. The deactivation of the direct-boost occurs when the intake air mass is
equal to the desired air mass, i.e., at tb, off.

As a result of the spark retardation the efficiency of the engine eign is reduced
and more fuel is used. Alternatively, the throttle could be closed to reduce the
amount of excess charge and thus improving the efficiency. However, the exhaust
enthalpy and the TC acceleration are decreased which leads to a longer duration
with air injection and thus to a higher air consumption. Figure 7 shows the
resulting trade-off between the consumption of compressed air Dma and extra fuel
Dmf for a load step from 1.7 bar to 16.7 bar pme at 2000 rpm. The trade-off has
thoroughly been analyzed in [6].

The minimal amount of air is used if the throttle remains fully open until the intake
air mass reaches the desired value. However, the excessive charge and hence the
extra fuel mass are maximal. This strategy is called minimal-air control strategy. Its
resulting air and extra fuel consumptions are indicated by the dot most to the right in
Fig. 7. The minimal-fuel control strategy, indicated by the dot most to the left,
requires 65 % less extra fuel than the minimal-air control strategy. However, the
amount of air required is 60 % higher. Thus, for the same number of boosts without
refilling, the tank volume has to be 60 % larger. Accordingly, the requirements for
the packaging are substantially relaxed if the minimal-air control strategy is applied.
For a vehicle that consumes 4 l of gasoline on 100 km on the MVEG-95 drive cycle,
the fuel consumption increases by 0.4 % if there are 18 turbo lag compensations (i.e.,
after every gear shift-up and in every acceleration phase) and if the minimal-air
control strategy is used (77 mg fuel per boost). A more fuel efficient control strategy
lowers the fuel consumption increase on the MVEG-95 drive cycle to 0.15 %. These
calculations show that the fuel consumption increase due to the direct-boost is very
small. These analyses lead to the conclusion that the substantially relaxed space
requirements of the minimal-air control strategy clearly exceed the marginal fuel
consumption increase associated with it.
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Figure 8 shows the air and extra fuel consumption data for steps from 1.7 bar pme

to various loads and at various engine speeds with the minimal-air control strategy.
The air consumption, which is depicted in the left plot, decreases with increasing
engine speed because the boost time is shorter as a result of the higher exhaust
enthalpy. To reach a higher torque more air is used because of the longer boost time.
The plot on the right shows the amount of extra fuel for various torque steps and
engine speeds. At constant engine speed, the amounts of extra fuel are very similar
for all torque steps considered. For increasing engine speeds the amount of extra
fuel decreases, which is due to the smaller CV air mass per cycle and the faster TC
acceleration, which in turn is due to the increased exhaust enthalpy flow.

Fig. 6 Schematic representation of the torque control inputs during a transient with turbo lag
compensation
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5 Experiments

In this section, the feasibility of the minimal-air control strategy is verified in
experiments for a CV mass flow of lCV = 34.9 g/s. Figure 9 shows two measured
turbo lag compensations. The mean effective pressure pme and the intake air mass
mb trajectories are compared with the corresponding simulation results.

The left plots in Fig. 9 show the measurement results of a turbo lag compen-
sation at 2000 rpm. The mean effective pressure of 16.7 bar is reached within
approximately 0.57 s. This value matches the result shown in Fig. 4. The

Fig. 8 Simulated values for Dma and Dmf for various loads and engine speeds with the minimal-
air control strategy

Fig. 7 Trade-off between the consumption of extra fuel Dmf and compressed air Dma. for a load
step from 1.7 bar to 16.7 bar pme at 2000 rpm with lCV = 34.9 g/s
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measured and the simulated trajectories of the mean effective pressure match well,
and so do the trajectories of the simulated and the estimated intake air masses mb

and mb,sim. The third subplot shows the demanded and the actual throttle positions
uth and ath, which are fully open during the turbo lag compensation. In the third
subplot the ignition retardation uign is depicted. At t = 0.57 s, the air mass in the
cylinder ma is larger than the desired value ma,des. Consequently the spark timing is
retarded. Table 2 lists the number of boosted combustion cycles, the measured air
consumption and the simulated air consumption. Due to the reciprocating
behaviour of an engine, the number of boosted combustion cycles and the air mass
used Dma can only take on discrete values. In each boosted combustion cycle,
0.167 g of air is injected. This value corresponds to the discretization of Dma. The
error resulting from one additional boosted combustion for this experiment is
3.3 %. Accordingly, the deviation between simulation and experiment given in
Table 2 is in the order of one boosted combustion cycle. In the MVM simulation
the reciprocating nature is neglected and, hence, the value of Dma and the number
of boosted combustion cycles are continuous.

Fig. 9 Measured turbo lag compensations. Left at 2000 rpm from 1.7 bar to 16.7 bar pme. Right
at 1700 rpm from 1.7 bar to 15.2 bar pme

Table 2 Number of boosted combustion cycles and the amount of compressed air used in
simulation (Sim) and in experiments (Meas)

Data set (rpm) No. of boosts Dma

Sim Meas Sim (g) Meas (g) Error (%)

2,000 32.0 31 5.22 5.05 -3.2
1,700 23.9 23 4.64 4.46 -3.9
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The right plots in Fig. 9 shows the measurement results of a turbo lag com-
pensation at 1700 rpm. In this case the desired mean effective pressure of 15.2 bar
can be reached within approximately 0.4 s as a result of the higher CV air mass.
Due to the smaller engine speed the enthalpy flow is smaller and the duration with
retarded spark timing is relatively long. Note that once the boost mode is deac-
tivated, the desired torque cannot be held since it is larger than the maximal
steady-state torque. Hence, the engine was overboosted. As above, the deviation
between simulation and experiment in the total CV air mass is in the order of one
boosted combustion cycle.

6 Conclusion

Direct-boost with a deactivatable camshaft driven CV is a cost-effective way to
improve the driveability of strongly downsized and turbocharged SI engines. The
effect of the direct-boost is largest at low engine speeds. Thus, it ideally com-
plements the use of a conventional turbocharger who predominately restricts the
driveability at low engine speeds.

A simple but effective control strategy for the throttle, the ignition and the boost
activation has been proposed which leads to a fast and smooth torque response.
The control strategy has been analyzed in simulation and verified with experiments
on an engine test bench.

Direct-boost with a camshaft driven CV is a promising technology for the
future in automobile markets which are cost sensitive and/or demand an excellent
driveability.
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Exploring the Potential of Dual Fuel
Diesel-CNG Combustion for Passenger
Car Engine

David Serrano and Lecointe Bertrand

Abstract The concept of dual fuel Diesel-CNG is well known in heavy duty
applications as the high octane number of methane allows converting easily
existing CI engines without varying compression ratio, thus reducing adaptation
costs. However, with this approach, Diesel fuel substitution ratio is quite limited
and the benefits on CO2 savings and on thermal efficiency are not exploited. The
objective of this paper is to highlight experimentally the potential of a different
approach for dual fuel Diesel/CNG combustion applied to smaller passenger car
engines. The objective of this concept is to maximize CO2 savings compared to
traditional Diesel fuel operation by using the optimal amount of Diesel fuel and
optimizing engine efficiency. The study was based on experiments carried out on a
CI single cylinder engine modified for allowing dual fuel operation with methane
port fuel injection. A first part of the study investigates the behaviour of dual fuel
combustion process at different equivalence ratios. Then a second part described
how the combustion mode needed to be adapted to the engine load: for example,
lean dual fuel with EGR mode and stoichiometric dual fuel mode were addressed
depending on the engine operating point. Special attention was given at the results
at stoichiometric full load. Indeed, in these conditions, the dual fuel combustion is
optimal compared to conventional Diesel operation: less noise, no smoke, faster
end of combustion. This study demonstrated that optimizing an engine for dual
fuel Diesel-CNG combustion is a challenging task. The control of Diesel fuel
autoignition delay is crucial to enhance thermal engine efficiency at low load. THC
emissions need to be drastically reduced to comply with stringent emissions
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standards. Further studies need to be carried out to analyze in more details the
combustion process in dual fuel mode.

Keywords Dual fuel � CNG � Stoichiometry � Full load � Passenger car

Glossary
ATDC/BTDC After/Before Top Dead Center
ABDC/BBDC After Bottom Dead Center
CA Crank Angle Degree
CI Compression Ignited
cISFC corrected Indicated Specific Fuel Consumption
CNG Compressed Natural Gas
CoV Coefficient of Variation
DOC Diesel Oxidation Catalyst
EGR Exhaust Gas Recirculation
EVO/EVC Exhaust Valve Opening/Exhaust Valve Closing
ISCO/ISHC/ISNOx Indicated Specific Carbon Oxide/HydroCarbons/Nitrous

Oxides
HRR Heat Release Rate
IVO/IVC Intake Valve Opening/Intake Valve Closing
LHV Lower Heating Value
LNT Lean NOx Trap
MFB Mass Fuel Burnt
MFB50 Crank Angle Degree for 50 % Mass Fuel Burnt
MFBAI Crank Angle Degree for Diesel AutoIgnition (0 % Mass

Fuel Burnt)
PM Particulate Matter
SCR Selective Catalyst Reduction
SOI Start Of Injection
SI Spark Ignited
WHTC World Harmonized Transient Cycle

1 Introduction and Objectives

The dual fuel concept studied in this paper consists in injecting Diesel fuel and CNG
(Compressed Natural Gas) during the same engine cycle in a CI (Compression
Ignited) engine. Both methane and Diesel fuel can be injected directly [1] but in our
case, gas is port injected. The homogeneous carburetted mixture of air and CNG
(and sometimes with EGR too) is compressed but does not autoignite because of its
high autoignition temperature. The combustion is then initiated by the direct
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introduction of a Diesel fuel pilot quantity which autoignites during the end of the
compression stroke. The dual fuel combustion process can be divided in four distinct
steps: (1) the Diesel pilot ignition delay, (2) its combustion (which can be composed
by premixed and diffusion phases), (3) the CNG combustion within and around the
Diesel fuel spray and finally, (4) the ‘‘multiple’’ flame propagations through the
carburetted mixture [2]. Dual fuel combustion is possible because flammability
limits are different between the two fuels and it exploits the advantages of each one.
On one hand, CNG has high hydrogen over carbon ratio, thus allowing theoretically
a reduction of CO2 emissions by nearly 25 % compared to pure Diesel fuel oper-
ation. This decrease can be more significant if methane comes from a renewable
source referred as biomethane [3]. Moreover, its high knocking resistance makes it
compatible with CI engines that have high compression ratios (more than 14:1). On
the other hand, the main advantage of Diesel fuel is the high quantity of energy
released during its combustion. As a matter of fact, the spark in SI (Spark Ignited)
engines delivers about 50 mJ in a very small volume whereas the combustion of
1 mg/stroke Diesel fuel pilot injection releases 10,000 times more energy distrib-
uted in a larger volume inside the combustion chamber.

However, dual fuel combustion raises major issues that need to be addressed
depending on the engine load. At high loads, performances can be reduced by the
occurrence of preignition and knock [4], that’s why compression ratios can be
reduced by comparison to the Diesel baseline engine. At low loads, high emissions
of unburned methane are emitted because of two well-known effects. First, Diesel
engines have large crevices especially the high height of top ring-land crown. Then,
flame extinctions or even misfires can occur if the CNG/air premixture is exces-
sively lean. To prevent the emissions of these unburned species, the leaner fuel/air
equivalence ratio limit must be determined for dual fuel combustion in order to
ensure effective flame propagation in the methane/air (even EGR) premixture.

Dual fuel combustion is well known in heavy duty CI engine applications and
has been an interesting subject of research since the 1980s [5–8]. The main
approach consists in reducing costs by substituting an expensive fuel (Diesel fuel)
by a cheaper one (CNG). Nevertheless, with this technique, the Diesel fuel sub-
stitution ratio remains quite limited: about 30–70 % [8]. The objective of this
paper is to explore and develop a different approach for dual fuel engines.
It consists in achieving maximum CO2 savings compared to traditional Diesel fuel
operation. In our case, the pilot injection size is reduced to the minimum, engine
efficiency is enhanced and Diesel fuel is only used as a chemical high energy
ignition device. The purpose is then to define the optimal combustion mode in dual
fuel operation by maximizing the engine efficiency, reducing the needs for exhaust
aftertreatment (deNOx and DPF) and keeping the level of performances identical
to Diesel fuel operation. Moreover, this paper focuses on passenger car engines for
which little information exists in the literature for dual fuel combustion. First,
investigations were carried out by exploring the effect of methane ratio on the
combustion for two different Diesel fuel pilot quantities. Then, different com-
bustion modes were tested to obtain the highest efficiency combined with lower
emissions.
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2 Experimental Setup

2.1 Engine Technical Configuration

The tests have been carried out on a single cylinder engine with a 499 cm3

displacement previously designed for Diesel fuel operation (Table 1). Only few
minor changes were made to the baseline engine in order to allow dual fuel operation.
The piston was modified by changing its compression ratio and design. In fact, three
different pistons were tested with different bowls at 17:1 compression ratio. The
design of these pistons was done to assure compatibility with the Diesel fuel injector
selected for this study: specifically for jet angle and number of holes. The cylinder
head with swirl motion was not modified. Besides, port-injection of gas was imple-
mented on the engine. One low pressure gas injector integrated in a Landi Renzo feed
ramp was installed and the gas was injected just before the intake manifold. The gas
fuel was pure methane and the liquid fuel was standard EN590 European Diesel fuel.
The effect of intake air temperature on combustion was cancelled as temperature was
regulated to 50 �C by an air heater for all the tests. A controlled exhaust throttle
simulated the backpressure of the multicylinder exhaust line.

The test supervisor and control algorithms needed for the control of both Diesel
fuel and gas injection systems ran on Morphee 2, whereas the high frequency
acquisition system ran on Osiris. Both software were developed by D2T, an IFP
Energies nouvelles subsidiary. This system allowed highly flexible engine control,
specifically with dual fuel injection parameters.

2.2 Measurements

Cylinder pressure was monitored by a flush mounted Kistler 6043A60 pressure
transducer. The pressure signal was acquired every 0,1 �CA and the acquisition
process covered 250 complete engine cycles. The average value of these cycles

Table 1 Engine specifications

Engine type/baseline Single-cylinder/PSA DW10

Bore 9 stroke 85 9 88 mm
Displacement 499 cm3

Compression ratio 17:1
Connecting rod length 145
Number of valves 4
IVO/IVC -33�ATDC/3�ABDC
EVO/EVC -23�ABDC/17�ATDC
Diesel injection system Bosch common rail
Diesel injection pressure 400 bar
Diesel injector Piezoelectric bosch CRI 3.1240 cc/158� nozzle/7 holes
Gas injection Landi renzo port fuel injection
Gas injection pressure 2 bar relative
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was used as pressure data for the calculation of the combustion parameters. The
engine was also equipped with an AVL Noisemeter that derived combustion noise
from cylinder pressure signal. Real time levels of engine-out exhaust gases (HC,
CH4, CO, CO2, O2 and NOx) were recorded by a Horiba MEXA-7100DEGR
analyzer. Fume Smoke Number (FSN) was measured in the exhaust line using an
AVL415S Smokemeter. Concerning the fuel metering, gas consumption was
measured by a MicroMotion CMF010 Coriolis type mass flow meter. The Diesel
fuel consumption could be obtained through direct weighing using AVL733S
Balance Unit. However as micro quantities of Diesel fuel were used in dual fuel
operation for pilot injections, the weighing was not precise. Thus, Diesel fuel mass
flow rate was computed based on mass air flow rate, gas consumption and
equivalence ratio measures. Mass air flow was regulated and measured thanks to a
set of sonic nozzles. Equivalence ratio was measured with an UEGO NGK lambda
sensor. The notion of equivalence ratio is quite complex for dual fuel combustion
as it takes into account the ratio of these two fuels with different thermodynamic
properties. Whatever the fuel mode was (single or dual fuel), the ISFC (Indicated
Specific Fuel Consumption) was corrected in order to be able to compare the
different specific fuel consumptions independently of the fuel’s LHV (Lower
Heating Value). Therefore, the ISFC was corrected at the Diesel fuel LHV and it
was referred to as cISFC.

3 Results and Discussion

3.1 First Experimental Approach: Influence of Methane
Ratio and Diesel Fuel Pilot Quantity

As dual combustion process is quite complex, it was relevant to begin with simple
tests for basic understanding on the influence of methane ratio and Diesel fuel pilot
quantity. These tests consisted in setting the quantity, the injection pressure and
timing of a Diesel fuel pilot injection and progressively port injecting methane.
This methodology allowed to sweep a large range of equivalence ratios (from the
minimum until reaching stoichiometry). Engine speed was regulated at 2,000 rpm
but engine load varied from around 2 to 10 bar IMEP as methane was progres-
sively injected. The engine configuration was 17:1 compression ratio. The intake
pressure was set to atmospheric pressure and no EGR was used. The injection
timing was set to 20 �CA BTDC and the injection pressure to 400 bar. This
methodology was used for two different pilot fuel quantity:

• 6 mg/stroke corresponding to 0.16 equivalence ratio (1/k).
• 9 mg/stroke corresponding to 0.25 equivalence ratio (1/k).

Figure 1 presents methane oxidation rate and unburned HC emissions versus
the equivalence ratio. In order to improve the analysis of the dual fuel combustion
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process, the 9 mg/st pilot injection case (black dotted curve) was described taking
out four specific points (referred as A, B, C and D) for which the MFB (Mass Fuel
Burnt), the HRR (Heat Release Rate) and the combustion durations are shown in
Figs. 1 and 2. The methane oxidation rate curve depicts that dual fuel combustion
behaviour can be divided in three distinct zones.

The zone 1 is located between point A (pure Diesel fuel case) to point B (dual
fuel case) on Fig. 1. Dual fuel combustion is fully controlled by the Diesel fuel
pilot injection. Indeed, the Diesel fuel spray created high micro-scaled turbulence
during its premixed combustion that had to be added to swirl macro-scaled motion.
Thus, the methane/air premixture was entrained into this spray and methane was
then oxidized. There was no flame propagation into methane/air premixture as
equivalence ratio seemed to be too low even at local scale. This trend can be
observed in Figs. 1 and 2 for point B that shows high duration of the combustion
end phase (defined as MFB95-MFB50) and high unburned HC emissions. The
ratio of methane oxidized by Diesel fuel spray increased with equivalence ratio
from 60 to 80 % as more and more energy was released by Diesel fuel and
methane entrained combustion. Thus, more turbulence was created and more
methane could be entrained into the Diesel fuel spray. No smoke was measured
whatever the equivalence ratio.

The zone 2 is located between point B to point C (Fig. 1). Dual fuel combustion
was then in a transient stage. The process of the zone 1 still took place but flame
propagation could barely occur in the methane/air mixture. Indeed, at point C, the
last combustion phase (MFB95-MFB50) and HC emissions started to decrease.
Around 90 % of the methane was burnt at point C through the combined effects of
Diesel fuel spray entrainment and methane flame propagation. However, the
equivalence ratio was rather low 0,65 which is close to the lean flammability limit
for properly propagating a flame in a methane/air mixture. Finally, the equivalence
ratio should be considered locally to understand this trend. In fact, gradients
of equivalence ratios exist within the combustion chamber and particularly at the
vicinity of the spray plumes.

The last zone is located between point C to point D (Fig. 1). In this zone 3,
flame propagation was possible and efficient and dual fuel combustion was then
controlled by both Diesel fuel pilot injection and flame propagation into methane/
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air premixture. Methane oxidation rate reached a maximum of 95 %. This maxi-
mum had to be related to the ratio of methane trapped in the combustion chamber’s
crevices. In fact, the volume of the different crevices represents around 4 % of the
entire combustion chamber’s volume. Furthermore, methane is assumed to be
homogeneously distributed as it was port injected just before the intake manifold.

A focus has to be made on point D corresponding to the stoichiometry case. In
these conditions, the flame propagation phase was fully efficient. Besides, the HRR
evolution was significantly modified (Fig. 2). The first peak corresponding to
Diesel fuel premixed combustion disappeared and only one high peak appeared on
HRR curve revealing that flame propagation started just after ignition of the pilot
fuel sprays. The MFB95-MFB50 duration was shorter compared to pure Diesel
fuel case (point A on Fig. 1). This observation is also true for the entire com-
bustion duration. Thus, the methane flame propagation remained faster when
Diesel fuel combustion by diffusion significantly slowed down. This means that
cycle efficiency for dual fuel at stoichiometry should be higher compared to pure
Diesel fuel. This item will be verified in the next section. Nevertheless, CO and
NOx emissions were relatively high for stoichiometry meaning that Diesel fuel
pilot size should have been optimized.

Diesel autoignition delay was slightly increased with methane ratio as depicted
in Fig. 1. This trend has already been observed in the literature [9] and can be
explained by the increase of both physical and chemical Diesel autoignition delay.
Indeed, the diffusion of Diesel spray decelerated in a methane/air mixture and its
penetration could be limited inducing an increase of physical delay. Besides,
Diesel fuel pre-oxidation reactions also slowed down in presence of methane
creating an increase of chemical delay [2]. The impact is visible on the MFB and
the HRR evolution on Fig. 2.

The increase of pilot fuel size allowed higher methane oxidation rate in the
zone 1 corresponding to methane oxidation entrained by Diesel fuel spray. Indeed,
in this stage, dual fuel combustion was controlled mainly by the characteristics of
Diesel fuel spray. In zones 2 and 3, methane oxidation rate was then rather the
same meaning that pilot fuel injection did not affect the combustion’s end repre-
sented by almost the flame propagation in methane/air mixture. Diesel fuel was
then only a chemical initiator of the dual fuel combustion.
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The increase of methane ratio led to an increase of engine load from 3 bar -
IMEP for point A to 10 bar IMEP for point D at stoichiometry and atmospheric
pressure in the intake manifold. This trend gives some clues to determine the
optimal combustion modes depending on the engine load and next section is
dedicated to address this item.

3.2 Second Experimental Approach: Identification
of Optimal Combustion Modes

3.2.1 Methodology of Engine Load Sweep

The identification of the different combustion modes was studied by optimizing 6
steady-state points at 2,000 rpm engine speed: 4, 6, 8, 10, 22 and 26 bar IMEP.
The engine configuration was 17:1 compression ratio and Diesel fuel injection
pressure was set to 400 bar. No major effect on consumption or emissions were
observed for higher Diesel fuel injection pressures. A low Diesel fuel injection
pressure seemed to be sufficient as the injection quantities were rather small
and increasing injection pressure may have caused pilot fuel vapour overmixing
with methane/air premixture. The Diesel fuel mass ratio was determined in order
to keep CoV (IMEP) under a 4 % level (the CoV (IMEP) represents a relative
cycle-to-cycle variation of mean IMEP). For these tests, the main constraint was
to stay at equal intake pressure for a same engine load. The methodology con-
sisted, for each engine load studied, in sweeping simultaneously equivalence
ratio and EGR rate at equal intake pressure compared to Diesel baseline engine.
For instance, the increase of equivalence ratio at equal intake pressure was
obtained by:

• air mass flow reduction that implied EGR rate increase,
• and EGR rate adaptation by closing exhaust throttle.

The result is shown on Fig. 3 with the EGR rate vs. equivalence ratio evolution.
Since dual fuel combustion with methane did not produce smoke for each engine
load, optimum equivalence ratio was selected by optimizing two trade-offs: IS-
NOx/cISFC and ISNOx/ISHC as presented in Fig. 4. The implicit objective was to
keep NOx levels as low as possible and compatible with aftertreatment systems
(LNT, SCR or 3-way catalyst depending on combustion mode). As a remark, for
each equivalence ratio/EGR rate, optimal combustion phasing was determined by
selecting the Diesel fuel pilot SOI for minimum cISFC. The whole process of
optimal combustion phasing selection is not detailed on this paper but an example
is given on the dual fuel lean burn mode section. Finally, for each engine load, the
optimum settings appear as a bold point on the curves of Figs. 3, 4, 5, and 6.

146 D. Serrano and L. Bertrand



3.2.2 Low to Medium Loads: Dual Fuel Lean Burn Mode

The results on Figs. 3, 4, 5, and 6 show that combustion mode depends on engine
load. For low loads (4–8 bar IMEP), optimal mode was lean burn combustion with
EGR. On Fig. 3, when IMEP increases, Diesel fuel mass ratio is drastically
reduced: from 45 % at 4 bar IMEP to 15 % at 8 bar IMEP. Moreover, when IMEP
increased, optimal equivalence ratio rose up (from 0,6 at 4 bar IMEP to 0,85 at
8 bar IMEP) and EGR rate decreased. NOx emissions were kept at levels around
2–3 g/kWh (Figs. 4, 5) compatible with traditional deNOx aftertreatment systems
(LNT or SCR). However, the HC emissions reached high levels incompatible with
DOC. HC emissions were composed by around 85–90 % of methane which is the
more stable hydrocarbon, thus difficult to oxidize.

For each engine load in dual fuel lean burn mode, the lean limit was reached
when mixture was too diluted by air to provide a stable Diesel fuel pilot autoignition.
Moreover, if equivalence ratio was lower than flammability limits of methane
(equivalence ratio around 0,6), flame could not properly propagate. Consequently,
adding EGR gases to increase equivalence ratio should be an interesting solution.
However, using too much EGR set the rich limit. In this case, flame extinctions and
misfires occurred due to the over dilution of the mixture by both air and EGR gases.
This fact also explained the opposite evolutions of NOx and HC emissions: NOx
decreased and HC increased with equivalence ratio because of the EGR rate
increase. The optima settings were found for sufficient equivalence ratio to avoid
flame extinctions with methane and sufficient EGR rate to have acceptable NOx
emissions (less than 3 g/kWh). Finally, HC emissions can not be significantly
lowered and new injection strategies need to be studied. These trends are summa-
rized in Fig. 4 for ISNOX/cISFC and ISNOx/ISHC trade-offs.

Noise combustion was kept around and below 85 dB which was the target of the
Diesel baseline engine for this range of engine loads (Fig. 6). The optimal com-
bustion phasing represented by MFB50 was very sensitive to engine load (-3 �CA
ATDC at 4 bar IMEP to +13�CA ATDC at 8 bar IMEP). The earlier combustion
phasing at 4 bar IMEP can be explained by the increase of both autoignition delay
and whole combustion duration in very diluted mixtures by air or EGR (low
equivalence ratio and high EGR rate at very low load).
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3.2.3 Dual Fuel Lean Burn Mode: Influence of Combustion Phasing

This section focuses on the selection’s process of optimal combustion phasing for
optimal equivalence ratio (0.65) and optimal EGR rate (20 %) at 6 bar IMEP and
2,000 rpm engine speed. The results for fuel consumption, emissions and MFB50
are presented in Fig. 7. The earlier pilot SOI (Start Of Injection) tested was limited
to 35 �CA BTDC corresponding to Diesel fuel spray targeting to remain inside the
combustion chamber (for bowl-in-piston shape). It avoided problems of engine oil

0

5

10

15

20

25

30

180 200 220 240 260 280 300 320

cISFC [g/kWh]

IS
N

O
x 

[g
/k

W
h

]

0

5

10

15

20

25

30

0 10 20 30 40 50

ISHC [g/kWh]

IS
N

O
x 

[g
/k

W
h

]

Fig. 4 ISNOx versus cISFC and ISNOX versus ISHC trades-off for different engine loads at
2,000 rpm

0

5

10

15

20

25

0.3 0.5 0.7 0.9 1.1

1/  [-]

IS
N

O
x 

[g
/k

W
h

]

0

10

20

30

40

50

0.3 0.5 0.7 0.9 1.1

1/  [-]

IS
H

C
 [

g
/k

W
h

]

Fig. 5 Emissions of HC and NOx versus 1/k for different engine loads at 2,000 rpm

65

70

75

80

85

90

95

0.3 0.5 0.7 0.9 1.1

1/  [-]

N
o

is
e 

le
ve

l [
d

B
]

-10

-5

0

5

10

15

20

25

30

0.3 0.5 0.7 0.9 1.1

1/  [-]

M
F

B
50

 [
°C

A
 B

T
D

C
]

Fig. 6 Noise level and MFB50 vs. 1/k at different engine loads at 2,000 rpm

148 D. Serrano and L. Bertrand



dilution resulting from spray impingement onto the cylinder liner. In order to
analyze the influence of combustion phasing, four different pilot SOI had been
tested for which Figs. 8 and 9 depicts MFB, HRR and combustion durations:
10, 14, 20 and 24 �CA BTDC.

Fuel consumption and HC emissions had similar trends. HC and fuel con-
sumption were minimum for pilot SOI in a range between 14–22 �CA BTDC.
Then HC emissions corresponded only to crevice losses (geometry of combustion
chamber) and to flame extinction as equivalence ratio might have been locally too
low in some areas of the combustion chamber. The problem of HC reduction could
be solved by significantly modifying the piston geometry and boosting swirl
motion.

For earlier pilot SOI, HC emissions rose again as pilot fuel was injected too
earlier. Indeed, the Diesel fuel autoignition delay was longer and Diesel fuel
vapour had too much time to spread out in the cylinder and was then overdiluted
into the methane/air premixture. Thus, the ignition was delayed and whole com-
bustion duration was longer. The point D at 24 �CA BTDC pilot SOI in Figs. 8
and 9 is representative of this case. Furthermore, this overmixing of Diesel fuel
and methane during autoignition delay is clearly noticeable on HRR curve in
Fig. 8: indeed, the Diesel fuel premixed combustion peak was not visible for
earlier SOI while it was amplified for later SOI.

For later pilot SOI, Diesel fuel was injected closer to the TDC and autoignition
delay reached its minimum and as a consequence, combustion was retarded into
the expansion stroke. Afterwards, the whole combustion duration was increased.
The point A at 10 �CA BTDC pilot SOI illustrates this situation perfectly.

Concerning NOx emissions, the evolution was opposite to HC emissions and
NOx emissions were maximum for minimum cISFC (Fig. 7). As combustion
phasing was optimal, adiabatic flame temperature was higher than for earlier or
later pilot SOI. As a result, NOx formation rate was simply higher. This trend is
identical to pure Diesel fuel combustion. The optimum pilot SOI was then iden-
tified as the point C at 20 �CA BTDC that presented lower cISFC, ISHC and
limited ISNOx emissions. Finally, the combustion phasing was mainly controlled
the Diesel fuel autoignition delay.
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3.2.4 Medium to Full Load: Dual Fuel Stoichiometry Mode

For medium to high loads (10 bar IMEP to full load), optimal mode was
stoichiometry with or without EGR. Three different IMEP have been tested at
stoichiometry: 10, 22 and 26 bar. The operating point at 10 bar IMEP on Figs. 3,
4, 5, and 6 showed that stoichiometry was clearly optimal compared to lean burn
mode. HC emissions were constant between lean burn and stoichiometry meaning
that flame propagation on methane/air premixture was efficient in this range of
equivalence ratios beyond methane lean flammability limit. ISNOx/cISFC trade-
off was optimal as NOx emissions were reduced because of the use of EGR.
Moreover, EGR at stoichiometry could reduce the thermal load on the cylinder
head and at the exhaust by diluting the carburetted premixture. Indeed, the dual
fuel engine was derived from a Diesel baseline engine which materials and cooling
system are not compatible with the high thermal constraint imposed by stoichi-
ometric operation.

The operating point at 22 bar IMEP corresponded to full load target of the
Diesel baseline engine. As neither preignition nor knock were observed for this
load and as in-cylinder maximum pressure limit was not reached, it was decided
to test the maximum engine load achievable while respecting mechanical
engine’s constraints (160 bar maximum in-cylinder pressure and 2.5 bar intake
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boost pressure). As a result, 26 bar IMEP was reached at stoichiometry without
EGR. Once more, neither pre-ignition nor knock were detected for 17:1 com-
pression ratio. In addition, noise combustion remained lower than Diesel fuel
noise target (85 dB). This result could be explained by the ultra low Diesel fuel
mass ratio used for this IMEP (less than 1 %) as maximum in-cylinder gradient
are normally obtained during Diesel fuel premixed combustion. Generally, all the
operating points at stoichiometry had ISNOx emission levels that seemed high
(10–15 g/kWh) but that could be compatible with 3 way catalyst capability for
NOx reduction.

3.2.5 Dual Fuel Stoichiometry Mode: Comparison Between
Diesel Fuel and Dual Fuel Operation

The operating point at 22 bar IMEP corresponding to full load target of the Diesel
baseline engine was also tested in pure Diesel fuel operation and compared to dual
fuel operation (depicted as a triangle on Figs. 3, 4, 5, and 6). The Fig. 10 shows
that Diesel fuel autoignition delay was identical between the two cases. However,
the last combustion phase represented by MFB95-MFB50 duration was signifi-
cantly longer for Diesel fuel operation. This means that Diesel fuel diffusion flame
slowed down at the end of combustion whereas methane flame propagation kept
faster. This item had already been observed during the first experimental approach.

Fuel consumption should have been reduced but it was not the case as com-
bustion efficiency for dual fuel remained lower than the one for Diesel fuel
(98.6 % for dual fuel vs. 99.6 % for Diesel fuel). Indeed, HC and CO emissions
were still high for dual fuel operation at respectively 1.6 and 4.6 g/kWh. These
levels can not be reduced without significantly modifying piston geometry.
However, it seems relevant to remind that at same cISFC, dual fuel operation emits
theoretically 25 % less CO2 than Diesel fuel operation if Diesel fuel mass ratio is
small (less than 1 %).
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4 Conclusions and Perspectives

An investigation of Diesel/methane dual fuel combustion was performed using a
small displacement single cylinder engine (499 cc). Most of the literature is
focusing on heavy duty engines but in this study, it had been demonstrated that
dual fuel operation can be used successfully on passenger car engines. A large
range of IMEP (from 4 bar to 26 bar) had been tested at 2,000 rpm engine speed.
The optimal combustion modes depended on engine load: lean burn with EGR for
low to medium loads and stoichiometry with or without EGR for medium to full
load. Neither PM emissions nor noise level were found critical. Indeed, almost no
smoke was measured with dual fuel combustion. Low Diesel fuel mass ratios have
been used specifically for stoichiometry (less than 1 %) meaning that CO2 savings
are high compared to pure Diesel fuel operation.

The lean burn operation range presented challenges such as the control of NOx
and HC emissions. That is why new trade-offs were considered for engine settings
optimization: NOx vs. HC and NOx vs. fuel consumption. NOx emissions were
limited by the use of moderate levels of EGR rates. HC emissions were reduced by
increasing equivalence ratio with EGR dilution. However, HC levels remained an
issue. Unburned species came from both flame extinction with too lean mixtures
and engine crevices (high height of top-land crown for a Diesel designed piston).
In lean burn mode, combustion phasing was highly sensitive to the Diesel fuel
autoignition delay.

The range of operation at stoichiometry was found really wide from 10 to
26 bar IMEP and showed interesting results in terms of emissions and fuel con-
sumption. The main advantage is that stoichiometry allows simple and cost-
effective aftertreatment using a 3 way catalyst. Full load at 26 bar was possible
without preignition or knock limitations at 17:1 compression ratio with the piston
geometry used in this study. This proves that Diesel/methane dual fuel combustion
is compatible with high performances. Moreover, stoichiometry allowed same fuel
consumption at 22 bar IMEP as Diesel fuel operation even with slight HC and CO
penalties which means that improvement for better ISFC is still possible. This
could be explained by the second half of the combustion that was shorter for dual
fuel than for Diesel fuel operation. Therefore, methane flame propagation remains
faster when Diesel fuel combustion by diffusion slows down dramatically.
In addition, same fuel consumption between dual fuel and Diesel fuel with very
low amounts of Diesel fuel mass ratio (\1 %) meant that the reduction of CO2

emissions could reach around 25 % at full load. This result represents a great
benefit for the upcoming WHTC (World Harmonized Transient Cycle) which
requires higher engine loads compared to the NEDC cycle.

Further research needs to be carried out concerning the problem of high
unburned emissions in lean burn mode by developing new innovative injection
strategies and appropriate piston design. This study has shown interesting results
without major engine modification. However, engine hardware optimization
should be taken into account for the upcoming works such as piston design,
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adaptation of swirl motion level and characteristics of Diesel fuel injector. These
topics are currently addressed at IFP Energies nouvelles and will be described in
upcoming papers. Moreover, other fuel combinations for dual fuel combustion can
have great potential and are largely studied in the literature [10] even for passenger
car or heavy-duty.

Acknowledgments Authors wish to thank Frantz Guerbet for performing the engine tests.
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Sustainable Mobility: Lithium, Rare
Earth Elements, and Electric Vehicles

Timothy J. Wallington, Elisa Alonso, Mark P. Everson,
Frank R. Field, Paul W. Gruber, Gregory A. Keoleian,
Stephen E. Kesler, Randolph E. Kirchain, Pablo A. Medina,
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Abstract Recognition of the importance of climate change and energy security
has led to interest in electrified vehicles. Electrified vehicles contain substantial
amounts of lithium and rare earth elements. There has been concern that the
supplies of lithium may not be sufficient to support the development of a large
scale global fleet of electric vehicles. We conducted a comprehensive analysis of
the global lithium resources and compared it to an assessment of global lithium
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demand from 2010 to 2100 that assumes rapid and widespread adoption of
electrified vehicles. We show that that even with rapid and widespread adoption of
electric vehicles powered by lithium-ion batteries lithium resources are sufficient
to support demand until at least 2100. The future availability of rare earth elements
(REEs) is of concern due to monopolistic supply conditions, environmentally
unsustainable mining practices, and rapid demand growth. We evaluated potential
future demand scenarios for REEs with a focus on the issue of co-mining. In the
absence of efficient reuse and recycling or the development of technologies which
use lower amounts of Dy and Nd, following a path consistent with stabilization of
atmospheric CO2 at 450 ppm may lead to an increase in demand of more than 700
and 2,600 % for Nd and Dy, respectively, over the next 25 years.

Keywords Sustainability � Lithium � Rare earth elements

1 Introduction

Increasing concerns about the environmental impacts and reliability of supply of
fossil fuels are motivating a global drive towards introduction of sustainable
mobility technologies. The availability of materials such as lithium and rare earth
elements required for these new technologies needs to be considered.

The current generation of hybrid electric vehicles (HEVs) such as the Toyota
Prius and Ford Fusion Hybrid are powered by internal combustion engines with
relatively small, nickel-metal hydride (Ni-MH) batteries. Lithium-ion batteries are
used in plug-in hybrids (PHEVs) such as the Chevrolet Volt and the Ford C-Max
Energy and battery-electric vehicles (BEVs) such as the Nissan Leaf and Ford
Focus Electric. Lithium-ion (Li-ion) batteries are lighter, less bulky, more energy
efficient, and are projected to be less expensive than Ni-MH batteries [1]. The use
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of lithium-ion batteries in vehicles is expected to increase substantially and this
raises the question of whether global lithium resources will be sufficient to supply
a large global fleet of electric vehicles.

Rare earth elements (REEs) are critical to clean energy technologies and have
recently received much attention regarding the reliability of their supply. The
International Union of Pure and Applied Chemistry (IUPAC) defines the rare earth
metals as a group of 17 elements consisting of the 15 lanthanides [La, Ce, Pr, Nd,
Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu] plus Sc and Y. Data are mainly
available for only 10 of the 17 elements, and therefore our analysis focuses on
these: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy and Y. REEs are important because they
provide critical functionality in a wide variety of applications and are used in
relatively large amounts in key technologies being developed to provide sustain-
able mobility and energy supply.

The availability of REEs appears to be at risk based on a number of factors, not
least of which is that one country (China) controls approximately 98 % of current
supply (production). Another contributor to supply risk for REEs is the fact that they
are co-mined; individual REEs are not mined separately. REEs are found together in
geological deposits, rendering mining of individual elements economically ineffi-
cient. The supply of any individual REE depends on the geology of the deposits, the
costs of the extraction technology employed, and the price of the basket of rare earths.

In the present chapter we provide an overview of work we have performed to:
(1) compare geological reserves of lithium with estimates for future global
demand, and (2) evaluate future potential demand scenarios for REEs with a focus
on the issue of co-mining. The supporting literature upon which we base our
assumptions and details of the methods used are given elsewhere [1, 2] and not
discussed here.

2 Lithium Resources

There are three types of lithium deposits: brines, pegmatite’s, and sedimentary
rocks. Brines are saline waters with high contents of dissolved salts. They are
found naturally in the pores of rocks where lake or ocean water has undergone
extreme evaporation. The most common such environment for lithium-bearing
brines are playas (salt flats). Lithium is a minor but locally important constituent of
these brines and is thought to have been derived from erosion of rocks surrounding
the playas, and from hot springs that feed water into the playas. The brine is
pumped into shallow evaporation ponds where it is evaporated under controlled
conditions. Brine salt flats containing the highest concentrations of lithium are in
Chile, Argentina, China, and Tibet. Brines in these deposits contain large amounts
of other useful elements, including potassium and boron, which offset some of the
costs of pumping and processing brines.

The average concentration of lithium in major brine resources varies from about
0.14 % at the Salar de Atacama to 0.02 % at Silver Peak, Nevada. The 3,000 km2
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Salar de Atacama, in northern Chile, is the largest producing deposit and the
world’s largest producer of lithium carbonate (Li2CO3), with 40,000 and
25,000 tonnes of Li2CO3 in 2008 from operations owned by Sociedad Quimica y
Minera (SQM) and Rockwood Holdings Inc., respectively. This is more than half
of the world’s total production of 22,800–25,400 tonnes of lithium in 2008. We
estimate that Atacama has an in situ lithium resource of at least 6.3 Mt. Zabuye, in
China, is the next largest producing brine deposit with an estimated lithium
resource of 1.53 Mt and a production capacity of 7,500 tonnes of Li2CO3 (2004).
Bolivia’s Salar de Uyuni contains a possible total resource of 10.2 Mt of lithium,
or 27 % of the world’s in situ lithium resource [1].

Pegmatite deposits are coarse-grained intrusive igneous rocks that formed from
the crystallization of magma at depth in the crust. Pegmatite’s can contain recov-
erable amounts of lithium, tin, tantalum, niobium, beryllium and other elements.
Lithium in pegmatite’s is usually present in the mineral spodumene (LiAlSi2O6). To
produce lithium carbonate from most pegmatite’s, a concentrate containing the
lithium-bearing mineral is obtained from the pegmatite ore, usually by flotation. The
mineral concentrate is then pulverized and leached in hot solutions to release the
lithium into solution, from which it is usually precipitated as lithium carbonate. The
grinding, heating and dissolution steps in this process are expensive and are the
reason that many pegmatite’s are at a disadvantage compared to brines. Lithium is
currently being extracted from at least 13 pegmatite deposits, and more deposits are
under development. The largest producing spodumene pegmatite operation, in
Greenbushes, Australia, has an estimated resource of 560,000 tonnes of lithium in
ore with an average concentration of about 1.6 % lithium.

Lithium is also found in several different sedimentary rocks, including clay and
lacustrine evaporites. In the clay deposits, lithium is a constituent of clay minerals
such as smectite, from which it must be separated by processing. Hectorite
[(Mg,Li)3Si4O10(OH)2] is a type of smectite that is rich in magnesium and lithium.
The best known hectorite deposit, containing 0.7 % lithium, is in Hector, California.

We estimated lithium resources from brine deposits using the relation:
Lithium resource ¼ A � T� P � D � C, where A = area of aquifer,
T = thickness of aquifer, P = porosity of aquifer, D = density of brine, and C =
concentration of Li in brine. Lithium resources from rock and mineral deposits
were estimated using the relation: Lithium resource ¼ T � C; where T = tonnes
of ore and C = concentration of Li in ore. We estimated that the total lithium

Table 1 World lithium resource, top 15 deposits [1]

Deposit Country Type Resource (Mt Li) Avg. concentration (% Li)

Uyuni Bolivia Brine 10.2 0.05
Atacama Chile Brine 6.3 0.14
Kings mountain belt USA Pegmatite 5.5 0.68
Qaidam China Brine 2.0 0.03
Kings valley, NV USA Sedimentary rock 2.0 0.27
Zabuye China Brine 1.5 0.07
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resource in all of the 103 deposits studied as part of this work is at least 38.3 Mt
[1]. The top 6 lithium resources globally [1] are listed in Table 1.

3 Lithium Demand

The lithium demand for vehicle batteries was estimated in four steps. First,
we conducted a linear regression analysis using light-duty global vehicle pro-
duction for the period 1995–2008 from the Ward’s 2009 Automotive Yearbook
and global GDP data; a 97 % linear correlation was found. Second, vehicle
manufacturing was estimated for 2010–2100 using two GDP growth scenarios (2
and 3 %). In the 3 % GDP growth scenario the annual production of light-duty
vehicles increases to approximately 630 million units in 2100. This equates to the
production of 42 new vehicles per-thousand-persons per year in 2100; comparable
to the current level in the US and probably an upper limit for future global
production. Third, we used Credit Suisse’s projection of electric vehicle pene-
tration from 2010 to 2030. Beyond 2030 we assumed that year-over-year electric
vehicle growth remained constant in the 2 % GDP scenario and increased 0.5 %
every 10 years in the 3 % GDP scenario. The projected global annual light-duty
vehicle production is shown in Fig. 1. These growth projections result in 100 %
EV penetration in 2083 and 2087, for 2 and 3 % GDP scenarios respectively.
Fourth, battery life, vehicle life, and battery recycling were accounted for and the
accumulated lithium use was estimated.

To calculate the number of batteries needed we assumed that all vehicle batteries
have 10 years of useful life. The amount of lithium required per battery was calcu-
lated according to the electric range of each type of vehicle. We assumed HEVs have
2 km of electric range; PHEVs, 65 km; and BEVs, 200 km. We assumed that electric
vehicles consume approximately 0.17 kWh/km and we considered a ± 20 % range
around this value. Recognizing the need to avoid deep discharge and seeking to be
conservative in our estimations, we added a 100 % buffer for HEV and 50 % buffer
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for PHEV and BEV batteries to provide adequate cycle life [1]. Lithium-ion batteries
have approximately 0.114 kg Li per kWh (average for LiCoO2, LiNiO2, and
LiMn2O4 cathode materials) so the lithium content of batteries in HEVs, PHEVs, and
BEVs would be 0.062–0.093, 1.51–2.27, and 4.65–6.98 kg.

To account for future improvements in vehicle efficiency (e.g., weight reduc-
tion, aerodynamic and rolling resistance improvements) we assumed the per
vehicle per km vehicle energy demand will decrease by a factor of two by 2100.
Hence, by 2100, HEVs, PHEVs, and BEVs would contain between 0.031–0.046,
0.76–1.13, and 2.33–3.49 kg of lithium, respectively. Seeking to calculate maxi-
mum expected lithium demand, we used the upper bound of these ranges (i.e.,
0.046, 1.13, and 3.49 kg) in our calculations.

Recycling of lithium from Li-ion batteries may be a critical factor in balancing
the supply of lithium with future demand. The US EPA has reported that ‘‘nearly
90 % of all lead-acid batteries are recycled’’ and with regard to lead-acid batteries,
the International Lead Association has stated that ‘‘some countries boast 100 %
recycling and most others share the possibility of 100 % recyclability’’ [1]. We
calculated total lithium demand and recycling volumes assuming two recycling
participation rates (90 and 100 %) with 90 % recovery of lithium during the
recycling process. The results are shown in Table 2.

An upper limit for total lithium demand for vehicle use over the period 2010–
2100 of 10.5 Mt can be taken from the 3 % GDP growth case with 90 % recycling
participation. This value can be combined with estimates of lithium use of 3.6 Mt
in portable batteries and 3.2 Mt in non-battery uses globally through 2100 [1] to
provide a total upper limit estimate of approximately 17.3 Mt. This is substantially
lower than the estimate of the total global resources of 38.3 Mt [1] and we con-
clude that lithium availability is unlikely to constrain the electrification of the
automobile industry over this century.

Table 2 2010–2100 maximum expected lithium demand (in Mt, 1 Mt = one million tonnes) for
electric vehicle batteries for 2 and 3 % GDP growth scenarios and recycling participation at 90
and 100 %

Recycling = 90 (%) Recycling = 100 (%)

HEV PHEV BEV Total HEV PHEV BEV Total

2 % Demanded 0.20 3.18 10.51 13.88 0.20 3.18 10.51 13.88
Recycled 0.12 1.85 6.60 8.57 0.13 2.05 7.33 9.52
Mined 0.08 1.33 3.92 5.32 0.06 1.12 3.18 4.37

3 % Demanded 0.32 5.43 17.07 22.82 0.32 5.43 17.07 22.82
Recycled 0.17 2.73 9.38 12.28 0.19 3.04 10.42 13.65
Mined 0.15 2.70 7.69 10.54 0.13 2.40 6.65 9.18

A recovery efficiency of 90 % during the recycling process was assumed. Values differ slightly
from those published previously [1] reflecting small rounding errors in the previous work
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4 Rare Earth Element Demand

As with estimating future lithium demand, assessing the future global demand of
rare earth elements is inherently challenging given the evolution of the underlying
technological and contextual conditions. We applied two methods to project
potential future demand for rare earth elements over the next 25 years [2]. The first
method, evolutionary demand growth, projects commodity demand based on
historic patterns of commodity use. The second method, revolutionary technology
demand growth, projects demand for products within a specific market sector then
maps that to commodity demand based on expected commodity use per product
within that sector. For each of these methods, multiple approaches were taken to
identify a range of scenarios for future rates of rare earth element demand. The
different scenario assumptions examined are given in Table 3.

For Scenarios A, B, C, the demand for REEs in industry k in year T is calcu-
lated as:

Dk;t¼T ;historical=expert ¼ exp yT � y0ð Þ � ln 1þ gk;historical=expert

� �
þ ln Dk;t¼0

� �� �
where y = year and gk is the annual growth rate for industry k. Scenarios A and B
use historical trends as a predictor of future trends in RE markets and may be
described as estimates for evolutionary demand growth. For Scenario C, the
contribution of new technologies to growth projections is not explicitly given;
rather, it is implicit in the projection which is based on expert input. We assume
that industry experts consulted to define gk for Scenario C have, to some degree,
considered the evolution of individual market sectors and the technologies used by
those sectors including revolutionary sectors like those explored explicitly herein.
We characterize Scenario C as a form of a revolutionary demand growth based

Table 3 Future REE demand projection scenarios [2]

Demand scenarios Assumptions

A Aggregated evolutionary demand: overall
historical production (supply) rate of growth
projected into future

All RE production markets experience uniform
demand growth at historical rates

B Disaggregated evolutionary demand: individual
demand industry sector-level historical
growth rates projected into the future

Each RE consumption market experiences
demand growth at its historical rate

C Implicit revolutionary demand: market reported
expectations for industry sector-level growth
rates are projected into the future

Each RE consumption markets grows at rates
predicted by industry experts

D Aggressive revolutionary demand: growth rate
scenario B is supplemented with IEA blue
map scenario for wind and automotive
electrification

Aggressive automotive electrification, all wind
uses permanent magnets, other RE market
demand grows at historical rates

E Moderate revolutionary demand: growth rate
scenario B supplemented with 2–3 % GDP
growth automotive electrification scenario

Moderate automotive electrification, wind does
not use permanent magnets, other RE market
demand grows at historical rates
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projection. In Scenarios D and E revolutionary demand was limited to two widely
discussed REE applications: automotive and renewable wind electricity genera-
tion. Other emerging clean energy applications that rely on REEs such as high
efficiency lighting, solid oxide fuel cell systems, maglev trains and electric
scooters could also be considered in an analogous manner, but were outside the
scope of this study, in part due to lack of data.

The International Energy Agency’s Blue Map/450 Greenhouse Gas (GHG)
scenario was used to evaluate aggressive RE requirements for future vehicle sales
and wind energy. This scenario sets out an energy pathway consistent with the goal
of limiting increase in average global temperature to 2 �C. In the Blue Map
scenario 80 % of new vehicles are electrified (i.e., including hybrid electric
vehicles (HEV), plug-in hybrids (PHEV) and battery electric vehicles (BEV)) by
2035. In the Blue Map scenario, the wind turbine capacity additions are provided
over 5 year periods; we assumed that installation occurs at a constant annual rate.

Scenario E used the vehicle production values shown in Fig. 1 to evaluate
moderate revolutionary REE requirements for electric vehicles. These scenarios
assume electrified vehicles increase from 6 % of total vehicle sales in 2015, to
27–35 % in 2035, and 35–48 % in 2050.

REE demand by new technology, n, was calculated as:

Demand for REE ¼ DREE ¼
X

n

X
j

Nnj

where the nth technology is either one of the different auto technologies (gasoline,
diesel, BEV, HEV…) or wind and Nnj = jth is the unit content of REEs per new car
sold or wind turbine built in kilograms. The RE content per vehicle or wind turbine
were assumed to be static. This is clearly a simplification. While it is expected that
future technologies will likely improve their REE content performance, it is also
expected that the number of applications that require RE will also increase.

The REE content of a wind turbine using a synchronous motor with a perma-
nent magnet has been reported to be 600 kg per average 3.5 MW turbine [2].
Based on this figure, we assume an average of 171 kg of REEs per MW of built
wind capacity. The portfolio of REEs in the wind turbine was assumed to follow
the average magnet REE portfolio. It has been reported that wind energy capacity
can also be built without permanent magnet technology, if it is too costly. The use
of REEs for wind turbines could therefore also be reduced or zero. In designing the
Scenario E as a moderate scenario, it was assumed that wind energy would use
non-permanent magnet technology.

Our recent estimate of RE content in representative sedan vehicles with dif-
ferent electrification technologies [2] was used in addition to the US Department of
Energy estimates for the RE content of nickel metal hydride (NiMH) batteries.
NiMH batteries were assumed for HEVs up to 2020 and all other electric vehicles
were assumed to contain lithium batteries (HEVs after 2020, all BEVs, PHEVs).
For Scenarios D and E, total projected demand was calculated as a sum of revo-
lutionary and evolutionary demand. The annual growth rates used for Scenarios A,
B and C are presented in Table 4.
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In Scenario A, all industries would maintain the same market share over time
while growing at the rate of 3.7 %/year. In Scenario B, demand for REE grows at
an overall rate of 5.3 % between 2010 and 2035, which corresponds to an
approximate doubling of demand between 2010 and 2025 (see Fig. 2). The
modelled market shares of magnets and polishing compounds grow most, while
those of automotive catalysts, petroleum catalysts and glass additives shrink.

5 Rare Earth Availability

To evaluate the implications of the projected demand growth for the REE market,
we compared our projected demand with data on REE supply [2]. REE primary
production for 2010 was approximately 107,000 tonnes of RE metals. The
expected supply in 2015 from current mines and mines that are already being

Table 4 Estimated industry-level growth rates (per annum) of key RE demand categories

Growth rates (%) Magnets Metal
alloys

Catalysts Polishing Glass Phosphors Ceramics

Scenario A: Historical
overall growth for
2006–2010

3.7

Scenario B: Historical by
industry for 2006–010
kings north 2010)

6.1 6.7 3.3 7.9 -4.1 0 6.2

Scenario C: Projections
used for 2010–2015

12.5 10 4 8.5 0 8 7

Scenario C: Projections
used for 2015–2035

12.5 6 4 10 0 4.5 6
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developed is 157,000 tonnes rare earth metals, an average annual increase of
8.1 %. The portfolio of REEs mined is not expected to change significantly in the
next 5 years, with Ce and La accounting for over 55 % of supply for all mines.

The USGS estimates REO total reserves are approximately 110 million tonnes.
It has been reported that large amounts of RE are present in deep ocean sediments,
however, the commercial feasibility of exploiting such deposits is unclear. While
50 % of RE reserves are concentrated in China, significant quantities are also
found in the US and the Commonwealth of Independent States (former Soviet bloc
countries). The static depletion index of REO (reserves/present production) is
approximately 870 years. The known reserves for RE are therefore not expected to
be constraining in the next 25 years. Moreover, at present, although RE recycling
is limited to new scrap, this would be expected to change as prices rise and as
applications that use concentrated amounts of RE grow in importance. Any
increase in recycling would further increase the REE depletion index.

Belying their name, rare earth elements are not rare. The key concern with RE
availability is not their geophysical abundance, but rather whether the RE supply
base can expand at a sufficient pace to meet future demand particularly for
individual RE metals. In particular, we wish to identify (a) the conditions where
REEs may experience unprecedented demand growth, and (b) the implications of
co-mining on RE availability under rapid demand growth in specific industries.

6 Historical Production

Global total REE production has averaged 6.5 % annual growth, but ranged
between 21 and 34 % annual growth since 1970. The overall long term annual
growth rate (curve fit) was 5.4 %. These rates are indicative of the strong growth in
applications for REEs over the past 40 years and of the large historical fluctuations
experienced in the REE market as this growth has occurred. While no guarantee
can be made that future rare earth supply can grow at these historical rates, it is an
indicator that growth at these rates would not be unprecedented.

Scenario D would require relatively rapid growth in total rare earth supply,
5.9 %/year, yet this rate is within 1 % of the historical overall production growth
rate. Until lithium-ion batteries replace NiMH batteries in HEVs, rapid adoption of
HEVs results in fast demand growth for REEs. In particular, in Scenario D, REE
markets experience high growth rates relative to historical levels (8 %/year
between 2010 and 2020) followed by a significant slowdown in demand (2.4 %/
year between 2020 and 2025). Such changes may be accompanied by volatile
prices. Satisfying the demand projected by Scenario C would require 8.6 %/year
supply growth over the next 25 years, which is very challenging. While market
dynamics are expected to play a role in all scenarios, Scenario C is most likely to
lead to increased pressure on primary supply and, therefore, increased prices. The
growth rates for Scenario E result in a lower REE demand in 2035 than Scenario B
because some of the recent historical growth in rare earth demand may be
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attributed to the NiMH batteries in HEV. As projected, these batteries become
substituted with lithium-ion technology and future RE demand growth is expected
to slow correspondingly.

7 Limitations of Co-Mining

Even in the most aggressive growth scenarios, total RE demand growth is pro-
jected to exceed historic norms by no more than 3 %/year. However, closer
examination of the results reveals significant deviation from historic norms for
individual elements. REEs are co-mined and are produced in a portfolio that is
determined based on the geology of RE reserves and the economics of recovery
and separation technologies. When examining the future of REs, concern arises
from emerging dislocations in relative demand among specific elements particu-
larly from the imbalance between demand and supply for Dy and Nd. Vehicles and
wind turbines rely very heavily on Dy, Pr and Nd. Presently exploited ores are over
70 % Ce, La and Nd.

To quantify this potential for supply constraint, we compared demand for each
element in the different scenarios and divided by supply for that element (see
Table 5). The percentages shown in Table 5 represent calculated demand in year
T compared to current (2010) or projected (2015) supply in a base (comparison)
year for the jth REE, calculated as:

Ratio for jth element = Rj;T :base ¼
Dj;y¼T

Sj;y¼base
x 100%

In the second column of Table 5, we verify our assumptions by comparing the
2010 demand estimate with the reported 2010 supply. The fact that our demand
estimates for the individual elements are generally within 20 % of the reported

Table 5 Ratio of demand to supply for scenarios A–E

REE T = 2010, base year= 2010 T = 2035, base year = 2010 T = 2015, base year = 2015

(%) D (%) A (%) B (%) C (%) D (%) E (%)

Ce 99 327 75 77 83 91 81
Dy 92 2630 99 111 148 332 175
Eu 95 78 86 68 97 68 68
Gd 90 145 87 71 107 83 71
La 81 249 66 68 75 82 71
Nd 106 724 87 97 124 156 105
Pr 140 669 114 128 160 170 128
Sm 99 47 83 62 92 61 61
Tb 167 249 133 116 157 125 116
Y 115 267 124 116 139 116 116
Total 98 402 80 82 96 106 87

Sustainable Mobility: Lithium, Rare Earth Elements 165



supply in 2010 provides confidence in the methods used. The larger discrepancies
(e.g., for Pr and Tb) presumably reflect either the impact of stockpiling, or
uncertainties in the literature data used in our analysis, or both.

The applications that will be most negatively affected by constraints in these
REEs (i.e. increased costs) will be those dependent upon high power magnets, such
as electrified vehicles and wind turbines. Applications such as petroleum refining,
which depend on elements whose supply is projected to exceed demand, may be
positively affected if primary producers increase overall production to meet the
higher demand for specific elements. If a secondary market emerges to meet the
higher demand for specific elements (i.e. recycling of magnets, but not catalysts),
then, given that the portfolio of recycled REEs would be significantly different
from the portfolio of primary supply, the overall supply portfolio of REEs could
change significantly.

8 Conclusions

Increased electrification of the global vehicle fleet will lead to increased use of
lithium and rare earth elements. We estimate the global lithium resource to be
38.3 Mt while the largest demand scenario we considered would consume
approximately 17.3 Mt over the period 2010–2100. We conclude that lithium
availability is unlikely to constrain the electrification of the automobile industry
this century. In all scenarios of rare earth element demand that we considered, the
total rare earth element demand in 2015 was within 20 % of the projected total
supply. However, for some specific elements (especially Dy, Nd, and Pr) the rate
of demand growth in some scenarios is challenging. In scenario D the demands for
Dy and Nd exceed the projected supply by factors of approximately 3 and 2,
respectively. As demand for Dy and Nd increases disproportionately relative to
demands for other REE the prices of individual REE will change encouraging
decreased use of Dy and Nd. This could be achieved by reduced use (e.g.,
materials substitution or increased efficiency), reuse, and recycling.
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Controller Design and Emission
Improvement for Lean-Burn CNG Engine
Based on UEGO Controller

Xiaojian Mao, Junhua Song, Du Wang, Junxi Wang, Hangbo Tang
and Bin Zhuo

Abstract The configuration and driving principle of Universal Exhaust Gas
Oxygen sensor (UEGO) was introduced. Based on the technology of Electronic
Pressure Regulator, the system structure of Compressed Natural Gas (CNG)
Engine is built. Based on the chip MPC 561 and integrate chip CJ125, the UEGO
controller which include hardware design of UEGO driver and software design of
Air-fuel ratio closed loop are designed. Based model and PID controller, the
control strategy of Air-fuel ratio closed loop is discussed. Bench tests show that
the operating temperature of UEGO is stable and the response of UEGO driver
circuit is rapid and accurate, and error of steady-state is small. This system will
reduce the CNG engine’s fuel consumption and emission. Based of the UEGO
control system, the intelligent control of engine’s intake rate of air and emission
could be achieved.
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1 Introduction

In order to save energy and protect environment, more and more strictly emission
standards have been established and implemented. Therefore, energy conservation
and emission control technology has become two important concerns in engine
field, and the whole world is actively developing new energy resource and alter-
native fuels. Natural gas is considered to be one of the most promising alternative
fuels, because that the storage of natural gas is rich, the main content of natural gas
is CH4, which has high octane number, and the ability of antiknock is better.
Moreover, mixer of natural gas and air is uniform. So engine power and thermal
efficiency of natural gas engine are improved.

The operation of lean-burn natural gas engines can be optimized in terms of
reducing engine-out emissions while maximizing efficiency through the imple-
mentation of a closed-loop fueling control system. Lean burn engines operate at an
excess air/fuel ratio and, without an exhaust catalyst, are able to produce lower
engine-out emissions than stoichiometric natural gas engine. A lean burn engine is
designed to operate at high intake manifold pressure with an excess air ratio
greater than 1. Consequently, combustion efficiency can be improved through
reduced pumping losses and enhanced thermodynamic efficiency. Moreover, the
leaner mixture slows down the burn, as well as decreases in-cylinder pressure and
temperature, which decreases the possibility of the auto ignition of end gas and
will results in lower chance of knocking and lower NOx emissions [1]. However,
with poor combustion quality, as in the case of partial burning and misfire, engine
efficiency drops, and HC and CO emissions increase. So air-fuel ratio (AFR)
should follow accurately the given set point, for avoiding mixtures leaner than the
lean limit.

Exhaust oxygen gas sensor is one important part of electronic control system,
which monitors the oxygen content of exhaust. Electric signal translated from
exhaust oxygen content, was sent to ECU, which amends the actual AFR and
reduces the emission [2]. Compared with the stoichiometric engine, the lean burn
engine requires a special wide range or universal exhaust gas oxygen (UGEO)
sensor and control algorithm to compensate for fuel composition variations. To
improve the fuel economy and emission, the hardware and software design of
UEGO controller should be optimized.

In this paper, a control system of CNG engine was design based on the tech-
nology of electronic pressure regulator. The technologies of lean burn and tur-
bocharged are adopted which improve the fuel economy, power performance and
emission performance of the CNG engine. The objective of the research reported
in this paper is to develop a UEGO controller for lean burn natural gas engines.
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2 UEGO System

Based on working principle, exhaust gas oxygen sensor can be divided into two
types: equivalent EGO and lean burn EGO. The equivalent EGO is ON/OFF type,
which was applied in system of three-way catalytic converter. The other type
sensor is named wide-band oxygen sensor, or universal exhaust gas oxygen sensor
(UEGO).The output signal of pump current exhaust oxygen sensor is linear, so the
senor could monitor the oxygen content of exhaust continuously, and could be
used in lean burn engine.

As shown in Fig. 1, this UEGO sensor consists of Nernst cell, pump cell and
heater. Air and exhaust are located on both sides of pump diagram. Exhaust could
reach the gap of Nernst cell and pump cell through the diffusion gas. The oxygen
differential generates a certain pump current. The pump current characteristic is
monotonic with positive currents in lean exhaust gases, negative in rich exhaust
gases and zero at k ¼ 1. The Nernst cell compares the oxygen content between
exhaust and reference cell, and generates a voltage to ECU. The voltage differ-
ential is 450 mV when k ¼ 1.The pumping current characteristic is closed loop
controlled by ECU comparing the actual Nernst cell voltage with a reference
voltage of 450 mV [3, 4].

LSU 4.9 of BOSCH is applied in CNG engine system, the relation curve of
pump current (Ip) and excess air ratio (k or lambda) was shown in Fig. 2 [5].
Figure 3 shows the schematic sensing mechanism. An external DC field was
applied against O2 concentration gradient during the sensor operation. In the fuel
lean region, O2 was pumped to the air reference side because the O2 concentration
gradient was small compared to the electric field. The O2 pumping current
increased at the leaner condition because O2 could diffuse toward electrode. In
contrast, in the fuel rich region, the electromotive force from O2 concentration
gradient is larger than the applied voltage. Therefore, O2 will be pumped from the
air to the exhaust side. In this case, the richer condition will pump more O2 into the
exhaust side because a larger concentration gradient will be established between

1-Nernst cell 2-Reference cell 3-heater
4-Diffustion gap 5-Pump cell 6-exhaust pipe

Fig. 1 The structure of
UEGO
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the two electrodes [6]. Therefore, the current signal can be obtained, which is
proportional to the degree of fuel rich and fuel lean.

The catalytic effect of the Pt electrode in this sensor is smaller than in a
conventional k sensor because the sensor was fabricated by confirming the lami-
nate of the ceramic green sheets at the elevated temperature (1,500 �C). Therefore,
it is needed to be operated at a relatively high temperature (600–800 �C).

3 Controller Design

3.1 Hardware Design of UEGO Driver

Driver circuit of UEGO includes sensor and a control circuit which contains
heating circuit, drive circuit and monitoring circuit of pump current. The heating
circuit ensures the sensor remain a proper temperature and makes it enter 780 �C
quickly. Heating circuit includes a temperature monitoring circuit, which monitors
the temperature of sensor and takes the actual value of temperature to the sensor’s
temperature closed loop control. Pump current drive circuit controls the pump
current. Based on the offset between 450 mV and the voltage difference, the AFR
is closed loop controlled. Pump current monitoring circuit amplifies the current
signal and send it to ECU, and the pump current is one important element for AFR
closed loop control.

The control circuit can be designed based on discrete circuit or integrated
chips. In this research, the UEGO driver circuit was shown in Fig. 4, based on the
integrated chips CJ125 [7], which was developed by BOSCH semiconductor
for driving the UEGO. With the integrated chip, circuit design can be simplified,
reliability can be improved. The UEGO control system was designed based on a
32-bit microcontroller MPC561 [8], which integrates many intelligent modules,
such as three TouCAN modules which conforms to CAN 2.0B, 32 ports queued
A/D module QADC, and three timing processing unit (TPU) modules. With this
microcontroller, large of periphery circuit can be saved, and the develop period
can be reduced.

lambda
Ip

 (
m

A
)

Fig. 2 The relation curve
between Ip and lamda
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3.2 Software Design of AFR Closed Loop

In order to control the AFR precisely of lean burn CNG engine, AFR’s voltage
sampled by UEGO, and was translated to actual AFR. EPR amends the fuel
according to the actual AFR. Figure 5 shows the process of AFR closed loop
control. In which, V is the output voltage of UEGO driver chip and k is access air
ratio. A diagram of the AFR control principle is shown in Fig. 6. There are two
nested closed loop control in A/F ratio closed control. The internal loop is fuel
supply closed loop control, in which EPR adjusts the actual delta pressure to match
its target value. The outside loop is A/F ratio closed loop controller, which control
actual fuel to match its demand. Simplified PID model of A/F control is shown in
Fig. 7. PID control and model-based are integrated in the design of A/F closed
control model, which was applied in the CNG engine control system and reached a
good performance.

The control cycle is discrete (control cycle is a function of engine speed) for the
whole CNG control system, and there is one best control parameter (Kp, Ki, Kd)
for A/F closed loop control in every control cycle. In order to improve the dynamic
performance of A/F control system and to avoid larger overshoot, the variable

(a) (b) fuel lean region                 fuel rich region

Fig. 3 Sensing mechanism
of UEGO with simple gas
diffusion barrier
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parameters were adopted in PID control. The functions of engine speed are
selected, and the control parameters can be calibration through calibration tool,
which make the stable A/F closed loop can be realized.
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3.3 Closed Loop Control of UEGO Heating

The diffusion velocity of O2 is affected by the temperature change of the UEGO
sensor when the exhaust accesses the Nernst room. And the pump current is
affected. So the sampling and monitoring of temperature for UEGO are very
essential. The internal resistance of UEGO is changed with the temperature of the
sensor, so the temperature can be monitoring through monitoring the value of
internal resistance. The UEGO has very high impedance when at low temperature,
and the internal resistance is 80–100 ohm when it is at normal work condition.

In order to avoid the thermal stress too large when heating is quick, the initial
heating current could be not too big. And the stage was named cold preheating.
After reaching the target temperature, closed loop control be carried out based on
PID model. The choice of heating controller is based on the actual temperature of
UEGO. The principle of heating closed loop is shown in Fig. 8.

4 Experimental Setup

The specifications of the experimental engine are listed in Table 1. Figure 9 shows
the experimental setup consisting of several main subsystems, namely the CNG
engine system, an electronic control system and the calibration tools, the Lambda
meter and the exhaust analyzers, and a PC system equipped with calibration tools
and monitoring system. The CNG engine includes a CNG bottle, electric pressure
regulator, turbocharger, intercooler, electronic throttle body (ETB) and gas mixer.
In this study, the technology of electronic pressure regulator (EPR) was adopted.
The fuel controlled device is EPR, which is driven by a microprocessor control
unit. EPR reduces the pressure of the natural gas from above 690 Kpa to the
normal system pressure [9]. EPR controls the gaseous pressure to mixer through an
internal pressure sensor which measures the delta pressure of fuel out of EPR and
intake into mixer (shown in Fig. 10). EPR receives a command of delta pressure
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Fig. 8 The principle of UEGO heating closed loop
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form ECU through CAN communication, and then it drives an internal diaphragm
to adjust the fuel pressure. For one thing, EPR controls the actual delta pressure to
match its command. For another thing, EPR feedbacks the actual delta pressure to
ECU. The principle of EPR technology is similar to single injection. Gas mixture
enter cylinder through inlet manifold, which makes gas mixture enter cylinders
continuously and uniformly. Therefore, response performance is approved and
homogeneity of each cylinder fuel can be guaranteed.

AFR closed loop was controlled by UEGO, which is stalled in the exhaust pipe
to monitor the fuel supply accuracy of the engine control system. Oxygen content
of exhaust was monitored by UEGO, which has a more precise manner than ON/
OFF exhaust gas oxygen sensor. With the feedback signals of UEGO, fuel supply
was adjusted using the closed loop control to meet fuel economy and power targets
and emissions regulations.

AFR affects the emission of CNG engine directly. The emissions of HC, NOx

and CO under different excess air ratio were shown in Fig. 11. With the increase of
excess air ratio, the NOx decreases, and HC and CO increase, and HC, CO can be
maintained at low levels, with the oxidation catalytic converter is installed in the
exhaust pipe. Therefore, the increase of excess air ratio is beneficial to decreasing
emissions [10].

5 Results and Discussion

5.1 The Control Result of UEGO’s Temperature

The temperature of UEGO should be controlled in a stable value for sampling
precise data. Figure 12 shows the closed loop performance of temperature control,
which make UEGO to keep the desired temperature of 780 �C.

Table 1 Specifications of the experimental engine

Parameter Definition

Engine type In-line six cylinders, spark ignition
Aspiration Turbocharger
Intercooler Air-to-water
Fuel type Compressed natural gas
Bore 9 stroke 112 9 132 mm
Compression ratio 11
Displacement 7.8 L
Rated power/speed 191 kW/2300r/min
Maximum torque/speed 980 Nm/1400r/min

174 X. Mao et al.



CNG 
Bottles

Fuel Lockoff Electronic Pressure 
Regulator

Tubrocharger

Coil On Plug

UEGO

Wastegate

Intake Air

Exhaust

Intercooler

ETB

MAP/MAT 
Sensor

Knock Sensor

Camshaft 
Position 
Sensor

Calibration 
Tools

ECU

Exhaust 
Analyzers

Lmabda
Meter

TIP Sensor

FT 
Sensor

C
A

N
B

us

Fig. 9 The structure of CNG control system and its experimental setup

Engine

EPR
Natural gas

mixer

Natural gas supply pipe
air

mixture

air pressure test pipe

Fig. 10 The control
principle of EPR

Fig. 11 The effects of excess
air ratio on emissions

Controller Design and Emission Improvement 175



5.2 The Dynamic Control Performance of AFR

The desired excess air ratio of lean-burn CNG engine varies with operating con-
dition. UEGO controller and model-based PID control for AFR control are tested
in CNG engine bench. AFR closed loop control performances is showed in
Figs. 13 and 14. Figure 13 shows the dynamic performance of AFR control, the
overshot is little and the match performance is well.

The AFR control performance of speed changed sudden is showed in Fig. 14.
AFR closed loop control is disabled when fuel is shut off under emergency decel-
eration. And the closed loop is enabled, when the engine enters idle state again. The
bench tests verified the model of AFR closed loop, which is reliable and efficient.

Fig. 12 The performance of UEGO’s temperature control in CNG bench test

Fig. 13 The AFR closed loop performance of test bench
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5.3 The Emission Performance of Lean-Burn CNG
Engine Based on UEGO Controller

The emissions of CNG engine when engine is running at external characteristic for
bench test is showed in Fig. 15. With the UEGO controller, the emissions of NOx,
HC and CO can be controlled within low levels. For natural gas engine, The

Fig. 14 AFR closed loop
performance under
emergency deceleration

Fig. 15 Emissions of CNG
engine in the bench test

Fig. 16 The emission
comparison between test
result and State-IV emission
standard
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European Transient Cycle (ETC) test should be used to test the control effect of
transient condition. Emissions performance of CNG engine can meet State-IV
emission standard in china, which is showed in Fig. 16.

6 Conclusions

In this research, the UEGO controller is built for improving the accuracy of AFR
closed control of CNG engine. The main conclusions can be summarized as follows:

(1) Based on the 32-bit microcontroller and the integrated chip CJ125, the UEGO
drive circuit and heater circuit were designed. The reliability of system can be
improved with the methods of integrated chips.

(2) The principle of AFR closed loop was analyzed. Based on model and PID
controller, the model of AFR closed loop and temperature closed loop can be
reached.

(3) The control system of UEGO has been applied in CNG engine. The AFR
closed loop tests have been verified in bench test. Theses tests show that the
response of UEGO control system is rapid, accurate and steady state error is
small.

(4) When the UEGO controller is used, the emissions performance of CNG engine
can reach the Stage-IV emission standard in China.
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Biogas as a Fuel for City Buses

Jerzy Merkisz and Wojciech Gis

Abstract Research and/or Engineering Questions/Objective: The road transport in
Europe almost fully depends on fossil fuel. Diversification of the road transport fuels
will be a key attribute for road transport in the coming years. Biogas is one of
alternative renewable fuels. Actually in Poland biogas is used for generating elec-
tricity and heat. In some countries (for example in Sweden), upgraded biogas to
natural gas quality (biomethane) is used as a vehicle fuel too. In this chapter esti-
mated biogas production potential in Baltic See Region countries: Germany, Poland
and Sweden. It is one of the purposes of European Project Baltic Biogas Bus, realized
presently. Methodology: Authors of the paper discussed ecological results of biogas
(biomethane) application for fuelling city buses. Comparative studies of exhaust
emissions from city buses powered by diesel and CNG engine were carried out. The
study was conducted under real traffic conditions in southern Polish city Rzeszow.
Due to the lack in-service city buses with emission level Euro V in Rzeszow, com-
parative studies of this type of city buses powered by diesel and CNG engine was
conducted in SORT I test. Determined mean values of road emissions in g/km for the
city buses operated in Rzeszow. Estimated value of the total road emissions in the
case that would be replaced half the fleet of city buses (40 CNG buses and about 35 %
of the diesel engine powered buses, meet Euro III emission standard) by the CNG-
powered (biomethane) city buses, complying with Euro V (EEV) emission standard.
Results: It was found, inter alia, that the above-mentioned exchange half the fleet of
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city buses in Rzeszow for CNG-powered buses that meet Euro V (EEV) emission
standard, reduced by about 10 %, first of all, the total CO2 emissions. The reason is to
use during test SORT I the bus with engine of small displacement (downsizing). Also
significantly reduced the total emission of CO and NOx (54 %) and (44 %), while
THC emissions increased (70 %). Road PM emission is, as is the case in vehicles
powered by CNG (biomethane), very small. The use of biomethane instead of CNG,
as a fully renewable energy source, will reduce CO2 emissions compared to diesel
fuel supply very significantly, taking into account the emission from the well to the
wheel. The paper presents the estimated potential of biogas in Baltic See Region
countries: Germany, Poland and Sweden, too. Limitations of this study: A limitation
of the study was, inter alia, lack possibilities of research in real traffic conditions in
Rzeszow, exhaust pollutant emissions from city buses with the Euro V level of
emissions. These buses are not operated here. The lack Portable Particulate Mea-
surement Device (PPMD) also prevented a more accurate measurement of particu-
late emissions during tests city buses in Rzeszow. What does the paper offer that is
new in the field in comparison to other works of the author: Comparative works
discussed in this chapter as well as estimates of biogas potential production in above-
mentioned the Baltic Sea Region countries, the authors earlier have not conducted.
Conclusion: The new transport White Paper recommends an ambitions target of
60 % reduction of greenhouse gas emissions from transport up to 2050 in comparison
to 1990. In this publication is forecasted that biomethane will be alternative road
transport fuel for passenger/light duty cars, heavy duty (city) vehicles and heavy duty
(long distance) vehicles in short term period (2020), mid term period (2030) and long
term period (2050—only for passenger/light duty cars and heavy duty (city) vehi-
cles). Prospect of application of biogas (biomethane) as a city fuel buses is
significant.

Keywords Alternative fuels � Biogas � Biomethane � City bus transport � Ecology

1 Introduction

According to Directive 2003/30/EC [1] of the European Parliament and of the
Council biogas is ‘‘a fuel gas produced from biomass and/or from the biode-
gradable fraction of waste, that can be purified to natural gas quality, to be used as
biofuel, or wood gas’’.

Feedstock for biogas production is mostly derived from agricultural, municipal
and industry wastes. Biogas can be produced by the anaerobic digestion (AD) of a
range of organic wastes, with the key wastes being [2]:

• sewage sludge,
• wet manure slurries from intensive styles of agriculture,
• dry manures from animal bedding, known as farm yard manure,
• waste from food processing,
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Fig. 1 Conversion technologies for production of transport fuels [3]

Table 1 Average composition of biogas in comparison for average composition of natural gas
[4]
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• food and organic waste from restaurants and other commercial operations,
• household kitchen and garden wastes.

Figure 1 presents conversion technologies for production of transport fuels [3].
Biogas can also be produced by thermal gasification, which is a process where

the biomass or organic waste is heated under limited amounts of oxygen. The heat
decomposes the organic material and gases as carbon dioxide, hydrogen, stream,
carbon monoxide and methane are produced. Biogas produced this way is called
Synthetic Natural Gas (SNG) [2].

Table 1 presents for instance average composition of landfill biogas in com-
parison for average composition of natural gas [4].

Biogas upgrading technologies are enabled for cleaning and removing: water,
hydrogen sulfide, oxygen, nitrogen, ammonia, siloxanes, particles; increasing energy
content by removing carbon dioxide; conditioning for distribution e.g.: odorization,
compression; treatment of off-gas [4].

Biogas upgrading technologies are presently following: water scrubbing, Pressure
Swing Adsorption (PSA), chemical absorption, membrane and cryogenic [4].

In result of these processes emerge biomethane.
Table 2 presents Swedish Standard for biogas as a fuel for SI engines [4].
Biomethane can be used by SI engines of vehicles directly (as CBG or LBG for

instance: terracastus technologies [5]) or can be injected as upgraded biogas into grid.
Figure 2 presents utilization of biogas in Sweden. Utilization share of biogas

by vehicle is approximately 26 %. This type of utilization of biogas does not exist
in Poland as opposite to Germany.

2 Biogas in Poland: Actual Condition and Perspective
of Development

European Project Baltic Biogas Bus (BBB) stimulates the use of biogas (biomethane)
as fuel of city buses aiming to reduce environmental impact.

Table 2 Swedish standard for biogas as fuel for SI engines [4]

• Particles \ 1 lm
• Methane 97 ± 2 %
• Water \ 32 mg/Nm3

• CO2, O2, N2 \ 5 %
• Oxygen \ 1 vol %
• Sulphur \ 23 mg/Nm3

• N (except for N2) expressed as NH3 \ 20 mg/Nm3
• Odorised
• Compressed to 200 bar
For grid injection: addition of propane (around 7–9 vol %)
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Desk study on wider range of biogas production options and experiences
including production potential scenarios for Baltic Sea Region (for Germany,
Poland, Sweden etc.) is one of purpose of this project [2].

New market opportunities for the development of biogas have created a
European Union Directive 2009/28/EC [6] of 5 June 2009 on promotion of
renewable energy sources, requiring from Poland to achieve 15 % share of RES in
final energy consumption in 2020. The construction of a new quantity target in
relation to ‘‘energy consumption’’ offers the opportunities for biogas sector
development, which can be direct or indirect used of all three end-markets of
energy carriers, such as electricity, heat and transport.

Document prepared by the government titled ‘‘A Roadmap for renewable
energy by 2020’’ as a plan for implementation of the Directive, has to specify the
individual shares of energy carriers from renewable energy sources and technology
in achieving the national target and their participation in general, national energy
use balance. In the current year it is expected to introduce a new support system,
including a new system of certification under the amendment to the Energy Law,
which will determine the profitability of biogas investment in coming years.

According to the Energy Regulatory Office, on the beginning of the 2012 there
were 178 biogas plants in Poland, including:

• 21 agricultural biogas plants;
• 67 biogas plants that produce biogas from sewage treatment plants;
• 89 biogas plants that produce biogas from landfills;
• 1 biogas plant that produce biogas from mixed substrate [7].

Poland received 251.8 GWh of electricity and 925 TJ of heat from biogas
produced in 2008. However at the beginning of 2010 there were 124 facilities for
the production of biogas with total capacity of 70.8 MW [7–12].

Production and production potential of Poland is illustrated in Table 3.

Fig. 2 Utilization of biogas
in Sweden (2008) [4]
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3 Production Potential of Biogas in Germany

The theoretical amount of biogas possible to be obtained from biomass, waste and
sewage per year is about 23–24 bn m3, which is an equivalent to the energy potential
of 414–432 PJ [13]. Biogases from agricultural sector represent the highest share and
in fact it takes up to about 85 % of the German biogas potential [14].

In 2006 Germany produced 22.4 bn kWh of electricity form biogas. Of this
amount, approximately 49 % came from landfills and sewage treatment plants. The
remaining 51 % of the biogas were produced in agricultural biogas plants using
energy crops (known in Germany as ‘‘NawaRo’’ from the German ‘‘Nachwach-
sende Rohstoffe’’), animal manure and waste form restaurants and slaughter-
houses. Biogas production in Germany was likely to be less then 90 bn kWh in
2010, including the largest share—about 87 %—would come from agricultural
biogas plants, in particular, using plants, crop residues, solid and liquid animal
manure and all-season grass from pastures. In 2030 the productive potential of
biogas in Germany should reach 165 bn kWh, of which 117 bn kWh of electricity
will come from energy crops [15].

Production and production potential of Germany is illustrated in Table 4.

4 Production Potential of Biogas in Sweden

Sweden is a quickly developed country in the production of energy from renew-
able resources. Approximately 29 % of primary energy supply in the country is
from renewable sources.

Biogas industry started to flourish in the years 1950–1970 in Sweden, initially
to reduce the amount of sewage sludge. In 2006 in Sweden, there were 223 biogas
plants: 138 municipal wastewater treatment plants, 60 plant at the landfills of
municipal waste, 3 industrial wastewater treatment plants, 14 co-fermentation and
8 agricultural biogas plants. At present, in Sweden there are 229 biogas plants with

Table 3 Production and production potential of biogas in Poland

Country Average total production potential (2010–2011) Total production (2009)
PJ PJ

Poland 52.3–115 (410.4) 4.10

So, the production of biogas is used in 3.6–7.8 % (average value 5.7 %); (1 %)

Table 4 Production and production potential of biogas in Germany

Country Average total production potential (2010–2011) Total production (2009)
PJ PJ

Germany 414–432 176.41

So, the production of biogas is used in 40.8–42.6 % (average value 41.7 %)
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a total biogas production of 1.3 TWh/year. Most of these facilities, as many as
139, are located at municipal wastewater treatment plants. These plants produce
almost 43 % of the Swedish biogas [16, 17].

The theoretical potential of biogas production in Sweden is about 14–17 TWh/
year (50.4–61.2 PJ/year), representing more than ten times the current production
of biogas. Biomasses from agriculture represent the largest part of the potential of
biogas. Currently, almost 80 % of the capacity of the agricultural sector remains
unused.

The total biogas production in Sweden was 1.2 TWh in 2006 [1.4 TWh (2010)].
In 2006 sewage treatment plants were characterized by the highest of biogas

plants—582 GWh, as well as facilities at landfill sites—342 GWh. Co-fermenta-
tion plants produced 184 GWh of energy, industrial installations—91 GWh, while
farm biogas plants—only 14 GWh.

According to the Swedish Association of Gas the production potential of biogas
in Sweden is very large, and reaches of 35–40 TWh/year.

The biogas potential of about 14 TWh is produced in 50 % from crops, mainly
biomass from fallow land, in 18 % from livestock manure, and in 7 % from
municipal waste, including 7 % of sewage sludge and in 18 % from various other
sources (industrial waste, garden waste, etc.). About 26 TWh is derived from
biomass gasification of forest and agricultural production.

Production and production potential of Sweden is illustrated in Table 5.
It should be emphasized that the potential for biogas production in these

countries is large, even if just for example, 20–25 % of this potential use for the
production of biomethane as a fuel buses. In Germany, especially in Sweden,
already in use are of this type buses. For example, in Stockholm in 2011, were in
service 230 buses powered by biomethane.

5 Ecological Results of Application of Biogas
(Biomethane) for Supplying City Buses

Biogas (biomethane) is similar to natural gas but renewable.
Results of research introduce in indicate that [18]:

• currently EEV certified methane buses clearly outperform EEV certified diesel
vehicles for NOx as well as PM,

• methane vehicles provide true EEV performance over time,
• all methane fuelled vehicles deliver very low PM emissions,

Table 5 Production and production potential of biogas in Sweden

Country Average total production potential (2010–2011) Total production (2009)
PJ PJ

Sweden 50.4–61.2 (214.8) 4.57

So, the production of biogas is used in 7.5–9.1 % (average value 8.3 %); (2.1 %)
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• stoichiometric vehicles deliver lower NOx and lower fuel consumption,
• clear benefit for methane also for unregulated emissions (PM numbers,

aldehydes, PAH, direct NO2 emissions etc.),
• main drawback of spark-ignited methane compared to diesel is higher energy

consumption.

Table 5 presents results of above research of exhaust emissions from EEV
buses (diesel and CNG) [18]. Figure 3 indicates that the best diesel and CNG buses
have a tailpipe CO2 emission of some 1,100 g/km [18]. However, it is necessary to
remember that biomethane is renewable fuel and therefore CO2 emission from
well to wheel is much smaller in the case of vehicles (buses) powered by biom-
ethane compared to diesel-powered (Table 6).

Our study of exhaust emission was conducted for city buses in Rzeszow
(southern Polish city) in the real traffic conditions. Operated in Rzeszow buses
(MPK Rzeszow) are characterized by exhaust emission levels not higher than Euro
III. These are mainly buses powered by compression ignition (CI) engines, in the
number of 148 buses, and powered by spark ignition [including diesel buses
retrofitted to CNG buses (lean mixture)]. Posed the question how to change the
total exhaust emissions of city buses operated in MPK Rzeszow, if in the process
of replacement buses for the new to 2020, about 50 % of buses will be replace to
buses powered by CNG (biomethane) engines. It is assumed that the replacement
of buses, will be for new design to supply CNG (biomethane) by the manufacturer.
They will by comply with the emission standards Euro IV or Euro V. Due to the
lack of buses that meet such standards in MPK Rzeszow comparative study was
conducted in SORT test using the buses meet Euro V-EEV. Was made comparison
of exhaust emission of buses powered by diesel and spark ignition engine (pow-
ered by CNG).

Fig. 3 NOx and CO2 emissions over the Braunschweig city bus—cycle [18]
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For the evaluation of the mutual correlation of each pollutant emissions from
buses powered diesel and CNG, at random were selected MPK Rzeszow bus route
occurring in Rzeszow, which was conducted on assessment of pollutant emissions.
Research was made on a circular route No. 0 passing direct through center of the
city and on route No. 30, which is one of the longest routes of the circulation of
buses in Rzeszow. The total number of MPK Rzeszow bus route is 42. The result
buses pollutants emissions evaluated on other route show that above selected bus
routes are representative of population of MPK Rzeszow bus route. Additionally in
Bednary (near Poznan) SORT 1 driving tests were conducted on two buses, diesel
and CNG powered engine.

MPK Rzeszow route No. 0 and No. 30 are illustrated in Fig. 4.
View of the on-board mounted unit’s of Sensors Inc. company, SEMTECH DS

(for test exhaust emission), in the vehicle with diesel engine during emission
testing on route No. 0 and bus with CNG engine during testing on MPK Rzeszow
bus route No. 0 are illustrated in Fig. 5.

Characteristics of nitrogen oxides emissions in the intervals speed and accel-
eration of the bus powered diesel engine during road test and characteristics of

Table 6 Exhaust emission from city buses [18]

City bus-cycle CO
g/km

HC
g/km

CH4
a

g/km
NOx

g/km
PM

g/km
CO2

g/km
CO2 eqv

g/km

Diesel Euro III 0.80 0.14 0.00 8.64 0.195 1189 1189
Diesel Euro IV 2.84 0.10 0.00 8.35 0.112 1194 1194
Diesel Euro Vb 2.84 0.10 0.00 8.35 0.087 1194 1194
Diesel EEV 1.12 0.02 0.00 5.87 0.062 1116 1116
CNG Euro III 0.14 1.67 1.14 9.36 0.011 1257 1295
CNG EEV 2.27 1.04 0.87 3.18 0.007 1275 1294

a for diesel CH4 = 0
b euro V emission factors are estimated by euro IV results

Fig. 4 MPK Rzeszow route No. 0 (left) and No. 30 (right)
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nitrogen oxides emissions in the intervals speed and acceleration of the bus
powered CNG engine during road test are illustrated in Fig. 6.

The road emission of bus tested on MPK bus route No. 30 is illustrated in
Fig. 7, however, the road emission values of tested buses in a SORT 1 test is
illustrated in Fig. 8.

The highest emissions of CO and THC reached bus powered CNG engine (bus
route No. 30). This was caused by work of engine on almost stoichiometric
mixture due to the used in the bus three-function catalytic converter.

On the MPK bus route No. 30, bus powered diesel engine has reached the
highest average value of NOx road emissions and lowest average value of CO2

road emissions. CNG engine powered bus has reached the highest average value of
road emissions of THC, which for a bus diesel engine powered was approximately
850 %. This was due to the combustion reaction of natural gas, whose products
next to the CO2, NMHC and CH4.

Fig. 5 View of the mounted unit’s of sensors Inc. SEMTECH DS, in the vehicle with diesel
engine during emission testing on route No. 0 and bus with CNG engine during testing on MPK
Rzeszow bus route No. 0

Fig. 6 Characteristics of nitrogen oxides emissions in the intervals speed and acceleration of the
bus powered diesel engine during road test and characteristics of nitrogen oxides emissions in the
intervals speed and acceleration of the bus powered CNG engine during road test

188 J. Merkisz and W. Gis



Due to the lack tested buses with a length of 12 m, meet the Euro V-EEV,
research in the SORT 1 test was conducted on a buses with a length of 18 m, meet
the Euro V-EEV. In order to compare the mean values of road emissions of
exhaust pollutants obtained in tests in Rzeszow, to the results obtained in the
SORT 1 test determined correction factor, because in both types of vehicles used
the same internal combustion engines. The correction factor k is the product of the
ratio power/gross vehicle weight and index of resistance movement of the vehicle.
The value of k was 2.04. This value was divided by the average values obtained for
the road emissions of buses with a length of 18 m in the SORT 1 test.

The relative value of the total road emission of buses after the MPK Rzeszow
fleet modernization (replacement of 40 buses powered spark ignition engines
[CNG] and 54 buses powered diesel engines) by buses with spark ignition (CNG)
complying with Euro V-EEV emission standard is illustrated in Fig. 9.

Fig. 7 The road emission of bus tested on MPK bus route No. 30

Fig. 8 The road emission values of tested buses in a SORT 1 test
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The largest increase will occur on the total road emissions of THC (60 %). Will
only reduce the total road emissions of NOx, which will constitute approximately
90 % of the total road emissions of vehicles powered by diesel engines.

Would be most advantageous conversion of half the fleet of buses (40 buses
powered spark ignition engines [CNG] meeting the Euro III emission standard and
54 buses powered diesel engines) by buses powered spark ignition engines (CNG)
meeting the Euro V-EEV emission standard.

This type of upgrade would reduce the total road emission mainly CO2 by about
10 %. Will also significantly reduced total road emissions of CO and NOx,
respectively 54 % and 44 %. However at a higher level will remain the total road
emission THC, which in relation to the current status, will be about 170 %.

6 Conclusions

The EU 20-20-20 climate and energy goals can be summaries as follows:

– reduction greenhouse gas emissions at least by 20 % up to 2020,
– improving the EV’s energy efficiency by 20 % up to 2020,
– increasing the share of renewable energy up to 20 % in 2020, in particular a

10 % share of renewable energy in the transport sector.

The new transport White Paper recommends an ambitions target of 60 %
reduction of greenhouse gas emissions from transport up to 2050 in comparison to
1990. In this publication is forecasted that biomethane will be alternative road
transport fuel for passenger/light duty cars, heavy duty (city) vehicles and heavy
duty (long distance) vehicles in short term period (2020), mid term period (2030)

Fig. 9 The relative value of the total road emission of buses after the MPK Rzeszow fleet
modernization [replacement of 40 buses powered spark ignition engines (CNG) and 54 buses
powered diesel engines] by buses with spark ignition (CNG) complying with Euro V-EEV
emission standard
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and long term period (2050—only for passenger/light duty cars and heavy duty
[city] vehicles) [19]. Prospect of application of biogas (biomethane) as a vehicle
fuel (fuel for city buses) is significant.
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High-Concentration Ethanol Fuels
for Cold Driving Conditions

Juhani Laurikko, Nils-Olof Nylund, Jari Suominen
and Mika P. A. Anttonen

Abstract VTT has together with the Finnish energy company St1 tested different
high-volume ethanol fuel (E85) samples in order to find the optimum composition
for this fuel to perform satisfactorily in low ambient temperature driving condi-
tions encountered in Finland quite frequently during the winter season. Altogether
seven different fuel compositions were evaluated, with 70–85 % of anhydrous
bioethanol, and various different mixes of regular petrol components and some
specific species like ETBE, butane, iso-butanol etc. As a reference, new Euro-
quality 95E10 petrol with 10 % ethanol was used. Fuel vapour pressure of each
sample was adjusted according to test temperatures to match summer or winter
condition and ensure effortless start-up. Test results showed that the composition
of the fuel had marked influence on emissions. The lower the test temperature was,
the more distinctive were the differences. Based on the results, about -15 �C
would be the lower limit of operation with ‘‘straight’’ E85 mixture composed
ethanol and petrol. On the other hand the more ‘‘engineered’’ fuels performed
much better, and allowed starting as low as at -20 to -25 �C. Cold start and
driving was possible at equal level of unburned hydrocarbons and other unwanted
emissions (aldehydes, ethanol) at an ambient temperature more than 10 �C lower
compared to ‘‘straight’’ E85 fuel.
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1 Introduction

Use of renewable resources for transport energy supply is an opportunity to lower
carbon emissions and increase energy security and diversity. However, it is by no
means an easy and straightforward act, as many types of challenges need to be
overcome before a successful implementation. Ethanol is today the most-used
biofuel in transportation, if measured by the volume of use. Most of the ethanol is
blended into regular petrol at 5–10 % concentrations depending on the market area
and fuel legislation. But even 10 vol % of ethanol is less than 6 % of energy
contents. Therefore, higher concentrations are needed to meet the targets.

Fuel-flexible vehicles (FFVs) present an excellent route to raise the share of
ethanol amongst the petrol-fuelled fleet, as much higher ethanol concentrations are
possible, up to 85 %. The technology is also quite well established and supported
by multiple manufacturers. Because the rate of technical upgrade is also fairly
modest compared to a regular petrol-fuelled car, the associated costs are quite
marginal, as well, and in many cases an FFV option can be offered at a price equal
to a regular model.

2 Target and Objectives

Blending ethanol to petrol is currently limited to 10 vol % by the current EU Fuels
Quality Directive 2009/30/EC [1]. As ethanol has lower energy density than petrol,
this yields only to some 6 % energy contents. When the sales started in January
2011, the share of the 95E10 fuel was estimated to reach over 70 %, based on the
analysis of the compatible makes and models in the Finnish car park. However,
currently only about half of the petrol cars in Finland are using the 95E10-grade.
The rest use the 98E5-grade for the sake of incompatibility of the car, or because
of the motorists being deterred by stories how the higher ethanol content can
damage the car. Even if most of these stories are just ‘‘urban legends’’, the sales
volumes have not reached the anticipated levels yet, and probably will not ever
meet the estimated level. Therefore, it will not be possible to reach more than 5 %
energy share with low-blend grades only.

In order to raise the use of ethanol amongst petrol-fuelled cars, dedicated FFV-
technology is needed. In view of creating more ‘‘surge’’ for the bioethanol, a
Finnish energy company St1 teamed with some car importers to initiate marketing
of FFV-cars in Finland. Subsequently, Ford, Volvo and Saab were the first to start
selling FFV’s, and at the moment a few more marquees have joined in, including
Dacia, Chrysler, Volkswagen and Audi.

The fuel was produced by St1 using ethanol derived from special processes
belonging to the company’s ‘‘Waste-to-Ethanol’’ concept that has a record-low
carbon footprint per litre ethanol produced. The key elements are using waste and
industrial side streams as feedstock, and apply new energy efficient processes and
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technology, combined with small-scale initial production phase to minimise
transportation of material. Figure 1 shows the schematics of this unique
EtanolixTM concept with six plant now in operation. Next step was to make use of
house-hold-based bio-waste, based on a different process called BionolixTM. Those
plants are slightly bigger in size, and first plant using this technology was started in
2010. However, bio-waste alone does not hold enough potential, so cellulose-
based processes are needed. Development of the first CellunolixTM plant using
cardboard and other similar packaging material from household, as well as from
industry and retail sector is already underway. More of this portfolio of processes
can be found e.g. from an on-line article [2].

To differentiate that the ethanol for this fuel was made from renewable material,
it was labelled ‘‘RE85’’. For the first two years (2009–2010) fuel refilling was
limited to Metropolitan Helsinki area with six stations only, but nowadays the
network is expanding quite rapidly all over the country. At the moment there are
over 50 stations and new ones are added each month.

Concurrent with initiating the market, a research project with VTT was started
to support problem-free operation of FFV-cars using fuel with as high ethanol
contents as possible. The target and objective of this research was to choose best
composition for the fuel in terms of startability and exhaust emissions even at the
coldest ambient conditions.

3 Test Procedures

3.1 Test Fuels and Temperatures

During the test series, altogether seven different fuel compositions were evaluated.
They consisted of 70–85 % of anhydrous bioethanol, and various different mixes

Fig. 1 Schematic overview of the EtanolixTM bioethanol production process by St1
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of regular petrol components, as well as some specific species like ETBE, butane,
iso-butanol etc. As a reference, new Euro-quality petrol (95E10) with 10 % eth-
anol was used. Fuel vapour pressure of each sample was adjusted according to test
temperatures to match summer or winter condition and ensure effortless start-up.

Test matrix was composed of several ambient temperatures and selection of test
cars for each fuel composition. Over 150 test runs were completed in total, pro-
ducing a very in-depth and thorough material for assessing and comparing the
performance of the fuels, as well as the cars, in all ambient conditions relevant to
Finland and other Nordic countries.

Table 1 comprises the entire test programme, where each test run was repeated
for added quality of the data. In Table 1 fuel ‘‘PA3’’ and ‘‘PA3T’’ denote the same
fuel mixture with slightly different RVP for summer/winter conditions. Fuel
‘‘PA2’’ is a ‘‘straight-mix’’ with 85 % of ethanol and 15 % of regular RON95
petrol, which is the usual composition of E85 fuel around the world, where it is in
use. ‘‘PA1’’, ‘‘PA5’’ and ‘‘PA7’’ are mixes with 70–75 % ethanol, and were tar-
geted towards better running in very low temperatures.

Subsequently, ‘‘E10x’’ were normal petrol with 10 % ethanol according to the
latest EU Fuels Directive and the anticipated update in EN228 petrol standard.
Again, letters ‘‘K’’ and ‘‘T’’ denoted summer and winter grades with different
volatility. Table 2 gives break-down of the test fuels to their components.

4 Test Fleet

Test fleet consisted of six different fuel-flexible FFV cars. Of those four were type-
approved according to Euro 4 emissions regulation, and two represented the
newest technology complying with Euro 5 requirements. The Euro 4 fleet con-
sisted of Ford Mondeo 2.0 Zetec Flexifuel, Saab 9-3 1.8t BioPower, Volvo V70
2.5 FT DRIVe and Dacia Sandero 1.6 HiFlex. The two Euro 5 compliant models
were Volkswagen Passat 1.4 TSI Multifuel and Audi A4 2.0 TFSI, both with

Table 1 Total test matrix

Fuel Test cell ambient temperature(�C) Cars #

PA1 +23 -7 3
PA2 +23 -7 3
PA3 +23 -7 7
PA3T -15 -20 -25a -25 BHb 3
PA5 -15 -20 -25 3
PA7 -7 -20 -25 -25 BHb 3
E10K +23 -7 5
E10T -7 -25 3
PA3w +23 -7 2

a Did not start
b BH block heater for 2 h

196 J. Laurikko et al.



similar direct-injection combustion technology. The cars were 2009– 2011 models,
with reasonable low mileage, and were provided for this test by their importing
agencies, whom we owe our gratitude. Table 3 gives some data of the cars and lists
dynamometer settings used in test runs.

5 Test Set-Up and Procedures

The light-duty vehicle test facility at VTT allows the measurement of exhaust gas
composition and fuel use according to regulatory procedures. In addition, deter-
mining some non-regulated emissions like aldehydes and ethanol is also possible
with both on-line FTIR, as well as traditional sampling and wet chemistry route
using DNPH cartridges or water impinger for sampling and HPLC for analysis.
Figure 2 shows a set of these instruments.

Table 2 Composition of the tested fuel mixtures

Test fuel PA1 PA2 PA3 PA3T PA3w PA5 PA7 3F95

Petrol, MK1 9.6 % 18.6 % 1.0 % 17.7 % 21.6 % 2.0 % n/a
Etnanol 70.0 % 85.0 % 80.0 % 75.0 % 76.0 % 75.0 % 75.0 % n/a
ETBE 25.0 % 2.0 % 1.0 % 0.0 % 1.0 % n/a
Butane 4.6 % 3.0 % 3.0 % 3.0 % n/a
iso-butanol 0.4 % 0.4 % 0.4 % 0.4 % 0.4 % 0.4 % 0.4 % n/a
n-pentane 22.6 % n/a
Water \0.5 % \0.5 % \0.5 % \0.5 % 5 % \0.5 % \0.5 % n/a
Kerofluxa(ppm-

vol)
200 200 200 200 200 200 200 n/a

Colorant (ppm-
vol)

20 20 20 20 20 20 20 n/a

Total 100.0 % 100.0 % 100.0 % 79.4 % 100.0 % 100.0 % 100.0 % 100.0 %

a Denaturalizer

Table 3 Test vehicles and dynamometer settings

Make Volvo Saab Ford Dacia Audi VW

Model V70 93 1.8t Mondeo Sandero A4 TFSI Passat
Model year 2009 2009 2009 2010 2011 2011
Euro level EU4 EU4 EU4 EU4 EU5 EU5
Displacement (dm3) 2.5 1.8 2 1.6 2 1.4
Curb weight (kg) 1,667 1,530 1496 1,111 1,570 1,557
EC combined CO2 (g/km) 232 177 189 170 149 144
Dynamometer settings
Inertia (kg) 1,700 1,500 1,500 1,130 1,557 1,557
F0 33 69 8 6 61 61
F1 -0.1613 1.3505 0 0 1.596 1.596
F2 0.03588 0.02287 0.0294 0.0433 0.0223 0.0223
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Subsequently, the control of the ambient temperature in the test cell is possible
to -30 �C. However, as quite seldom so low temperatures do occur, we limited
our test series to -25 �C. Notwithstanding, intermediate temperatures were also
used, in particular -7 �C, because with the incoming Euro 6-requirements FFV-
cars need to comply also with the cold-start ‘‘Type VI’’ test performed at that
temperature. Still today, when Euro 5 is implemented, emissions performance of
an FFV-car is only tested at normal ambient conditions.

The actual testing was performed in essence by following the legislative pro-
cedure according to ECE-R83/05 regulation with the exception that ambient tem-
perature was varied, as already mentioned. In addition, the sampling and analysis
was split not only between the urban and extra-urban parts of the driving cycle, but
splitting even the ECE15—cycle to two parts, where the 1st part was the first two
sub-cycles, and the 2nd part was the latter two. This way we could see more
accurately, how the emissions performance progressively changed over the cycle.
Especially at low temperatures the domination that the cold start and subsequent one
to two kilometres of driving have on the total performance is very clear.

Figure 3 depicts the test cell and shows the associated connecting tubes that
needed to be properly insulated and electrically heated in order to avoid con-
densation of water before mixing point at low ambient temperatures. This is
highly necessary, as combustion of ethanol produces a lot more water vapour
than pure hydrocarbon fuels. The pictured car was not part of this test campaign,
though.

Fig. 2 In addition to
regulated emissions,
measurement apparatus at the
test cell allows measurements
of several non-regulated
emission species like
aldehydes and ethanol
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5.1 Results and Discussion

5.1.1 Regulated Emissions

Tests at Normal Ambient Temperature

Figures 4, 5 and 6 depict emissions of each test car with different test fuel at
normal ambient temperature, as well as an average for all the cars using that fuel.

As we can see from Fig. 4, even if those EU4 type approved cars did not need to
comply with the CO limit value other than with petrol, with the RE85-formulation
(‘‘PA3’’) all cars were capable of meeting this requirement. However, this was not
the case with normal E85 (‘‘PA2’’). Neither was this possible with ‘‘PA1’’ fuel.

Notwithstanding, regarding total hydrocarbons (HC), according to Fig. 4 it was
not possible for any EU4 test car to meet the limit value with any of the tested fuel
compositions. However, the RE85-formulation (PA3) gave an average value about
30 % less than what was measured with normal E85. In some cars this difference
was even higher in favour for RE85. Furthermore, both EU5 cars were meeting the
standard also with RE85, and even if the test matrix did not include regular E85 for
these cars, the margin with RE85 suggests that also with normal E85 those would
pass the limit.

Clearly, according to Fig. 6 NOx-emissions were not an issue for these FFV-
cars. Only one car exceeded the limit value, and in many cases tests with RE85
resulted to smaller emissions than with petrol (E10).

Tests at Low Ambient Temperature

Since 2002 EU-legislation includes also limit values for emissions in a special
cold-temperature, cold-start test called ‘‘Type VI test’’. It comprises a test run at
-7 �C test cell ambient, and use only the urban part (ECE15) of the European

Fig. 3 Test cell at VTT allows measurements at low ambient temperatures down to -30 �C.
Thus, exhaust gas collection set-up with insulated and heated connecting tubes must be used to
avoid condensation of the water contained in exhausts from high ethanol content fuel
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duty cycle. Limit values are set for CO and HC, as NOx has not been seen as a
matter of concern in this context.

Figures 7, 8 and 9 depict emissions measured according to this ‘‘Type VI test’’
procedure, even if we must bear in mind that this part of the type approval is not

Fig. 4 CO emissions in combined EU-test at +23 �C with different cars and fuel formulations

Fig. 5 HC emissions in combined EU-test at +23 �C with different cars and fuel formulations
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yet necessary for FFV-cars other than with petrol. However, it is already decided
that for EU6 type approvals, FFVs need also to be tested using high ethanol
content fuel, but in this application the test fuel will be limited to 75 % of ethanol
and not the usual 85 %.

As Fig. 7 shows, meeting the current CO limit value (15 g/km) is not partic-
ularly hard for these FFV cars, even if this test is not yet mandatory for them.
On average only one test fuel (‘‘PA1’’) resulted in emissions higher than the limit
value, and mostly the responses were on par with results for normal E10-petrol.

On the other hand, Fig. 8 clearly shows that unburned hydrocarbons (HC) are a
weak point of this concept. Certainly, this was no surprise, because when ambient
temperature falls, fuel evaporation also becomes more difficult. Subsequently, this
leads to failures in the ignition of the charge, and produces irregularities in
combustion. This in turn is seen as increased HC-emissions, when the engine is
still below normal running temperature. However, this phenomenon has a very the
transient nature, because those high emission rates are quickly lowered, when the
engine and emission control systems reach their normal running temperatures.

As a proof that this really happens, hydrocarbon emissions released during the
extra-urban part (EUDC) of the complete European test are illustrated in Fig. 10.
From this Figure we can clearly note that even if the emissions rates are higher for
fuels having high ethanol contents, the rate is only about 10 % or less of the level
encountered during the first few kilometres of driving. Unfortunately, in many
cases drivers do not necessarily always continue driving for more than a few
kilometres, so proportionally, emissions during the first kilometres do account
more.

Fig. 6 NOx emissions in combined EU-test at +23 �C with different cars and fuel formulations
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Furthermore, it might be worth denoting that according to Fig. 9, emissions of
NOx are actually lower when using fuels with high contents of ethanol, as these
two emission components seem to have almost a mirror-like behaviour.

Fig. 7 CO emissions in ECE15-test at -7 �C with different cars and fuel formulations

Fig. 8 HC emissions in ECE15-test at -7 �C with different cars and fuel formulations
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The Effect of Ambient Temperature on Emissions

Figures 11, 12 and 13 depict emissions released during the first two initial cycles
of ECE15 as a function of ambient temperature with different fuel formulations.

Fig. 9 NOx emissions in ECE15-test at -7 �C with different cars and fuel formulations

Fig. 10 HC emissions in EUDC cycle at -7 �C with different cars and fuel formulations
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Each result is an average of two to seven cars, depending on the test fuel. In each
figure, the results acquired at -25 �C using the block heater for two hours before
start-up are also plotted.

As we can see from these Figures, lowering of the ambient temperature
increases emissions no matter what fuel is used. With CO, depicted in Fig. 10, the
increase has about the same magnitude even with normal petrol qualities that have
only 10 % ethanol. However, regarding total hydrocarbon emissions, the fuel
formulation has an important role to play. Compared to the normal E85 formu-
lation (‘‘PA2’’), the optimised RE85-fuel (‘‘PA3’’) shows much lower emission
rates at equal ambient temperature. Subsequently, this means that with RE85-
formulation, cars can operate at lower ambient temperature, about 10 �C or more,
with equal HC-emissions compared to normal E85.

Furthermore, with the cold-optimised test fuels (‘‘PA5’’ and ‘‘PA7’’), this
‘‘leverage’’ is even higher. However, because those formulations had less ethanol
(75 %), it was decided that commercially available RE85 fuel will have the 80 %
ethanol contents most of the year, and the remainder is adjusted for good startablity.

5.1.2 Non-regulated Emissions: Ethanol, Acetaldehyde and ETBE

The test procedures included also determination of some non-regulated emission
species. Key components in terms of high ethanol containing fuel are probably
unburned ethanol and acetaldehyde, which is its impartial combustion product,

Fig. 11 Average CO emissions in first two initial cycles of ECE15 as a function of ambient
temperature with different fuel formulations (2 h LL = 2 h of block heater use)
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Fig. 12 Average HC emissions in first two initial cycles of ECE15 as a function of ambient
temperature with different fuel formulations (2 h LL = 2 h of block heater use)

Fig. 13 Average NOx emissions in first two initial cycles of ECE15 as a function of ambient
temperature with different fuel formulations
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as well as ETBE, which is a major constituent in the non-ethanol part of the fuels.
Figures 14, 15 and 16 depict the amounts of these emissions during the ECE15
cycle as a function of ambient temperature with different fuel formulations. Each
emission vs. temperature result is an average of two to seven cars, depending on
the test fuel. As an indication of the spread of results between cars, ‘‘high-low’’
bars are also shown for each average data point. Furthermore, in all Figures, the
results acquired at -25 �C using the block heater for two hours are also plotted.

As we can see from the Figures, overall the plotted trendlines are quite similar
to the corresponding trend-lines for total hydrocarbon emissions, which is quite
natural. Most striking difference is probably seen in terms of ETBE, as the ETBE
concentration has disproportionally high variations between test fuel formulas.
Test fuel ‘‘PA1’’ had the highest ETBE concentration, 25 %, whereas the other test
formulas did not contain any of it, or only about 1–2 %.

Admittedly, Figs. 14 and 15 show that the ethanol and acetaldehyde levels
measured at ambient temperatures below -10 �C are in some cases quite high. In
the ‘‘worst case’’ some 2.5 % of the ethanol that is fed into the engine is released
unburned. But as already referred in case of total-HC emissions, this performance
is highly transient, and these high concentrations are related only to the first few
kilometres of driving. Of the HC release over the ECE15 cycle, typically more
than 90 % is already coming from the first half of the cycle, and the same is true
for ethanol and acetaldehyde, too. Thus, their impact in total emissions remains
quite modest. Also those utmost low temperatures are encountered only a few days

Fig. 14 Average ethanol emissions in ECE15 cycle as a function of ambient temperature with
different fuel formulations
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Fig. 15 Average acetaldehyde emissions in ECE15 cycle as a function of ambient temperature
with different fuel formulations

Fig. 16 Average ETBE emissions in ECE15 cycle as a function of ambient temperature with
different fuel formulations
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a year, at least in those southern parts of Finland, where the majority of the
population living.

Our tracking of ambient temperatures around Helsinki Metropolitan Area in
another research project resulted in a conclusion that roughly three months
(90 days) of the year the ambient temperature in the morning is below zero.
Subsequently of this period about a month (30 days) we see temperatures around
or below -10 �C. Furthermore, only for a few days, less than a week, ambient
temperature drops below -20 �C. We can also claim that it is not possible to drive
more than 10 km of the daily driving with cold-started cold engine, even if one
makes several short cold-started trips per day. Thus the total impact of these
elevated emissions levels falls down to an increase that is on average less than
15 % of the annual emissions.

Our non-regulated analysis entailed also several other species of aldehydes and
ketones, e.g. formaldehyde, acrolein, propionaldehyde, crotonaldehyde and
methyl-ethyl-ketone. However, their concentrations remained in all cases below
5 % of the corresponding acetaldehyde level. Therefore, we have not included any
further analysis of their responses in this paper.

6 Conclusions

The results from the series of tests conducted using different fuel formulations and
a batch of FFV-cars showed that indeed, the composition of the fuel has an effect
on the emissions output. Furthermore, we were able to substantiate that the effects
are not only related to the ethanol contents of the mixture, but it is possible by
choosing the composition of the ‘‘non-ethanol’’ portion to affect positively to the
levels of emissions. Therefore, the formula chosen for the commercial fuel
‘‘RE85’’ resulted to better performance than the ‘‘industry-standard’’ formula for
E85.

Even if we also demonstrated that low ambient temperatures have an increasing
effect on emissions, we have also constituted that this phenomenon has a highly
transient nature. High levels of emissions occur only for those first few kilometres
after a cold start in cold conditions. Once the engine the warms-up and the
emission control systems reach their full performance, levels of emissions drop to
a low or at least reasonable level. According to our observations, this happens in
two to four kilometres even at the lowest ambient temperatures included in our
study (-25 �C). Therefore, the total impact of these high levels remains modest,
say below 15 % on average, of the total annual emissions.
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The Effects of Intake Valve Closing
Timing on Engine Performance
and Emissions in a DME Compression
Ignition Engine at Low Load Cold Start
Condition

Jaeheun Kim and Choongsik Bae

Abstract The effective compression ratio reduction by means of late intake valve
closing (LIVC) strategy was applied in a di-methyl ether (DME) compression
ignition engine to investigate its potential effects on the engine performance and
emission at cold start condition. The single injection timing of the DME was
varied from the beginning to the end of compression stroke. The DME was
injected directly into the cylinder with an injection pressure of 60 MPa. The
indicated mean effective pressure (IMEP), heat release rate and combustion
duration was investigated at two different intake valve closing (IVC) conditions—
base IVC of 28 degree after bottom dead center (ABDC) and LIVC of 43.9 degree
ABDC. The other experimental conditions such as injection duration and the
environmental temperature remained fixed. The IMEP characteristics with respect
to injection timings of two different IVC timing showed similar trend at con-
ventional combustion regime. The IMEP distribution was shifted towards
advanced injection timing direction for LIVC condition. In other words, the
injection timing of LIVC condition had to be advanced compared to that of base
IVC timing in order to produce equal power output. The reduction in the com-
pression ratio had resulted in lower compression pressure and the temperature, so
the ignition delay was increased and the overall heat release rate was retarded to
retarded crank angle. However, the combustion characteristics in terms of com-
bustion duration and the heat release rate curve did not show great differences at
early injection timings (earlier than -30 crank angle degrees ATDC (after top
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dead center)). The NOx emission was reduced by around 10 % due to the reduced
effective compression ratio. The prolonged ignition delay which enhanced the
mixture homogeneity was also considered to have contributed on the reduction of
NOx emission. The HC and CO emissions of LIVC condition were relatively
higher than those of base IVC condition due to the lowered in-cylinder tempera-
ture. The smoke formation was low due to the intrinsic properties of DME. The
exhaust gas temperature was higher for the LIVC timing condition. The expelled
portion of the charge during the compression resulted in lower heat capacity of the
working gas. The in-cylinder gas temperature increased more when the same
amount of fuel energy input was delivered to the gas with lower heat capacity. It
was found that, malfunction of the piezo injector occurred when applying DME
fuel with inappropriate setup. It was assumed that the vaporization of the DME
might occur inside the injector when the engine coolant temperature increased.
The movement of the piezo stack was not able to be translated into injection events
due to the gas phase inside the injector. The fuel injector was restored and able to
maneuver with the injection events again when the fuel return line was pressured
above the vapor pressure. In future, further experiments need to be carried out at
fully warmed-up condition in order to reveal its potential of reducing effective
compression ratio on improving engine performance.

Keywords DME (di-methyl ether) � Compression ignition � Late intake valve
timing � Effective compression ratio

1 Introduction

Continuous efforts on improving the efficiency and reducing the hazardous
emission of the internal combustion engine are being carried out by many
researchers and automotive industries despite of engines’ long development his-
tory. Advanced combustion such as homogeneous charge compression ignition
(HCCI) and partially-premixed charge compression ignition (PCCI) are being
studied on both diesel and gasoline engine to improve their efficiency [1]. Exhaust
gas recirculation (EGR) and boosting are applied to control the combustion phase
and achieve low NOx emission while maintaining the engine power output. Effects
of different configurations on the hardware such as injectors and piston bowl
shapes are also being studied to utilize them to the advanced combustion [2]. In
addition, the strategies of changing the valve events, which are widely used on the
gasoline engines nowadays, are gradually being investigated on the diesel engine
with an aim of improving the problems of advanced combustion in diesel engines.

There are several strategies for valve events which can be applied to diesel
engines. Realization of Atkinson cycle, or Miller cycle by reducing the effective
compression ratio are being studied widely. There exist a potential of reducing the
NOx emission by reducing the in-cylinder temperature and prolonging the mixing
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time of the fuel and air [3]. In addition, the NOx-soot trade-off relationship can be
improved by applying boosting which delivers more air for the soot oxidation [4, 5].

Di-methyl ether (DME) is one of the promising alternative fuels for the diesel
engine. It is not only because of its high cetane number which is suitable for auto-
ignition and its instantaneous vaporization characteristics, but also because of its
high oxygen content and the absence of C–C bonds in the molecular structure
which can characterize smokeless combustion [6]. The research of DME appli-
cation on the diesel engine has been conducted by many researchers [7–12]. The
DME engine combustion covers not only the regimes of conventional diesel
combustion, but also in the advanced combustion field. It was reported that the HC
and CO emissions can be reduced due to reduction of locally fuel lean or rich area
thanks to the fast vaporization characteristics of DME [13]. NOx emissions
showed different tendencies according to different experimental conditions, how-
ever, the NOx emission was about the same level with diesel fuel [14, 15].
Injection strategies for DME have more freedom from the conventional NOx-
smoke trade-off relationship, because it can achieve smokeless combustion.

Despite all aforementioned advantages of the diesel engine technologies and
DME, the research on the simultaneous application of DME alternative fuel and the
valve events strategies is relatively insufficient. Further reduction of NOx emission
with DME combustion is also required to fulfill the next generation emission
regulations. In this study, the potential effects of the valve events on reducing the
NOx emission while maintaining the same power output in a DME compression
ignition engine was carried out at cold-start condition. The effective compression
ratio was reduced by means of varying the intake valve closing (IVC) timing.

Prior to the experiment, a simple calculation was carried out to examine the
effects on the theoretical efficiency of the cycles. The theoretical efficiency of three
different engine cycles, namely diesel cycle with base compression ratio, diesel
cycle with reduced compression ratio, and the diesel Atkinson cycle with only
reduced effective compression ratio, were compared to observe the effects of
effective compression ratio on the efficiency deterioration. The results were shown
in Table 1. The theoretical efficiency value decreased as the compression ratio
decreased. However, a compensation can be achieved through reducing the

Table 1 Theoretical efficiency comparison of different engine cycles

Base diesel cycle Diesel cycle with
reduced compression ratio

Diesel Atkinson
cycle

Compression ratio 16:1 14.8:1 14.8:1
Expansion ratio 16:1 14.8:1 16:1
Efficiency formulae gt ¼ 1� 1

rc�1
c

bc�1
cðb�1Þ gt ¼ 1� 1

rc�1
c

bc�1
cðb�1Þ g ¼ 1� AðbcA�c�1ÞþcðA�1Þ

cðb�1Þrk�1
C

b: cut off ratio (the value of ‘‘3’’ was used in the calculation)
rc: compression ratio
A: Atkinson ratio (expansion ratio/compression ratio)
c: specific heat ratio

Efficiency (%) 50.14 48.85 50.12
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effective compression ratio only while maintain the expansion ratio. In real engine
cycle, the efficiency deterioration ratio due to the reduced compression ratio may be
even smaller due to other practical factors such as combustion phase or heat transfer
effect. Besides, the hazardous emissions have to be also taken into consideration in
reality. It may gain some positive effect from the aspect of engine emissions.
Therefore, the potential of reducing the emissions while maintaining the efficiency
of the engine with reduced effective compression ratio was investigated.

2 Experimental Setup and Conditions

The experiment was conducted with a modified single-cylinder experimental
engine. The specifications of the engine configuration are listed in Table 2. It has a
base compression ratio of 16:1.

Figure 1 shows a schematic diagram of the experimental setup. The engine
speed and load were controlled by an alternating current (AC) dynamometer. The
DME with the purity of 99.9 % was used as the fuel. The DME was pressurized up
to 1.5 MPa with nitrogen to supply the fuel from the fuel tank to the high pressure
pump in liquid form. A pneumatic pump (Hydraulics International INC., 5L-SS-
115) was used to pressurize the DME up to 60 MPa. The lubricity enhancer
(Infineum, 655) of 500 ppm was added into the fuel to prevent any wear or damage
to the fuel system.

The fuel was directly injected into the cylinder with a piezo-actuated injector
(Bosch). The injector features a nozzle hole diameter of 0.13 mm and an injection
angle of 150 degrees. The surge tanks were installed in front of the intake man-
ifold and at the end of the exhaust manifold to reduce pressure fluctuations. The
intake temperature was controlled with a pair of heater and thermocouple at the
intake surge tank. The intake pressure was measured with an absolute pressure
sensor (Kistler, 4045A Type).

The in-cylinder pressure was measured with a piezo-electric pressure transducer
(Kistler, Type 6056A) at a sampling rate of every 0.2 crank angle degree. The
pulse of 0.2 crank angle was generated by an encoder (Autonics, 1800 pulses/rev)

Table 2 Engine
specifications

Specification Resources

Bore 9 Stroke (mm) 84 9 90
Compression ratio 16:1
Valves per cylinder 4 (2 intakes and 2 exhausts)
Connecting rod length (mm) 149
Displacement (cc) 499
Intake valve timing (CAD) Open @ 10 BTDC/Close

@ 28 ABDC
Exhaust valve timing (CAD) Open @ 54 BBDC/Close

@ 4 ATDC
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installed on the crankshaft. Exhaust gases were analyzed with a gas analyzer
(Horiba, Mexa 1,500d) to measure the HC, NOx, CO, and CO2 emissions.
The smoke emission was measured with a smoke meter (AVL, 415S). A data
acquisition system (IOtech, Wavebook 516) was employed to acquire all engine
combustion and exhaust gas data.

Table 3 shows the experimental conditions. The engine speed and the fuel
quantity were fixed at 1,200 rpm and 15 mg, respectively. The single injection was
adopted to investigate the preliminary results and examine the potential of
reducing the effective compression ratio. The injection timing was swept over a
wide range from the convention diesel combustion to the advance combustion
regime. The injection pressure was fixed at 60 MPa. Two intake valve closing
(IVC) settings were compared, namely 28 and 43.9 crank angle degrees (CAD)
after bottom dead center (ABDC). The realization of the IVC timing is shown in
Fig. 2. The intake camshaft was offset with a retardation angle of 15.9 in order to
achieve the late IVC of 43.9 CAD. The naming of ‘base IVC condition’ and ‘LIVC
condition’ will be used in current paper for the IVC timing of 28 and 43.9 CAD
ABDC conditions, respectively, in order to enhance the understanding. The
coolant temperature was set at 313 K. The detailed explanation for such low
coolant temperature will be discussed in Sect. 4.

Dynamometer

Gas
analyzer

Smoke
meter

Intake
Surge
Tank

Intake
Temperatur

sensor

Intake pressure
sensor

Exhaust
temperature

sensor

Intake 
air

DME N2

Common rail

Fuel optical chamber

Pneumatic
pump

Data
acquisition

system

Fuel injection
system

In-cylinder
pressure sensor

Fig. 1 Experimental setup
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The average data of 100 cycles were used to reduce the variation of the
experiment results. The indicated mean effective pressure (IMEP) was derived
with Eq. (1).

IMEP ¼ Wc;i

Vd
¼
H

pdV

Vd
ð1Þ

The net heat release, which does not take the heat transfer and the crevice loss
into consideration, was derived with the manipulation form of first law of ther-
modynamics equation (Eq. (2)).

dQ

dh
¼ c

c� 1
p

dV

dh
þ 1

c� 1
V

dp

dh
ð2Þ

3 Experimental Results and Discussions

The in-cylinder motoring pressure was compared between base IVC and LIVC
conditions, as shown in Fig. 3. The actual compression for the LIVC condition

Table 3 Experimental
conditions

Fuel DME

Engine speed (rpm) 1200
Injection quantity )mg) 15
Injection timing (CAD BTDC) 100, 80, 60, 50, 40,

30, 25, 20, 15, 10, 5, 3, 0
Injection Pressure (MPa) 60
Intake valve closing

(ABDC CAD)
28 (Base IVC setting),

43.9 (LIVC setting)
Compression ratio 16, 14.8
Coolant temperature (K) 313

Fig. 2 Valve timing setting to realize late intake valve closing (LIVC)
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starts after the base IVC condition due to the retarded IVC timing. Therefore, the
effective compression stroke reduced and resulted in lower peak motoring pres-
sure. The effective compression ratio was reduced from original 16:1 to 14.9:1 by
means of retarding the IVC timing. It implied that the peak in-cylinder gas tem-
perature calculated from ideal gas equation was also lowered due to the reduced
compression ratio.

Figure 4a shows the gross IMEP characteristics with respect to various injec-
tion timings to eliminate the effects of pumping loss difference caused by the valve
timing. Figure 4b shows an expansion plot of Fig. 4a with an injection timing
window from -40 to -4 CAD ATDC. The overall distribution of the IMEP values
near TDC of LIVC condition was seemed to be slightly shifted towards the
advanced injection timing direction compared to the base IVC condition. The
IMEP decreased drastically when the injection timing was either retarded towards
or advanced away from the TDC. The IMEP drop position was observed at rel-
atively advanced injection timing for the LIVC condition compared to base IVC
condition. The highest IMEP was observed at an injection timing of -6 and -

8 CAD ATDC for base IVC and LIVC condition, respectively, which supported
the observation of IMEP distribution shift towards advanced injection timing for
LIVC condition. Detailed reasons for such phenomenon will be discussed in the
latter part of the section.

The IMEP showed a lowest point with respect to the injection timing for both
IVC conditions. Further advancing the injection timing into the advanced com-
bustion regime resulted in increased IMEP, however, still lower than the injection
timings of conventional combustion regime (namely the injection timings near the
TDC). The lowest IMEP was attributed to the short burn duration of the DME, thus
increased the negative work before the TDC. Such lowest point of IMEP was
observed in both IVC conditions. Further advancing the injection timing resulted
in the retardation of the onset of heat release rate due to the cooling effect of
evaporated DME, thus decreased the portion of the negative work [11].

The coefficient of variation (COV) of IMEP was lower than 3 % at conven-
tional combustion regime; however, the COV increased as the injection timing
entered the advanced combustion regime (Fig. 4c). Low wall temperature due to

Fig. 3 Motored in-cylinder
pressure comparison between
base IVC and LIVC condition
at engine speed of 1200 rpm
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low coolant temperature and reduced effective compression ratio was considered
to be the factors which had increased the COV of IMEP despite of good auto-
ignitability of DME fuel.

The accumulated heat release was derived through the integration of the heat
release rate with Eq. (2). The CA50 value, which is an indicator of the combustion
phase and equals to the CAD where the 50 % burn of the total heat release occurs,
was derived and plotted in Fig. 5. The retardation of the CA50 was observed for
the LIVC condition compared to IVC condition over the entire injection timing
range. The retardation value was not large due to only 15.9 degrees offset of IVC
timing; however, it showed constant combustion phase retardation with the

Fig. 4 Effects of injection
timing on indicated mean
effective pressure (IMEP) and
coefficient of variation (COV)
of IMEP: IMEP of a Injection
timing from -180 to
-4 CAD ATDC, b Injection
timing from -40 to -4 CAD
ATDC, and c COV of IMEP
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reduced effective compression ratio over the entire injection timings. The ignition
delay was lengthened for the LIVC condition due to the reduced in-cylinder
pressure and temperature, as shown in Fig. 6. The onset of heat release was
retarded for the LIVC condition, therefore the CA50 was retarded. Since the CA50
value and the IMEP are closely related, the injection timing accompanied with
combustion phase needed to be controlled to achieve a similar level of IMEP. A
conclusion can be drawn from Fig. 5 that, at conventional combustion regime
(injection timings near TDC), advancing the injection timing was required for
LIVC condition to achieve similar CA50 value and IMEP value. Therefore, it
explained the result of the IMEP distribution shift towards the advanced injection
timing direction for the LIVC condition.

Figure 7 shows the in-cylinder pressure and heat release profile under different
IVC conditions. The injection timing of conventional combustion regime (namely
injection timings of -6 and -15 CAD ATDC in Fig. 7) showed great difference
of heat release rate profile in amplitude and the phase under different IVC con-
ditions. The peak heat release rate was higher and the combustion phase was more
advanced for the base IVC conditions due to higher in-cylinder temperature for-
mation at the time of injection. However, no obvious differences between two IVC
conditions were observed for the early injection timings (namely injection timings

Fig. 5 CA50 with respect to
injection timing

Fig. 6 Ignition delay with
respect to injection timing
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of -50 and -100 CAD ATDC in Fig. 7). The heat release of the DME showed a
typical two-stage heat release, which was namely low temperature reaction (LTR)
and high temperature reaction (HTR).

Figure 8 shows the maximum pressure rise rate (MPRR) with respect to the
injection timing. The MPRR was reduced at conventional combustion regime
under LIVC condition, while the difference between two IVC timing at early
injections was small. The MPRR was reduced at conventional combustion regime
due to the reduced peak heat release rate at LIVC condition. The reduced heat
release rate had mitigated the sudden pressure rise during the combustion. How-
ever, the absolute value of the MPRR was still high due to the high peak heat
release of the DME single injection. The value was beyond the acceptable value of
0.5 MPa/deg [16], and it was expected to be improved through adopting multiple
injection strategies, which is out of the scope of the paper.

Figure 9 shows the time-averaged exhaust gas temperature acquired at the
exhaust manifold. The exhaust gas temperature of the LIVC condition showed a

Fig. 7 In-cylinder pressure and heat release rate profile of various injection timings under
different IVC conditions. a base IVC condition, and b LIVC condition

Fig. 8 Maximum pressure
rise rate with respect to the
injection timing
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higher value than the IVC condition. The LIVC condition expels some portion of
the charge back into the intake manifolds before it begins its compression stroke.
Therefore, the trapped charge is smaller and the heat capacity of the working fluid
is also smaller than that of base IVC condition. When given an equal amount of
fuel quantity, which represents an equal amount of heat input under the assumption
of same combustion efficiency, the temperature of the working fluid which has
lower heat capacity has a higher temperature rise [4]. Thus it resulted in higher
exhaust gas temperature for the LIVC condition. It was reported that the high
exhaust gas temperature may enhance the light-off time of the oxidation catalyst.

The emission characteristics of different IVC conditions were analyzed. CO
emissions were higher at the injection timing of conventional combustion regime
due to the lower combustion temperature at LIVC condition. The peak values of
CO were observed for both IVC condition at same injection timing. Further in-
cylinder spray visualization may be needed to explain such phenomenon; however,
it was supposed to be the point where mis-targeting between the fuel spray and the
piston bowl occurred. The utilization of the air and the oxidation of the remaining
CO emission were poor, thus resulted in high CO emission. The overall CO
emission was relatively high compared with other works due to the low coolant
temperature. Though the detailed HC emission result was not shown in the figure,

Fig. 9 Exhaust gas
temperature with respect to
the injection timing

Fig. 10 CO emissions with
respect to the injection timing
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its tendency with respect to injection timings and IVC conditions was similar to
that of CO emission (Fig. 10).

Figure 11 shows the NOx and smoke emissions. The NOx was reduced with
LIVC strategies due to the reduced in-cylinder temperature at conventional
combustion regimes. Early injection timings which characterize advanced com-
bustion mode resulted in low NOx emissions for both IVC condition due to lean
homogeneous mixture formation. The smoke emission was low regardless of
injection timings nor the IVC conditions due to the intrinsic fuel property of
smokeless combustion. Further NOx reduction can be expected with the combi-
nation of exhaust gas recirculation (EGR) strategies with more freedom from the
conventional constraints of NOx-smoke trade-off relationship.

Table 4 shows the results of the highest IMEP at each IVC conditions. The
NOx emission was reduced by around 10 % with the LIVC due to the reduced

Fig. 11 a NOx and b smoke
emission with respect to the
injection timing

Table 4 Experimental results for same power output conditions

Injection timing
(CAD ATDC)

IMEP
(MPa)

CO (%) NOx
(ppm)

HC
(ppm)

Exhaust gas
temp. (�C)

Base IVC -6 0.32 0.2925 68 365 176
LIVC -8 0.33 0.3541 61 273 182
Variation (%) – – +21.1 -10.3 -25.2 +3.4
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in-cylinder combustion temperature. The prolonged ignition delay which enhanced
the mixture homogeneity was also considered to be contributing on the reduction
of NOx emission. LIVC strategy fueled with DME showed a potential to decrease
NOx emissions while maintaining the same power of the engine at low load
condition.

4 Limitations and the Future Scope of the Work

The experiment was conducted under relatively low coolant temperature condi-
tions. The reason was due to the injector malfunction when applying DME as the
fuel at fully warmed-up temperature (353 K) conditions. Through an analysis of
the internal structure of the piezo injector, a possibilitie for the malfunction of the
injector was analyzed.

Fig. 12 Construction of the
piezo-inline injector [17]
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Figure 12 shows the internal cut-away structural view of the piezo injector from
Bosch [17]. Part 4 in Fig. 12 is one of the key components in the piezo injector
which is called hydraulic coupler. It translates and amplifies the actuator stroke
basically. It also characterizes an important function to compensate for any play
between the actuator and the servo valve (e.g. caused by thermal expansion). The
coupler has to be filled up with liquid diesel in order to operation well. When
adopting DME to the injector, the space inside the coupler will be gradually
replaced by DME. It should be reminded that the fuel return line was connected
before the high pressure pneumatic pump, which had a pressure of 1.5 MPa as
mentioned in the experimental setup section. The reason for the malfunction of the
injector when increasing the engine coolant temperature was assumed as follows.
A gradual vaporization of liquid DME occurred inside the hydraulic coupler due to
the increased temperature and DME vapor pressure. When the gas portion inside
the coupler increased, it was unable to deliver or translate the stroke of the piezo
stack to the servo valve. The fluid path change was not able to take place, nor did
the injection event occur. This kind of problem was preliminarily resolved when
increasing the fuel return pressure beyond the vapor pressure of fully warmed-up
coolant temperature (353 K), up to 2.5 MPa. The gas phase inside the hydraulic
coupler was assumed to be replaced with liquid phase again, and the malfunc-
tioned injector was able to be restored again. In future, further experiments need to
be conducted at fully warmed-up conditions to examine the full potential of
reducing effective compression ratio on the DME engine combustion.

5 Conclusions

The effective compression ratio reduction by means of late intake valve closing
(LIVC) strategy was applied in a di-methyl ether (DME) compression ignition
engine to investigate its potential effects on the engine performance and emission.
The DME single injection timing was varied through the beginning of the com-
pression to the end of compression stroke. Two different intake valve closing
(IVC) conditions, namely base IVC of 28 deg after bottom dead center (ABDC)
and LIVC of 43.9 degree ABDC, were examined.

1. The IMEP characteristics with respect to injection timings of two different IVC
timings showed similar trend at conventional combustion regime, with only an
IMEP distribution shift towards advanced injection timing direction. The
injection timing of LIVC condition had to be advanced compared to that of base
IVC timing in order to produce equal power output. The reduction in the
compression ratio had resulted in lower compression pressure and temperature.
Therefore, the ignition delay was increased and the overall heat release rate was
retarded to the later crank angle.
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2. The combustion characteristics in terms of combustion duration and heat
release rate did not show great differences according to IVC timing conditions
for those early injection timings which characterize advanced combustion.

3. The reduction of the effective compression ratio had brought following effects
on the emissions. The NOx emission was reduced by around 10 % due to the
reduced in-cylinder combustion temperature. The prolonged ignition delay
which enhanced the mixture homogeneity was also considered to have con-
tributed on the reduction of NOx emission. The CO and HC emissions were
increased, however, due to the low oxidation rate by the low in-cylinder tem-
perature. The smoke formation was low regardless of the IVC conditions due to
the intrinsic properties of the fuel.

4. The exhaust gas temperature was higher for the LIVC timing condition. The
expelled portion of the charge during the compression resulted in lower heat
capacity of the working gas. It was considered that, the in-cylinder gas tem-
perature increased more when the same amount of fuel energy input was
delivered to the gas with lower heat capacity. Thus, it resulted in higher exhaust
gas temperature at LIVC condition.

5. The malfunction of piezo injector occurred when applying DME fuel at fully
warmed-up condition with 1.5 MPa of pressure in fuel return line. It was
assumed that the vaporization of the DME may have occurred inside the
injector due to the increased vapor pressure when increasing the engine coolant
temperature. The pressure of the fuel-return line was then pressurized up to
2.5 MPa, which was above the vapor pressure of fully warmed-up temperature,
in order to prevent vaporization. The fuel injector was restored and able to
maneuver with the injection events again.
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Environmental Performance of Diesel
Fuels Containing Oxygenated Additive
Packages

Miłosław Kozak, Jerzy Merkisz, Piotr Bielaczyc
and Andrzej Szczotka

Abstract The application of oxygenated additives seems to be one of more
promising modifications of diesel fuels in order to decrease exhaust emissions. The
authors have so far tested many oxygenates, from different chemical families, but
as sole fuel components. Generally speaking, these oxygenates produced favorable
but different changes in exhaust emissions. The objective of this study was to
investigate whether the positive effect on emissions could be maximized by the
application of packages of multiple oxygenated compounds. Four different
oxygenated additive packages were tested. Each package contained a combination
of 2 synthetic oxygenates, which represented different chemical groups, namely:
glycol ethers, maleates and carbonates. The packages were evaluated as fuel
additives at a concentration of 10 % v/v in a Euro 5 diesel fuel. The New European
Driving Cycle (NEDC) was selected as a representative test for this study. All the
oxygenate packages were additionally tested using the US Federal Test Procedure
75 (FTP-75). This cycle was carried out in order to determine the influence of
cycle conditions on oxygenated fuels’ effectiveness as regards reductions in
exhaust emissions. The tests were conducted on a Euro 4 passenger car equipped
with a direct injection (common rail) turbocharged diesel engine. During the tests,
mass emissions of CO, HC, NOx, PM and CO2 were measured. The influence of
individual oxygenates on CO, NOx and PM emissions is roughly additive when
these oxygenates are applied together (i.e. as a package of additives). There is no
such regularity for HC emissions. The research showed that the application of
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oxygenated additives generally produces a significant reduction in PM emissions
and a slight increase in NOx emissions. An increase in CO and HC emissions was
observed when maleates and carbonates were used as sole oxygenates. This
increase was significantly lower when the oxygenates mentioned above were
applied in a package with glycol ethers. The influence of oxygenated additive
packages was different over the NEDC and FTP-75 cycles. Generally, the pack-
ages produced more favorable changes in exhaust emissions over the FTP-75
cycle, which is more transient and dynamic (stronger accelerations). The reduction
in PM emissions was higher over the FTP-75 cycle. In the case of NOx emissions,
these were higher by a factor of dozen or so for oxygenated fuels than for neat
diesel fuel over the NEDC, whereas over the FTP-75 they was slightly lower for
oxygenated fuels than for diesel fuel. In the case of CO and HC emissions, such a
clear-cut relationship between the type of driving cycle and emissions changes was
not observed. Regardless of test conditions, no significant influence of oxygenated
additive packages on CO2 emissions was noted. The application of oxygenated
diesel fuels containing packages of oxygenated compounds caused a significant
reduction in PM and a small change in NOx emissions, so it produced favorable
changes in the PM/NOx emissions trade-off. Favorable changes in PM/NOx

emissions produced by the application of oxygenated additive packages were,
however, comparable to these achieved with use of the most effective individual
oxygenates.

Keywords Diesel fuel � Oxygenates � Fuel additives � Exhaust emissions � Diesel
vehicle

1 Introduction

Fuel, as the integral element of combustion in the engine has an immense effect on
the composition and harmfulness of exhaust gases emitted by the engine. Changes
to the EU standard requirements for diesel fuels, implemented in 2000, 2005 and
2009 were directed towards the reduction of the harmfulness of the exhaust gases
emitted by engines. At present, modification of conventional properties of diesel
fuel that affect emissions (cetane number, sulfur content, distillation curve, etc.) is
possible only to a limited extent. Therefore, in order to take maximum advantage
of the fuel’s potential for exhaust emissions reduction, some more unconventional
modifications of the fuel should be considered. The application of oxygenated
compounds seems to be one of more promising solutions in this field. The com-
pounds particularly affect a very troublesome component of diesel engine
exhaust—i.e. particulate matter. Owing to their physical and chemical properties,
groups of chemical compounds such as maleates [1–4], carbonates [5–8] and
ethers [6, 7, 9–12] should be taken into consideration as potential diesel
oxygenates.
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The authors have so far tested many oxygenates, from different chemical
families, but as sole fuel components. These oxygenates produced generally
speaking favorable but different changes in exhaust emissions [13–19]. The
objective of this study was to investigate whether the positive effect on emissions
could be maximized by application of packages of some oxygenated compounds.

The experimental results presented in the present paper were obtained within a
research program investigating the effect of different synthetic oxygenates on
exhaust emissions from diesel passenger cars. The objective of this study was to
select the most promising oxygenate compounds as blending components in diesel
fuel for further advanced testing and practical application.

2 Research Program

The tests were conducted on a Euro 4 passenger car equipped with a direct
injection (Common Rail) turbocharged diesel engine. Major data on the vehicle are
shown in Table 1.

The New European Driving Cycle (NEDC) was selected as a representative test
for this study. The same fuels were additionally tested using the US Federal Test
Procedure 75 (FTP-75). This cycle was carried out in order to determine the
influence of cycle conditions on oxygenated fuels’ effectiveness as regards
reduction in exhaust emissions.

Four different oxygenated additive packages were tested. Each package con-
tained a combination of 2 synthetic oxygenates, which represented different
chemical groups, namely: glycol ethers, maleates and carbonates. The oxygenates
used as package components were selected on the basis of the most favorable
influence on exhaust emissions when they were tested as sole oxygenated addi-
tives. The packages were evaluated at a concentration of 10 % v/v in diesel fuel.
The base diesel fuel (DF) was a diesel fuel of the Euro 5 class. The same diesel
fuel was used as a reference fuel for evaluation of the effectiveness of the

Table 1 Specifications of
the test vehicle

Vehicle type Passenger car
Dry weight 950 kg
Engine type Diesel, 4-cylinder in-line
Displacement 1.3 dm3

Max. power 51 kW @ 4,000 rpm
Max. torque 145 Nm @ 1,500 rpm
Injection/combustion

type
Direct injection common rail,

turbocharged (intercooled)
Exhaust gas recirculation Electronically controlled

(closed-loop)
Emission control Oxidation catalyst
Calibrated to Euro 4
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individual oxygenated additive package regarding emissions reduction. The
properties of the oxygenates used as package components and base diesel fuel are
presented in Tables 2 and 3, respectively. The oxygenated additive packages used
in the research were marked with symbols: OP-1, OP-2, OP-3 and OP-4 and
oxygenated fuels containing specific packages are marked as DF ? OP-1,
DF ? OP-2, etc. Composition, oxygen content and cetane numbers of the research
oxygenated fuels are given in Table 4. The remaining properties of research
oxygenated fuels can be estimated on the basis of properties of base diesel fuel and
oxygenated compounds (Tables 2 and 3).

The tests were carried out at the BOSMAL Automotive R&D Institute’s
Emissions Testing Laboratory (Fig. 1) using a Schenck 500/GS60 chassis dyna-
mometer. An AVL CEC CVS system with an AVL CET-LD/20 type full-flow
dilution tunnel and an AVL CEP-LD/100 PTS 60 l/min particulate sampling
system, the CESAR control system and a Sartorius microbalance were used to
measure exhaust emissions.

Table 2 Some properties of oxygenates used as package components

Chemical name Triethylene glycol
dimethyl ether

Tetraethylene glycol
dimethyl ether

Diethyl
maleate

Diethyl
carbonate

Molecular weight, amu 178.23 222.28 172.18 118.13
Oxygen content, %(m/m) 36.0 36.0 37.3 40.7
Boiling point, �C 220 275 225 127
Density @ 20 �C, kg/m3 987 1010 1064 975
Viscosity @ 20 �C, mm2/s 2.5 4.1 n.a. 0.78
Flash point, �C 113 141 n.a. 25

Table 3 Base diesel fuel
specifications

Unit Value

Cetane number – 52.8
Cetane index – 53.4
Density @ 20 �C kg/m3 827.7
Sulfur content ppm 8.8
Oxygen content %(m/m) 0.0
Viscosity @ 20 �C mm2/s 4.096

@ 40 �C mm2/s 2.607
Distillation E250 %(v/v) 38.1

E350 %(v/v) –
T95 �C 332.3
FBP �C 343.7

Aromatic
Hydroca-
rbons

Total aromatics %(m/m) 20.7
Monoaromatics %(m/m) 18.8
Diaromatics %(m/m) 1.7
Tri+aromatics %(m/m) 0.2
Total PAH %(m/m) 1.9
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For the each of fuels tested, at least two (depending on repeatability of the
results) emissions tests during the NEDC cycle were carried out. Only one
emissions test was performed each day. The mean values of each measurement
series were taken for further analysis. The uncertainty of the emission measure-
ment during the NEDC cycle was about 7 % for NOx and 4 % for PM. A statistical
analysis of the results was conducted and only those differences that were found to
be statistically significant are reported.

Table 4 Composition, oxygen content and cetane numbers of research oxygenated fuels

Oxygenated fuel Composition Oxygen content
[% (m/m)]

Cetane
number

DF ? OP1 •Triethylene glycol dimethyl
ether: 5 % v/v,

4.48 52.0

•Diethyl maleate: 5 % v/v,
•Diesel fuel: 90 % v/v.

DF ? OP2 •Triethylene glycol dimethyl ether: 5 % v/v, 4.51 52.5
•Diethyl carbonate: 5 % v/v,
•Diesel fuel: 90 % v/v.

DF ? OP3 •Tetraethylene glycol dimethyl ether: 5 % v/v, 4.42 53.6
•Diethyl maleate: 5 % v/v,
•Diesel fuel: 90 % v/v.

DF ? OP4 •Tetraethylene glycol dimethyl ether: 5 % v/v, 4.55 53.4
•Diethyl carbonate: 5 % v/v,
•Diesel fuel: 90 % v/v.
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3 Test Results and Discussion

3.1 Exhaust Emissions Over the NEDC

Carbon monoxide (CO) emissions over the NEDC were 8–20 % higher for all the
oxygenated fuels than for neat diesel fuel (Fig. 2). All the oxygenated fuels
contained components that when used as a sole oxygenated additives respectively
decreased (glycol ethers) and increased CO emissions (maleates and carbonates),
hence the resultant changes in CO emissions are consequences of both the positive
and negative influences of specific oxygenates contained in the oxygenated
additive packages.

The changes in hydrocarbon (HC) emissions over the NEDC caused by the
application of oxygenated fuels ranged from -2 to +15 % (Fig. 3). The results are
similar to these obtained when maleates and carbonates were used as sole com-
ponents at a concentration of 5 %, and more favorable than results observed for
maleates and carbonates at a concentration of 10 %. Finally, it should be noted,
that from the point of view of HC, the most favorable changes in emissions were
obtained when glycol ethers were used as sole components.

All the oxygenated fuels caused an increase in NOx emissions over the NEDC.
This increase ranged from 10 to 15 % (Fig. 4). Such a change in NOx emissions
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should be assessed as less favorable than this caused by oxygenated fuels con-
taining sole oxygenates at concentrations of 5 and 10 %.

The reduction in PM emissions observed for oxygenated fuels ranged from 26
to 36 % (Fig. 5). The highest reduction (36 %) was observed for the fuel con-
taining triethylene glycol dimethyl ether and diethyl maleate (i.e. OP-1). Only a
slightly lower reduction (33 %) was obtained for oxygenated fuel packages OP-2
and OP-4. It should be noted that similar, favorable results were also noted for
some fuels containing individual oxygenated compounds, namely such compo-
nents as some glycol ethers and diethyl carbonate.

The differences in CO2 emissions (Fig. 6) between diesel fuel and oxygenated fuels
were smaller than 2 % and thus they were within the uncertainty of measurement.

3.2 Exhaust Emissions Over the FTP-75

CO emissions over the FTP-75 cycle for the test vehicle fuelled with neat diesel
fuel and oxygenated fuels are shown in Fig. 7. Similar to the NEDC, the appli-
cation of fuels containing oxygenated additive packages also produced an increase
in CO emissions over the FTP-75. The relative increases in CO emissions were
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higher over the FTP-75 and ranged from 11 to 34 %. It can be seen that the same
oxygenated packages, namely OP-1 and OP-2, produced the highest CO emissions
over both cycles.

HC emissions over the FTP-75 cycle for the test vehicle fuelled with neat diesel
fuel and oxygenated fuels are shown in Fig. 8. Similarly to the NEDC, the
application of fuels containing oxygenated additive packages also produced an
increase in HC emissions over the FTP-75. Relative increases in HC emissions
were higher over FTP-75 and amounted up to 28 %. It can be seen that different
oxygenated fuels produced highest HC emissions for both analyzed cycles.

NOx emissions over the FTP-75 cycle for test vehicle fuelled with neat diesel
fuel and oxygenated fuels are shown in Fig. 9. In contrast to the NEDC, the
application of fuels containing oxygenated additive packages produced some
decreases in NOx emissions over the FTP-75. These decreases, however, were
rather slight—namely by up to 5 %.

PM emissions over the FTP-75 cycle for the test vehicle fuelled with neat diesel
fuel and oxygenated fuels are shown in Fig. 10. Like over the NEDC, the appli-
cation of fuels containing oxygenated additive packages also produced significant
decreases in PM emissions over the FTP-75. The relative decreases of PM
emissions were even higher than over the NEDC (by some percent) and amounted
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from 32 to 42 %. It can be seen that the most effective PM emissions reduction
over the FTP-75 cycle was with fuels containing diethyl maleate.

CO2 emissions over the FTP-75 cycle for the test vehicle fuelled with neat
diesel fuel and oxygenated fuels are shown in Fig. 11. It can be seen that for
oxygenated fuels, CO2 emissions are lower by some 5–6 %, the thus reduction in
carbon dioxide emissions was more evident over the FTP-75 than over the
NEDC.
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4 Conclusions

The research carried out under the conditions of the NEDC and FTP-75 transient
driving cycles showed that the influence of individual oxygenates on CO, NOx and
PM emissions was roughly additive when these oxygenates are applied together,
that is as a package of additives. There was no such regularity for HC emissions.
The research showed that the application of oxygenated additives generally pro-
duces a significant reduction in PM emissions and a slight change in NOx emis-
sions. An increase in CO and HC emissions was observed when maleates and
carbonates were used as the sole oxygenates. This increase was significantly lower
when the oxygenates mentioned above were applied in a package with glycol
ethers.

The influence of the oxygenated additive packages was different over the
NEDC and FTP-75 cycles. Generally, the packages produced more favorable
changes in exhaust emissions over the FTP-75 cycle, which is more transient and
dynamic (stronger accelerations). The reduction in PM emissions was higher
during the FTP-75 cycle. In case of NOx emission, it was higher (by a factor of a
dozen or so) for oxygenated fuels than for neat diesel fuel over the NEDC, whereas
over the FTP-75 it was slightly lower for oxygenated fuels than for diesel fuel. In
the cases of CO and HC emissions, such a clear-cut relationship between type of
cycle and emissions changes was not observed. Regardless of test conditions, no
significant influence of oxygenated additive packages on CO2 emissions was
noted.

The application of oxygenated diesel fuels containing packages of oxygenated
compounds caused a significant reduction in PM and a little change in NOx

emissions, so it produced favorable changes in the PM/NOx emissions trade-off.
These favorable changes in PM/NOx emissions were, however, comparable to
these achieved with use of the most effective individual oxygenates. The changes
observed in CO and HC emissions are somewhat less important, as these exhaust
components are effectively eliminated by catalytic converters. Nevertheless,
changes in CO and HC emissions also showed that the oxygenated additive
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packages that were tested within the research program described in this paper, are
moderately competitive with the most effective individual oxygenates, that were
previously tested by the authors.
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A Study of Dual-Diluted Control Strategy
for NG Engine

Yanchun Chen, Chao Wang, Dongxu Hua and Changbo Fu

Abstract NG engine which was popularized in the past two decades has better
performance of emission and less operating cost comparing with engines con-
suming traditional fuel. To meet stricter emission regulations, some outer purifier
methods (e.g. SCR) are applied but at the expense of increasing cost. Some
research illustrated ‘‘dual-diluted’’ combustion mode, which is achieved by the
fresh air dilution and recirculated exhaust gas (EGR) dilution, a better ‘‘inter
purifier’’ method. In this paper, Propose and develop a model based EGR control
strategy with an in-cylinder lambda model to realize ‘‘dual-diluted’’ combustion
mode. The results show that the exhaust dilution rate and fresh intake air dilution
rate can be calculated accurately. Meanwhile, through these two models, the
‘‘duel-diluted’’ combustion mode is realized.

Keywords Lean burn � NG engine � Dual-diluted � Control strategy

1 Introduction

Natural gas engine has similar power comparing with diesel engine which has the
same displacement and the fuel economy of NG engine is much better than diesel
engine because of the big gap between the prices of two kinds of fuels.
Moreover, NG engine has greater potential to pass stricter emission standards and
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regulations [1]. In recent decades, much effort is put in research of combustion of
NG engine to fulfill emission regulations. According to earlier research of NG
engine performance, it is concluded that how three ways of diluting (a. air diluting;
b. EGR with stoichiometric combustion; c. EGR with lean-burn combustion)
impact engine combustion and emission. The results of research indicate that in the
precondition of only inner-purification, all there types of diluting could satisfy
limitation of NOx of National 4 and 5 emission regulation [2]. And in aspect of fuel
economy, dual-diluting is better than air-diluting which is better than EGR with
stoichiometric combustion [3] (Fig. 1).

Therefore, the development and application of EGR system to NG engine has
far-reaching meanings. The construction of EGR system of NG engine is shown in
Fig. 2. To enlarge the application range of EGR, ‘‘High Pressure’’ EGR is essential
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to ensure differential pressure between two sides of EGR valve, in other words, the
inert gas should be used after inner cooler from the point before turbo where has
high temperature and pressure.

The engine control system needs to resolve two issues:

(1) Due to dual-diluted strategy, the effects of inert gas which is brought by
external EGR to in-cylinder lambda should be considered and meanwhile
relation between EGR ratio and EGR mass flow should not be ignored.

(2) An algorithm is needed to calculate EGR mass flow during transient state
according to different pressure and temperature.

2 Decouple of In-Cylinder Lambda Model
and Dual-Diluted Model

2.1 Composition of In-Cylinder Gas

The fresh air passing through the throttle is the main composition of gas in cyl-
inder. however, because of timing of intake valve and exhaust valve, there is some
residual gas. Due to lean burn, internal residual gas is composed of inert gas and
fresh air which is not burnt. The EGR gas also includes inert gas and fresh air. The
Fig. 3 indicates the composition of gas in cylinder.

2.2 Definition of EGR Ratio and Conversion
of EGR Ratio and EGR Mass Flow

Because of internal residual gas, EGR ratio is effective no matter with or without
EGR system. EGR ratio is defined as following to unify the interfaces of control
functions [4].

Inert Gas

Fresh Air
from

Throttle

Residual
Fresh Air

Residual
Inert
Gas

EGR

Fresh Air

EGR
Inert
Gas

Fresh Air

Fig. 3 Composition of in-
cylinder gas
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EGRRatio¼
InertMassFlow

InertMassFlow + AirMassFlow
ð1Þ

Additionally, the relation between mass flow and cylinder charge [5] is liner as
MassFlow = Fac� CylinderCharge:

Fac is the factor only relevant to engine displacement and engine speed. Then,
EGR ratio could be explained in a different way:

EGRRatio¼
InertCharge

InertCharge + AirCharge
ð2Þ

In Eq. (2), AirCharge means total fresh substance in cylinder which could be
burnt; InertCharge is total inert gas charge. In this way, the definition would
always be effective whatever external EGR system or internal EGR system (e.g.
exhaust VVT) will be applied.

After applying external EGR system:

AirCharge = AirChargeThrottle + AirChargeInt + AirChargeExt ð3Þ

InertCharge = InertChargeInt + InertChargeExt ð4Þ

In Eqs. (3, 4), AirChargeInt is residual fresh gas charge; AirChargeExt is external
fresh gas charge contained in EGR mass; InertChargeInt is residual inert gas
charge; InertChargeExt is inert gas charge involved in EGR mass.

Lambda sensor is able to detect the proportion of fresh substance and inert gas
in exhaust, so the Eq. (5) could be established:

InertChargeExt � k = InertChargeExt + AirchargeExt = ChargeExt ð5Þ

Similarly, internal residual gas has the relation:

InertChargeInt � k = InertChargeInt + AirchargeInt = ChargeInt ð6Þ

On the basis of Eq. (2–6), the relation between external EGR charge and EGR
ratio could be concluded:

ChargeExt = AirChargeThrottle �
k� EGRRatio

1�k� EGRRatio

� ChargeInt ð7Þ

In conclusion, Eq. (7) makes the conversion from EGR ratio to EGR mass flow.

2.3 EGR Effects on Lambda

Generally, Lambda is used to describe the diluted extent of fresh air and can be
calculated according to fuel mass and actual fresh air mass as following:
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k¼ AirMassFlow
FuelMassFlow� A=FRatioStd

ð8Þ

After EGR system applied, lambda of inert gas is introduced and it could be
expressed as the diluted extent of inert air:

kInert¼
InertMassFlow

FuelMassFlow� A=FRatioStd
ð9Þ

So after concept of dual-diluted EGR is introduced, total ratio of dilution could
be explained by Eq. (10):

kAftEGR¼kþ kInert¼k� ðAirCharge + InertCharge)
AirCharge

ð10Þ

where,

InertChargeInt¼
ChargeInt

kLstCycle�1
ð11Þ

InertChargeExt¼
ChargeExt

kDlyEGR�1
ð12Þ

In Eq. (10–12), k refers to lambda value before external EGR applied; kLstCycle

is lambda of residual gas after last stroke; kDlyEGR is lambda of external EGR gas
and the delay is caused by the distance between cylinder and EGR valve.

3 Model Based EGR Flow Calculation

3.1 Model of EGR Mass Flow

A model of EGR valve is used to estimate the mass flow across the EGR valve
which could satisfy the transient control:

MassFlowEGR ¼ AEGR
PBefEGRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R� TBefEGR
p wðpAftEGR;PBefEGR; kÞ ð13Þ

when PAftEGR

PBefEGR
� ð 2

kþ1Þ
k=ðk�1Þ

:

wðpAftEGR;PBefEGR; kÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k

k � 1
ðPAftEGR

PBefEGR
Þ

2=k

�ðPAftEGR

PBefEGR
Þ
ðkþ1Þ=k� �s

ð14Þ
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In other conditions:

wðpAftEGR;PBefEGR; kÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k ð 2

k þ 1
Þ
ðkþ1Þ=ðk�1Þ

s
ð15Þ

In Eqs. (13–15), k is isentropic exponent; PBefEGR is pressure before EGR
Valve; TBefEGRis temperature before EGR; PAftEGR is pressure of intake manifold;
AEGR is effective cross section area which is relevant to EGR opening degree.

3.2 The Definition of Standard Flow Mass

When all three conditions are fulfilled:

(1) Pressure of upside EGR is standard ambient pressure(1013 hPa).
(2) Temperature of upside EGR is 0 �C.
(3) The pressure ratio of upside and downside EGR is less than 0.5283, i.e. the

speed of gas flow must be sonic.

A standard mass flow is able to be defined at a certain opening, then Eq. (13)
converts to:

MassFlowStdEGR ¼ AEGR
PStdffiffiffiffiffiffiffiffiffiffiffi
RTStd
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k ð 2

k þ 1
Þ
ðkþ1Þ=ðk�1Þ

s
ð16Þ

where AEGR is decided by throttle opening, due to its nonlinear, normally a quartic
polynomial is used to indicate the relation between the section area and throttle
opening degree.

AEGR ¼ a4 � a4 þ a3 � a3 þ a2 � a2 þ a1 � aþ a0 ð17Þ

a0; a1; a2; a3 and a4 in Eq. (17) are constants and the other four factors
PStd; R; k and TStd in Eq. (16) are also constants. Therefore, flow mass
MassFlowStdEGR is monotonic function of EGR Valve opening a 2 ½0; 100 %� and
their relation can be represented as a map and calibrated.

3.3 Conversion Between Actual Mass Flow and Standard
Mass Flow

When engine is running actual EGR mass flow is converted to standard mass flow
as defined, and details of conversion is listed as follows:

Both sides of Eqs. (13, 16) divide both sides of Eq. (13, 16):
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MassFlowEGR

MassFlowStdEGR
¼

AEGR
PBefEGRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R�TBefEGR

p wðpAftEGR;PBefEGR; kÞ

AEGR
PStdffiffiffiffiffiffiffiffi
RTStd
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k ð 2

kþ1Þ
ðkþ1Þ=ðk�1Þ

q ð18Þ

Then at this opening degree the standard mass flow is:

MassFlowStdEGR ¼
MassFlowEGR

PBefEGR

PStd
�

ffiffiffiffiffiffiffiffiffiffi
TStd

TBefEGR

q
� wðpAftEGR;PBefEGR;kÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k ð 2
kþ1Þ

ðkþ1Þ=ðk�1Þ
p ð19Þ

where, PartA ¼ PBefEGR

PStd
is pressure correction factor of EGR valve upside which

could be obtained by EGR differential pressure sensor; PartB ¼
ffiffiffiffiffiffiffiffiffiffi

TStd
TBefEGR

q
is tem-

perature correction factor and temperature could be measured by EGR valve

temperature valve; PartC ¼ wðpAftEGR;PBefEGR;kÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k ð 2

kþ1Þ
ðkþ1Þ=ðk�1Þ

p is a stage function based on

PAftEGR

PBefEGR
.when PAftEGR

PBefEGR
� ð 2

kþ1Þ
k=ðk�1Þ � 0:5283:

PartC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k

k�1 ½ð
PAftEGR

PBefEGR
Þ2=k �ðPAftEGR

PBefEGR
Þðkþ1Þ=k�

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k ð 2

kþ1Þ
ðkþ1Þ=ðk�1Þ

q ð20Þ

In other conditions:

PartC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k ð 2

kþ1Þ
ðkþ1Þ=ðk�1Þ

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k ð 2

kþ1Þ
ðkþ1Þ=ðk�1Þ

q ¼ 1 ð21Þ

The equation is only related to pressure before/after EGR valve and isentropic
exponent k, therefore, PartC could be represented by 1-D map based on pressure
ratio.

3.4 Simplified Model of EGR Mass Flow

The following Figure shows a simplified prototype of EGR mass flow model based
on Matlab/Simulink development platform. Table 1 means relation between
standard mass flow and valve opening degree, Table 2 is Part C and Table 3 is Part
B.

In Fig. 4, EgrMsFlw_Tgt is the target value of external EGR mass flow; Map is
intake manifold pressure and can be used as the pressure after EGR; EgrVlv_BefP
is upstream pressure of EGR; EgrT is the Temperature at EGR position and EgrPsn
is the EGR opening.
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4 The Integration of EGR Control System

4.1 The Construction of EGR Control System

EGR control system utilizes model based open loop control method. The whole
control method is simplified so that it could be easily realized and applied in
embedded control systems. The Fig. 5 is the construction of control algorithm.
Fun2 calculates desired EGR ratio including correction factors for desired EGR
ratio because of different environment [6], however, it is not an important point in
this paper; Fun3 converts desired EGR ratio to desired EGR mass flow based on Eq.
(7); Fun4 gives the method of calculating target EGR valve opening degree which is
described in detail in Chap. 3; Fun7 calculates the actual EGR flow mass according
to EGR opening degree, also based on ‘‘inversed’’ theory mentioned in Chap. 3.

4.2 Integration

Although EGR control system is independent from other control systems, after
EGR control system is introduced to original EMS, the impact to other control
systems brought by EGR control should be considered.

(1) Lambda control subsystem

On basis of Eqs. (10–12), the required lambda value should be corrected due to
the introduction of EGR control system.

(2) Air Charge control subsystem

The same intake manifold pressure does not mean the same intake air charge
since EGR gas will affect engine intake efficiency. Therefore, EGR gas pressure
should be excluded when using speed-density method to calculate air charge.
Additionally, EGR gas also contains fresh substance which should be added to
actual air flow mass.

Table3

Table2

Table1

EgrPsn

EgrT

EgrMsFlw_Tgt

EgrVlv_BefP

Map

C_1013_V

Fac_PartC

Fac_PartA

EgrMsFlw_Std

Fac_PartB

Fig. 4 Simplified prototype of EGR mass flow model
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(3) Ignition control subsystem

EGR gas slows the speed of burning and MBT [5] will advance. When cal-
culating the optimized ignition angle, the compensation brought by EGR should be
considered.

5 Validation and Calibration of EGR Control System

5.1 Calibration Method

Calibration of required EGR ratio is not in the discussion of this paper since it
relates to the EGR effects on engine combustion performance. Therefore, the
calibrations of EGR control system focus on calibration of EGR mass flow of EGR
valve.

The relation between external EGR mass flow, lambda and intake air mass
could be deduced from Eq. (10). Where lambda is the air fuel ratio based on air
diluting which could be calculated by EMS according to air mass and fuel mass;
kAftEGR represents the total oxygen content after mixture including EGR gas burnt
and it could be measured through lambda sensor mounted on engine exhaust
system; Without EGR control system, after the calibration of original EMS is
finished, AirCharge and ChargeInt are known. Let engine running at different
working points, manually set the position of EGR valve then using Eq. (10) to
calculate external EGR mass flow as feedback. Using EGR valve position, EGR
mass flow and environment parameters around EGR valve, it is able to generate a
fitting curve as the function of EGR mass flow and EGR valve opening degree.
Figure 6 is the curve.

Fun4:Target EGR
Valve position

Fun1:EGR

Enable Condition

Fun3: Desire EGR
MassFlow

Calculation

Fun6: Position
Sensor

Fun7: EGR Mass
Flow Calculation

Fun2:Desire
EGR Rate

EgrRate_Req

Flag_EgrEn

MasFlow_ExtEgr

EgrPsn

EgrPsn_Tgt

EgrPsn_Adc

Fun5:EGR Valve
Postion PID

Control

PWM

EngineTorque_Req

Desire Torque

Intake System

Foot Pedal Positon

MassFlow_Egr

Desire Throttle
Position

Hardware Layer

EGR Control System

Original System

Fig. 5 Construction of EGR control sub-system
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5.2 Validation of EGR Control System

CO2 tracking method [7] could be used to measure actual EGR ratio, i.e. exhaust
analyzer can be utilized to measure CO2 in exhaust thus actual EGR ratio is measured.

EGR ratio of exhaust system can be calculated through CO2 contents:

EGRRatio ¼
CO2In� CO2Env

CO2Exh
ð22Þ

In equation, CO2In is a volume fraction of intake mixture including EGR gas.
CO2Env is an environment CO2 volume fraction (approx. 500 ppm) and it could
be ignored when the EGR ratio greater than 3 %; CO2Exh is CO2 volume fraction
in exhaust system.

Fig. 6 The fitting curve of EGR mass flow and valve position

Fig. 7 Target EGR ratio
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Figure 7 is the target EGR ratio and Fig. 8 indicates the deviations between
desired EGR ratio and actual EGR ratio measured through CO2 tracking. The
deviation is within 5 % and this control accuracy can satisfy EGR control
requirement, therefore it validates the feasibility of EGR control strategy and
calibration method.

6 Conclusion

This article analyzes the definition of EGR ratio and composition of in-cylinder
mixture, thus it deduces the relation between EGR ratio and EGR mass flow.
Moreover, it indicates how EGR control system impacts system lambda value.
Then decouple of dual-diluted model could be realized. In addition, this paper
develops EGR mass flow estimation method suitable for embedded system so that
control of EGR valve and actual EGR mass flow estimation are realized thereby it
makes the control system support the dual-diluted model. Lastly it illustrates the
calibration method of EGR control system and validates the method using exhaust
analyzer and the result of validation confirms the correctness and feasibility of
EGR control system.
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and numerical simulation with the commercial 3D-CFD-tool STAR-CD. The in-
cylinder flow and burning rate of NG engine were studied. Special-shaped com-
bustion chamber was used to change the flow state. The results show that the engine
thermal efficiency increases by 2 % compared with the original engine while using
the cross-type rapid combustion chamber under 1450r/min,100 % load operating
condition. Effect of three kinds of dilution methods on combustion and emissions
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1 Introduction

Energy crisis and global environment deterioration have been the hot focus all
over the world. The population of automobile is increasing year by year with
technological progress and social improvements, which takes worse depletion of
oil reserves, at the same time aggravates atmospheric pollution. Therefore great
importance is attached to NG engines due to its advantages like rich gas resource,
its low emissions, high cetane number and so on [1–4].

To improve the thermal efficiency and emissions performance of NG engines,
NG lean burn combustion has been investigated widely by ICE researchers. It can
be obtained that mixture adiabatic exponent increases at the end of combustion by
rich air, and in favor of expansion work as well as thermal efficiency due to plenty
fresh air. Peak of cylinder combustion temperature decreases by burning lean gas-
air mixture; NOx emissions have been controlled as well. HC emsissions increase
and burning rate becomes slow when the mixture is diluted to some extent, which
is the bottleneck to high efficiency, ultra low emissions, limit the progress of lean
burn technology [5–8].

The fuel economy can be improved by operating the engine with diluted
mixtures (extra air or EGR). This will lower the combustion temperature and thus
the heat losses. As a bonus, the raw NOx emissions are reduced with high diluted
mixtures. Pumping losses at part load are also reduced with these strategies.

Higher fuel economy can be achieved with lean burn operation. In this research,
the combustion and emissions of NG engine were investigated by means of
experiment and numerical simulation with the commercial 3D-CFD-tool
STAR-CD.

2 Experimental Set Up and Procedure

The experiments were conducted on a multi-point injection, electronic controlled,
lean burn NG engine. This engine is equipped with a multi-point port fuel injection
system which was designed including development of injector, gas rail and NG
filter and appropriate choice of key parts such as regulator and shut-off valve. The
electronic controlled system of NG engine was developed which realized functions
such as multi-point electronic injection, lean burn, k close-looped feedback con-
trol, electronic throttle control, idle flashover, fault diagnosis and communication.
Further engine specifications are presented in Table 1.

A CMF series flowmeter was used in order to measure mass flow rate of natural
gas. CW440-1 eddy current dynamometer maximum rated power of 260 kW was
used to measure engine brake torque. The dynamometer is controlled by an in-
house developed control system that allows the dynamometer to be operated at
constant speed mode.
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Emissions of HC, O2, CO, CO2 and NO were measured using an MEXA-
7100DEGR series exhaust gas analyser made by Horiba. This device is a compact
gas analyser which uses NDIR to detect CO, CO2 and HC, and an electrochemical
method for O2 and NO. The O2, CO, CO2, and NO calibration were performed
using a conventional span gas and gas divider.

A Kistler piezoelectric pressure transducer was installed in the roof of the
combustion chamber of the 1th cylinder. The output signal from the sensor was
passed through a charge amplifier, then sampled by a LabView card and a desktop
PC. Signals are then analysed by an in-house developed combustion analysis tool.
To synchronise the pressure measurements with the instantaneous volume of the
combustion chamber, a high precision rotary incremental encoder was mounted on
the engine crank shaft which gives a resolution of 0.1 �CA.

Figure 1 is schematic of engine control system.
Turbulence kinetic energy (TKE) could increase flame propagation speed and

then improve engine thermal efficiency. A fast combustion chamber called Cross
chamber has been developed, which is suitable for lean burn NG engine. As Fig. 2
shows, the left original chamber called Column chamber and the right novel
combustion chamber called Cross chamber. Cross chamber can obtain higher TKE
in cylinder using its corners. The higher TKE will promote exchange between
burned and unburned mixture near the flame surface, and expand the flame surface
area so that improve flame propagation rate.

In this study, effect of three kinds of dilution methods on combustion and
emissions performance from lean burn NG engine was investigated. These dilution
methods include air dilution, stoichiometric combustion with EGR, and double
dilution (extra air and EGR). Air dilution is using extra air to dilute mixture, which
can lower the combustion temperature, reduce NOx emissions, and enhance fuel
economy. Stoichiometric combustion with EGR can meet the need of using three-
way catalytic converter, at the same time, reduce NOx emissions.

The relative researches indicate that air dilution or stoichiometric combustion
with EGR exists dilution limitations under different engine operating conditions,
see Fig. 3. The ignition timing resulting in maximum efficiency is called MBT
ignition (maximum brake torque ignition). The engine stability limits the dilution
at low to medium loads due to high amount of residual gases from the previous
combustion cycle. High loads and high amount of additional air or EGR results in
too low exhaust energy for sufficient boost pressure. Knock limits the load when
the amount of dilution decreases [2].

Table 1 Specifications of
the test engine

Bore 106 mm
Stroke 125 mm
Displacement 6.62 L
Cylinders 6, in line
Compression ration 12.0
Rated power(kW) 155@2300
Max torque (N�m) 700@1400
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The method of double dilution that combined air dilution with EGR dilution is
used to overcome the limitations of single air dilution or stoichiometric combus-
tion with EGR method. Double dilution will reduce NOx emissions while the
engine fuel economy is maintained constant. Figure 3c shows the limitations on
load and dilution using double dilution method.

In this study, engine combustion and emissions performance were tested with
three kinds of dilution methods. The results of 1750 r/min, 75 %load operating
condition will be discussed in this paper, and use HC emissions to show the
limitation of dilution. During the testing, the engine power is constant, and as soon
as HC emissions are more than 6 g/kW.h, excess air ratio or EGR rate will stop to
increase further.

In this paper EGR rate is defined by CO2 volume percentage in the intake
manifolds after engine intake cooler, and that in exhaust gas, and environment air
as well. Calculation formula as follows:

Fig. 1 Schematic of experimental setup

(a) (b)

Fig. 2 The geometry of combustion chambers. a Column chamber. b Cross chamber
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REGR ¼
uco2;in

� uco2;env

uco2;out
� uco2;env

� 100 %

Where, uco2;in
is CO2 volume percentage in intake manifold after cooler, uco2;out

is
CO2 volume percentage in exhaust gas, uco2;env

is environment CO2 volume

percentage.
Excess air ratio k is given by equations as follows:

k ¼ Min

MCNG � A=Fð Þsto

where Min is mass of intake fresh air, MCNG is mass of consumed CNG, and
(A/F)sto is stoichiometric air fuel ratio.

3 Results and Discussion

3.1 Effect of Combustion Chamber

The combustion process has been analyzed by using numerical simulation under
1450 r/min, 100 % load operating condition. Figure 4 shows radial distributions of
TKE in combustion chamber, which are located in the middle of combustion
chambers, and the crank angle is 12 �CA BTDC. It can be seen from Fig. 4, the
high TKE field (TKE greater than 60 m2/s2) of Cross chamber are more than
Column chamber.

Figure 5 shows average TKE in-cylinder versus crank angle of two combustion
chambers under 1450 r/min, 100 % load operating condition. Average TKE of
Cross chamber is higher than Column chamber, and the largest increase is near to
50 % when crank angle is near TDC.

(a) (b) (c)

Fig. 3 Limitations in load and dilution (constant speed). a k, b EGR, c k ? EGR
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The combustion and emissions performances of NG engine with these two
kinds of combustion chambers have been experimental investigated. Figure 6
shows combustion pressure and heat release rate in the above simulation operating
condition. It can be seen that Cross chamber obtained higher peak of pressure and
heat release rate than Column chamber, which due to higher TKE accelerates
flame propagation speed and then increases burning rate. During the crank angle
changing from 25 to 40 �CA ATDC, Cross chamber obtained lower heat release
rate than Column chamber that indicates the corresponding combustion duration of
Cross chamber is shorter than Column chamber.

In order to study the effect of combustion chamber on engine operating process,
full conditions have been investigated. Results of 1450 r/min, 25, 50, 75,
100 %load operating conditions are analyzed. Figure 7 shows test results of
thermal efficiency, NOx emissions, maximum combustion pressure, and maximum
average combustion temperature, peak of heat release rate and centroid of heat
release rate. It can be seen from Fig. 7a, Cross chamber has higher thermal effi-
ciency than Column chamber and the increase rate tends to enlarge with the
increasing of load. Taking 1450 r/min, 100 % load for example, the thermal
efficiency of Cross chamber increases by 2 %. Figure 7b shows Cross chamber has
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Fig. 4 TKE distribution sections of two combustion chambers. a Column chamber, b Cross
chamber, (Crank angle 12 �CA BTDC)
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more NOx emissions than Column chamber, such as it increases by 1.2 g/kW.h
under 1450 r/min, 100 % load. It is mainly because that fast burning rate leads to
cylinder maximum combustion temperature increased, as shown in Fig. 7d. It can
be seen from Fig. 7c, e, f the maximum combustion pressure and peak of heat
release rate of Cross chamber are higher than Column chamber, at the same time,
the centroid of heat release rate of Cross chamber is to move forward, which
indicate Cross chamber can improve burning rate.

In conclusion, the Cross chamber enhanced in-cylinder TKE through structural
design, which promotes flame propagation, accelerates burning rate and then
increases thermal efficiency, but it will lead to NOx emissions increase
simultaneously.

3.2 Effect of EGR

The effects of air dilution method on engine combustion and emissions perfor-
mance were studied. Figure 8 shows the effect of excess air ratio (k) on brake
specific fuel consumption (BSFC), NOx emissions, HC emissions, CO emissions,
and exhaust temperature before turbine. When k increases from 1 to 1.2, BSFC
decreases from 219 to 206 g/kW.h, and when k increases from 1.2 to 1.5, BSFC
increases from 206 to 208 g/kW.h. The variation of NOx emissions is exactly
opposite with the BSFC, and NOx emissions reach the maximum when the k is
1.2. The HC emissions are increasing with the rise of k, and it is more than 6 g/
kW.h when the k runs over 1.5. The CO emissions are no more than 3.5 g/kW.h
during the range of k. With the increasing of k, the exhaust temperature before
turbine is linear downward trend, and the change is more than 80 �C.
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The effects of stoichiometric combustion with EGR dilution method on engine
combustion and emissions performance were studied. Figure 9 shows the effect of
EGR rate on brake specific fuel consumption (BSFC), NOx emissions, HC
emissions, CO emissions, and exhaust temperature before turbine. When EGR rate
increases from 0 to 20 %, BSFC decreases from 219 to 216 g/kW.h, and when
EGR rate increases from 20 to 26 %, BSFC increases from 216 to 220 g/kW.h.
With the increasing of EGR rate, NOx emissions are linear downward trend, and
the minimum is lower than 2 g/kW.h. The HC emissions are increasing with the
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rise of EGR rate, and it is more than 6 g/kW.h when the EGR rate runs over 25 %.
The effect of EGR rate on CO emissions and exhaust temperature before turbine is
not obvious, which can be ignored.

Figure 10 shows the effect of double dilution (k is 1.45, increasing EGR rate)
on brake specific fuel consumption (BSFC), NOx emissions, HC emissions, CO
emissions, and exhaust temperature before turbine. When EGR rate increases from
0 to 2 %, BSFC decreases from 208.5 to 208 g/kW.h, and when EGR rate
increases from 2 to 6.89 %, BSFC increases from 208 to 211 g/kW.h. With the
increasing of EGR rate, NOx emissions are linear downward trend, and the min-
imum is lower than 2.2 g/kW.h. The HC emissions are slowly increasing with the
rise of EGR rate, but it is more than 6 g/kW.h when the EGR rate runs over 6 %.
The effect of EGR rate on CO emissions and exhaust temperature before turbine is
not obvious, which can be ignored.

Here just show the effect when k is 1.45, similar results were obtained when k is
1.1, 1.2, 1.3, 1.4, 1.5 and so on.

In short, air dilution method can obtain superior fuel economy, stoichiometric
combustion with EGR dilution method can acquire better control performance of
NOx emissions and then double dilution method couples with advantages of the
former dilutions, at the same time, it could further enhance fuel economy and
lower NOx emissions. This is mainly because air dilution method supplies enough
oxygen, which can improve combustion competition and fuel economy. Stoichi-
ometric combustion with EGR dilution method can lower the combustion
temperature, so NOx emissions can be controlled, but the fuel economy is
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deteriorated. Double dilution method can supply extra air to meet the need of
oxygen, at the same time, use EGR to lower the combustion temperature, and
enhance thermal efficiency by decreasing the pumping loss. In summary, double
dilution method is superior to other dilution methods no matter considering from
fuel economy or NOx emissions.

The effects of three kinds of dilution methods on engine fuel economy and NOx
emissions under 1750 r/min, 75 % load operating conditon were studied by
optimizing combustion parameters, such as spark timing, NG injection timing and
so on. Figure 11 shows achievable control area, dark region as shown, when
considering both fuel economy and NOx emissions. It can be seen that air dilute
manner could control NOx emissions is 2.4 g/kW.h while BSFC is 208 g/kW.h,
stoichiometric combustion with EGR could control NOx emissions is 2.1 g/kW.h
while BSFC is 216 g/kW.h, and double dilution could control NOx emissions is
2.25 g/kW.h while BSFC is 205 g/kW.h.

4 Summary/Conclusions

The multi-point injection NG supply system was designed including development
of injector,gas rail and NG filter and appropriate choice of key parts such as
regulator and shut-off valve. The electronic controlled system of NG engine was
developed which realized functions such as multi-point electronic injection, lean
burn, k close-looped feedback control, electronic throttle control, idle flashover,
fault diagnosis and communication.

The in-cylinder flow and burning rate of NG engine were studied. Special-
shaped surface of combustion chamber was used to change the flow state. The
results show that the engine thermal efficiency increases by 2 % compared with the
original engine while using the cross-type rapid combustion chamber under
1450 r/min,100 %load operating condition.

Effect of three kinds of dilution methods on combustion and emissions per-
formance from lean burn NG engine was investigated. These dilution methods

(a) (b) (c)

Fig. 11 NOx emissions versus fuel economy under different dilute strategies (1750r/min,
75 %load). a Air dilution, b Stoichiometric combustion with EGR, c Twofold dilution
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include air dilution, stoichiometric combustion with EGR, and double dilution
(extra air and EGR). The results show that double dilution method is superior to
other methods no matter considering from fuel economy or NOx emissions.

Acknowledgments The research is supported by National Science Foundation of China under
Project No.50906033.

References

1. Manivannan A, Tamilporai P (2003) Lean burn natural gas spark ignition engine-an overview.
SAE paper, 2003-01-0638

2. Einewall P, Per Tunestal and Bengt Johansson (2005) Lean burn natural gas operation versus
stoichiometric operation with EGR and a three way catalyst. SAE paper, 2005-01-0250

3. Dwyer HA, McCaffrey Z, Miller M (2004) Analysis and prediction of in-cylinder NOx
emissions for lean burn CNG/H2 transit bus engines. SAE paper, 2004-01-1994

4. Shi Y (2005) Latest update on china’s natural gas pipeline infrastructure and implications for
NGV promotion in China. Clean Fuels-CNG/NGV- Hybrids-Fuel Cells China/Asia 9:6–7

5. Battoei Avarzaman M (2002) Investigation of completeness of combustion in CNG fueled
spark ignition engines. Thesis for the degree of master of applied science at the university of
Windsor

6. Atibeh PA, Dennis PA (2012) Lean burn performance of natural gas fuelled, port injected,
spark ignition engine. SAE paper. 2012-01-0822.2012

7. Hirotomi T, Nagayama I, Kobayashi S, Yamamasu T (1981) Study of induction swirl in a
spark ignition engine. SAE paper 810496

8. Arcoumanis C, Bicen AF, Vlachos NS, Whitelaw JH (1982) Effects of flow and geometry
boundary conditions on fluid motion in a motored IC model engine. Proc Inst Mech Eng
196:1–10

262 H. Dou et al.



Part II
Advanced Hybrid Electric Vehicle



Development of CHS Hybrid System
for City Bus

Guangkui Shi, Renguang Wang, Hongtao Chen and Zhiguo Kong

Abstract A hybrid electric system with two sets of planetary gear and two electric
motors has been developed for city bus, which can provide series/parallel driving
mode for HEVs. The power train assembly of this system integrates functions of
power coupling, automatic transmission and auto clutch. It’s control system was
also designed to provide good fuel economy and traction performance with fuel
consumption improved by more than 30 %. The new system can meet require-
ments of HEVs and Plug-in HEVs, which provides a new choice for china auto-
motive industry with satisfied cost and performance.

Keywords Hybrid power train � Two-motor drive � Power coupling � Locking
mechanism

1 Introduction

Most of typical hybrid power trains are composed of engine, generator, motor and
planetary gear sets with engine power distribution function is performed by
planetary gear set. In these power trains, most of these systems can provide pure
electric driving and series/parallel driving modes. But in these hybrid systems, the
generator can only works as a generator with short time being an engine starter,
and cannot provide driving torque for vehicle. How to make the generator works as
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a motor to provide driving torque for vehicle is one purpose of our research, and
how to design planetary gear sets to reduce its complicity and cost are also our
research focuses. Now a new power train system has been developed, CATARC
Hybrid System(CHS), which can realize two motor driving function with addition
of a locking mechanism to brake engine [1, 2].

CHS is a kind of hybrid system with two motors and two planetary gear sets as
its features. And the product for city bus has been developed and in use for nearly
two years with outstanding performances. The CHS for middle size bus and SUVs
are also developed and being in testing. CHS system can provide driving torque
with two motors working as driving motors in pure electric driving condition,
which can improve dynamical performance for general HEVs and PLUG-in HEVs.

2 Composition of CHS Power Train

As shown in Fig. 1, the CHS system is mainly composed of engine, shock
absorbing and locking combination mechanism, first motor, second motor, first
planetary gear set, second planetary gear set, first shaft, second shaft and control
system (HCU). And the shock absorbing and locking combination mechanism
includes an electromagnet, lock pin, shock absorber, and pressing plate with
around ring gear. It is used to lock engine in two motors driving mode.

The flywheel is connected with first shaft by means of shock absorbing and
locking combination mechanism. Then first shaft is connected with carrier of first
planetary gear set. The rotor shaft of first motor is connected with sun gear of first
planetary gear set, and the rotor shaft of second motor is connected with sun gear
of second planetary gear set. The ring gear of second planetary gear set is fixed
with second motor shell. The power from second motor is transmitted from sun
gear to carrier of second planetary gear set, then to second shaft for outputting to
drive vehicle. With these main structure characteristics, the CHS system has four
following features:

Fig. 1 Schematic of CHS power train for city bus 1 Engine, 2 shock absorbing and locking
combination mechanism, 3 first motor, 4 first planetary gear set, 5 second planetary gear set, 6
second motor, 7 second shaft, 8 first shaft
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1. Shock absorbing and locking combination mechanism has two purposes. First is
to reduce rotation vibration from engine. Second is to control rotation of carrier
of first planetary gear set. When in pure electric driving condition, the carrier is
locked and the engine cannot rotate, then two motor can work together to drive
vehicle simultaneously.

2. Each motor has its own case, and two end covers of motors form amounting
case for two planetary gear sets which perform engine power distribution and
power coupling of engine and motor. This configuration can benefit calibration
and manufacture of electric motor, and cost was also reduced.

3. The ring gears of two planetary gear sets are designed as all following struc-
tures. It means they are not fixed completely, and have small clearance between
ring gear and its fixing position for alignment. This can reduce working and
assembly precision requirements of planetary gear to save cost.

4. The power from engine and motor are transisted to ring gear of first planetary
gear set and carrier of second planetary gear set, and coupled here to second
shaft for driving vehicle. These configurations provide no radial force on the
structure and then simplify mechanical structure. The power from second motor
is outputted from carrier of second planetary gear set, which can reduce the
peak torque of second motor and size of motor to improve its power intensity of
motor.
With these characteristics, the CHS can meet the requirements of city bus

which top speed is less 80 km/h.

3 Analysis of CHS Operation Modes in City Bus

CHS system can conduct 6 different operation modes, which include pure electric
driving modes in low load and high load, hybrid mode, regenerative braking mode,
pure generation mode, and grid charging mode. Basing on structure described in
Fig. 1, these operation modes are described as following.

1. Pure electric driving mode in low load condition. With locking mechanism
engaged, engine closed, and first motor rotation freely, the power battery
provides electric power for second motor, then second motor drive vehicle
according to vehicle moving direction requirement.

2. Pure electric driving mode in high load condition. For plug-in HEVs, the pure
electric driving mode with high loads is adopted. With locking mechanism
engaged and engine shutdown, the carrier of first planetary gear set cannot
rotate. At this condition, the two planetary gear sets all works as speed reducers,
the power battery provides electric power, and the driving power from two
motor are coupled to drive HEV simultaneously.

3. Hybrid driving mode. The locking mechanism is disengaged, and engine starts.
The power from engine is distributed into two transmitting paths. One part is to
drive first motor to work as a generator, and the electric current is used to drive
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second motor or charge power battery. Another part of engine power if trans-
mitted to ring gear and coupled with the power from second motor to drive
vehicle. The power transmitted between power battery and motor controller is
mainly depend on acceleration pedal input, vehicle speed and battery SOC.

4. Regenerative braking mode. During vehicle braking and decelerating condi-
tions, the driving wheels of vehicle drive second motor work as a generator to
produce electric power to charge power battery.

5. Pure generation mode. When the vehicle stopped, the ring gear of first planetary
gear set cannot rotate. The locking mechanism disengaged, engine started. The
engine drives the first motor work as a generator to charge power battery. The
engine speed is controlled at 1,200 rpm with lowest fuel consumption.

6. Grid charging mode. When the HEV bus stops at charging station, the electric
power from grid can be used to charge power battery to improve SOC for next
day operation running, especially at night.

4 Electric Control System of CHS

4.1 Brief Introduction

At the conditions of vehicle starting and vehicle speed less than 24 km/h, the
vehicle runs in pure electric driving mode. When vehicle speed is more than
24 km/h, the first motor works as a starter to start engine, the HEV is operated in
hybrid mode. When vehicle decelerates and its speed is less than 12 km/h, the
engine stops. In normal condition, if more driving torque is required or the SOC is
less than target value, the engine runs at 1,500 rpm with load rate at 70–80 %. At
the above condition, one third of engine power is used to drive first motor to
generate, and two thirds used to drive vehicle directly.If the engine power is not
needed, its rotating speed is reduced to idle speed. If the vehicle speed is more than
60 km/h, the engine is controlled operating from 1,500 to 2,000 rpm continuously
with lower fuel consumption rate.

Figure 2 shows the schematic of the electric control system of the hybrid bus.
The driver operation signals are input into the hybrid control unit (HCU) directly.
And other components and subsystems in the vehicle are linked together through a
system of networked communication. The command signals, the sensor feedback
signals, and the system output variables interconnect the supervisory controller,
and the subsystems and components through this automotive communication
network. The type of networked communication used is high-speed controller area
network (CAN). There are two CAN bus with 250 kbps transfer rate to achieve
reasonable bus loading. The HCU is the core of system, and all the control strategy
and supervisory function are embedded in it.

The main function of the strategy is energy management [3–5]. The energy
management strategy is implemented by a power controller. It controls the energy
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flow between all components, and optimizes electric power generation and con-
version in the individual components.

4.2 Analysis on Control Strategy of CHS

Control strategy is the core of the control system, which can determine vehicle
performance [4, 5]. It is the combination of the control method of engine, two
motors, and locking mechanism in CHS system. The driver input requirements
through brake and acceleration pedals, and the HCU ensures the vehicle
smoothness and control reliability in order to get a good drivability. The signal of
the pedals, especially the acceleration pedal, is used to control the output power in
the second shaft, which is realized to regulate output of the motors and engine by
HCU, as shown in Fig. 3. As shown in Figs. 4 and 5, the control strategy is
described in detail in HEV mode and EV mode respectively. In this system, only
the control of first motor torque adapts PI controller. The control method of engine
speed and torque of second motor are conducted with looking up table and
open-loop calculation respectively. Since the model of controlled objects is non-
linear and not precise enough. The parameters of the PI controller are difficult to
determine. Therefore two tables are introduced with expert experience to gain the
parameters of the proportion and the integrity respectively.

To make the power battery provide instantaneous power and absorb regener-
ative braking energy at any time, the SOC of the battery pack need to be maintain a

Fig. 2 Schematic of the electric control system
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fixed range, which can improve vehicle life and lower the cost taking into account
life of the battery. The delta between the aim and the object of the SOC is
introduced to modify the required power of the system, as shown in Fig. 4.

Fig. 3 Schematic of the control strategy

Fig. 4 Control realization process in HEV mode

Fig. 5 Control realization process in EV mode
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To optimize fuel economy of HEV bus, operation points of engine are allowed
to change slowly. As shown in Figs. 3 and 4, engine operation point is determined
by driver’s input and SOC of power battery. Here, the increasing or decreasing rate
of the algebraic power sum is limited step by step. The difference between the
power command and the power output of the engine is compensated by the second
motor instantaneously. During short time accelerating, the second motor can
output power to meet most of power command, then the load of the engine is
lighter and the fuel rate is lower. As a result, the engine operates in the region with
higher efficiency and lower load rate in most conditions, which is benefit to the
fuel economy of the HEV bus.

Table 1 Dynamical performance of HEV city bus

Acceleration time from 0 to 50 km/h(s) 17
Maximum gradability (%) [15
Maximum speed (km/h) 80

Table 2 General parameters of CHS power train for 12 m city bus

Basic parameter Total mass (kg) 410 Continuous variable speed range(rpm) 0–2,250
Max speed (rpm) 2,250 Max torque(Nm) (from 0 to 550 rpm) 3,000

First motor Rate power (kW) 44.5 Peak power(kW) 71.2
Rate speed (rpm) 1,700 Top speed(rpm) 5,000
Rate torque (Nm) 250 Peak torque(Nm) 400

Second motor Rate power (kW) 84 Peak power(kW) 147
Rate speed (rpm) 2,000 Top speed(rpm) 7,500
Rate torque (Nm) 400 Peak torque(Nm) 700

Fig. 6 12 m long city bus with CHS system under testing
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5 CHS Application on City Bus and Test

5.1 Parameters of Power Train and HEV City Bus

CHS system was developed for 12 m long city bus. The dynamical performance
parameters of this HEV city bus are listed in Table 1. For simplicity, the two
planetary gear sets were designed in same sizes and parameters. The sun gear has
54 teeth, planetary gear has 30 teeth and ring gear has 114 teeth,so the gear ratio
for planetary gear set is 2.111 and detail parameters of power train are listed in

Fig. 7 Parts of experimental curves during the test cycle
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Table 2. Figure 6 is the picture of developed HEV city bus being tested in
laboratory.

5.2 Test Results of HEV City Bus with CHS System

The HEV city bus had been tested in laboratory according to energy consumption
test method of heavy hybrid electric vehicle of China National Standard (GB/
T19754-2005). The test cycle is China typical city bus cycle. Figures 7 and 8 show
curves of experimental results and engine operation points in the test cycle
respectively. In Fig. 7, the profile of the bus speed is in accordance with the test
cycle. During the cycle, the operation of the diesel engine is smooth and steady,
which can benefit the fuel consumption of the bus. In this test, bus fuel con-
sumption is 23.4L/100 km.

The torque of second motor varied rapidly within wide range to make the output
power in the shaft to be the same with the driver power command. The curve of
torque of first motor shows operations condition of engine. The current curve of
power battery indicates the rapid response of second motor and regenerative
braking of the bus. The variation of the SOC and energy output of power battery
means that energy in balanced during the test cycle. And the computed instanta-
neous fuel consumption is effective, as shown in Fig. 7.

The fuel consumption has been tested in actual city bus operation conditions
with full load in Dandong city in Liaoning province and Zhengzhou city in Henan
province respectively. The fuel economy is less than 28L/100 km even in urban
congestion conditions. And the HEV bus also has been tested in several conditions
with constant velocity and simulated city operation conditions, all the test results
shows the HEV city bus with CHS system has excellent fuel economy
performance.

Fig. 8 Operation point of
engine during the test cycle
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6 Conclusions

CHS hybrid system adopts two planetary gears sets and two motor to form hybrid
power train system. And using locking device to lock engine to provide the
function that two motor can drive the HEV simultaneously in pure electric driving
mode. Corresponding controller with special strategies was developed for this
power train system. In power train structure, the two motor are in two cases and
the floating structure was used in planetary gear sets, which reduce manufacture
difficulty and cost. CHS system was used in 12 m long HEV city bus successfully
with good dynamical and economical performance. Comparison with current
power train systems in China, CHS system can provide more traction torque with
smaller size and lower cost. The parameters of CHS system are also needed to be
optimized to improve vehicle performance, and its control strategy needed to be
optimized too.
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Optimization of an Extended-Range
Electric Vehicle

Haitao Min, Dongjin Ye and Yuanbin Yu

Abstract Under the current technical circumstances, the high cost of the electrical
vehicle is the biggest problem of the mass marketization. So how to reduce the cost
on the promise that the dynamic performance requirements be meet becomes more
and more important. The purpose of this study is to develop a methodology to
optimize an Extended-Range Electric Vehicle’s parameters taking minimum
drivetrain cost and the best fuel economy as objectives. Design parameters,
including electric motor peak power, engine rated power, and battery capacity are
reasonably set. The simulation result illustrates that a set of vehicle dynamic
performance constraints are met, in the same time the production cost is reduced
and the fuel economy is improved. Further study should optimize the control
strategy variables, too. Thus, the fuel economy can be optimized in a further
extent. What’s new of this study in the field is taking production cost as one of the
objectives to optimize the powertrain parameters. According to the ADVISOR
simulation result, the fuel economy have been significantly improved and pro-
duction cost has been reduced.

Keywords E-REV � Parameter-matching � GA � Optimization � Simulation
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1 Introduction

The automotive emission has become one of the major sources of air pollution. So
how to reduce the automotive exhaust is the most important task of the car
industry. Developing electric vehicle types is a feasible way to solve this problem,
but under current technical circumstances, mass popularization of electric vehicles
encounters the issue of high production cost, and the main element of the pro-
duction cost comes from the battery. It is too expensive to equip the full sized
battery, but too short electric range it can run to install a small sized battery,
besides, small sized battery would also cause the consumers’ anxiety of the drive
range. Adding the range extender on electric vehicle is a feasible way to solve the
problem, thus, a new type of vehicle has been created–extended-range electric
vehicle(E-REV). This solution could perfectly balance this contradiction, the
consumers would no longer worry about the drive range, because the car can rely
on gasoline, and the production cost could sharply been cut down, because full
sized battery is no longer necessary, so that the new type of vehicle can adapt the
competitive market. The remaining problem is just determine the all electric drive
range and the powertrain components’ parameters.

The parameters should be set on the purpose of reducing the powertrain pro-
ductive cost on the promise that the dynamic demands been met, the first part of
this paper preliminarily set these parameters but these parameters are not the best
for the powertrain, because we didn’t count the productive cost in when we set
them. In the second section of this paper, we employed the NSGA_II(Non-dom-
inated Sorting Genetic Algorithm) genetic algorithm optimized the above
parameters, in the course of analysis, the function of adv_no_gui of ADVISOR has
been circularly called, and the objectives of optimization are ‘‘improve the fuel
economy and minimize the productive cost’’. The third section illustrates the fuel
economy improvement and the cost reduction by comparing the ADVISOR sim-
ulation results.

2 Sizing of Components

Figure 1 shows the architecture of E-REV, the powertrain was constituted by
driving motor, range extender, power battery and the main gear. The power flow
was managed by a VCU(vehicle control unit).

The E-REV was derived from EV, so this type of vehicle inherit all the EV
features, as we can see in Fig. 1, the drive power could only provided by the drive
motor, because only the drive motor was mechanically connected to the wheels.

Table 1 shows the basic parameters of the prototype vehicle. The sizing and
simulation task are all based on these parameters.
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2.1 Motor Sizing

All the drive power is provided by the drive motor, to meet the design objectives,
we must set the appropriate parameters of drive motor. Table 2 shows the dynamic
demands of this vehicle.

The drive motor must simultaneously meet these demands, so we have to
respectively set each parameters according to respective demand, and select the
largest one.

The required power of a vehicle in a certain speed could be compute by using
this formula [1]:

Pmax1 ¼
mgv

3600gt
f þ CDAv2

21:15mg

� �
ð1Þ

Fig. 1 Architecture of E-REV

Table 1 Prototype vehicle parameters

Parameter names Values Parameter names Values

Kerb mass m0/kg 1,550 Gross weight m/kg 1,950
Rolling resistance coefficient f 0.012 Tire rolling radius r/m 0.317
Transmission efficiency gt 0.93 Final ratio i0 7.2
Frontal area A/m2 2.0 Drag coefficient CD 0.28

Table 2 Dynamic performance demands

Test standard Design criterion

Dynamic performance Max Speed, km/h GB/T 18385 Transitorily C 140
Continuously C 120

0–50 km/h Accelerate time, s B5
0–100 km/h accelerate time, s B15
Gradeability, % C30 %
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where m is the calculate mass, g is gravity acceleration, v is vehicle speed, gt is
transmission efficiency, CD is drag coefficient, A is frontal area.

We set the power to 30.31 kW to meet the max speed demand.The relationship
between gradient and the demanded power could be expressed as [2]:

Pmax2 ¼
mgvp

3600gt
fcosamax þ sinamax þ

CDAv2
p

21:15mg

 !
ð2Þ

Here vp is the set driving speed, amax is the intersection angle between horizon
and the slope.

According the formula and the curve, we set Pmax2 to 42.57 kW.
Pmax3 could be set according to formula (3) [2]:

Pmax3 ¼
1

1000
rm

2ta
m2

f þ v2
b

� �
þ 2

3
mgfvf þ

1
5
qaCDAv3

f

� �
ð3Þ

In this equation, r is the mass conversion factor, vf is the target speed, here it
equals to 100 km/h or 59 km/h, vb is the vehicle speed when the drive motor rotate
in the rated speed, qa is air density, ta is the acceleration time. According to this
equation we set Pmax3 to 64 k.

PMax�Max Pmax1, Pmax2, Pmax3½ � ð4Þ

So Pmax was set to 64 kW.
The rated power could be set according Eq. (5)

Prated ¼
Pmax

k
ð5Þ

Set k to 1.8, so

Prated ¼ 35kW

According to Eq. (6), the peak torque and the rated torque can be determined to
203.73 and 203.73 Nm.

P ¼ T � n

9550
ð6Þ

2.2 Range-Extender Sizing

The design requirement of range-extender (R-E) is that the R-E is capable to
provide the power to make the vehicle be drove at the speed of 120 km/h when the
battery could not provide enough power to drive the vehicle. According to Eq. (2),
the required power of the speed of 120 km/h is 21.04 kW, take the inverter effi-
ciency in count, the R-E must be capable to output the power of 30 kW.
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2.3 Battery Sizing

The selection of battery system plays an important role in the whole parameter
matching, because the battery performance can determine the dynamic perfor-
mance and the all-electric- drive-range. To set the parameters of battery, two
demands must be met: a. The peak power of the battery must meet the dynamic
performance demands; b. The battery capacity must be sufficient enough to meet
the all-electric-drive-range demand [3–5].

We have to select the voltage class before we set the other parameters of the
battery. Table 3 is a voltage class statistic table of some different types of vehicles.

According to the technological experience and current technology circum-
stances, the voltage class is set to 336 V.

Here we set all-electric-drive-range to 60 km, to meet this demand, the energy
stored in the battery must meet non-equality (7):

EB�
mgf þ CDAv2

a=21:15
3600� DODgtgmcgbð1� gaÞUm

� d1 ð7Þ

and

EB = UmCE=1000 ð8Þ

According to (7), (8)

CE �
mgf þ CDAv2

a=21:15
3:6� DODgtgmcgbð1� gaÞUm

ð9Þ

DOD is the depth of discharge; gt = 0.93, represents for the transmission
efficiency; gmc = 0.9, represents for the efficiency of drive motor; gb = 0.95,
represents for battery discharge efficiency; ga = 0.18, represents for auto acces-
sories energy consumption coefficient; Um = 336 V, represents for voltage class;
Va = 90 km/h, it’s the given speed for all-electric-drive; CE represents the energy
capacity determined by the all-electric-drive-range demand.

To meet the max power required by powertrain,

Pbatt max dis = kCpUm=1000 ð10Þ

Table 3 Statistic table of various types of vehicles

Vehicle types Voltage class (V)

Traditional vehicle electrical start assemble 12
Traditional vehicle ISG assemble 36
Hybrid vehicle which equips the ISG system voltage class 144
Series/parallel hybrid electric vehicle or all electric drive vehicle voltage class 288 * 350
Series/parallel hybrid electric bus or all electric drive bus voltage class 350 * 650
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Pbatt max dis ¼
Pmax

gmc
þ PA ð11Þ

so

Cp�
1000
kUm

Pmax

gmc
þ PA

� �
ð12Þ

PA = 4.5 kW, represents for the vehicle accessory power.
According to (9) and (12) we can graph CP and CE in one coordinate system, as

illustrated in Fig. 2.
The capacity of battery could finally be set by

C ¼ min
k�¼MinðkÞ

max CP kð Þ;CEðkÞ½ �f g ð13Þ

As illustrated in Fig. 2, the corresponding coordinates of the intersection of the
red curve and the black line are K = 4.93 h-1 and C = 45.67A�h.

3 Optimization of Powertrain Component Parameters

The powertrain of E-REV play a decisive role to the vehicle’s dynamic perfor-
mance, total mass, and the fuel economy. We can optimize the powertrain
parameters, on the promise that the dynamic demands be meet, to improve the fuel
economy performance. By doing this we can cut down the production cost, reduce
the total mass of the vehicle, and dramatically improve the fuel economy.

Fig. 2 Battery capacity—
charge–discharge rate
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In this paper, we employed the no gui function of advisor’’ adv_no_gui’’, which
was implanted into the optimization algorithm to be cyclically iterated, in the
purpose of searching for the optimal result.

The method of calling the function of adv_no_gui is as following:
[error_code, resp] = adv_no_gui(action, input)
Error_code represents a binary number, if error_code = 0, means the function

has been smoothly executed, and there is no any fault; if error_code = 1, means

Start

Initial
population

Calculation
fitness

selecting
operation

Crossover
operation

Mutation
operation

Termination
condition

Population
of best
fitness

End

Yes

No

Fig. 3 The NSGA_II flow
chart
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the execution has confronted some mistake; resp is a structure, the results of the
program is stored in this structure; action is a character string, some specialized
character strings are accordingly represent some corresponding operation, the
character strings includes ‘‘initialize’’ ‘‘modify’’ ‘‘grad_test’’ ‘‘accel_test’’ ‘‘dri-
ve_cycle’’ ‘‘test_procedure’’ ‘‘other_info’’ ‘‘save_vehicle’’ and ‘‘autosize’’, and
every character string has its corresponding input parameters.

NSGA_II is an algorithm of optimization, this algorithm search the optimal
chromosome by exerting the crossover and variation processing to the parents and
offspring, the flow chart is illustrated as follow (Fig. 3).

The optimization problem could be mathematically described as (14)

min
x2X

F xð Þ ¼ Cost xð Þ; fuel ecoðxÞ½ �

sttj xð Þ[ 0j ¼ 1; 2; . . .; n

(
ð14Þ

In (14), x generally represented all the main parameter of powertrain, X is the
solution space, Cost(x) represents the production cost function, fuel_eco(x) rep-
resents for the fuel economy simulation result.

Table 4 Optimization variables

Parameters Introduction Lower
bound

Upper bound

motor_peak_power Peak power of drive motor (kW) 30 80
Fc_max_available_power Max available power of fuel

converter (kW)
15 60

ess_cap_scale The scale factor of battery (*) 0.5 5
C Battery charging-discharging rate 0.75 5

Table 5 Optimization constrains

Parameters Introductions Demands

t1 0–50 km/h acceleration time, s B5
t2 0–100 km/h acceleration time, s B15
a Gradeability, % C30 %
Vmax Max speed, km/h Transitorily C 140

Continuously C 120
d1 All electric drive range, km C60
d Total drive range, km C400

Table 6 Optimization
results

Parameters Results

motor_peak_power 60.0015
fc_max_available_power 27.1534
ess_cap_scale 1.2418
C 4.12
cost 12425.38
mpg 34.59
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The chosen optimization variables are presented in Table 4
The optimization constrains are presented in Table 5
In the calculating processing of NSGA_II, the qualification of the production

cost are in accordance with the following functions:

Costengine ¼ $12� PE þ $424 ð15Þ

Costmotor ¼ $ 13:7� PM þ $190 ð16Þ

Costmotor ctr ¼ $ 8:075� PM þ $235 ð17Þ

Costbatt Lilon ¼ $650� C=5� Capacity kWh½ � ð18Þ

CostBatt Acc ¼ $1:2� Capacity kWh½ � þ $680 ð19Þ

In function (18), C represents for the Charge–Discharge Rate, this function was
established according to our experience. The optimization result are presented in
Table 6.

Advisor simulation comparison is presented as follows, the ADVISOR simu-
lation model [6] was previously established (Figs. 4, 5, Tables 7, 8).

Fig. 4 Energy power before
and after optimization

Fig. 5 Engine power before
and after optimization
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The simulation results comparison before and after powertrain parameter
optimization is illustrated in Table 9.

4 Conclusion

A method of E-REV powertrain components parameter selection was mainly
discussed in this paper. We preliminarily set the parameters to meet the dynamic
demands, and then employed the NSGA_II genetic optimization algorithm to
optimize the preliminarily selected powertrain parameters. Before and after opti-
mization parameters were inputted into an previously established advisor model to
compare the dynamic and fuel economy performance, which indicated that the fuel
economy was significantly improved on the promise that the dynamic demands
were met. In the same time the production cost was reduced, too.

Table 7 Simulation results before optimization

Items Results

Before optimization Gradeability 32.3 % (at the speed of 30 km/h)
Max speed 164.4 km/h
0 * 50 km/h acceleration time 4.5 s
0 * 100 km/h acceleration time 14.5 s

After optimization Gradeability 31.6 % (at the speed of 30 km/h)
Max speed 164.4 km/h
0 * 50 km/h acceleration time 4.6 s
0 * 100 km/h acceleration time 14.7 s

Table 8 Simulation result after optimization

Items Results

Gradeability 31.6 % (at the speed of 30 km/h)
Max speed 164.4 km/h
0 * 50 km/h acceleration time 4.6 s
0 * 100 km/h acceleration time 14.7 s

Table 9 Comparison of the performance before and after optimization

Gradeability 0–50 km/h
acceleration
time

0–100 km/h
acceleration
time

Production
cost

Fuel
economy

Before
optimization

32.3 % 4.5 s 14.5 s 13158.6 8.4L/100 km

After
optimization

31.6 % 4.6 s 14.7 s 12425.3 6.8L/100 km

Comparison Dropped
2.21 %

Dropped
2.22 %

Dropped
1.38 %

Dropped
5.90 %

Increased
23.53 %
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In this paper, we just selected the powertrain parameters as optimization
variables, and control strategy parameters were not selected. In the future study,
we can select the control strategy parameters as optimization variables, and set the
same optimization objective. Thus, we can get more optimal parameters.
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Driving Intention Identification Method
for Hybrid Vehicles Based on Fuzzy Logic
Inference

Qingnian Wang, Xianzhi Tang and Lei Sun

Abstract The fuzzy logic inference system was developed to identify driving
intention. The membership functions and rules of the fuzzy logic inference system
were built by using mathematical statistics and neural network. The vehicle model
was built based on a series–parallel hybrid vehicle using Cruise software. The
driving intention inference system was designed in Simulink. The simulation is
done based on Cruise and Simulink. The simulation results prove that the fuzzy
inference system can identify driving intentions excellently and the control strat-
egy based on driving intentions can help to reduce more fuel consumption.

Keywords Driving intention � Fuzzy inference � Hybrid vehicles � Neural
network � Simulation

1 Introduction

Management of energy and distribution of torque are key issues in the develop-
ment of hybrid electric vehicles, so an extensive set of studies have been con-
ducted over the past two decades [1–12]. Many management strategies have been
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used to solve these difficult problems. But few studies focus on drivers’ intention
identification. The drivers’ intention cannot be identified precisely by simply using
accelerator and brake pedal travel, so drivers’ intention may be identified
improperly. As a result, management of energy and distribution of torque are not
proper correspondingly and performances of HEVs become unsatisfactory. In
order to solve these problems, a driving intention identification method for hybrid
vehicles is presented. The fuzzy logic inference system was developed to identify
driving intention. The membership functions and rules of the fuzzy logic inference
system were built by using mathematical statistics and neural network. The vehicle
model was built based on a series–parallel hybrid vehicle using Cruise software.
The driving intention inference system was designed in Simulink. The simulation
is done based on Cruise and Simulink.

2 Different Driving Intentions and Selection of Identification
Parameters

There are many different driving intentions during driving process. Driving
intentions identification can make energy management unit know what driver
needs indeed and can help design control strategy. Some driving intentions are
chosen to be identified. They are five main intentions.

Rapid acceleration
Normal acceleration
Slow acceleration
High speed cruise
Low speed cruise

There are also two operation modes to be identified.

Economic mode
dynamic mode

Some parameters should be chosen to identify driving intentions. There are five
parameters have been chosen.

acceleration mean value
acceleration mean square deviation
acceleration pedal travel
acceleration pedal travel change rate
vehicle velocity
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3 Design of Fuzzy Inference System

3.1 Design of Membership Functions

The linguistic terms are represented by fuzzy sets. Consider the variable ‘‘pedal
travel’’ in Fig. 1. This variable is represented by the linguistic terms ‘‘small’’,
‘‘middle’’ and ‘‘big’’. These linguistic terms are represented by three fuzzy sets
that are defined by the three membership functions in Fig. 1. The membership
functions define the degree of membership of the variable in the three fuzzy sets.
For example, if pedal travel is 0, the degree of membership in the fuzzy set
‘‘small’’ equals 1 and the degree of membership in the fuzzy set ‘‘big’’ equals 0.
For pedal travel is 0.35, it is the other way around. One can imagine that there is a
gradual transition from small to middle. This transition is represented by the
overlapping interval in Fig. 1. The values in this interval belong to both fuzzy sets
with various degrees of membership. Pedal travel 0.4 belongs to ‘‘small’’ with
membership less than 0.5 and to ‘‘middle’’ with membership more than 0.5. So 0.4
belong to ‘‘middle’’ fuzzy set [13, 14]. The same as variable ‘‘pedal travel’’, other
four variables’ membership functions of the fuzzy logic inference system are
depicted in Figs. 2, 3, 4, 5, 6.
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3.2 Design of Fuzzy Rules

The basic idea of fuzzy logic inference system is to formulate human knowledge
and reasoning, which can be represented as a collection of if—then rules, in a way
tractable for computers. Most fuzzy inference rules can be concluded by expertise.
The rules concluded by expertise are subjective and sometimes imprecise, when
experts do not know what the rules exactly are. In this paper, fuzzy inference rules
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are gotten by mathematical statistics. Take the design of acceleration inference
rules for example. Acceleration inference rules are designed according to Tables 1
and 2. Statistics and analysis of 1,200 groups experiment data are done in Tables 1
and 2.

The maximum probability intentions are chosen to be the rules. The rules
abstracted from Table 2 are listed in Table 3.
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Table 1 Driving intentions
frequency statistics

Acceleration intentions

Slow Normal Rapid

Acceleration pedal
travel/change rate

S/S 145 0 0
S/M 127 0 0
S/B 52 15 0
M/S 130 48 0
M/M 0 215 5
M/B 0 183 12
B/S 0 62 11
B/M 0 0 100
B/B 0 0 95

Table 2 Driving intentions
probability statistics

Acceleration intentions

Slow (%) Normal (%) Rapid (%)

Acceleration pedal
travel/change rate

S/S 100 0 0
S/M 100 0 0
S/B 78 22 0
M/S 73 27 0
M/M 0 98 2
M/B 0 94 6
B/S 0 85 15
B/M 0 0 100
B/B 0 0 100
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Table 3 Acceleration intentions inference rules

Acceleration pedal travel

Small Middle Big

Acceleration pedal travel change rate Small Slow Slow Normal
Middle Slow Normal Rapid
Big Slow Normal Rapid

Table 4 Cruise intentions inference rules

Acceleration mean value

Small Middle Big

Vehicle velocity Small Normal High speed cruise Normal
Big Normal Low speed cruise Normal

Table 5 Operation mode intentions inference rules

Acceleration mean square deviation

Small Middle Big

Acceleration mean value Small Economic Economic Economic
Middle Economic Economic Dynamic
Big Dynamic Dynamic Dynamic

Table 6 Training data Acceleration
pedal travel

Acceleration pedal
travel change rate

Driving
intention

0.17 0.78 3
0.35 3.25 4
0.63 5.36 4
0.24 2.66 3
0.88 0.85 5
0.21 6.23 3
0.98 2.56 5
0.55 7.68 4
0.41 2.41 4
0.75 7.23 5
0.26 5.88 3
0.63 7.63 4
0.85 0.69 5
0.45 0.61 3
0.12 6.58 3
0.22 0.68 3
0.77 0.80 5
0.96 0.33 5
0.38 5.22 4
0.20 0.87 3
0.52 3.35 4
0.16 6.74 3

292 Q. Wang et al.



The design method of Cruise and operation modes intentions inference rules are
the same as acceleration intentions. Tables 4 and 5 are cruise and operation modes
intentions inference rules.

Table 7 Checking data Acceleration
pedal travel

Acceleration pedal
travel change rate

Driving
intention

0.13 2.36 3
0.75 2.85 5
0.88 0.64 5
0.22 0.82 3
0.17 4.18 3
0.23 5.23 3
0.42 0.88 3
0.36 0.69 3
0.38 3.42 4
0.23 2.61 3
0.55 5.88 4
0.16 7.68 3
0.85 0.77 5
0.41 0.62 3
0.86 6.58 5
0.25 0.72 3
0.96 0.80 5
0.23 0.55 3
0.78 5.88 5
0.26 0.83 3
0.95 3.32 5
0.18 7.65 3
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4 Fuzzy Inference System Optimization

Membership functions of fuzzy inference system have effect on inference result.
Membership functions should be optimized to make inference result more precise.
In this paper, membership functions are optimized by neural network. Take
acceleration intentions inference system for example. Twenty two groups of
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acceleration pedal travel and acceleration pedal travel change rate data are taken to
train the neural network. Tables 6 and 7 are training data and checking data.

After training, the neural network output error is 0.08, which is small enough to
satisfy design requirement. The neural network is checked by checking data.
Figure 7 shows the checking result.

Figure 7 shows that output of neural network has very small error compared to
real driving intention, which means the neural network has been well trained and
the member functions of fuzzy inference system have been optimized during this
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process. Figures 8 and 9 show the member functions of acceleration intention
inference system optimized by neural network. Other member functions of other
intention inference system are optimized also by neural network. They are shown
in Fig. 10, 11, 12, 13.

5 Simulation of Control Strategy Based on Driving Intention
Identification

To prove whether driving intention identification can help optimize control
strategy, a comparison between driving intention identification control strategy
and no driving intention identification control strategy have been done by using
CRUISE software.

Figure 14 is the result of driving intention identification for NEDC cycle run.
Dashed line is EDC cycle run. The red line is output of acceleration and cruise
intentions identification result. No.1 is low speed cruise. No. 2 is high speed cruise.

Fig. 14 Result of driving intention identification

Table 8 Contrast of simulation results

Cycle run Fuel consumption
with driving intention
identification (L)

Fuel consumption
without driving
intention identification (L)

Save
fuel (%)

NEDC 6.1 5.8 4.9
BEIJING 4.7 4.5 4.3
CHINAURBAN 4.53 4.5 1
EUDC 7 6.76 3.4
UDC 4.6 4.5 2.2
Average value 5.39 5.21 3.3
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No. 3 is slow acceleration. No. 4 is normal acceleration. No.5 is rapid acceleration.
No.6 is brake. The pink line is output of economy and dynamic modes identifi-
cation result. No.1 is economy mode. No. 2 is dynamic mode. Tables 8, 9, 10 are
contrast of simulation results.

Contrast of simulation results show that control strategy based on driving
intention identification can reduce fuel consumption and improve driving ability.

6 Conclusion

This paper presents a driving intention intelligent identification method for hybrid
vehicles based on fuzzy inference. The membership functions and rules of the
fuzzy logic inference system were built by using mathematical statistics and neural
network. The control strategy has been designed based on driving intentions and
the simulation has been done. The simulation results prove that the fuzzy inference
system can identify driving intentions excellently and the control strategy based on
driving intentions can help to reduce more fuel consumption.
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The Control Technologies of PMSM
for FAW-TMH System

Cheng Chang, Huichao Zhao, Xiuhui Dong and Yandong Wen

Abstract In this paper, PMSM (permanent magnet synchronous motor) control
technologies combined with HEV (Hybrid Electric Vehicle) application features are
developed, which aim at FAW-TMH (Twin Motor Hybrid) system for B70HEV.
The technologies are based on FOC (Field Oriented Control) theory and include
multiple advanced control functions such as MTPA (Maximum Torque per
Amperes) control with decoupling and anti-windup PI controller, PTB (Peak Torque
Boost) control, high voltage utilization PWM modulation, deadtime compensation,
DTC and map based deep field weakening control and so on. Those control tech-
nologies can meet the hybrid electric vehicle’s performance requirement under
different working conditions. What’s more, the proposed deadtime compensation,
DTC and map based field weakening control technologies are new in the e-motor
controls field. Bench test and road test indicate that the developed PMSM control
strategy meets the performance and reliability requirements of B70HEV.

Keywords PMSM � Control technologies � Control system � FOC � HEV

1 Introduction

The Besturn B70HEV, which was developed in 2006 by FAW (First Auto Work
Corporation, China), realized excellent dynamic and economy performance
(Fig. 1). The Besturn B70HEV is based on FAW-TMH powertrain platform

F2012-B02-016

C. Chang (&) � H. Zhao � X. Dong � Y. Wen
FAW R&D Center, Changchun, China
e-mail: changcheng@rdc.faw.com.cn

SAE-China and FISITA (eds.), Proceedings of the FISITA 2012 World
Automotive Congress, Lecture Notes in Electrical Engineering 191,
DOI: 10.1007/978-3-642-33777-2_23, � Springer-Verlag Berlin Heidelberg 2013

299



system, which contains a high-voltage Ni–H battery package, two PMSM drive
motors. What’s more, a PHEV is also under development based on FAW-THM
system. PMSM has been widely used in EV/HEV because of its high power, torque
density and excellent efficiency. But PMSM control is the key issue, because
HEV’s application demands strict requirements of the PMSM control functionality
and performance. So FAW has been working on advanced e-motor control strategy
solution for FAW-TMH system to meet the requirements.

Fig. 1 Besturn B70HEV
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2 Outline of FAW-TMH

Figure 2 shows the structure of FAW-TMH powertrain system, including 1.5L D-
VVT engine, 5-speed AMT automatic transmission, two PM motors (BSG motors
and TM motors), Ni–H battery pack. BSG (Belt Starter Generator) is coupled to
the engine crankshaft through the belt. TM (main Traction Motor) is coupled to the
AMT output crankshaft through the chain. FAW-TMH is full hybrid architecture
which can achieve all the features of the hybrid system and achieve the saving rate
of around 35.2 % under NEDC drive cycle. Table 1 shows the specifications of
each unit [1].

Figure 3 shows the TM-coupled AMT. TM and AMT output shaft are con-
nected by a chain. Motor housing, cooling system and AMT housing are integrated
together. So it’s compact and highly integrated. TMH is novel design and obtains
the invention patents of China and the United States.

Table 1 Specifications of each unit

TM motor Max. power 40 [kW]
Max. torque 280 [Nm]
Max. speed 7600 [rpm]

BSG motor Max. power 10 [kW]
Max. torque 50 [Nm]
Max. speed 12000 [rpm]

Battery Rated voltage 288 [V]
Rated capacity 6 [Ah]

Fig. 3 TM-coupled AMT
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3 Motor Spec and Features

Taking ANSOFT software for simulation, results including the magnetic line, flux
density, back EMF and load torque at nominal, as shown in Fig. 4. The torque of
IPMSM is composed with magnetic torque and reluctance torque based on dif-
ferences motor design. In order to utilize the reluctance torque, ‘‘V’’ shape magnet
layout design for rotor is adopted. The motor efficiency and power-factor at the
lowest voltage (245 V) and highest motor temperature (150 �C) is shown in Fig. 5
(Table 2).

Figure 4 shows that flux saturation will happen in heavy load, which leads to
the changes of the motor body parameters, the inductance parameter changes as
shown in Fig. 6 below.

Fig. 4 Flux Line and Flux Density

Fig. 5 Motor efficiency and power-factor at the lowest voltage and highest temperature

Table 2 Initial value of TM
parameters

Flux 0.0788 WB

Rs 9.21 mX
Ld 0.15 mH
Lq 0.42 mH
Pole pairs 4 pairs
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From the above, we can get the conclusion that the power density and torque
density are relatively high. Therefore, advanced e-motor control technology should
be applied to enhance the output power of the drive motor system, simplify the
difficulty of the motor design to optimize the system parameters.

4 PMSM Control Technologies

4.1 Static Mathematical Model of PMSM

The following parameters are defined to get the static mathematical model of
PMSM:

(1) Characteristic Current: ich = wm/Ld,
(2) Saliency: q = Lq/Ld.

The voltage formula and torque formula of PMSM are:

Ud
Uq

� �
¼ Rs �-Lq

-Ld Rs

� �
id
iq

� �
þ Ld 0

0 Lq

� �
� d

dt
id
iq

� �
þ 0

-/f

� �

Te ¼ 3
2

Pn � Ld � ½ich � iqþ ð1� qÞ � id � iq�

where, ich is the characteristic current, wm is the rotor flux linkage, Pn is the pole
pairs, Ld is d-axis inductance, Lq is q-axis inductance.

Figure 7 show the basic structure of motor control system that consists of two
PMSM motors, an inverter and a battery package. The battery pack supplies DC
voltage to the inverter. The inverter, which is a semiconductor switching device,
performs switching at more than 1 kHz to convert the DC voltage into three phase
AC voltage. The system also incorporates rotor position sensors, battery pack
voltage sensor and motor AC current sensors.
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4.2 MTPA (Maximum Torque per Ampere) Control

B70HEV requires high torque output (280 Nm) during starting and low speed
acceleration working conditions. So, in order to utilize the reluctance torque of the
interior PMSM (Ld = Lq), in non-field weakening region, MTPA control is
adopted. The torque-phase character can be described like Fig. 8 [2]. Every
optimized current phase angle at which e-motor outputs the maximum torque
should be found. From the following extremism formula and bench calibration
data, we can get the current control trajectory for MTPA, as is shown in Fig. 9.

Te ¼ 3
2

Pn � Ld � ½ich � iqþ ð1� qÞ � id � iq�

oðT�=isÞ=oid ¼ 0

oðT�=isÞ=oiq ¼ 0

Figure 10 shows the comparison between id = 0 and MTPA control in Non-
field weakening control region based on the experiment data. We can get the
conclusion that MTPA control can effectively increase the torque output under the

Fig. 8 Torque and current
phase character

Fig. 7 Basic structure of motor control system
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same system current capability limit. What’s more, the experiment data shown in
Fig. 10 indicates that the torque output character of id = 0 control is not linear
actually because the flux linkage becomes saturated.

Fig. 9 Current trajectory under MTPA control
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4.3 PTB Control

Because of the IGBT module’s current capability limit, when the peak value of the
sine phase current reaches the maximum value, the output torque can’t increase
any more in the sine current wave drive mode.

Where, Imax = max [abs (Ia), abs (Ib), abs (Ic)]
But we can know from Fig. 11 that there are only six points that the peak value

reaches the limit (assume the maximum value equals 1) in one electric cycle.
Otherwise, in the rest position, the current capability is not utilized fully. So, in
order to increase the peak output torque at low speed region to meet the
requirement of the HEV’s acceleration performance, this paper presents a PTB
control method.

The PTB control method can be described in Fig. 12: At the peak value of the
sine phase current, the controlled current wave transits from sine wave to trape-
ziform wave gradually, which can maintain the phase current peak value always
equals the limit value. The maximum peak torque can increase about 4.9 % the-
oretically by adopting PTB control. Considering the balancing between the
dynamic requirement and NHV requirement, PTB control is only used in dynamic
driving mode because the trapeziform current can lead to torque ripple.

4.4 Deadtime Compensation Method

Voltage-fed pulse width modulation (PWM) inverters have gained increasing
popularity in industrial and EV/HEV applications. A small lag called deadtime is
inserted into PWM gate signal to avoid short circuit of the two switching devices
of one inverter leg. But due to the presence of deadtime (usually 2 * 5 ls) of the
PWM square wave signal, the output voltage of the inverter will be distorted,
which can cause the non-sinusoidal of the current control. As shown in Fig. 13.
The real phase current deviates from the phase current command because of the
deadtime’s influence. This can lead to torque vibration especially in the low speed
range, when the vehicle is in EV driving mode.
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For the deadtime compensation technology, the key issue is how to judge the
polarity of the phase current. In general, current zero-across measurement method
based on extra FPGA hardware circuit is widely used, but the current platform near
the zero-across region and the unexpected noise can lead to the misjudgement of
the polarity, especially when the current is very small. This may make the control
performance even worse. What’s more, FPGA hardware needs extra cost.

This paper proposed a novel and simple method to judge the polarity of the
phase current. As is shown in Fig. 13, the current command features highly
sinusoidal, non-noised, and non-platform effect. So, the polarity of the phase
current command can be recognized as the polarity of the phase current. Based on
the above analysis, PWM square wave can be corrected referencing PBDCT
(Pulse-Based Dead-Time Compensator) technology [3]. The basic principle is
depicted in Fig. 14.

For iu [ 0, Fig. 14a shows the ideal PWM pulse wave. Fig. 14b shows the real
PWM pulse wave affected by deadtime with no correction. To correct the error, a
certain width pulse is added in advance before deadtime generation, as shown in
Fig. 14c. Figure 14d shows the corrected PWM wave, which is identical to the
ideal wave. For iu [ 0, the basic principle is the same, as shown in Fig. 14e–g.

Phase Current Command

Phase Current Value

Fig. 13 Distortion of the Phase Current

Fig. 14 Basic principle of the PWM squire wave correction
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In this way, deadtime effect can be compensated easily without any extra
hardware. The measured current control wave with deadtime compensation is
shown in Fig 15.

4.5 Over-Modulation and Six-Step Switch Method

Due to the motor terminal voltage limitation, field weakening control must be
applied to increase the IPMSM’s operation region. But the system stability and
efficiency will decrease in field weakening control region. Increasing the battery
voltage modulation ratio can help to increase the e-motor system output power and
efficiency [4]. So increasing the battery voltage modulation ratio is a key issue.

Through traditional SVPWM modulation, 0.577 times battery voltage can be
achieved at the maximum, which is the radius of the inscribed circle of the six
basic voltage vectors. Over-modulation must be used in order to increase the
modulation ratio from 0.577 to higher. But in over-modulation region, the integral
function of the current PI loop must stop to avoid voltage saturation, so the current
may become distorted. Ultimately as the modulation ratio increases to the maxi-
mum value of 0.707, the modulation method switches to six-step modulation, this
is similar to the BLDC motor control. The maximum modulation ratio can be
calculated by Fourier analysis.

UðtÞ ¼ 4Udc

p
sin -t þ 1

3
sin 3-t þ 1

5
sin 5-t

1
7

sin 7-t þ . . .. . .

� �

The base frequency voltage equals: 4Udc
p

Rp2
0

sin -tdt ¼ Udc=
ffiffiffi
2
p
¼ 0:707Udc

In six-step modulation region, the voltage amplitude is constant, there is only one
freedom for controlling, that is the voltage phase angle [5]. The traditional current
vector control based on id and iq is no longer applicable. So in this paper, voltage
vector based FOC control is proposed and used, which can effectively enhance the
stability and efficiency in the field weakening control region (Figs. 16, 17).

Fig. 15 Current control
wave after deadtime
compensation
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4.6 DTC and MAP Based Field Weakening Control

The traditional field weakening control method [6] is based on current vector
control (d-axial current field weakening) which can achieve good efficiency
combined with MTPA control under critical speed. But the stability gets worse
when the speed becomes higher, also the battery voltage utilization factor is not the
maximum. Current vector control based field weakening control can’t resolve the

Fig. 17 Current and PWM wave in six-step modulation
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Fig. 16 Current and PWM wave in over-modulation
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conflict between tuning id and iq current independently (two freedom) and
maintaining the terminal voltage unsaturated at the same time, which may lead to
the risk of losing control. In order to decrease the risk, a certain voltage margin is
reserved for current PI control, which will lead to even lower voltage utilization
factor.

This paper proposed a novel DTC (Direct Torque Control) and map based field
weakening control method, as shown in Fig. 18. The proposed method contains a
feed forward control loop and a feedback compensation loop. The initial control
setpoint (vd and vq) maps are achieved from the control map which was obtained
from the bench calibration. The feedback PI loop is just used to adjust the tiny
torque output error because of the change of the outer environment and motor
parameters. The proposed control method has the following feature and
advantages.

1) Terminal voltage amplitude is constant, which can avoid the voltage saturation;
2) voltage phase angle is the only control parameter for torque control;
3) six-step modulation can be used because the voltage amplitude maintains

constant;
4) voltage margin reserved for PI is eliminated, which can improve the voltage

utilization;
5) the conflict problem of the two freedom field weakening control methods is

resolved.

From voltage equations:

id ¼
Rs � Ud þ -LqðUq� -/f Þ

Rs2 þ -2LdLq
; iq ¼

Rs � ðUq� -/f Þ � -LdUd

Rs2 þ -2LdLq

Ud
Uq

� �
¼ Us � sin u
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where, u is the angle between d axial and voltage vector.Ignore the influence of
phase resistance Rs:

id ¼ 1
-

Us cos u� -/f

Ld
; iq ¼ 1

-
�Us � sin u

Lq

From the above, we can get the following relationship between voltage angle
and phase current and torque output. The curve is shown in Fig. 19.

is ¼ f1ðUs;u;-Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Us cos u� -/f

xLd

� �2

þ Us � sin u
-Lq

� �2
s

Te ¼ 1:5Pn � ½/f id þ ðLd � LqÞid � iq� ¼ f2ðUs;u;-Þ

5 Test Results

Vehicle test indicates that the proposed and applied PMSM control technologies
help to meet the performance and reliability requirements of B70HEV TMH
System. As shown in Fig. 20, it can provide good control performance, respond
the HCU control command quickly and effectively and help B70HEV to improve
the vehicle drive performance and fuel consumption economy.

ICE is shutdown

BSG starts ICE at mid-speed

EV mode start-up

EV mode driving

ICE is always working 
in economy region 

Fig. 20 Test results in the vehicle drive cycle
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6 Conclusion

In this paper PMSM control technologies combined with HEV application features
are proposes and developed. The proposed MTPA control with decoupling and
anti-windup PI controller can increase the torque output and ensure the downsizing
of e-motors. The PTB control can increase 4.9 % peak torque output theoretically.
With the adopted PWM modulation method, voltage utilization can be increased
from 0.577 to 0.707, which can reduce the iron loss so as to increase system
efficiency. The proposed deadtime compensation method can reduce the torque
ripple and increase the current control accuracy and stability. With the DTC and
map based deep field weakening control method, higher operation speed is
achieved and the control stability is increased, because the voltage saturated
problem of two freedom control has been solved. Bench test and road test indicate
that it meets the performance and reliability requirements of B70HEV.
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Modeling and Simulation of Power Train
System for Extended-Range Electric
Vehicle Using Bond Graphs

Ke Song and Tong Zhang

Abstract Because the power train system of Extended-Range Electric Vehicle is
a complicated multi-domain engineering system, a unified approach named Bond
Graph has been used. The important drive components, especially battery, electric
machine, wheel and Range Extender unit are modeled. The complex interactions
among the components are taken into account in a complete multi-domain model.
Once the power train system models have been developed, the dynamic behaviour
of E-REVs is simulated under selected various driving cycles using rule-based
energy management strategy. As important conclusion, the bond graph method has
once again demonstrated its great potential for modeling technical systems with
multi-domain physical fields. According to the simulation results, the significant
benefits of E-REVs for the fuel reduction, emissions output and energy efficiency
are proved.

Keywords Extended-range electric vehicle � Fuel cell range extender � Power
train system � Bond graph � Modeling and simulation
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1 Introduction

Extended-Range Electric Vehicles (E-REV) are principally battery electric vehi-
cles with a relatively small auxiliary power unit (APU) to recharge the battery
pack or directly to propel the vehicle during driving [1]. The small auxiliary power
unit is normally called Range Extender (RE), which is with the propelling electric
motor in series configuration. Compared to conventional hybrid vehicles, E-REVs
could significantly reduce fuel consumption and emissions; compared with pure
electric vehicles, E-REVs could increase the driving range, therefore it is seen as
one of the most promising technological bridges between the vehicles of today and
the sustainable concepts of tomorrow [2].

The E-REV power train system design process is aided by modelling and
simulation technology. As a resurgent power train concept, issues as component
modelling, power train system design, energy management strategies and vehicle
simulation have been made by researchers using simulation tools such as Matlab/
Simulink [3, 4]. Due to the complexity of E-REVs power train system, which is a
multi-domain physical system consisting of mechanical, electrical, hydraulic, and
thermodynamic systems, the modification of models in Matlab/Simulink envi-
ronment is not convenient for engineers from different engineering fields. The
basic of Matlab/Simulink modelling is mathematical equations of target technical
system, e.g., the power train system of E-REV. Various variables are coupled with
each other, and it is not easy to analysis the interactions between them. A small
modification of one signal connection in Simulink submodel may disable the
simulation of whole power train system model. Exactly the physical structure of
one technical system could not be reflected/modelled by signal flow based simu-
lation tools, such as Matlab/Simulink. In this chapter, the components and system
models are developed by graphical modelling theory Bond Graph.

Bond Graph theory is developed by Prof. Paynter in 1959, and been used to
describe and model interactions involving power exchange between technical
subsystems from multidiscipline physical domains. This modelling method has
been proven to be effective by modelling multi energy domain systems and
investigating the dynamic performance by them [5–8].

The brief introduction to bond graph modelling is given in Sect. 2. Some key
components of a fuel cell E-REV power train system are modelled using bond
graph in Sect. 3, which are then integrated to be a complete system model. In order
to using the traction battery as much as possible, thermostat energy management
strategy is chose in this chapter. The simulation results of thermostat strategy by
ECE driving cycle are presented in Sect. 4. Finally, conclusions about E-REV and
benefits of modelling of E-REV power train system using Bond Graph are given.
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2 Introduction to Bond Graph Method

In bond graphs theory, the energy exchanges within a system are described using
bonds which present the power exchanges. The effort variable and flow variable
are associated with each bond, see Fig. 1. In general, the product of these two
variables presents the transferred power. And these two variables have different
interpretations in different fields of physics (Table 1).

As mentioned above, the main advantage of bond graph modelling could be
summarized: (1) multi physical domains modelling is generalized using power
exchange between component modelling unit; (2) model and submodel hierarchy a
bond graph model of a system may be composed of lower level submodels which
in turn may contain submodels as well. That means, physical system models are
hierarchical in nature. (3) In contrast with other modelling methods based on
mathematical equations, bond graph method don’t need to know mathematical
equations of target system prior. All mathematical/computational equations or
governing relations are contained naturally in bond graph models. (4) bond graph
models reflect the physical structure of target technical systems. Submodels are
connected like corresponding components or devices in the real physical system.

3 Components and System Modeling of E-REV
Power Train

3.1 System Layout

Figure 2 presents the power train system structure of investigated fuel cell E-REV
in this chapter. The power train system consists mainly traction battery (Lithium
iron phosphate), four in-wheel brushless direct current motors (BLDC motor),
PEMFC (Proton Exchange Membrane Fuel Cell) range extender and DC/DC
converter.

3.2 Bond Graph Model of Battery

There are numerous battery models developed for simulation of system perfor-
mance of electric vehicles and hybrid electric vehicles, e.g., electrochemical,
mathematical and equivalent circuit-based models. A Rint model is chosen in this
chapter, the equivalent circuit of Rint battery model is shown in Fig. 3. The battery

energy object 2 energy object 1 
e
f

Fig. 1 Bond graph
description of different
physical fields
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is abstracted as an ideal open-circuit voltage source Voc connected with an
internal resistance Rint series. So according to the model principle of bond graph
in electrical system, the Rint battery could be modelled in Fig. 4.

3.3 Bond Graph Model of BLDC Motor

Figure 5 shows the equivalent electric circuit for a three-phase BLDC motor. The
voltage comes from battery and DC/DC converter. The inductance (L) and
equivalent resistance (R) of wound coil are taken into account.

Table 1 Examples of effort and flow in different physical fields [9]

Field e: Effort (unit) f: Flow (unit)
Mechanical F: Force (N) v: Velocity (m s-1)
Electrical u: Voltage (V) i: Current (A)
Chemical l: Chemical potential (J mol-1) _n: Molar flow (mol s-1)
Hydraulic P: Pressure (Pa) _V: Volume flow (m3 s-1)
Thermal T: Temperature (K) _S: Entropy flow (J K-1 s-1)
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Fig. 5 Schematic diagram of three-phase BLDC motor
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So the bond graph model of three-phase BLDC model could be modelled in
Fig. 6.

3.4 Bond Graph Model of Fuel Cell Range Extender

Figure 7 shows the bond graph model of PEMFC range extender. The reaction in
anode and cathode of fuel cell is modelled using bond graph MSes. The activation
overpotential and concentration overpotential are also taken into account using
MSes element. DC/DC in this model is modelled as ideal power converter, which
insures the voltage of fuel cell to equal to the voltage of battery.

i
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RconcRact
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Fig. 7 Bond graph of fuel cell Range Extender and DC/DC
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3.5 Bond Graph Model of Vehicle Body

In order to calculate the speed of E-REV, the rolling resistance and air dynamic
resistance are taken into account, see Fig. 8.

3.6 Bond Graph Model of Complete Power Train System

The components bond graph models are integrated into one whole complete power
train system model, see Fig. 9. The PID module is modelling the driver, the
driving cycle data are filled in drive_cycle module.

4 Simulation and Results

The ECE driving cycle is chosen to make a simulation in this chapter. In order to
investigate the feasibility of thermostat energy management strategy, the initial
SOC of battery is set to 40 %, and the lower start-point of range extender is set to
50 %. So the range extender will start immediately at the beginning of the sim-
ulation. Figure 10 exhibits the simulation results of the fuel cell E-REV. Fig-
ure 10a shows that the actual speed can track the demanded speed well.
Figure 10b exhibits the historical performance of battery SOC. And the thermostat
energy management strategy is also validated. When the SOC of battery falls to
0.4, the Range Extender starts to work at a constant power point, it is about
5400 W in this chapter, see Fig. 10c. At the end of this simulation process, the
vehicle went to standstill condition. The power generated from Range extender
charged the battery so the SOC increased, see Fig. 10b. Summarily, these simu-
lation results show that bond graph models are able to describe all physical
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phenomena inside the E-REV and also fit for the energy management strategy
design. Through the modelling and simulation process, no complex mathematical
equations are needed. The complete power train system model of E-REV is
modelled almost according to the physical structure of the target systems. That is a
obvious advantage of bond graph modelling.

5 Conclusions

The academic community and automotive industry are paying much more and
more attention to Range Extended electric vehicles. E-REVs are seen to be one of
the most promising power train concepts for future vehicles. The fast growth of
application and research about E-REV requires establishing accurate dynamic
model to investigate the inside dynamic performance and design optimal control
strategies. As a matter of fact the conventional modelling methods for power train
system of electric vehicle and hybrid electric vehicle involve more computational/
mathematical work. The bond graph method proposed in this chapter has been
proved to be suitable and convenient in modelling of multi-domain system, such as
power train system of E-REV. A graphical, accurate, easy to modify and capable
for real time implementation E-REV power train system model is presented using
bond graph in this chapter. The simulation results have shown accurately the
dynamic performance of E-REV key components, and validated the chosen energy
management strategy successfully.

Fig. 10 a Vehicle speed tracking. b SOC of battery. c Power of range extender/thermostat
energy management strategy
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Optimization of Hybrid Strategies
with Heuristic Algorithms to Minimize
Exhaust Emissions and Fuel Consumption

Michael Planer, Thorsten Krenek, Thomas Lauer, Zahradnik Felix,
Bernhard Geringer and Michael Back

Abstract The hybrid powertrain is a promising concept to contribute to achieve
future CO2-targets. This paper describes a method to improve future automotive
powertrains efficiently in real world driving conditions. Beside the optimization of
the internal combustion engine and the electric components, the operating strategy
of the hybrid powertrain is of particular importance to minimize the vehicles fuel
consumption. A combination of start/stop operation, downspeeding, load-point
shifting and pure electric driving can provide substantial fuel savings compared to
conventional powertrains. However, in addition to the fuel consumption the more
and more stringent future emission legislation must be taken into the account when
optimizing the operating strategy. A fast light-off of the catalytic converters and a
control of the converter temperatures during pure electric driving must be
achieved. Therefore, numerous parameters have to be optimized simultaneously to
realize the best solution for the hybrid powertrain. A numerical optimization
approach was used to define the operating strategies efficiently for the mentioned
goals. The results of this optimization were compared to the fuel consumption and
the exhaust emissions of the conventional powertrain. The potential of a further
strategy optimisation could be evaluated. Generally, it could be shown that long
phases of electric driving combined with aggressive load point shifting to balance
the battery’s state of charge are most favorable in terms of efficiency. The phases
of electric driving are additionally limited by the temperature drop of the catalysts
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and the lack of pollutant conversion after restart. This is a new and innovative
approach to develop electrified powertrains efficiently. Finally it can be stated, that
the numerical optimization method proved to be a powerful tool to support the
development process of hybrid powertrains with numerous degrees of freedom.

Keywords Hybrid vehicles � Fuel consumption � Emissions � Numerical
optimization � Operation strategies � Hardware in the loop

1 Introduction

The future availability of fossil fuels and growing environmental concerns have
increased the pressure on automakers to develop fuel efficient vehicles with low
emissions. The hybrid electric vehicle (HEV) is a possible approach to meet these
demands.

Unlike conventional vehicles, a HEV has two power sources for propulsion [1].
Therefore, main challenges of hybrid powertrain development are the multiple
degrees of freedom and a large diversity of powertrain architectures. Due to that
fact, an optimal operating strategy is of specific importance in order to reduce the
fuel consumption. However, an efficient determination of the vehicle’s possible
operating modes can only be achieved with a combination of numerical simulation
and test bench measurements (Engine in the Loop—EiL). With this approach,
accurate investigations on different electrified powertrain architectures and oper-
ating strategies in combination with an existing combustion engine are possible
without the demand of hardware prototypes.

The described approach will be illustrated for a parallel hybrid powertrain. In
order to find an operating strategy in the New European Driving Cycle (NEDC)
with lowest fuel consumption, a self-developed algorithm was used that allows a
numerical optimisation of the numerous degrees of freedom involved in the
problem.

2 Investigated Powertrain Topologies

The basic conventional powertrain consists of a 6-cylinder SI engine that is
coupled to an automatic transmission with a torque converter including a lock-up-
clutch (Fig. 1, left picture). All upcoming investigation results are referenced to
the conventional powertrain with start/stop capability.

For the hybrid powertrain the electric motor/generator (MG) is placed between
the SI engine and the automatic transmission. A clutch between the SI engine and
the MG provides the capability of pure electric driving. In contrast to the
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conventional powertrain, no torque converter is used because of a more efficient
recuperation of brake energy and engine start-up [2].

3 Hybrid Functions: Operation Modes

Hybrid powertrains have the capability to realise start/stop, braking energy recu-
peration, load point shifting and electric driving strategies. A reduction of the fuel
consumption and lowest exhaust emissions can only be achieved with an optimised
strategy. Therefore a numerical optimisation method based on several heuristic
approaches was used to attain the mentioned goals.

4 Simulation Model

The numerical simulation model is a closed loop longitudinal vehicle dynamics
model including the exhaust system that was built up in the GT-SuiteTM-software
from Gamma Technologies. The vehicle including a 6-cylinder SI engine, electric
components and the mechanical components of the powertrain, was modelled in
accordance to a close-to-series powertrain. To provide fast simulation times, the
battery, the electric motor, the SI-engine and the automatic transmission were
characterised with performance and efficiency maps. For all investigations real
time capability was achieved.

The up- and downshift commands for the automatic transmission model were
set in dependency of the engine speed. In order of following a given driving cycle,
the driver of the vehicle is represented by a PI-controller.

In accordance to that, the purpose of providing a fast light-off of the catalytic
converters and a control of the converter temperatures during pure electric driving
can be achieved.

Fig. 1 Topology of the investigated powertrains
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In addition to the dynamics simulation of the hybrid powertrain, a thermal
model exhaust system was established and verified according to measurements
from the test bed. The model consists of the thermal capacities and conductivities
of the material. The enthalpy of the exhaust gas is the transferred from the engine
model. Due to that, Fig. 2 shows the comparison of the temperature between
simulation and measurement inside the catalytic converter in NEDC. The differ-
ences in the first time steps are because of special exhaust system heat up strategies
from the ECU and exothermic reactions in the three-way catalytic converter which
could not be integrated in the model. This will be done in a further step.

As already mentioned, the minimisation of the fuel consumption and exhaust
emissions requires a purposeful choice of the best hybrid operation strategy for the
instantaneous vehicle speed and acceleration. Therefore, a distinction of the dif-
ferent vehicle states in the NEDC was made, i.e. phases of constant speed, constant
acceleration and deceleration and stand-still were evaluated and optimised sepa-
rately (Fig. 3).

For example, downsizing and down speeding are well known effective mea-
sures in order to reduce the fuel consumption [3]. However, an appropriate choice
must be made for the given powertrain [4, 5]. Previous investigations have shown
potentials in order to minimise the fuel consumption by using load point shifting
[6].

Therefore, a speed dependent upshift command and a pure electric driving
velocity is combined with a load point shifting factor for all individual segments of
the NEDC (Fig. 3) with constant vehicle speeds and constant acceleration in order
to balance the battery’s state of charge (SOC). With the purpose to sense and
control the temperature of the catalytic converters, a parameter which coordinates
the engine state was implemented. If the catalytic converter temperature reaches a
defined lower limit, the internal combustion engine was started to heat up to
provide exhaust enthalpy.

Fig. 2 Comparison of simulation and measurement
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In order to find promising strategies to meet objectives a total of 18 parameters
were taken to find their best combination (Table 1).

5 Optimisation Approach

The objective of the operation strategy is to minimise fuel consumption and
exhaust emissions in the NEDC. To achieve the optimization of the hybrid
powertrain with a large number of parameters in a reasonable time, a combination
of meta-heuristic algorithms (see Fig. 4) was build up in order to handle the
optimization. The advantage of this approach is that solutions will be continuously
improved during the optimization process. Detailed information can be found in
[7–10].

Fig. 3 NEDC-section separation

Table 1 Parameter definition

No. Parameter

7 Variable speed dependant upshift-gear commands
10 Factor of load point shifting for all separated NEDC-segments
1 Maximum electric driving velocity

Optimization of Hybrid Strategies 327



6 Results and Tendencies for the Operation Strategies

The best solution of parameter combination that could be found with the combined
meta-heuristic algorithms was able to the reduce fuel consumption by 25.8 %
compared to the conventional powertrain with start/stop capability.

In order to get an impression of impact of operating strategies, Fig. 5 shows the
percentage of the different operation modes (Table 2) within the NEDC.

The left pie chart shows that the conventional powertrain with start-stop
capability is propelled by the internal combustion engine for 75 % of the cycle
time. The internal combustion engine is shut off during the remaining time. The
resulting strategy from the optimization approach, shown in the right pie chart,
pursues the objective of a fast light-off of the catalytic converters including a
minimisation of the fuel consumption and combines increased engine stand-still
events with pure electric driving and load point shifting.

Fig. 4 Combination of meta-heuristic algorithms [13]

Conventional Powertrain 
Hybrid Powertrain 

with Start-Stop

Fig. 5 Percentage of the
operation modes in the
NEDC
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As shown in Fig. 5 the events of conventional engine operation are replaced by
long electric driving and long engine stop events. The internal combustion engine
is only used in combination with the capability of load point shifting to provide
energy for pure electric driving and in order to balance the battery’s state of
charge.

The tendency of long phases of electric driving combined with aggressive load
point shifting in order to accomplish a higher efficiency can be clearly derived
from the results. Figure 6 illustrates this trend.

Due to the fact of down speeding, the optimized hybrid strategy shifts operating
points with a constant optimised factor in regions with higher efficiency. It
becomes obvious from Fig. 6 that the operating points are shifted to a region of
high fuel efficiency. The generated energy is stored in the battery and used for
pure, highly efficient electric driving.

Due to this fact, the usage of a multiple-parameter optimisation approach has
shown the enhanced optimization possibilities by means of an enhanced number of
parameters. There are still reveals considerable further potentials for the fuel
efficiency.

Table 2 Operation modes

ICE: Conventional operation of the combustion engine
ICE-STOP: Engine-stop events
ICE ? LPS: Operating the combustion engine with load point shifting/boosting
Electric drive: Pure electric driving
Recup. Braking: Recuperating energy while braking

Fig. 6 Load spectrum
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7 Validation and Verification

For the verification and validation process, the investigated engine was operated
on an Engine-in-the-Loop test bench. For this purpose, the model of the com-
bustion engine within the simulation was replaced by measured signals from the
hardware [11].

The EiL-test bench was controlled using the LABCAR-software from ETAS.
The closed loop control principle, which consists of hardware and software
components, is shown in Fig. 7.

On the mechanical level, an interface is defined between the crankshaft of the
real combustion engine and a virtual clutch. The connection between the test bed
and the simulation is done by feeding the measured torque at the flange on the test
bed into the virtual engine flange. Simultaneously, the calculated speed of the
virtual engine flange is transmitted to the test bed dynamometer. In order to
transfer the calculated throttle signal to the engine’s control unit, the model’s
virtual bus system has to be connected to the real CAN bus system. [12]

The conventional powertrain with and without start/stop capability and the
optimised single clutch parallel hybrid powertrain strategy were verified at the
EiL-test bench. Figure 8 shows a good correlation between the simulation results
and the measured fuel consumption at the test bench. Dynamic and cold-start

Fig. 7 Control of the engine in the loop test bed
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effects are not considered within the stationary engine maps. Thus, slight differ-
ences between simulation and test bed results can be observed. However, the good
agreement between simulation and experiment clearly shows that the numerical
method is able to predict the potentials of the different strategies correctly.

8 Summary and Conclusion

The hybrid powertrain is a promising concept to contribute to the future CO2-
targets.

Besides the dimensioning of the internal combustion engine and the electric
components, the operating strategy of the hybrid powertrain is of particular
importance to optimise the vehicles fuel consumption. However, in addition to the
fuel consumption the more and more stringent future emission legislation must be
taken into the account when optimizing the operating strategy. A fast light-off of
the catalytic converters and a control of the converter temperatures during pure
electric driving must be achieved

A combination of start/stop operation, down speeding, load-point shifting and
pure electric driving can provide substantial fuel savings compared to conventional
powertrains including compliance with formalities. Due to the fact that numerous
parameters have to be optimised, a numerical approach is useful to define the
operating strategies efficiently.

Therefore a new and sophisticated approach with a numerical optimiser based
on several heuristic methods was developed. The results of this optimization were
compared to the fuel consumption of the conventional powertrain with start-stop
capability. Generally, it became obvious that long phases of electric driving
combined with aggressive load point shifting to balance the battery’s state of
charge are most favourable in terms of efficiency after reaching the light-off
temperature of the catalytic converters. The strategies were verified on an Engine-
in-the-Loop test bench.

Fig. 8 Simulation vs. Test
bench
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In order to obtain a strategy for arbitrary driving cycles and real-life cycles, a
more general formulation of the driving parameters and criteria has to be provided
for optimisation what will be a future target.
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Development for Control Strategy of ISG
Hybrid Electric Vehicle Based on Model

Hongtao Peng, Zheng Li, Bin Chen, Jieyu Wu, Zhenglan Zhao,
Yuehong Shu and Junjun Lei

Abstract The Control Strategy of ISG Hybrid Electric Vehicle is developed,
which is based on model with reference of AUTOSAR standard, the system model
is at the centre of the development process, from requirements definition and
system design to implementation and testing. What the experiment proved is that
the development of control strategy is of high efficiency and reliability, with the
performance met the design requirements, and development time and cost reduced,
meanwhile the portability and maintainability of system improved.

Keywords Control strategy � Simulation model � Automatic generation of code �
AUTOSAR

1 Introduction

As the energy resources shortage and environment protection have become the
major challenge for the world, it is imperative to alter the energy and power
system for vehicle industry, the electric vehicle has become the essential choice for
such alteration. More and more enterprises begin to develop electric vehicle, and
the Chinese government is making every endeavour to support the development of
electric vehicle.
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The complexity of automotive software and the needs for shorter development
time and software portability require the development of new approaches and
standards for software architectures, model-based design has become a widely
used and accepted approach, and as a standard architecture for ECU networks,
AUTOSAR (Automotive Open System Architecture) is already playing a signifi-
cant role in the automotive industry, a model-based development process with
AUTOSAR compliance enables the development of standardized software with
high quality and efficiency.

The project comes from the project of national 12th five-year-plan and national
863 plan. The ISG hybrid electric vehicle should show good power performance,
good fuel economy and good emission performance.

According to conventional power train configuration and 3-D model, using ISG
replacing the conventional starter and generator, the ISG can drive the vehicle and
regenerate the brake power in the front wheels, the ISG Hybrid Electric Vehicle
layout is shown in Fig. 1.

2 Model-Based Design

Model-Based Design for embedded control systems development involves a pro-
cess centred on a model—from requirements capture to implementation and test.
This model forms the ‘‘executable specification’’ that is used to communicate the

Fig. 1 The general arrangement of ISG hybrid electric vehicle

334 H. Peng et al.



desired system performance. With Model-in-the-Loop (MIL) test, the control
design is elaborated and continuously tested against requirements through simu-
lation. Code is generated from models (abbreviation ACG). Software-in-the-loop
(SIL), and hardware-in-the-loop (HIL) testing and verification and validation
(V&V) of the algorithmic code may be done before deployment on the production
vehicle, Calibration can be done on the test bench and car, Fig. 2 shows the
development process. Model-based design activities keep the engineering process
focused on error prevention and early error detection. Verification and validation
early in a project can reduce the risks associated with late error detection [1].

2.1 MIL Testing

The simulation model of ISG Hybrid Electric Vehicle is established via matlab/
simulilnk/state flow. Simulation model includes driver’s intention submodule,
control strategy submodule which is the control algorithm parts that should be
evaluated, plant model which consists of engine submodule, motor submodule,
battery submodule and gear box submodule etc., result submodule and so on.
Figure 3 shows the model.

We match the power train system, and research the control strategy of ISG
Hybrid Electric Vehicle with the simulation model. First, we can calculate the
power performance and the economy performance of the conventional vehicle,
and then we can adjust and validate the model through the comparison between
the simulation results and real experimental results. Afterward, we can use a
validated vehicle model to simulate ISG Hybrid Electric Vehicle, such as
matching motors and battery, researching the energy distribution strategy and
regeneration strategy of braking energy, optimizing the work area of engine,
motor, and battery, etc.

Fig. 2 Development
process based on model
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2.2 SIL Testing

After the functional verification is achieved, using the MIL testing, the complete
software code can be generated. This generated software can be verified using SIL
testing. For SIL testing, the generated software code can be wrapped into an s-
function subsystem block. This wrapped s-function subsystem block can be used to
test the functionality of the automatically generated code for the control strategy
[1]. Figure 4 shows the model.

2.3 Automatic Generation of Code

A key step in Model-Based Design is the deployment of an algorithm as machine
code onto a target processor in the production vehicle. The control strategy sim-
ulation model is generated C code under the Real-Time Workshop Embedded

Fig. 3 MIL testing model

Fig. 4 SIL testing model
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Coder environment of MATLAB. The use of automatic code generation maintains
the link between the model and the generated C source code. To change the
algorithm later in the design process, it is easier to update the model and regen-
erate the C source code. This method allows the engineer to focus more on inte-
grating algorithmic code and setting up the infrastructure for embedded system
deployment. The generated code is integrated into the driver program, compiling
the whole code, and downloaded to the HCU. The model of automatic code
generation is shown in Fig. 5.

2.4 HIL Testing

HIL testing is different in comparison with MIL and SIL testing, MIL and SIL
testing execute models and code on the PC, but HIL testing executes models and
code on real ECU, so MIL and SIL testing are appropriate for initial control system
development, HIL testing is appropriate for testing the total functions of the ECU
running in real time, and the physical communication buses can be simulated and
analyzed in a single or multiple ECU network. Figure 6 below shows a schematic
connection between an ECU and a HIL system. The plant model and other I/O
communication are executed in an HIL real-time system, and the ECU software is
executed on a real ECU.

The HIL methodology enables ECU software validation before the hardware is
available. HIL testing reduces the need for testing vehicles and can be used to conduct
simulations of extreme situations without endangering people or equipment [2].

2.5 Bench Test

We use hybrid power train test facility to verify and calibrate the control strategy,
and execute vehicle performance tests and special tests only use hybrid power train

Fig. 5 The model of automatic code generation
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without the whole vehicle. With the test bench, we execute the following devel-
opment tests of hybrid power train:

• Testing of power performance of the vehicle.
• Testing of brake performance of the vehicle.
• Testing of energy consumption using different driving cycles, such as NEDC

cycle, and other designed driving cycles.
• Research, development and optimization of the control strategies of energy

management and regeneration strategy of braking energy.
• Research and development of control strategies of gear shifting and actuators of

AMT.

After the above processes have been finished, tests and calibrations will be
carried out on the car. At first phase of the project, the MT ISG car was developed,
and from the beginning of the project until now, we have finished bench test, city
road test, winter test and summer test, etc., through these tests and calibrations,
drivability was optimized and control strategy was further optimized and
improved. Now the second phase of the project with AMT ISG car is being
developed smoothly.

3 AUTOSAR

AUTOSAR represents the trend of automotive electronics industry development.
A model-based development process with AUTOSAR compliance guarantees the
development of standardized software with high quality and efficiency.

Figure 7 shows the defined architecture with the different software layers
divided into three major areas [3].

AUTOSAR specifies a standard description format, i.e. ‘‘Software Component
Description’’ to describe the component interface and the requirements on infra-
structure and computing resources. For AUTOSAR software component (SWC),

Fig. 6 HIL testing model
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each control strategy component is a minimum function unit; it defines the
interfaces to interact with other software components. For run-time environment
(RTE), AUTOSAR specifies the communication between those software compo-
nents which are residing on a technology independent abstraction layer. For
AUTOSAR basic software (BSW), it includes I/O drivers, CAN drivers, complex
device drivers, OS and services, etc. This infrastructure software is specific to the
ECU, and provides a software platform for the application software.

With reference of AUTOSAR standard, we design software architecture in
accordance with the hierarchical and modular architecture, which is very helpful
for modularity, flexibility, transferability and re-usability of functions and helpful
for the software updating and platform migration. The model is constructed in a
way that the easier implementation of AUTOSAR-compliant software should be
allowed by the component configuration, interface definition and interface
abstraction so that the AUTOSAR requirements can be met. The component is
mapped to an encapsulated subsystem in simulink, then separated and decoupled
from the hardware, communication and operating system. The ‘‘runnables’’,
modelled as atomic sub-functions, is contained within the component. The entire
component is reusable when logic for executing the sub-functions is encapsulated
within the component. The component exposes well-defined interfaces in the form
of ports, through which the component communicates to other software
components.

Fig. 7 The AUTOSAR software architecture
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4 Control Strategy

The hybrid vehicle, better than the conventional vehicle, depends greatly on its
control strategy which has significant influences on vehicle fuel economy, per-
formance and driveability. Therefore, designing an optimal control strategy which
covers all requirements is of great interest. According to a typical driving cycle of
ISG Hybrid Electric Vehicle, there are several working modes, as shown in Fig. 8.

1. Starting: Only the pure engine is used for start-up and low speeds.
2. Launching: The engine and motor both drive the wheels for rapid launching.
3. Normal Driving: While cruising, the engine and motor both drive the wheels,

and power allocation is controlled to maximize efficiency of engine. As nec-
essary, the motor also recharges the battery from surplus engine power or pure
engine drive the wheels.

4. Acceleration: While accelerating or climbing, the engine and motor both drive
the wheels.

5. Deceleration: While decelerating or braking, the ‘‘regenerative braking system’’
recovers kinetic energy as electrical energy, which is stored in the high-per-
formance battery.

6. Stopping: When the vehicle speed is below a certain value, the engine shuts off
automatically and the ISG stands ready to power up the vehicle.

The key technique for the HEV is to optimize the control strategy to reduce fuel
consumption and emission. In the design of the control strategy, different structure
hybrid vehicles need different control strategies with reasonable control and
adjustment of energy flow distribution. Therefore, according to different optimi-
zation targets, different control strategies of energy management system should be
selected to achieve optimal design goal under limited conditions. When designing
the control strategy, the special features of each part and different operation modes
ISG Hybrid Electric Vehicle are taken into consideration, and energy between
engine and motor are reasonably distributed; we make the whole vehicle system

Fig. 8 The operation mode of the vehicle
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more efficient, fuel consumption lower and emission lower, and at the same time
keep the driveability better.

The instantaneous optimal control strategy is adopted, which is based on the
optimal working curve of engine in the project. For the ISG Hybrid Electric
Vehicle that is under a particular operating point, we optimize the entire power
system for optimization goal to get the best instantaneous operating point, and
then, based on instantaneous optimal system operating point, we redistribute
various state variables dynamically. According to the economy and emission
characteristics of the engine, an appropriate objective function is established
through the optimal control theory. To minimize the objective function, we can
achieve good power performance, fuel economy and emission performance.

min fð Þ ¼ min x1
a

a0

� �
þ x2

b

b0

� �
þ x3

c

c0

� �� �

In the above equation, f is the objective function; a is the fuel consumption (L/
100 km); b is actual emission (g/100 km); c is acceleration time (s); a0, b0 and c0

respectively are the aim values; x1, x2 and x3 are the corresponding weight
coefficients. Weight coefficient can be adjusted to change the degree of influence
of each parameter.

When designing control strategy, the instantaneous efficiency of engine, motor
and battery should be considered, the engine fuel rate is shown in Fig. 9 and the
motor efficiency map is shown in Fig. 10. Combining with the actual running state,
such as the temperature of engine, motor, battery and the braking energy recovery,
etc., the best combination of energy between engine and motor is obtained.
According to the control target, the optimal engine and motor operating points are
determined. Our goal is to make the optimal system efficiency [4].

Fig. 9 The engine fuel rate
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5 Conclusion

The Control Strategy of ISG Hybrid Electric Vehicle is researched and developed
by building simulation model under Matlab/Simulink/State flow environment, and
the system model is compliant with AUTOSAR standard which is at the center of
the development process, from requirements definition and system design to
implementation and testing. This approach provides a number of benefits such as
reducing development time and cost, improving product quality, and generating a
more reliable final product through the use of computer models for system veri-
fication and testing.

With this approach, proved by experiment, the development of ISG Hybrid
Electric Vehicle control strategy is of high efficiency and reliability, with the
performance met the design requirements and the portability and maintainability
of system improved, meanwhile the development cost is greatly reduced, and the
development cycle is shortened.
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Development of New Hybrid Transaxle
for Front-Wheel Drive (FWD) 2.5-Liter
Class Vehicles

Kunihiro Kobayashi, Takahisa Yashiro, Hiroshi Takekawa
and Kazuhiro Fujita

Abstract This paper explains the structure, characteristics, and performance of
the newly developed P314 hybrid transaxle, which was developed for front-wheel
drive (FWD) 2.5-liter vehicles. Lower mechanical and electrical losses and lighter
weight than the conventional P311 were achieved by enhancing the motor cooling
performance, improving the flow of the oil, and optimizing the shape of the casing.
This transaxle is also applicable to a wider vehicle weight range and achieves
better fuel economy while reducing cost.

Keywords Power transaxle � Hybrid system � Hybrid transaxle �Motor cooling �
Electrical losses

1 Introduction

Automakers are facing growing demands to reduce vehicle CO2 emissions and fuel
consumption to help save resources and prevent global warming. Hybrid vehicles
that combine an internal combustion engine with a motor/generator are regarded as
an effective means of achieving these aims by improving fuel economy.
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The world’s first mass-produced hybrid system was installed in the Prius in
1997. Since then, a series of improvements culminated in the development of the
P311 hybrid transaxle for passenger vehicles, which included a motor reduction
device. Subsequently, the P314 hybrid transaxle was developed for 2.5-liter class
front wheel drive (FWD) vehicles such as the new Camry, which was launched in
2011. Based on the P311 transaxle, the P314 retains the same basic motor con-
figuration and uses the same gears.

However, the P314 transaxle was developed to accommodate the specifications
of the new Camry, which include 10 % greater engine torque than the previous
model and a wider range of sales destinations. This paper describes the structural
and performance improvements incorporated into the new P314 transaxle.

2 Aims of Development

2.1 Motor Cooling Performance Improvement

The P314 transaxle for FWD 2.5-liter vehicles was developed to be compatible
with a larger vehicle class than the previous transaxle to facilitate its adoption in
future models. The motor cooling performance was improved to achieve this aim.
More efficient motor cooling also reduces motor losses, thereby helping to improve
fuel economy.

2.2 Fuel Economy Improvement

Class leading fuel economy was achieved by thoroughly reducing losses, such as
motor and oil pump losses, as well as agitation loss in the transaxle.

2.3 Quiet Operation and Weight Reduction

The weight of the P314 transaxle was reduced while maintaining the required level
of quiet operation by reducing the thickness and optimizing the shape of the motor
cover.
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Power Split Device 

Compound Gear 

Motor Reduction Device 
Cooling Pipe

Motor Cover 

Oil Pump 

Fig. 1 P314 Cross section

Table 1 Specifications of new hybrid transaxle

P314 P311

Max. engine torque 213 Nm 187 Nm
Max. engine output 118 KW 110 kW
Motor
Max. output 105 kW
Max. torque 270 Nm
Motor reduction gear ratio 2.478
Differential gear ratio 3.542
Weight 106 kg 112 kg
Overall length 405 mm
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3 Main Specifications and Structure

Figure 1 shows the main cross section of the P314 transaxle and Table 1 lists the
principle specifications. The P314 transaxle is provided with a new cooling pipe to
improve the motor cooling performance. Accordingly, an oil path was added to the
motor cover and the discharge capacity of the oil pump was increased. A compact
layout was achieved by adopting the existing basic structure, which features a
compound gear integrating two planetary gears, a counter drive gear, and a parking
gear to the outside of the motor reduction device and power split device.

4 Motor Cooling Performance Improvement

The basic structures of the stator (3-phase alternating current, 8-pole, 48-slot
distributed winding) and interior permanent magnet type rotor are unchanged from
the P311 transaxle. However, the motor cooling performance was improved to

Fig. 2 Illustration of motor
cooling in P311 transaxle

Fig. 3 Illustration of motor
cooling in P314 transaxle
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facilitate adoption in future models. As shown in Fig. 2, the P311 transaxle has an
oil catch tank at the top of the transaxle case that collects oil pumped up by the
gears. The collected oil is then dripped onto the coil ends to cool the motor and
generator.

In contrast, the cooling structure of the P314 transaxle features a cooling pipe in
addition to the catch tank (Fig. 3). The oil pump in the P311 transaxle is used to
lubricate the inside of the transaxle. In the P314, the discharge volume of this
pump was increased and used to both lubricate the transaxle and cool the motor.

The position of the cooling pipe is shown in the sectional view in Fig. 1.
Efficient cooling is achieved by discharging oil onto the stator through a cooling
pipe located at the top of the stator. Figure 4 shows a sectional view of the cooling
pipe. Adopting this pipe reduces the coil temperature by 11 % while retaining the
same motor structure as the P311 transaxle. The temperature characteristics of the
coil wires reduce copper loss, thereby helping to improve fuel economy. Fur-
thermore, cooling the stator lowers the temperature of the rotor and the magnet due
to heat transfer, which increases the efficiency of the motor.

5 Fuel Economy Improvement

5.1 Agitation Loss Reduction

The agitation loss was reduced to improve high speed fuel economy. Figure 5
shows the oil flow. As in the P311 transaxle, the P314 also includes an oil catch
tank and cools the motor by pumping up oil using the gears. Another purpose of
the oil catch tank in the P314 is to lower the oil surface inside the gear housing to
reduce the agitation loss of the gears.

A straightening plate is also provided between the counter driven gear on the
second axis and the ring gear on the third axis. This splits the oil flow between the
counter drive gear and differential ring gear. The resulting improvement in oil flow

Coil

Stator 

Case Cooling PipeMotor Cover

Oil Flow 

Fig. 4 Cross section of
cooling pipe in P314
transaxle
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reduces the agitation loss. Agitation loss was also reduced by providing oil flow
holes at the bottom of the counter drive gear to improve the discharge of oil from
the inside of the compound gear. Ultimately, agitation loss was reduced by a total
of approximately 15 %.

5.2 Adoption of Low-Loss Oil Pump

As described above, the discharge volume of the oil pump had to be increased
compared to the P311 transaxle due to the addition of the cooling pipe. Since

Oil Catch Tank
Plate

Oil Flow

Fig. 5 Illustration of oil flow

Fig. 6 Comparison of size
with same oil discharge
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increasing the discharge volume with the same tooth profile would also increase
the oil pump drive torque, an oil pump with a newly developed tooth profile was
adopted to achieve the required discharge volume with low loss. Figure 6 com-
pares the sizes of the new tooth and conventional trochoid profiles with the same
theoretical displacement. Figure 7 compares the drive torque.

Speed (rpm)

To
rq

ue
 (

N
m

)

New Trochoid

Fig. 7 Comparison of torque

Fig. 8 Motor cover basic shape examination

Development of New Hybrid 349



Unlike a trochoid curve, which determines the height of the teeth using the base
diameter and the number of teeth, the new tooth profile can be varied freely in
accordance with the curve creation parameters. As a result, the discharge volume
can be increased without enlarging the rotor diameter. The new tooth profile
reduced loss by approximately 25 % compared to the trochoid pump.

6 Weight Reduction and Quiet Operation

The shape of the motor cover was targeted to reduce the weight of the P314
transaxle. Optimizing the motor cover shape reduced weight while maintaining the
required level of quiet operation. The level and frequency characteristics of gear
whine (SPL) is determined by the mechanism shown in Eq. (1).

Fig. 9 Comparison of resonant frequency of motor cover
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SPL ¼ T:E� D:S� T:F� S:S ð1Þ

where, T.E is the gear mesh transmission error, D.S is the gear mesh point dynamic
stiffness, T.F is the transfer function, and S.S is the sound sensitivity.

In the P311 transaxle, the appropriate stiffness was achieved by making the
general surfaces (i.e., those portions excluding the bearing leg and flange) thicker
to dissipate resonance with the transaxle components in the normal gear whine
frequency range. The development of the P314 transaxle examined how to make

P311 P314
Fig. 10 Motor cover of P311
and P314 transaxles

Fig. 11 Inertance of motor
cover and dynamics stiffness
of gear
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the surfaces thinner to reduce weight while optimizing the surface shapes to
compensate for the lower thickness. Figure 8 shows the examined shapes and
Fig. 9 shows the resonance frequency of each vibration mode.

The following effects occur when the stiffness is lowered by reducing the
surface thickness. With shapes 1 and 2, the resonance frequency of the out-of-
plane 1st bending mode (1st mode, one joint in the circumferential direction) that
forms the bulge close to the center of the cover approaches the out-of-plane
resonance frequencies (200 and 600 Hz) of the stator, which is one of the most
significant components. In comparison, this resonance frequency can be increased
with shapes 3, 4, and 5 by creating a curved surface on the flange side.

Furthermore, by adopting the curved shape of No. 4 on the bearing leg side, the
resonance frequency of the out-of-plane second mode (3rd mode, two joints in the
circumferential direction) can be separated from the normal gear whine frequency
range (4 kHz or less). Consequently, a doughnut shape was adopted.

Subsequently, as a countermeasure for the torsional 1st mode (2nd mode, one
joint in the radial direction) that oscillates in separate upward and downward
phases around a point close to the center, ribs were partially provided inside the
cover in areas that do not effect the out-of-plane 1st and 2nd modes. This shape
had the effect of suppressing torsional vibration.

Figure 10 shows the motor cover shapes of the P311 and P314 transaxles.
Figure 11 shows the calculated results for driving point response and gear mesh
point dynamic stiffness.

Despite reducing the surface thicknesses, the P314 transaxle achieved the same
vibration characteristics and gear whine level as the P311 transaxle. Figure 12
shows the measured results (average values). Optimizing the motor cover shape
reduced the weight of the portion around the motor cover by approximately 25 %
without sacrificing quiet operation.

0 0.5 1 1.5 2 2.5 3 3.5

Frequency [kHz]

So
un

d 
Pr

es
su

re
 L

ev
el

 

10dB 

P311
P314

Fig. 12 Actual gear whine
values
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7 Conclusion

The new P314 hybrid transaxle was developed for installation in FWD 2.5-liter
class passenger vehicles. Improving the motor cooling performance allowed the
existing motor to be used and reduced motor loss. Thorough loss reduction helped
to improve the fuel economy of the vehicle. Furthermore, a design that disperses
resonance enabled further weight reduction to be achieved with the required levels
of quiet operation.
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Key Items for Future Hybrid
Applications: Energy Storage and Power
Electronics for Micro Hybrids up to Full
Hybrids and EVs

Peter Willemsen, Feng Ji and Marc Nalbach

Abstract Research/Engineering Question: Micro-Hybrid applications like start/
stop system and intelligent alternator control are well known and widely imple-
mented to achieve first improvements regarding the reduction of CO2 emission.
Key items for their realization are the 12 V lead acid battery monitoring and power
system stabilization approaches as well as optimizations of aerodynamics,
enhanced warm cranking procedures and energy efficient electrification of power
loads like electrical power steering systems. To achieve the upcoming CO2

reduction targets in 2020 further optimization potentials have to be elaborated and
have to be introduced. Results/Conclusion: Additional improvements can be
achieved by extrapolated techniques like enhanced start/stop application, which
means stop–start at vehicle speed of 30 km/h, and idle cruising/sailing. But these
functionalities have a significant impact onto the stability and reliability of the
power system based on the previous experiences with the common stop–start
function. They can only be realized within a low voltage power system by the
introduction of new enhanced energy storage solutions like additional batteries,
double-layer capacitors or lithium-ion cells in combination with power electronics.
By the prevention of high voltage implementations these solutions show a
promising benefit to cost ratio in comparison to Full-Hybrid solutions. If further
efficient functionalities like high power regenerative braking and electrical
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creeping are intended to implement, additional electrical measures have to be
introduced. For instance a dual low voltage power system architecture with a
system voltages lower than 60 V can be used to fulfill the requested energy and
power capability of the power system for these corresponding vehicle functions.
Double layer capacitors are suitable for high power regenerative braking due to
their high charge acceptance and high current discharge capability. If functions
with high energy demand like electrical creeping should be applied, then solutions
using lithium ion cells are much more sufficient. Full-Hybrid and pure electric
driven vehicles offer the maximum of CO2 reduction potential. Here, nickel-metal-
hydride or lithium ion batteries are used to reach the balance between power and
high energy demand. Methodology/Limitation: Within this chapter the impact of
these new vehicle applications onto the energy storage and their integration into
the power system using power electronics is discussed from a supplier perspective
based on actual pre- and series development projects.

Keywords Micro hybrid � Enhanced start/stop system � High-power recuperation
� Energy storage � DC/DC converter

1 Introduction

In the recent years the Micro-Hybrid technology (start/stop system) has been
successfully introduced into the market and widely accepted by vehicle manu-
facturers and drivers for its cost efficient realization and fuel reduction potential of
5–10 %. According to a new report from Pike Research, sales of micro-hybrid
vehicles will experience strong growth in the coming decade, rising from 3 million
units in 2011 to 37.3 million units p.a. by 2020 [1]. By that time, the market
intelligence firm forecasts that start/stop vehicles will represent more than one-
third of all light-duty vehicle sales.

With the demand for further fuel saving and CO2 reduction, markets in Western
Europe and Japan have been investigating technologies for further improvements.
Enhanced start/stop systems that turn the engine off while the vehicle slows down
and 48 V dual voltage system capable of high power regenerative braking and
creeping are candidates for such advancements. To implement the technology into
the vehicle, an additional energy storage system such as a double layer capacitor or
a lithium-ion battery should be installed. Additionally, a DC/DC converter is
needed to adapt the vehicle energy system to the voltage and current dynamics of
the additional energy storage.

Enhanced start/stop and 48 V dual voltage systems are economic solutions
compared to mild hybrid and full hybrid solutions and reduce the technological
gap to these high-end, complex systems.
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2 Enhanced Start/Stop

One of the simplest ways to reduce fuel consumption is to turn off the engine when
it is not being actively used. Start/stop system is based on this principle. Whenever
the vehicle comes to a stop at a red traffic light or in traffic jam and the gear is put
into neutral, the engine is switched off. When the driver presses down the clutch
pedal, the engine automatically restarts. The logic for this process is typically
handled inside a control unit such as the engine management system or the body
controller. Start/stop systems will reduce fuel consumption from five to ten per-
cent—depending on engine size and driving scenario.

In order to further reduce fuel consumption, and thus CO2 emissions, enhanced
start/stop systems are introduced to extend engine shut down time. The application
of this can range from low speed applications such as shutting off the engine when
the vehicle is coming to a standstill (e.g. in front of a traffic light) all the way to
shutting off the engine at higher speeds when the vehicle is maintaining constant
speed or decelerating (e.g. when driving downhill).

If the driver wants to accelerate (depressing the gas pedal) the engine restarts
without delay. Depending on the behaviour of drivers, enhanced start/stop systems
can save an additional eight percent compared to traditional start/stop systems.

Table 1 shows a basic simulation of fuel saving for enhanced start/stop systems
based on New European Driving Cycle (refer to Table 1). If the engine is turned
off when the vehicle speed is below 30 km/h, enhanced start/stop systems will
have a potential engine off time of 383 s, while traditional start/stop systems only
have a potential engine off time of 266 s. For an engine with an idle fuel con-
sumption of 0.8 l/h, it means a fuel efficiency improvement of 0.24 l/100 km.
Higher savings can be achieved if the system is also implemented for higher
speeds (downhill coasting).

In enhanced start/stop systems, the engine off time is increased by turning off
the combustion engine when vehicle speed is [0 km/h. During this period the
alternator is not capable of supplying the power system of vehicle—this is critical
because safety related electrical components must have reliable power supply at all
times. The primary battery would be available to supply the power system, but this
would lead to huge cycling of the battery which would result in a very short
lifetime expectation. From a functional safety point of view also, if the primary
battery fails and the combustion engine is already switched off, there is no elec-
trical supply available even though the vehicle speed may be higher than 0 km/h.

Table 1 Potential fuel saving due to extended stop time

NEDC Speed threshold
for stop engine
(km/h)

Possible STOP
part (%)

Possible STOP
time (s)

Fuel saving
per 100 km

Start/stop 0 22.5 266 0.54
Enhanced start/stop 5 24.8 293 0.60
Enhanced start/stop 30 32.5 383 0.78
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At this point, electrically supported braking and steering would not be available,
resulting in an unacceptable safety hazard.

Therefore an additional energy storage has to be implemented, that should
provide power in coasting and engine off conditions. Its capacity requirements are
not very high as it would only be a short term application—however a huge
amount of charge/discharge cycles could be foreseen. Its energy density as well as
the cycling capability has to match the application demand. A DC/DC converter is
additionally needed to adapt the fluctuating voltage of the energy storage system to
the 12 V power supply of the vehicle. The DC/DC converter normally also con-
trols the charging and discharging of the energy storage system (Fig. 1) [2].

Double layer capacitors and lithium-ion batteries are both suitable choices for
the additional energy storage. Lithium-ion batteries are superior in energy density,
but double layer capacitors have a much higher cycling capability. Double layer
capacitors could be then used with little degradation for the lifetime of a vehicle.

Double layer capacitors have some advantages as below:

• Long lifetime, high number of charge–discharge cycles (millions or more)
• High power density (the amount of available output power per unit of mass or

volume)
• No danger of overcharging, so no full-charge detection is needed

Disadvantages are:

• Low energy density (the amount of available energy per unit of mass or volume)
compared to battery technologies

• High self-discharge rate
• Low maximum voltage
• The voltage level is closely linked to the state of charge (SOC)—leading to a

drop during discharge
• Cost.

Battery

12V..14V

Starter conv. 
Loads

storage

DC

DC
Alternator

G

Alternator

G

S

Energy Storage System 

5V..60V

Fig. 1 Power system topology with an energy storage system for enhanced start/stop and
coasting
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To keep the output voltage constant despite of the discharge depth, the DC/DC
converter implements a boost-buck switching regulator with energy loss. During
charging phase, the DC/DC converter boosts the input voltage to a high level to
charge the capacitor to a high SOC. Passive balancing is also implemented to
balance the SOC difference between capacitors (Fig. 2) [2].

3 Recuperation and Creeping

The most popular measure to save fuel, based on available electrodynamics
generators, is kinetic energy recuperation. High power peaks during braking are
harvested and stored in the battery. So the braking energy is recovered and used to
supply the power of the vehicle.

Low-power recuperation is already implemented in start/stop systems with
limited efficiency due to the poor charge acceptance of lead-acid batteries and the
low power rate of generators. To have an effective recuperation, high power rate
generators or electrical motors (with power capability higher than 4 KW) should
be used. Lithium-ion batteries or double layer capacitors are usually used instead
of lead-acid battery to increase the battery charge acceptance.

The capability of the generator, energy storage, connectors and wiring harness
towards current is usually limited to about 200–250 A for practical reasons
(diameter) as well as for technical reasons (available battery technologies). The
recoverable energy is thus limited by the current capability. A possible solution to
increase the power capability without being limited by the current acceptance is to
increase the voltage level. The capability for recuperation will thus increase in
proportion with the increase of the voltage.

In order to avoid shifting the whole vehicle power system to an increased
voltage, a secondary voltage level with an additional energy storage should be
introduced. 48 V is preferred as it is well below the 60 V limit for electrical safety,
where no expensive electrical protection measure is required. Another advantage

Fig. 2 Energy storage
module using double layer
capacitors in combination
with a DC/DC converter
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of bringing a secondary voltage level into the vehicle power system is to imple-
ment some high power loads (like electric cooling fan and electric power steering)
which can easily be applied to the 48 V power net (Fig. 3) [2].

High power generators or electrical motors (4–10 KW) in recuperation systems
can also be used for low speed vehicle creeping; the speed is related to the power
rate of the electrical motor. In that case, it would bring additional fuel saving for it
decreases the time when engine is working with low-efficiency (low speed of
vehicle). Creeping will have the most benefit in city traffic situations where the
vehicle is in a permanent stop-and-go condition.

Combined recuperation and creeping may have an additional potential fuel
saving of 0.5 l/100–0.8 l/100 km based on different traffic conditions.

The energy storage systems in 48 V dual voltage architectures which are used
to harvest high peak power during braking or coasting of the vehicle require the
highest power density for highest recuperation efficiency. At the same time, a high
energy density is also required for extending the range of creeping distance and
reducing the weight of vehicle. The 48 V energy storage system is discharged
during low speed creeping and is charged during braking, coasting and optionally
at any time when the engine is running. This leads to huge charging/discharging
cycles.

As recuperation applications require a high power density, batteries that are
based on the movement of charge carriers in a liquid electrolyte and therefore have
relatively slow charge and discharge times as well as a limited power density, are
not the preferred option. Capacitors, on the other hand, can be charged or dis-
charged faster, at a rate that is typically limited by the heating of the electrodes,
and have a power density generally 10–100 times greater than lead-acid batteries.
As a consequence, double-layer capacitors are a good choice for recuperation
purpose.

However, the additional creeping function requires a high energy density.
While double-layer capacitors have higher power density compared to batteries,
their energy densities are perhaps 1/10 of that of a lead-acid battery. So batteries
represent a more attractive option for creeping applications.

When it comes to implement both functions recuperation and creeping, batteries
with high power density should be proper choice.

Fig. 3 48 V dual voltages for high power recuperation, high power load supply and electrical
creeping
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Lead-acid, Nickel-MetalHydride (Ni-MH) and Lithium-ion are popular battery
technologies. Lithium-ion batteries are superior in terms of energy and power
density. As a result, lithium-ion batteries are seen as the most promising solutions
for the additional energy storage in 48 V dual voltage systems (Fig. 4).

Compared to other battery technologies, Lithium-ion batteries have the fol-
lowing important characteristics [3]:

• Their energy efficiency and charging/discharging efficiency are high.
• The voltage of a single-cell is high (three times that of Ni-MH batteries and

twice that of lead-acid batteries), therefore leading to a comparatively low
number of cells to achieve the desired voltage level. This is an advantage with
regards to the number of needed parts and connections between terminals.

• Charging and discharging reactions produce relatively little heat.

Lithium-ion batteries have very strict working conditions regarding temperature
and voltage. Damage, even explosions could happen if they are operated outside of
the required range. A balancing between the battery cells is mandatory for an
efficient usage and a long lifetime. So, together with the implementation of the
lithium-ion battery, we have to introduce a battery management system that can
properly monitor the operation of the lithium-ion battery.

The battery management system consists of the following functions [3]:

• Prevent the voltage of any cell from exceeding a limit- by stopping the charging
current or requesting it to be stopped.

• Prevent the temperature of any cell from exceeding a limit—by directly stop-
ping the battery current, requesting it to be stopped, or requesting cooling.

• Prevent the voltage of any cell from dropping below a limit—by stopping the
discharging current.

• Prevent the discharging current from exceeding a limit.
• Calculate SOC,
• Monitor SOH (status of health)
• Balance battery cells to bring the SOC levels of the cells closer to each other, in

order to maximize the battery capacity

Fig. 4 Comparison of
energy storage technologies
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• Calculate the internal resistance of cells to improve the accuracy of SOC and
better control the balancing.

• Thermal Management to keep the temperature of the battery in a safe zone
(Fig. 5).

Because the generator/electrical motor and the storage system are at a 48 V
level, the energy must be converted to the regular 12 V power net. This can be
done by a DC/DC converter. From the point of view of the 12 V system, this
converter replaces the position and function of the conventional generator. This
defines the minimum standards for the functional and safety requirements of the
DC/DC converter. On the 48 V side, there may be also loads, especially high
power loads. The power for these loads must not be transferred through the DC/DC
converter, what would reduce its power rating. A typical power rating for such a
DC/DC converter is in the range of 1.5–3 kW, depending on the size of the vehicle
electrical equipment. The DC/DC converter must be able to transfer energy from
48 to 12 V with the maximum power rating at the highest possible efficiency, in
order to maintain a high efficiency of the whole recuperation system. For backup
reasons it should also be able to transfer energy in the opposite direction—from the
12 V lead-acid battery to the 48 V system.

Such a converter must fit the specific needs of each application, regarding

• Power and voltage rating,
• Cooling infrastructure such as liquid cooling or reliable forced convection.

Looking at the different requirements from different vehicle architectures, the
hardware and software concepts require a modular application in order to satisfy
the different system demands. At the same time the initial volumes of such systems
are likely to be low, emphasizing the need for a modular platform approach in
production and mechanical design.

Therefore an appropriate concept consists of

• proven standard components as well as design and standard connection
technologies,

12V

CANLithium Ion Cells

V1X,T1Y, Balancing

BMS-ECU

• SoC
• SoH
• SoF
• Balancing
• Safety Functions
• Communication

Current 
Sensor

• Voltage and Temperature
Monitoring

• Cell Balancing

Block Diagram

Output

Battery 
Switch

Fig. 5 System block diagram of battery management
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• a modular power scaling and intrinsic redundancy by a multiphase approach and
• a high-speed power switching and flexible control (Fig. 6).

4 Conclusion

Enhanced start/stop systems further increase energy efficiency and further reduce
CO2 emissions compared to traditional start/stop systems thanks to their increased
stop time of the engine. 48 V dual voltage systems with high power recuperation

Fig. 6 3 kW DC/DC converter for dual voltage power system applications

Fig. 7 Functions of micro hybrid up to full hybrid vehicles
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and creeping are capable of even further fuel savings. Both technologies are
economic to implement compared to mild hybrid and full hybrid vehicles. Com-
pared to Mild-Hybrids these systems also have the advantage of reduced functional
safety requirement (voltage below 60 V) and significantly lower cost (Fig. 7). As
they are based on existing internal combustion engine vehicle architectures and
available power electronics technologies, they could be implemented in a short
time. For the Mega-Cities of today such solutions can be an important intermediate
step before the availability of cost-efficient battery solutions for full electric
vehicles.
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Direct-Computation-Based Traction
Motor Control for Dynamic Performance
Improvement in Electric Vehicles

Xi Zhang and Chengliang Yin

Abstract This study is to propose a new control strategy to improve dynamic
performance of the traction motor in the electric vehicle (EV) which is under
command of considerable dynamic controls. Desired electromagnetic torque is
derived from the torque feedforward loop. By introducing the indirect vector
control, the q-axis current is acquired with the known motor torque and d-axis
current. Voltage feedforward loop is to achieve d- and q-axis voltages for SVPWM
generation. Considering control precision, PID adjustors in small ranges are also
included for dynamic compensation of feedforward loops. With consideration of
various EV operation conditions, the Matlab-based simulation and DSP-based
experimental setup are deployed to verify the proposed strategy. Various curves
illustrate the outstanding response ability of the proposed strategy, compared to the
conventional three-loop method.

Keywords Direct computation � Traction motor � Feedforward compensation �
Indirect vector � Electric vehicle

1 Introduction

Nowadays, development of electric vehicles (EVs) and hybrid electric vehicles has
been the hottest topic in automobile industry. It is known that an EV is propelled
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by electricity which is stored in an energy storage system (ESS, e.g., batteries,
ultracapacitors, or flywheels) [1, 2]. Usually, electric vehicles are referred to as
pure EV or battery EV (BEV) in case that the main energy storage is a battery
pack. The electric motor in a pure EV is mainly responsible for vehicle propulsion
and sometimes for regenerative energy flow also.

New design requirements are raised for electric motors and drive systems in
EVs, such as high efficiency in wide speed and torque range, large torque output
below base speed, automatic speed adjust functionality, and high controllability,
steady-state precision and dynamic performance, due to poor on-road operation
conditions [3–6, 8, 9]. While the material cost of a permanent magnet synchronous
motor increases exponentially, this study turns the research sight to the induction
motor.

Considerable advanced control schemes for traction motors in electric vehicles
have appeared in literature to improve motor dynamic performance compared to
conventional closed-loop control. A probabilistic fuzzy neural network (PFNN)
control system was proposed for an in-wheel motor drive [7]. However, greater
computational burden, proneness to overfitting, and the empirical nature of model
development defect the control performance. Reference [6] presented a fuzzy-
sliding mode speed control for two wheels electric vehicle drive to improve the
system robustness. Unfortunately, the dynamic performance and steady-state
precision is degraded due to the inherent chattering characteristic of sliding mode
control.

Direct computation is deployed to improve the motor transient performance in
poor operation situation filled with transients, and in the meantime guarantee the
stability and precision. The proposed indirect vector control based hybrid control
is suitable for this ‘‘direct’’ definition. Additionally, this proposed control could be
simplified for its employment in a PMSM. Two control modes exist in this study,
speed control and torque control, for different applications. In the speed control
mode, the torque feedforward is embedded for calculation of motor electromag-
netic torque. A torque observer is designed for estimating the load torque.
Meanwhile the speed PID adjustor is responsible for small-range torque com-
pensation. Sum of them forms the reference torque. While in the torque control
mode, the reference torque is given directly. The indirect vector control is included
for derivation of quadrature-axis currents. The desired voltages can be computed
regarding the desired currents as inputs in the voltage feedforward link.

With consideration of real EV operation conditions, simulation results based on
Matlab validate the correctness and superiority of the proposed strategy under
dynamic response. The DSP implements the hybrid control strategy in real time,
and experimental results verify the effectiveness not only under dynamic response
but a standard drive cycle.
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2 Modeling of Traction Motor

2.1 Electric Vehicle Structure

The configuration of a pure EV is shown in Fig. 1. The battery-powered electric
vehicle is comprised of a battery for energy storage, an electric motor, and an
inverter. The battery is charged through a charger which can be either carried
onboard or fitted at the charging point. The inverter is responsible for the direction
and amount of power flow to/from the electric motor such that the vehicle speed
and moving direction can be controlled. It has to be noted that during the braking
process, the battery is charged by regenerative energy. The DC–DC converter is
used to match the battery pack voltage and that of the DC bus of the inverter and
can be optional. The mechanical transmission shown here is a generic term for
gears and speed reduction.

2.2 Traction Motor Mathematical Model

The dynamic state equation of the induction motor is expressed as:

Lm þ Ls �Lm

Lm �Lm

� �
d
dt

is

ir

 !
þ jxðLm þ LsÞ þ Rs �jxLm

jxslLm �jxslLm � Rr

� �
is

ir

 !

¼
V

0

 !
ð1Þ

where the subscript ‘‘s’’ represents the Laplace operator; ‘‘r’’ is the rotor; and ‘‘m’’
denotes magnetizing. The currents and voltages here stand for the derivations
through unitization from actual values.

Lithium-lon
Battery Pack

Traction
Motor

Mechanical
Transmission

DC

DC
Inverter

WheelsFig. 1 Configuration of a
pure electric vehicle
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If the variables in Eq. (1) have to be transformed into RMS values, one should
multiply these by 1=

ffiffiffi
3
p

; if the transformation into amplitudes is required, one
should multiply the variables by

ffiffiffi
2
p

=
ffiffiffi
3
p

: Therefore, through unitization, the
coefficients 3 or 2/3 for calculations of power or torque using actual values can be
completely eliminated.

As a result, the equivalent circuit of the induction motor is depicted in Fig. 2.

3 Control Strategy Establishment

Figure 3 depicts the block diagram of the proposed hybrid control system for a
traction induction motor in an EV. A switch could select the required control
mode, speed control or torque control. Torque observation and feedforward is
responsible for the derivation of torque command in the torque control mode,
while this command could be from of the operator. The indirect vector control
block is in charge of quadrature-axis currents commands through the electro-
magnetic torque, rotor flux and given direct-axis current. Voltage feedforward
contributes for the desired voltage commands. All over the control flow, PID
adjustors only deal with small range adjustment. Detailed explanations are pro-
vided next.

3.1 Indirect Vector Control

It can be indicated from Fig. 3 that the stator current is sum of magnetizing current
and rotor current, expressed as

is ¼ im þ ir ð2Þ

According to Kirchhoff’s circuit law, the stator can be rewritten as

is ¼ im þ j
xslLm

Rr
im ð3Þ

sR

sL

mL
rs

R
ω
ω

V

si

mi ri

+

_

Fig. 2 Equivalent circuit of
induction motor through
unitization
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Electromagnetic power of the induction motor is usually calculated as

P ¼ x
xsl

i2
r Rr ð4Þ

On basis of Eq. (1) and Fig. 2, two parts (i.e., the mechanical power and the
copper loss) form the new electromagnetic power expression, given by

P ¼ Presistance þ Pmech ¼ i2r Rr
x
xsl

i2r Rr þ
x� xsl

xsl
i2
r Rr ð5Þ

The electromagnetic torque is related to the rotor current and the slip speed as

T ¼ i2
r Rr

xsl
ð6Þ

Refer to the relation existing in Fig. 3, and the electromagnetic torque can be
newly expressed below

T ¼ xslL2
mi2

m

Rr
ð7Þ

Consequently, the slip speed can be depicted through the electromagnetic tor-
que as

xsl ¼
TRr

L2
mi2

m

ð8Þ

The direct- and quadrature-axis currents can be derived from the dq0 trans-
formation. In the d-q coordinate system, id denotes the real part of the stator
current while iq stands for the imaginary part. In summary, is ¼ id þ jiq: Based on
theory of field oriental control (FOC), the magnetizing current is completely
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Fig. 3 Block diagram of the proposed hybrid control strategy
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supplied by the direct-axis current, namely, im ¼ id: The quadrature-axis current
equals the rotor current and is capable of expression by id as

iq ¼
xslLmid

Rr
ð9Þ

Consequently, the slip speed is delineated by

xsl ¼
TRr

L2
mi2d

ð10Þ

The above analysis assumes id to zero, however, when the set id suddenly
changes, the accordingly magnetic field cannot change immediately and varies
gradually. Therefore, one has to select proper iq that is slightly different from
Eq. (9) to explain the variation period of the air gap flux. in is defined as the net
magnetizing current that is equivalent to id on the static state. Lm

Rr
is the time

constant of in: We let

din
dt
¼ Rr

Lm
ðid � inÞ ð11Þ

Thus the quadrature-axis current is rewritten as

iq ¼
xslLmin

Rr
ð12Þ

Then the slip speed can be newly expressed through in as

xsl ¼
TRr

L2
mi2n

ð13Þ

3.2 Feedforward Control

With intension to improve the transient performance of the induction motor, the
torque feedforward is embedded such that the electromagnetic torque at some time
instant is acquired by using the known moment of inertia, desired speed and
observed load torque, expressed as

T� ¼ TL þ Jx�r � s ð14Þ

where s represents Laplace operator; J moment of inertia; x�r desired speed. TL

denotes load torque estimated with assistance of the torque observer.
However, in this case, error exists between the calculated and actual values, so

the it is required to design the desired torque T� to be the sum of outputs of torque
feedforward and speed PID adjustor, i.e.,
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Tcmd ¼ T� þ Dx � Kds2 þ Kpsþ Ki

s
ð15Þ

where Kd; Kp and Ki are the differential, proportional and integral gains,
respectively.

The purpose of participation of the PID adjustor is to adjust the desired torque
in a small range to ensure the speed tracking precision and the final zero static state
error.

3.3 Torque Observation

Relationship between electrical and mechanical parameters could be described as

d
dt

xr

TL

� �
¼ 0 1

J
0 0

� �
xr

TL

� �
þ

3
2J
ðiqwsd � idwsqÞ

0

0
@

1
A ð16Þ

Suppose that X ¼ xr

TL

� �
; A ¼ 0 1

J
0 0

� �
¼ 0 ak

0 0

� �
; w ¼ 3

2J ðiqwsd �

idwsqÞ; Y ¼ xr; B ¼
1

0

 !
; C ¼ 1 0ð Þ and Eq. (16) can be rewritten as

dX

dt
¼ AX þ Bw

Y ¼ CX

8<
: ð17Þ

The rank of the matrix CT ..
.
AT CT

� �
¼ 1 0

0 ak

� �
is 2, consequently the system

is observable. The observer can be designed as

dX̂

dt
¼ AX̂ þ Bwþ LðCX � CX̂Þ ð18Þ

where L ¼
l1
l2

 !
: The characteristic formula of the observer is delineated as

s2 � l1sþ akl2 ¼ 0 ð19Þ

The contents of L and should be properly selected to guarantee that poles of
Eq. (19) lie in the left plane. Meanwhile the observer should be systematically
stable and own fast-attenuation properties.
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4 Simulation Results

MATLAB is employed as the simulation tool to model the proposed hybrid control
system. A 4-pole induction motor rated with 152 kW acts as the controlled object.
A load of 50.5 Nm is added to the motor output. A lithium-ion battery with high
voltage of 288 V and capacity of 105 Ah is used as the energy storage system
(ESS). A DC–DC converter is connected between the battery and the electric
motor, boosting the input voltage 288–650 V that is suitable for inverter DC link.
For better performance verification, the conventional closed-loop control is also
simulated and compared with the proposed control for the induction motor.

Figure 4 depicts the simulated results under speed ‘‘step’’ response, including
curves of speed, electromagnetic torque, phase current and battery current. The
speed command is set to increase from 500 to 3500 rpm with the slope of
1500 rpm/s, which could be considered as a ‘‘step’’ variation. It can be seen from
Fig.6 that there exists overshoot or undershoot in conventional control while the
proposed hybrid control could resist the transients. Since turbulences defect the
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transient performance and even the electric vehicle operation, the hybrid control
for the traction motor is more capable of poor on-road operation filled with
uncertain transients.

5 Experimental Results

In the experimental setup, two identical induction motors are linked sharing the
same shaft. One acts as the drive motor, and the other is the load motor. The two
induction motors are rated with 400 V voltage and 165 kW power. The number of
motor pole pairs is 2, and the efficiency is 93 %. The maximum speed is 4000 rpm.
A programmable DC system is utilized to emulate the set of a lithium-ion battery
and a DC–DC converter.

To validate the real-time application feasibility of the proposed control strategy
for electric vehicles, we use the software of Advanced Vehicle Simulator
(ADVISOR) to acquire operation data of a standard drive cycle. The US06 cycle
designed to test vehicle performance at high speeds and aggressive driving con-
ditions is selected as the verification benchmark for the proposed hybrid control.

In ADVISOR, a pure EV configuration is pre-set. The electric motor is con-
nected to a gearbox with speed ratio 5. According to the data from ADVISOR, the
reference speed and torque curves (see Fig. 5) are configured in speed command
and torque command for the load motor and drive motor, respectively. Conse-
quently the US06 cycle could be simulated through cooperation of two identical
motors sharing one shaft. The experimental results in Fig. 9 show satisfactory
tracking and transient performance on both speed and torque, although there exist
some unaffordable torque ripples.
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6 Conclusion

This study completes the derivation process of an EV traction motor control
strategy in order to enhance dynamic performance. The accordingly control sys-
tem, integrated with indirect vector control, torque and voltage feedforward, is
established. The Matlab-based simulation and DSP-based experimental results
verify superiority of the proposed strategy, in case of various EV operation
conditions.
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Energy Optimization for the Mild Hybrid
Electric Vehicle with CVT Under Driving
Conditions

Yongxia Zheng, Feng Zhao, Yugong Luo and Keqiang Li

Abstract For a hybrid electric vehicle (HEV) equipped with CVT (Continuously
variable transmission), it’s an important question in developing vehicle energy
management that how to make engine, motor and CVT coordinate well to maxi-
mize the overall efficiency of the hybrid system. According to this problem, an
energy optimization strategy for a CVT mild HEV is proposed which takes the
maximum system efficiency as optimization objective and vehicle speed, accel-
erator pedal degree and battery SOC as state variables while the motor torque and
CVT ratio as control variables. Based on a comprehensive consideration of the
driver’s actual operation, driving demand and efficiencies of key components, the
strategy proposed in this paper realizes the overall efficiency’s maximization and
gets the optimal output torque of motor and the CVT target ratio under different
driving conditions. The energy management strategy based on this optimization is
tested by a self-established forward simulation model, showing that compared with
the proto vehicle the equivalent 100 km fuel consumption is reduced by 26.4 %
under NEDC driving cycle.
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1 Forward

For hybrid electric vehicle equipped with CVT (Continuously variable transmis-
sion), its ratio can be adjusted continuously within a certain range, making the
engine speed can be independent of the vehicle speed. It’s an important question in
developing vehicle energy management that how to maximize hybrid system’s
energy utilization efficiency and make engine, motor and CVT coordinate well by
taking full advantage of the characters of motor and CVT [1].

Most previous researches only pursued to make engine work in high efficient
area while ignored the influences of efficiencies of motor, battery and transmission
system [1, 2]. Though a few researches were aimed at getting the highest system
efficiency [3], the state variables were vehicle speed and acceleration which is hard
to reflect the driver’s intentions and feelings intuitively.

Taking an ISG-type CVT mild hybrid electric vehicle as research object and
considering driver’s actual operation, drive demand and the influences of key
components’ efficiency, this paper has proposed an energy optimization strategy
for CVT mild HEV which takes the maximum system efficiency as optimization
objective and vehicle speed, accelerator pedal degree and battery SOC as state
variables while the motor torque and CVT ratio as control variables, and then
optimize to get the target output torque of motor and the CVT target ratio under
different driving conditions.

2 Energy Optimization System Under Driving Conditions

The energy optimization system shown in Fig. 1 is designed for CVT mild hybrid
electric vehicle under driving conditions.

Firstly, get demand torque TD meet the driving demand according to the vehicle
speed and the accelerator pedal opening; Secondly, get the system required input
and output power respectively for the three types of driving conditions(including
pure engine mode, economic charge mode and boost mode) by combining the
longitudinal dynamics equation with efficiencies of key components including
engine, motor, battery and CVT, thus the hybrid system efficiency can be derived;
Finally, takes the maximum system efficiency as optimization objective and states
of components as constraints, then optimize to get the target output torque of
motor and engine and the CVT target ratio under different driving conditions.

3 Driving Intention Recognition Under Driving Conditions

Firstly, recognize the driving intention before making the energy optimization
strategy to obtain the demand torque TD.

376 Y. Zheng et al.



The vehicle speed and accelerator pedal opening determine the torque required
jointly. The ‘‘nine-defined method’’ [4] has been used in this paper, based on
measured data of original vehicle, the vehicle demand torque surface is fitted
integrated with the power and smooth adjustment factor formulated after defining
demand torque of nine key points which represent vehicle worm, large accelerate
and the highest speed and other working conditions [5].

The driving demand torque defined surface acting on the rear of transmission
shown in Fig. 2 is developed based on the method above.

4 Energy Optimization Strategy Under Driving Condition

It is necessary to analyze the transmission relation among various components of
the hybrid system when making energy optimization strategy. The following
dynamics equation of drive system under driving conditions is built according to
vehicle theory [6].

mgf cos aþ mg sin aþ CDAu2

21:15
þ m

du

dt

� �
r

¼ TDi0 � Ir _xr � ðIe _xe þ Im _xmÞiCVTgCVTi0 ð1Þ
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where: m is vehicle quality; f is rolling resistance coefficient; a is road slope angle;
CD is air resistance coefficient; A is vehicle frontal area; r is wheel radius; TD is
driver demand torque; i0 is final drive ratio; Ir is wheel inertia; xr is wheel speed;
Ie is engine inertia; xm is motor speed; iCVT is CVT ratio; gCVT is CVT efficiency.

The engine and motor are coaxial connected, so the following relationship
exists between the two speeds:

_xe ¼ _xm ¼ _xri0iCVT þ xri0diCVT=dt ð2Þ

xr ¼ u=r

_xr ¼ ðdu=dtÞ=r

(
ð3Þ

4.1 Energy Optimization Strategy of Pure Engine Mode

In this mode, the engine output torque is fully used to meet the demand torque TD.
Take engine power as the system required input power, such as formula (4) below:

Pin ¼ Texe=ge ð4Þ

where: Te is engine torque; ge is engine efficiency.
The system required output power refers to the power used to overcome the

vehicle resistance including the rolling resistance, gradient resistance, air resis-
tance and acceleration resistance, specifically showed as the following equation:

Pout engonly ¼ðmgf cos aþ mg sin aþ CDAu2

21:15
þ dm

du

dt

þ ðIe þ ImÞ
i20iCVTgCVTu

r2

diCVT

dt
Þu

ð5Þ

Fig. 2 Driving demand
torque surface
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where: d is auto rotating mass conversion factor, expressed as following:

d ¼ 1þ ½Ir þ ðIe þ ImÞi2CVTi2
0gCVT�=mr2

The system required output power in pure engine mode can be converted to the
following form by solving Eqs. (1, 2, 3) and (5) simultaneously:

Pout engonly ¼ TDi0u=r ð6Þ

Define the ratio of the system required output and input power as the system
efficiency, and get the system efficiency of pure engine mode, expressed as for-
mula (7) below.

gsE ¼
Pout engonly

Pin

ð7Þ

Then take the formula (4) and (6) into Eq. (7):

gsE ¼
TDi0uge

Texer
ð8Þ

The fundamental objective of this study is to maximize the hybrid system
efficiency, so set the energy optimization objective function of pure engine mode
as formula (9).

MaxðgsEÞ

s:t:

xr ¼ u=r

xe ¼ xri0iCVT

TeiCVTgCVT ¼ TD

Te 2 ½Temin; Temax�

xe 2 ½xemin;xemax�

iCVT 2 ½iCVTmin; iCVTmax�

8>>>>>>>>>>><
>>>>>>>>>>>:

ð9Þ

Analyze the formula (8) and (9) comprehensively and the following conclusion
can be get: the system efficiency gsE of this mode depends on the vehicle speed u,
demand torque TD, engine torque Te and CVT ratio iCVT. At the same time TD

depends on vehicle speed and accelerator pedal opening APS. Therefore, the
energy optimization essence of pure engine mode is: look for the optimal CVT
ratio iCVT and engine torque Te making the system efficiency maximize under the
premise of certain vehicle speed and accelerator pedal opening.

Get the optimization results of this mode shown in Figs. 3 and 4 by using
sequential quadratic programming algorithm.

It can be seen from the results that the hybrid system overall efficiency is higher
under medium speed, medium accelerator pedal opening condition, the maximum
value reaches about 0.28. But, it is lower under other conditions.
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4.2 Energy Optimization Strategy of Economic Charge Mode

During economic charge mode, the motor operates in power generation state, part
of the engine output torque is used to meet the driver’s demand, the other part for
power generation. All power comes from the engine. Still take the engine power as
the system required input power, expressed as formula (4).

The following relationship exists between battery charging power and the motor
torque in this mode:

Pbatchr ¼ Tmxmgmchrgbatchr ð10Þ

where: Tm is motor torque; gmchr is motor generation efficiency; gbatchr is battery
charging efficiency.

Fig. 3 System efficiency of
pure engine mode

Fig. 4 CVT target ratio of
pure engine mode
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Regard the sum of power used to overcome the vehicle resistance and battery
charging power as the system demand output power. Combine Eqs. (1, 2, 3, 5)
with (10) and get the system required output power:

Pout generate ¼ TDi0u=r þ Tmxmgmchrgbatchr ð11Þ

Still define the ratio of the system required output and input power as system
efficiency, and get the system efficiency of economic charge mode, expressed as
following:

gsG ¼ ðTDi0u=r þ TmxmgmchrgbatchrÞge=ðTexeÞ ð12Þ

Take the maximum overall efficiency of hybrid system as the optimization
objective, and get the energy optimization objective function as formula (13).

MaxðgsGÞ

s:t:

TD ¼ ðTe � TmÞiCVTgCVT

Pbatchr ¼ Tmxmgmchrgbatchr

xr ¼ u=r

Te 2 ½Temin; Temax�

xe 2 ½xemin;xemax�

Tm 2 ½0; Tmmax�

Pbatchrj j 2 ½0;Pbatmax�

iCVT 2 ½iCVTmin; iCVTmax�

soc 2 ½socMin; socMax�

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

ð13Þ

Analyze the formulas above comprehensively, it can be seen that the system
efficiency gsG of this mode depends on the vehicle speed u, accelerator pedal
opening APS, battery SOC, engine torque Te, motor torque Tm and CVT ratio iCVT.
So the energy optimization essence of this mode is: search the optimal CVT ratio
iCVT, engine torque Te and motor torque Tm making the system efficiency maxi-
mize under the premise of certain vehicle speed, accelerator pedal opening and
battery SOC.

Apply the sequential quadratic programming algorithm to get the optimization
results of this mode, they are shown in Figs. 5, 6 and 7 when SOC is 0.4.

Compare Fig. 5 with Fig. 3, it can be seen that for small accelerator pedal
opening condition, the hybrid system works more efficient in economic charge mode
than working in pure engine mode, such as a speed of 25 km/h when accelerator
pedal opening is 25 %, the system efficiency can reach 0.24 in economic charge
mode, yet it is 0.16 in pure engine mode. Therefore, the overall system efficiency
under small accelerator pedal opening condition can be improved if the hybrid
system works in economic charge mode, improving the vehicle economy.
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4.3 Energy Optimization Strategy of Boost Mode

The motor works in electric state under this mode, engine and motor would meet
the vehicle driven demand jointly. The object of this paper cannot be charged
externally, so all the vehicle driven energy come from the engine fundamentally.
Take the engine power as system required input power as before, expressed as
formula (4).

The following relationship exists between battery discharge power and the
motor torque under this mode:

Pbatdis ¼ ðTmxm=gmdsÞ=gbatds ð14Þ

where: gmds is motor electric efficiency; gbatds is battery discharge efficiency.

Fig. 5 System efficiency of
economic charge mode

Fig. 6 CVT target ratio of
economic charge mode

382 Y. Zheng et al.



Make the system required output power defined as the sum of power used to
overcome the vehicle resistance and battery discharge power. Combine Eqs. (1),
(2), (3), (5) with (14) to get the system required output power in boost mode:

Pout motor ¼ TDi0u=r � ðTmxm=gmdsÞ=gbatds ð15Þ

In this mode, system efficiency is defined the same way as the two modes
before, and then get the system efficiency:

gsM ¼ ðTDi0u=r � Tmxm=gmdsgbatdsÞge=ðTexeÞ ð16Þ

Take the maximum overall efficiency of hybrid system as the optimization
objective, and get the energy optimization objective function of boost mode as
formula (17).

MaxðgsMÞ

s:t:

TD ¼ ðTe þ TmÞiCVTgCVT

xr ¼ u=r

Pbatds ¼ ðTmxm=gmdsÞ=gbatds

Te 2 ½Temin; Temax�

xe 2 ½xemin;xemax�

Tm 2 ½0; Tmmax�

Pbatds 2 ½0;Pbatmax�

iCVT 2 ½iCVTmin; iCVTmax�

soc 2 ½socMin; socMax�

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

ð17Þ

Fig. 7 Motor target torque
of economic charge mode
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Analyze the formulas above comprehensively, it can be seen that the system
efficiency gsM of this mode depends on the vehicle speed u, accelerator pedal
opening APS, battery SOC, engine torque Te, motor torque Tm and CVT ratio iCVT.
So the energy optimization essence of this mode is: find the optimal CVT ratio iCVT,
engine torque Te and motor torque Tm making the system efficiency maximize under
the premise of certain vehicle speed, accelerator pedal opening and battery SOC.

Use sequential quadratic programming algorithm to get the optimization results
of this mode, they are shown in Figs. 8, 9 and 10 when SOC is 0.4.

Compare Fig. 8 with Fig. 3, the conclusion can be drawn that for large accelerator
pedal opening condition, the hybrid system works more efficient in boost mode than
working in pure engine mode, for example a speed of 60 km/h when accelerator
pedal opening is 85 %, the system efficiency can reach 0.25 in boost mode, yet it is
about 0.22 in pure engine mode. Therefore, the overall system efficiency under large

Fig. 8 System efficiency of
boost mode

Fig. 9 CVT target ratio of
boost mode
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accelerator pedal opening condition can be improved if the hybrid system works in
boost mode, which is conducive to get a better vehicle economy.

5 Simulation Verification

A forward simulation model of CVT hybrid vehicle is built to verify the energy
management strategy based on this optimization and the results as following has
been analyzed: the speed following condition, vehicle work mode, working points of
engine and motor and so on. The interception 630*830 s piece of data is shown in
Fig. 11.

Fig. 10 Motor target torque
of boost mode

Fig. 11 630*830 s piece of
data

Energy Optimization for the Mild Hybrid Electric Vehicle 385



Analyze the simulation result of 100 km fuel consumption under NEDC driving
cycle, and Table 1 gives the final results. From the results we can see that com-
pared with the proto vehicle the equivalent 100 km fuel consumption is reduced by
26.4 % under NEDC driving cycle, verifying the effectiveness of energy optimi-
zation strategy proposed.

6 Conclusions

The CVT hybrid car energy optimization strategy has been developed for pure
engine mode, economic charge mode and boost mode, and optimization results
have improved the overall efficiency of hybrid system, the energy management
strategy based on this optimization can reduce vehicle fuel consumption by
26.4 %, indicating that the optimization strategy can play the fuel saving advan-
tage of CVT hybrid vehicle effectively.

The strategy proposed in this paper have taken driver’s actual operation and
drive demand into account as well as efficiencies of key components, and accel-
erator pedal opening has been treated as one of state variables, reflecting the
driver’s intention and feelings more intuitively.
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Development of Plug-in Hybrid System
for Midsize Car

Matsumoto Shinichi, Takeuchi Hiroaki and Itagaki Kenji

Abstract In recent years, various energy sources have been investigated as
replacements for traditional automotive fossil fuels to reduce CO2 emissions, respond
to instabilities of the supply of fossil fuels, and to reduce emissions of air pollutants in
urban areas. Toyota Motor Corporation considers the PHEV, which can use electricity
efficiently, to be the most practical solution to these issues. Toyota already began sales
of the Prius Plug-in Hybrid in 2012 in the U.S., Europe and Japan, and also will
introduce to the Chinese market. This is the first PHEV to be mass-produced by Toyota
Motor Corporation. Prior to this, in December 2009, Toyota introduced 650 PHEVs
through lease programs for verification testing in China, the U.S., Europe and Japan.
The system of mass-production vehicle specifications has major improvements in
response to the results of this verification testing. As a result, EV range was increased
with a smaller battery, and the system weight has been drastically reduced. Addi-
tionally, the vehicle clears the most stringent emissions regulations in different regions,
and was granted Enhanced AT-PZEV credit in California. This paper discusses the
development of the plug-in hybrid system for this mass-produced vehicle.
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1 Introduction

Various issues related to automobiles, such as reducing CO2 emissions, resolving
energy security problems, and reducing emissions of air pollutants in urban areas,
must be solved in order for people to continue to enjoy the enjoyment of driving,
and the pleasure of having the comfortable moveable space that automobiles
currently provide. For the past several years, hybrid vehicles (HEVs) have been
one countermeasure to these issues. The fuel consumption reduction effects of
HEVs have achieved major improvements in fuel efficiency and reductions in
exhaust emissions compared to a conventional gasoline vehicle. Furthermore, in
addition to these merits, utility and reliability are now the same as a conventional
vehicle, and recently the number of HEVs sold has increased drastically as prices
have fallen (Fig. 1).

Furthermore, the introduction of electric vehicles (EVs) is a possible means of
reducing CO2 and other exhaust emissions. By using electric power from the
power grid, it is possible to reduce emissions of CO2 and air pollutants to zero
during driving. However, even when using the latest Lithium-ion battery tech-
nology, energy density is limited to about 1/50 of that of fossil fuels, and the
cruising range on a single charge is rather short. While the cruising range can be
increased in proportion to the size of the battery, sacrifices must be made in the
cabin and luggage space. Also, larger batteries lead to drastic increases in the
weight and cost of the vehicle, and therefore are not practical. Additionally,
charging a large capacity battery from an external source in a short period of time
would require a DC external charger with capacity for high electric output, which
requires the installation of dedicated infrastructure.

Accordingly, when considering these limitations, it appears that EVs probably
will not totally replace the conventional gasoline vehicle, now or in the near future.
It is assumed that, in the short term, the EV will function as a commuter vehicle
that covers short distances.

A PHEV combines the merits of an EV, since it has zero emissions during
driving with electric power, with the merits of an HEV, since it does not sacrifice
any of the practicality of a standard vehicle. For example, cruising range is equal
to or better than that of a conventional gasoline vehicle. This paper discusses the
PHEV system used in the Prius plug-in hybrid, the first PHEV mass-produced by
Toyota Motor Corporation.

2 Characteristics and Merits of PHEVS

The unique characteristics of PHEVs are further described below. As discussed
earlier, the PHEV combines the merits of both EVs and HEVs. One approach to
the PHEV system design is to increase the capacity of the battery from that of the
existing HEV and install an on-board charger to the vehicle. Initially, after a full
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charge of the battery, a PHEV configured in this way will run primarily on electric
energy. After the battery is depleted, the engine is operated intermittently, as an
HEV normally runs. By configuring the system in this way, the vehicle is primarily
an EV for short distances, and it can run as an HEV with the engine for long
distances after the battery is depleted (Fig. 2). This gives the vehicle cruising
range equivalent to a conventional gasoline vehicle or an HEV and ensures utility
and convenience. Furthermore, since an EV cannot run when the battery is
depleted, it is necessary to arrive at a charging point before this happens. For this
reason, it is difficult to use up all of the energy in the installed battery when driving
with an EV. However, a PHEV differs from an EV in that the driver can use up all
of the battery energy without hesitation because the vehicle can be driven with the
engine even if the battery is depleted (Fig. 3). This is another advantage of the
PHEV.
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Fig. 2 The concept of PHEV

Fig. 3 The advantage of
PHEV
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A PHEV has two driving modes. After the battery has been fully charged, the
vehicle normally operates in EV mode [sometimes called charge depletion (CD)
mode], in which electricity is the primary source of drive energy. In EV mode and
normal driving conditions, PHEV performance is similar to that of an EV.
Depending on the PHEV system configuration, even during EV mode, the engine
might operate to supply driving power when a large amount of power is necessary
for rapid acceleration or high speed cruising. The other driving mode is HEV mode
[sometimes called charge sustain (CS) mode], which starts after the battery is
depleted. In this mode, the engine is used as the primary source of drive energy,
and the system is operated so that the battery state of charge (SOC) is maintained
around the middle of controlled value that is programmed in advance, in the same
way as an HEV. These are shown in Fig. 4.

3 Results of Verification Tests

Prior to this development, verification testing of PHEVs has been performed since
December 2009 in China, the U.S., Europe and Japan, and the findings were useful in
the development of this system. The EV range was set at 21.7 km and this vehicle
achieved 59 g/km in fuel efficiency under new European driving cycle (NEDC).

The results of the verification tests are described below. More than 600 vehicles
were tested in various locations around the world and data related to driving and
charging was recovered from each vehicle for analysis. The analyzed data from
vehicles tested in China, the U.S., France, and Japan was then compared. In China,
the results were obtained from the verification test performed in Tianjin. The
results for France were obtained from the test performed in Strasbourg, which
involved 70 vehicles and was the largest test performed around the world. Table 1
outlines the scope of the data obtained in each region.

Fig. 4 PHEV system operation
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Figure 5 shows the frequency distribution for driving distance per trip and the
per trip integrated driving distance in each region. In China and Japan, this pro-
portion was one-fifth of trips exceeded 50 km. In contrast, in Strasbourg and the
U.S., approximately one-third.

Furthermore, the test confirmed that more than half of trips in Japan were short
enough to be covered by a PHEV with an EV range of 20 km of less.

Figure 6 shows the frequency for driving distance per charge and the per charge
integrated driving distance. Here, the driving distance per charge is defined as the
distance between one charge and the next charge. In each region, a high proportion
of the distance per charge exceeded 50 km (70–80 %). When the distance per
charge exceeded 50 km, the average per charge distance in France and the U.S.
was 204 and 180 km, respectively. In contrast, the average per charge distance
over 50 km in Japan was slightly shorter at 132 km. This shows that drivers were
charging the PHEV after the number of trips had built up to a certain amount.

Table 1 Outlines of the data collected

Parameter China USA France Japan

No. of vehicle 13 65 67 145
Starting date 2011/4/1– 2010/6/1– 2010/4/15– 2009/12/8–
Mileage 123,562 km 595,510 km 1,302,885 km 1,262,363 km
Average mileage per year 12,600 km 13,400 km 19,000 km 9,500 km
Trips (times) 14,889 53,397 108,025 167,884
Charging event (times) 2,502 10,672 20,821 37,448

JapanFrance

USAChina

Average of long-distance travel km Average of long-distance travel km

Average of long-distance travel kmAverage of long-distance travel km

Fig. 5 Distance per trip (distribution expressed in % of total km)
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When the charging frequency decreases, the number of trips per charge increases
by the same amount. This has the effect of increasing the frequency of long-
distance trips per charge.

Figure 7 shows the daily average number of charges and fuel consumption for
each vehicle. The data is organized in sequence starting from the vehicle with the
highest number of charges. The graphs indicate that, in each region, the vehicles
that were charged most frequently tended to have the best fuel consumption.
However, large differences were observed in the number of charges per user in
each country. More than half of the users charged the vehicle less than once per
day. This generated the large gap in the fuel consumption reduction effect.

Figure 8 shows the fuel consumption reduction effect for each driving distance
per charge, compared to a conventional internal combustion engine (ICE) vehicle.
The fuel consumption of the ICE vehicle was calculated from the driving distance
and the fuel efficiency of the ICE vehicle, assuming that the ICE vehicle was
driven the same distance as the PHEV. The fuel efficiency value used was the
average value for the same class of automatic transmission (AT) ICE vehicle
calculated by actual driving in each country. The results confirmed a large fuel
consumption reduction effect in each region. This effect was relatively large in
China, which had a high distribution of short-distance trips per charge due to the
high frequency of short trips and frequent charges observed in that country.

It has been confirmed by actual verification tests that PHEV with approximately
20 km EV range has the potential of lower fuel consumption in each country such

France

China

Japan

USA

Average of long-distance travel 204km Average of long-distance travel 132km

Average of long-distance travel 180kmAverage of long-distance travel 127km

Fig. 6 Distribution of distance travelled between charging events
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as China, the U.S., Europe and Japan. More significant fuel reduction effect can be
achieved if charging activity can be increased.

4 Development Objectives for this PHEV System

This PHEV system was developed for the Prius plug-in hybrid, which is Toyota’s
first mass-produced PHEV, as stated above.

The objectives of the PHEV system development explained in this chapter were
as described below.
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• Reduce PHEV system weight and cost.
• Make improvements based on the results of the verification testing from the

lease vehicles released in 2009.
• Improve electricity consumption efficiency.

5 PHEV System Configuration

5.1 PHEV System Type

The series parallel type PHEV system, which has a mechanical power path from
the engine to the tire, was chosen for this Prius plug-in hybrid because a plug-in
hybrid system could be configured at a relatively low cost by effectively using
components of the base vehicle (i.e., the Prius HEV). In addition, once the battery
energy is depleted and the system shifts to HEV mode, higher system efficiency
and better HEV mode fuel economy could be achieved.

5.2 System Configuration

The newly developed PHEV system configuration is shown in Fig. 9. The major
changes from the base HEV are as shown below.

(1) The battery pack uses a high energy type Lithium-ion battery cell.
(2) An external charge system that is compatible with AC 120 V/240 V is

installed.
(3) The EV drive functions are expanded (EV maximum power is expanded, EV

maximum vehicle speed is higher, and EV range is longer).

The details of each component are discussed in order below.

Fig. 9 System configuration
of newly developed PHEV
system
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5.3 Battery Cells

High energy density Lithium-ion battery cells with characteristics suited for a
PHEV were newly developed for this vehicle (Table 2). This battery cell also
achieved input and output power that is high enough for PHEV requirements (i.e.
EV driving power, engine cranking power during cold situations, regeneration
input power for regenerative brake and so on). By using these battery cells, system
weight and cost were both drastically decreased when compared to the 2009 model
which adopted a different type of Lithium-ion battery cell.

5.4 Battery Pack

A frame construction was adopted for the battery pack to ensure high strength and
rigidity (Table 3). Additionally, an aluminum extruded material was used for the
frame construction to reduce its weight as well. The combined effects of using of
this frame construction and the battery cell mentioned above reduced the weight of
the battery pack to about half that of the 2009 model which resulted in much
improvement in specific energy and specific power of the battery pack (Table 3),
and drastically reduced the volume of the battery pack as well. As a result, despite
increasing the total battery energy to more than three times the base vehicle
(Prius), the cabin and luggage space have been kept the same as the base vehicle.

Additionally, two air cooling fans were installed to ensure sufficient battery
cooling performance. The voltage of each battery cell is monitored by a battery
monitoring unit, which prevents each battery cell from being overcharged or over
discharged. A battery pack has four stacks each comprising 14 cells (total of 56
cells), and the battery total voltage is 207.2 V. By matching the battery total
voltage with the base vehicle (Prius), the input voltage of the high voltage com-
ponents connected in parallel to the battery (DC/DC converter, air conditioning

Table 2 Lithium-ion battery cell

’09 Model ’12 Model

Type Li-ion Li-ion
Exterior

Nominal voltage 3.6 V 3.7 V
Nominal capacity 5 A h 21.5 A h
Weight 245 g 726 g
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inverter) was made the same as in the base vehicle, enabling the use of common
parts, which contributed to reducing the PHEV system cost. Furthermore, the
specifications of some high voltage parts were revised due to concern about
increased heat load caused by the higher electrical current created by the expanded
EV driving functions, as described above.

5.5 On-Board Charger

The on-board charger (Fig. 10) was designed with an input voltage range from AC
100–AC 240 V, in order to ensure compatibility with the Chinese, American,
European and Japanese power grid. The maximum output of the charger is 2 kW,
and a full battery charge is possible in about 2.5 h at AC 120 V, and in about 1.5 h
at AC 240 V. This charger adopts an air-cooled system, so as to keep the flexibility
of its location. As a result, it could be installed below the battery pack and was
located without affecting the layout of the cabin and engine compartment. This
charger achieved high efficiency through adoption of low-loss parts for power
devices and the optimization of the power conversion control system. This charger

Table 3 Battery pack

’09 Model ’12 Model

Type Li-ion Li-ion
Exterior

Gross energy 5.2 W h 4.4 kW h (-14 %)
Total voltage 346 V 207 V
Weight 160 g 82 kg (-49 %)

Battery

On -board Charger

Fig. 10 On-board charger
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and its control system are compliant with the SAE J1772 Level 1 and Level 2
charge standards, as well as the IEC61851-1 Mode 2 and Mode 3 charge standards.

6 Performance

6.1 EV Range

EV range was set at 25.0 km under NEDC. Compared to the 2009 model, the total
battery energy was reduced by 14 %, but optimization of the battery control
(which includes improved battery SOC detection) and improvements in electricity
consumption efficiency (which includes optimal control of the DC boost converter)
have ensured around 15 % better EV range (Fig. 11). EV maximum speed is
around 100 km/h, and EV maximum power is increased by about 1.8 times of the
original Prius HEV.

6.2 Fuel Efficiency

In the case of a PHEV, it is thought that the frequency of HEV mode driving will
be high, although this depends on how the driver uses the vehicle (e.g., driving
distance, charge frequency). Therefore, HEV fuel efficiency is very important as it
is in a conventional HEV. The newly developed PHEV system has increased
battery volume and has an added on-board charger, which increase the weight of
the vehicle around 40 kg in comparison to the base vehicle. However, HEV fuel
efficiency is almost the same as the base vehicle owing to reduced battery internal
resistance due to the adoption of Lithium-ion cells and the optimized control
tuning. Additionally, maximum regenerative power is increased by 20 %, com-
pared to the original Prius HEV, by using this Lithium-ion battery. Thus on-road
fuel efficiency can be improved.

Fig. 11 EV range
improvement in NEDC
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As shown by the certification result (NEDC Combined FE of Plug-in EV mode
and HEV mode) In Europe, the plug-in combined CO2 value improvement can
lead to around 45 % reduction compared to the already base HEV (Fig. 12).

6.3 Emissions

Even in EV mode, if the drive power exceeds the maximum battery power, the
engine will start to supplement it. To meet the world’s most stringent emission
standard even when this situation occur, the PHEV system control is optimized so
that the distribution of battery and engine power were optimized during first engine
start situation. Throttle control and ignition timing tuning were optimized for cold
engine start emission reduction, and injector specifications were revised for
emission performance stabilization. With these efforts, this vehicle meets the most
stringent emissions regulations in each region. Additionally, with the addition of
plug-in EV driving functions, this vehicle was granted Enhanced AT-PZEV credit
in California (Table 4).

7 Future Outlook

It will not be possible to avoid the need to effectively use electricity as a source of
drive power for automobiles, to help respond to the various issues facing them,
such as energy security problems, CO2 emissions, and reducing emissions of air
pollutants.

PHEV uses electricity as an energy source in the same way as an EV, yet
ensures the same level of utility and convenience as the conventional HEV.
Additionally, a system configuration with a relatively low increase in cost in
comparison to the conventional HEV was made possible by using many compo-
nents in common with the conventional HEV. In this case, considering the balance
between the total performance of the vehicle and the price, it is important to select
suitable amount of the battery.
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When considering these facts, Toyota believes that the PHEV is currently the
most practical solution for utilizing grid power. In the future, by using more
electricity from renewable energy sources, it will be possible to drive with a lower
impact to the environment, and it is hoped that further advances in battery tech-
nology (such as reduced cost, increased energy density) will allow the more
effective use of electric energy for automobiles.

8 Conclusions

• The potential of lower fuel consumption was verified by actual verification tests
of the PHEV with approximately 20 km EV range in each country such as
China, the U.S., Europe and Japan.

• Toyota Motor Corporation began sales of the Prius plug-in hybrid, its first mass-
produced new PHEV from Toyota, in January 2012.

• A Lithium-ion battery cell optimized for the PHEV was developed, and the mass
of the system, such as the battery pack, was reduced in comparison to the model
released in 2009.

• The system was configured with the minimum possible amount of changes from
the base vehicle (Prius) to achieve cost reductions.

• EV range in NEDC is 25.0 km.
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Study on System Efficiency and Power
Flow Optimization for Dual-Mode Hybrid
Electric Vehicle

Li-jin Han, Chang-le Xiang, Wei-jing Yan, Yun-long Qi and Ran Liu

Abstract Research and/or Engineering Questions/Objective: Most research of the
power-split hybrid vehicle haven’t taken the efficiency of the planetary-gear sys-
tem which changes according to the gear ratio into account and merely consider
the power lose based on the mechanical-electric energy conversion and determined
the control strategy. The objective of the study is to achieve optimized manage-
ment and cooperative control of the power flow by building an exact model of
hybrid power system and analyzing the efficiency. Methodology: The mechanical
loss of the Dual-mode coupling mechanism planetary system is caused by gear
mesh, clutch friction, oil seal and bearings. The loss has intimated connection with
the parameters of the system status. This chapter has studied the relationship
between system parameters and transmission efficiency of planetary transmission
in coupling system. It also has built the efficiency model of the planetary trans-
mission in coupling system and amend the model by test. Build a comprehensive
efficiency model of the hybrid vehicle, by considering the power loss of engine,
battery, motor and other components and mechanical loss of planetary transmis-
sion in coupling system, and this model reflects the distribution of the system
power flow. So we could achieve the optimized control of system power flow
under the requirement of the driver. Results: The planetary transmission efficiency
and hybrid vehicle comprehensive efficiency has been described by the functions
of system power flow distribution status. By considering of the equivalence
relations between battery pack charge/discharge and engine fuel consumption, this
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chapter has built the optimized model of system power flow control. Limitations of
this study: An important limitation of the current study is the calculating of the
drag losses of the clutch/brake at very high rotating speed, and the designing of the
test bench which should has the ability to measured more than one motor power
accurately. So specialize tests of component and corresponding testing equipments
are needed. What does the chapter offer that is new in the field including in
comparison to other work by the authors: The modelling of planetary transmission
efficiency of power coupling system in the dual-mode hybrid system is new.
Conclusions: By studying the system efficiency not only revealing how the system
works of the system but also guiding the optimize management of the system
power flow.

Keywords Dual-mode � HEV � System efficiency � Power flow optimization �
Control strategy

1 Overview

The dual-mode power split hybrid system is a strong mixed series–parallel hybrid
system based on the planetary gear mechanism. The continuously variable trans-
mission can be achieved by manipulated through the clutch, brake and other
components. A dual-mode hybrid system and its speed relationship showed in
Fig. 1. The single-mode hybrid vehicle introduced by Toyota obtained great
success [1]. Compared to single-mode hybrid system because the dual-mode
hybrid system increases the planetary gear and manipulated components, so it can
obtain a wider speed range and reduce the power demand of the generator/motor to
meet the high-power and off-road vehicle driving requirements. The dual-mode
hybrid system introduced by GM in the SUV and bus has been successfully
applied [2].

One of the advantages of dual-mode hybrid system is able to obtain better fuel
economy; an important reason is that the comprehensive efficiency of the pow-
ertrain has been improved. Figure 1 shows the coupling mechanism consists of
three planetary rows, two manipulated components and two motors which can be
seen as a new type of transmission, the transmission can achieve a continuously
variable transmission through power conditioning. Motor A and motor B in the
system both can be used as a generator or a motor. The sum of the power of the
two motor can absorb the power of the discharge of the battery pack and can also
charge the battery pack. The coupling system is a multi-input multi-output system,
and according to the difference between charge and discharge of the battery pack,
it can also be seen as a varying input or varying output system. Therefore the study
of the efficiency of the system is much complicated. Papers [3, 4] study the
efficiency of dual-mode coupling mechanism under the premise of a variety
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assumptions, without considering the mechanical loss of the planetary-gear
system. Paper [5] taking the mechanical loss into account, but the calculation is
relatively simply, and did not consider the impact on the efficiency of the system of
charging and discharging of the battery pack. This chapter studied and explored
the comprehensive efficiency of the system based on a comprehensive analysis of
the efficiency of the dual-mode hybrid system coupling system, and proposed a
optimal control strategy based on the system efficiency [6, 7].

2 Efficiency Analysis of Coupling System

Figure 1 is a dual-mode hybrid system transmission diagram. It has two operating
modes the input-split (EVT1) and compound-split (EVT2), consists of three
planetary gears, a clutch C1, a brake Z1 and motor A, B. The input-split mode is
realized by engaging the brake Z1, and the compound-split mode, by engaging the
clutch C1. The relationship between speed torque of the motor A, B and the speed
torque of input, output can be achieved by deduced from the basic speed torque
relationship of the planetary gear, see (1–4).
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Fig. 1 Structure diagram and speed diagram of a dual-mode hybrid system
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where na and nb is the speed of MG A and B, Ta and Tb is the torque of MG A and
B, ni and no is the input and output speed of the coupling system, Ti and To is the
input and output torque of the coupling system, k1; k2; k3 is the planetary gear
ratio of each planetary gear, and k is the ratio of the tooth number of ring gear to
the tooth number of sun gear.

From the most primitive definition of efficiency, aiming at multi-input multi-
output system, define its efficiency for all output and input power ratio, which is
the input power minus the power loss of all aspects of the coupling system, and
then divided by input power. The power loss in the coupling mechanism includes:
the planetary-gear mesh power loss, energy conversion power loss in motor A and
B, drag power loss in clutch and break, power loss of the sealing components,
bearing power loss and so on. However, due to the clutch and break in the dual-
mode hybrid system has a relatively high drag speed, the power loss is affected by
the relative speed between driving and passive fiction plate, lubricating oil pres-
sure, friction plate clearance, and the shape of the friction surface grooves, and a
number of factors remains to be further research, so this is temporarily not con-
sidered. The power loss in the sealing elements and the bearing compared to the
power loss in the meshing and motor energy conversion, the small proportion of
their effects are ignored. Therefore, the coupling mechanism efficiency can be
described as:

gcoup ¼ 1� up1 � up2 � up3 � ua � ub ð5Þ

where up1; up2; up3 is the ratio of the gear mesh power loss and the total input
power for each planetary gear. ua; ub is the ratio of the power loss in motor A, B
and the total input power.

To facilitate the analysis, we first study the conditions when the battery pack
has neither charging nor discharging, which equal to maintain the balance of
electric power between the motor A and motor B. The relative power method is
used in calculate the planetary gear meshing loss power to get the system power
loss in mode EVT1 and mode EVT2. If the efficiency of motor A, B use theirs
mean value, and assume the same efficiency of generation and electric conditions,
then the coupling efficiency is only related to the transmission ratio. When inner
meshing efficiency of the planetary gear take 0.98, external meshing efficiency
take 0.97, the average efficiency of motor take 0.90, the efficiency of the coupling
mechanism with the transmission ratio variation shown in Fig. 2.

It can be seen from Fig. 2, that coupling system has a relative high efficiency
when the power of motor A or B is zero. These points are called mechanical
points. At mechanical point the electric energy conversion power loss is zero.
EVT1 has one mechanical point and EVT2 has two mechanical points, the effi-
ciency of the mechanical point is 100 % when other power loss is not considered.
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With the transmission ratio extending on both sides of the mechanical point, the
efficiency in mode EVT1 monotonically decreasing. Mode EVT2 has a high
efficiency between the two mechanical points, but outside the two mechanical
points it monotonically decreasing. At the cross section between EVT1 and EVT2,
the more efficient mode should be choosing. When designing the parameter in the
system, the commonly used vehicle speed should correspond to the mechanical
point, and to avoid the vehicle driving in a small or large transmission ratio. The
scheme shown in Fig. 1, it’s optimum transmission ratio range from 0.5 to 3.5,
meeting the requirements of the most drive demand. The solid line in Fig. 2 is the
power loss considering the planetary gear mesh efficiency. Figure 3 compares the
power loss between electrical power and gear mesh power. It can be seen from the
figure that system power loss is mainly the loss of electrical power, but mechanical
power loss cannot be ignored. Loss of electric power in some regions is relatively
large, so the vehicle should not work in this area. Mechanical power loss during
normal use conditions are basically controlled within 5 %.

The preceding analysis does not consider the charge and discharge of the
battery pack. If define Pele as the charging and discharging power of the battery
pack, and its value is positive when discharge and negative when charging. Motor
A, B and the battery pack constitutes the balance of electric power. Define the
output torque coefficient as follows:

qT ¼ 1þ 9; 549Pele
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Fig. 2 Efficiency of the coupling mechanism with the transmission ratio variation
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The coupling mechanism efficiency expression considering charging and
discharging of the battery pack can be achieved by analyzing the efficiency of the
coupling mechanism.
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where, ic ¼ ni
no
; transmission ratio of the coupling mechanism; gp is meshing

efficiency of the planetary gear; gelea ¼ g�sign na�Tað Þ
a ; geleb ¼ g�sign nb�Tbð Þ

b ; respec-
tively for the efficiency of motor A and motor B. Motor A and B can work in four
quadrants.

Figure 4 shows the efficiency of coupling system with the change of trans-
mission ratio, when battery pack charging at certain power. Figure 5 is the com-
parison between mechanical and electrical power at the same battery pack
charging power. According to the figure, the efficiency of the coupling mechanism
at mechanical points is less than 100 % even ignore the power loss of meshing in
the planetary gear. This is due to the battery pack is charging, the power of the two
motors cannot simultaneously be zero. Therefore there must be electrical power
loss. The electric power loss coefficient remain unchanged within a certain region
near the mechanical points, mainly due to the motor A and motor B work as
generators in this region, charging the battery pack together. Other conditions, two
motor as a generator and a motor, the difference of two motor power charging the
battery pack. Whether the battery pack charge or discharge has litter effect on the
mechanical power loss. As part of the engine power convert into electrical power
to change the battery pack by the motor, in EVT1 mode the total power through
the third planetary line is smaller, which make a smaller mechanical power loss.
Thus, it can be inferred that when the battery pack discharge, EVT1 mode
mechanical power loss is larger.
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3 Overall Efficiency of Hybrid System

In the hybrid system, the coupling system efficiency is part of the efficiency of
overall system. To measure the overall efficiency of the system also need to
consider the loss of the power of the engine and battery pack. Engine fuel con-
version power loss accounts for the main part. So we can change the operating
point of the engine by change the status of the motor in the coupling mechanism.
Thereby the engine fuel conversion efficiency can be improved. So the overall
efficiency of the hybrid system can achieve optimal through appropriate matching
control. The dual-mode hybrid system power transfer relationship shown in Fig. 6.

Among them, ges is the conversion efficiency of fuel to the engine power,
related to the engine operating points, which can be obtained from the engine
universal characteristics. gem is the ratio of effective power of the engine used to
drive the vehicle and the engine mechanical power. Part of the consumption of the
engine mechanical power losses in the intake and exhaust system, air filter, etc.
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Another part is used to drive auxiliary equipment, such as pumps, water pumps,
etc. in addition, if there is front drive between engine and coupling system, the
power loss is contained in it.

There are two conditions to be discussed. One is that the battery pack does not
work, where Pele ¼ 0; the other is when the battery pack participate in the work,
where Pele 6¼ 0.

1. Pele ¼ 0

The dual-mode hybrid system power flow in transmission line can be simplified
as shown in Fig. 7.

The overall efficiency of the system:

gz ¼ gesgemgcoup ð17Þ

gcoup is the efficiency of the coupling mechanism, refer to the formula (5) to
calculate. gem can be considered as a fixed value which has litter relationship with
the engine operating state. ges is related to the engine operating point, so the speed
and torque of the engine should be firstly determined. Use the engine speed as the
known conditions, to determine the engine power by (18), then, the engine torque
can be obtained. By checking the engine universal characteristic table can get the
current operating point of the engine fuel conversion efficiency.

Pe ¼
Po

gemgcoup

ð18Þ

Take the scheme showed in Fig. 1 as an example, at a certain output power,
with different output speed and engine speed, the system efficiency variation
shown in Fig. 8. Engine fuel conversion efficiency and the efficiency of the cou-
pling mechanism variation are showed in Fig. 9. It can be seen from the figure that
engine fuel conversion efficiency has large impact on the overall efficiency of the
system. Therefore in some study on the hybrid vehicle control strategy, they use
engine operating point for the optimal object. The speed torque relationship of the
coupling mechanism planetary gear constraints the operating point of the engine.
Too small or too large transmission ratio will has a significant effect on the overall
efficiency of the system. The efficiency distribution law of the coupling system is
different from that of the engine fuel conversion; therefore both the efficiency of
the coupling mechanism and the engine fuel conversion efficiency need to be
considered.
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Fig. 7 Transmission route power flow of the hybrid system when the battery pack does not work
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2. Pele 6¼ 0

When Pele [ 0; the battery pack discharges, and works as a driving force. There
are two power sources, the engine and battery pack. The dotted line in Fig. 6
shows its power flow direction;
When Pele\0; the battery pack charges and works as the load. At this time the system
has only one power source-the engine, and the solid line in Fig 6 shows its power flow
direction. The overall efficiency of the Electrical–Mechanical compound transmis-
sion system can be expressed as follows:

gz ¼
PegemþPele

Pe
ges
þ Pele

gpbat

gcoup when Pele [ 0

Po�Pelegpbat

Pe
ges when Pele� 0

8<
: ð19Þ

1000 2000 3000 4000 5000

12001400160018002000
2200

0.29

0.3

0.31

0.32

0.33

0.34

0.35

0.36

0.37

output speed no / (r⋅min-1)engine speed ne / (r⋅min-1)

sy
st

em
 o

ve
ra

ll 
ef

fic
ie

nc
y

Fig. 8 System overall efficiency variation

1000
2000

3000
4000

5000

1000
1500

2000
2500
0.35

0.36

0.37

0.38

0.39

0.4

0.41

0.42

fu
el

 c
on

ve
rs

io
n

1000
2000

3000
4000

5000

1000
1500

2000
2500
0.88

0.9

0.92

0.94

0.96

0.98

1

output speed no /engine speed ne /

co
up

lin
g 

m
ec

ha
ni

sm

(r⋅min-1)

ef
fic

ie
nc

y

(r⋅min-1)
output speed no /engine speed ne /

(r⋅min-1) (r⋅min-1)

ef
fic

ie
nc

y

Fig. 9 Engine fuel conversion efficiency and coupling mechanism efficiency variation

410 L. Han et al.



As can be seen from the above definition, when Pele� 0; the definition of the
overall system efficiency is consistent with the case of Pele ¼ 0. Figure 10 shows
the system efficiency calculation process.

The coupling efficiency gcoup can be calculated by the formula (5), and the
engine power is determine by the formula (20).

Pe ¼
Po�Pele

gcoupgem
when Pele [ 0

Po

gcoupgem
� Pele

gem
when Pele� 0

(
ð20Þ

The engine output torque can be derived from the engine power and engine
speed. As soon as the working point of the engine is determined, the fuel con-
version efficiency can be obtained by look-up table in this operating point, and the
battery pack discharge efficiency is determined by its SOC and charge–discharge
power. Thus, the overall efficiency of the system can be calculated.

Take the program of Fig. 1 for example, at a certain output power and SOC, set
the battery pack charge- discharge power to 50, 100, -50, and -100 kW,
respectively. The overall system efficiency variation under different output speed
and engine speed is shown in Fig. 11.

Figure 11 shows the battery pack charge–discharge power has some effect on
system efficiency, but the general trend doesn’t change much. In order to further
observe how the battery pack charge–discharge power affects the efficiency of
the overall system efficiency, the two-dimensional curves at the engine speed
1,300, 1,500, 1,700, 1,900 and 2,100 r/min are extracted from the above

given conditions

o o ele, , ,n T P soc

End

Battery pack discharge 
efficiency calculation pbatη

The coupling system 
efficiency calculation          
under different en

coupη

Engine torque calculation
eT

Fuel transfer efficiency 
at the current engine working 
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esη

The overall system efficiency 
calculation zη

Fig. 10 The calculation
process of the efficiency of
the hybrid system
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three-dimensional curve, as shown in Fig. 12. It can be seen that, as the battery
pack changes from charge to discharge, and with the increase of the discharge
power, the system efficiency showed an increase tendency.

When the output power is determined, the more electric power absorbed, the
less the engine power required. Thus, the engine can run at a lower speed range.
From the engine fuel conversion efficiency figure, it can easily be seen that the
engine fuel conversion efficiency is higher at a relatively low speed. Meanwhile,
the above calculation result is achieved when the battery pack SOC is 0.6. At that
time, the internal charge-discharge resistance of the battery pack is relatively
small, the power loss is thus little, and the electric power loss has little effect on the
system efficiency. With the changing of SOC, the effect of electric power loss on
system efficiency will gradually become larger.

4 The Optimal Control Strategy Based on Optimal Efficiency
of the Power Flow

The overall efficiency of the electrical–mechanical compound transmission system
is not only related to vehicle speed, but also concerns engine speed, SOC,
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demanded vehicle power, the battery pack charge–discharge power, and so on. The
optimal control strategy based on the optimal efficiency of the power flow is aimed
at the optimal system efficiency under different driving conditions. Among them,
the speed is the feedback of the real-time vehicle state of motion; the SOC
represents the estimation of the state of charge of the battery pack; the vehicle
power demand shows the driver’s motivation, relating to the throttle angle and
vehicle speed. When the driver’s operation and vehicle conditions are identified,
these three figures are known, with only the engine speed and battery pack
remaining that can be used for control and regulation, which affects the system
efficiency to a relatively large extent. Based on the optimal system efficiency
model, the engine speed and the battery pack charge–discharge power can be
determined under the current conditions, and then the engine and the motor target
operating point can be achieved, thus the control strategy targeting at the optimal
system efficiency can be established. The optimal system efficiency shows as
follows (Fig. 13).

Build the simulation model of the electrical–mechanical compound trans-
mission system, and simulate under the above control strategy. The results show
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that, compared with the rule-based control strategy, the vehicle fuel economy
increased.

5 Conclusion

Unlike the traditional mechanical transmission system, the efficiency of the
Electrical–Mechanical compound transmission system is more complex, since it is
a typical multi-input multi-output system, and the input and output variables are
also changeable. First of all, the definition of the coupling mechanism efficiency is
put forward from the perspective of power loss between the input and the output,
and the expressions of the efficiency of the coupling system, considering energy
conversion power loss of the motor and the planetary gear meshing loss, are
derived. Then the system efficiency is further explored considering the energy
conversion loss between engine and battery pack, and the main factors affecting
the overall efficiency of the system are studied. Fuel conversion efficiency of the
engine plays a big role in that, whereas the coupling efficiency only affects the
overall efficiency when the gear ratio is too large or too small. Thus, to achieve the
optimal efficiency of the dual-mode hybrid system, we can change the distribution
ratio of the power flow. On this basis, the optimal control strategy based on the
optimal efficiency of the power flow was put forward, and the simulation results
show that it not only improves the system efficiency, but also the vehicle fuel
economy.
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Development of Commercial Hybrid
Vehicle Automatic Transmission System

Chiaki Umemura, Kazumi Ogawa, Toshinori Murahashi
and Yasutoshi Yamada

Abstract As demands for a reduction in CO2 emissions and higher vehicle fuel
efficiency are escalating on a global scale, needs not only for passenger hybrid
vehicles but also for commercial hybrid vehicles are arising accordingly. In 2008,
we developed Automatic Transmission (AT) system with Hino Motors which was
compatible with hybrid vehicle [1], therefore, this time, we developed a new
hybrid front module containing a front clutch mechanism, which is intended to
further optimize the hybrid AT system and capable of disconnecting the hybrid
vehicle motor and the engine, to achieve better compatibility with the AT system.

Keywords Hybrid system � Commercial vehicle � Automatic transmission �
Motor � Clutch

1 Overview of the System

The objective of this development is to realize a hybrid vehicle by adding a hybrid
front module on a conventional AT of a diesel engine vehicle.

Followings are main development requirements.

• The hybrid front module should be as short as possible in a power line length to
install the front module in-between an engine and AT.

• The front clutch should have sufficient reliability and durability to be used for a
commercial vehicle application.
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• Engine idle stop function should be realized in Drive range without any specific
operations.

The system configuration diagram is shown in Fig. 1, and a cross section of the
unit is shown in Fig. 2.

1.1 Hybrid Front Module

We achieved a compact hybrid front module by reducing its overall length so that
it is easy to mount on a vehicle. The key technology to the success of the compact
module was the adoption of a multipole, concentrated-winding, thin type motor
and a multiplate wet clutch system with high torque capacity.

1.1.1 Features of Motor

The characteristics required of the motor were (1) being capable of generating high
torque in the low engine speed range with the characteristics of commercial diesel
engines taken into account and (2) being a thin and compact structure due to the
restriction on the overall length and made smaller in diameter while being capable
of housing a clutch inside the motor. To fulfil these requirements, the relationship
‘‘Torque � D ^ 2 * L (D: inside diameter of stator, L: laminated thickness of the
core)’’ must be considered, and it is desirable that the diameter of the motor be
increased within the permissible mounting range. In addition, using a multipole
motor is effective in achieving a motor with a small inside diameter because such a
motor helps reduce the width of the stator and of the rotor back yoke. However, the
maximum number of motor poles is restricted by issues relating to manufacture
and the control frequency.

We consequently decided to adopt the configuration described below as a
solution to these requirements. As the first step, we selected a permanent magnet
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Fig. 1 System configuration diagram
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type motor, which was more compact than other types of motors in size, and a
concentrated-winding type stator, which was effective for a thin shaft type motor
with distinguished productivity. We applied a 20-pole 30-coil configuration to the
motor with the motor control frequency taken into account. Concentrated-winding
had superiority in the length of the coil ends but needed to be connected with a
power feeding member. We, therefore, adopted a bus ring structure and succeeded
in reducing thickness in the overall length direction by downsizing the coil ends.

Furthermore, cooling the motor by using oil inside the front module, the motor
size became much compact than air-cooled type motor.

The stator is improved in manufacturability as a result of the adoption of a
segmented core structure. The segmented type stator makes a greater contribution
than integral type stator to a reduction both in material yield and in press equip-
ment costs. In the winding process, stator teeth are regularly wound one by one,
resulting in increase in the space factor. Individual stator teeth subassemblies are
held and fixed by ring-shape stator holder. Inside diameter, accuracy, which is
difficult to achieve in holding segmented cores, is kept at a high degree of accuracy
by optimizing the process.

The stator is shown in Fig. 3. The stator teeth sub-assy is shown in Fig. 4.
The features of the motor rotor are described in the following sentences. The

rotor adopted is an interior permanent magnet (IPM) type and characterized by a

Hybrid damper Front module
(Motor, Front clutch)

Automatic transmission

Fig. 2 Cross section of the unit

Stator holder

Fig. 3 Stator
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flux barrier pattern magnet layout, which ensures superiority in the achievement of
the rotor inside diameter. (Figure 5: Rotor core). And by segmenting the magnet
into thin pieces along the rotor stacking direction, eddy current loss inside the
magnet is largely reduced (Fig. 5: Cross section of the rotor core).

The rotor core we adopted is also of a segmented structure. This contributes to
reduced material yield and reduced press equipment costs similarly to the stator
core. In addition, this segmented core is punched from a steel strip with an arc-
shape unit coupled, wound up in spiral form, and makes up the rotor core
assembly.

The motor specifications are shown in Table 1.

1.1.2 Features of Front Clutch

To transmit high torque from a diesel engine, increase durability as commercial
vehicle, and achieve compact mounting, a multiplate wet hydraulic clutch system
is housed inside the aforementioned high torque, thin type motor. Normally closed
type clutch is adopted to minimize the effect of a possible clutch system failure on
the vehicle, and the multiplate wet clutch is kept ready to transmit torque at all
times.

The clutch is disengaged mainly when the driver releases the accelerator pedal
and the vehicle is decelerating, so that engine friction is disconnected and the
amount of energy regenerated by the hybrid motor is increased compared to a

Fig. 4 Stator teeth sub-assy

Cross section of rotor core 

Segmented 
magnet

Fig. 5 Rotor core
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situation with the clutch engaged. This clutch system feeds pressure by means of
an electric oil pump (EOP), and the clutch ECU keeps the clutch system in an
optimum control state in concert with the AT ECU.

The front clutch disengaging time affects how much electric energy the motor
can regenerate during motor regenerating braking, and the front clutch engaging
time affects how quick vehicle can reaccelerate after a driver pushes the accel-
eration pedal from the motor regenerating braking during the front clutch
disengaged.

Therefore, we targeted the front clutch disengaging time approximately 1.0 s,
and engaging time approximately 0.5 s. To achieve the time requirements, fol-
lowing items are optimized: an oil passage from the EOP to a clutch oil chamber, a
clutch piston shape, a check valve shape, an oil drain passage, and so on.

Figure 6 shows the front clutch cross section. When the EOP is turned off, the
front clutch is engaged. To disengage the front clutch, the EOP is turned on and
pumps the oil out of the front module. Next, the oil control valve is switched to
clutch disengage side so that the oil is charged into the clutch chamber. Finally, the
clutch piston is pressed to the right side, and the clutch is disengaged. To engage
the clutch, EOP is turned off. Next, switch the oil control valve to clutch engage
side so that the oil is drained from the clutch chamber through the check valve and
oil drain passage. Finally, the clutch piston is back to the original position, and the
clutch is engaged.

1.2 Automatic Transmission

Figure 7 shows the AT incorporated in the D range idle stop function.
A hydraulic pressure supply system assisted by an EOP is added to a six-speed

AT for commercial vehicles, which covers a torque capacity up to 600 Nm, for the
purpose of achieving the D range idle stop function, supplying oil to the clutch
inside the AT when the vehicle is stopped (the engine is not running), and pre-
venting a shock resulting from a delay in AT control hydraulic pressure rise when
the vehicle restarts to run.

To minimize electric power consumption of the EOP, the oil is only supplied to
the 1st gear clutch unit.

Table 1 Motor specifications

Item Specification

Motor type Permanent magnet type synchronous motor
Voltage 288 V
Maximum torque 350 Nm
Maximum output 36 kW
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1.3 Hybrid Damper

To improve the noise & vibration (NV) performance of drive train system as the
main purpose, we newly developed a high-capacity hybrid damper capable of high
torque of diesel engines for commercial vehicles at low engine speed by taking
advantage of hybrid damper technology that is widely used for passenger vehicles
on the market (shown in Fig. 8).
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The main features of this damper are a large-capacity and long-life torque
limiter which can cut excessively high input torque, and two-stage spring char-
acteristics for vibration absorption in the low engine speed range and torque
transmission in the high torque range (shown in Fig. 9).

2 System Control

To reaccelerate a vehicle quickly after a driver pushes the acceleration pedal from
the motor regenerating braking during the front clutch disengaged, the front clutch,
the engine, and the AT are cooperatively controlled.

The front clutch is controlled without using any sensors such as stroke sensor.
Clutch disengagement control begins in response to an accelerator OFF signal, and
the completion of clutch disengagement is determined based on the difference

Fig. 8 Cross section of
hybrid damper

Fig. 9 Characteristics of
hybrid damper
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between the engine speed and the motor speed. In clutch engagement, a command
to increase the engine speed is output to the vehicle ECU to synchronize the engine
speed with the motor speed, and, at the same time, a clutch engagement command
is output through prediction of the time of the synchronization completion between
the engine speed and the motor speed. Whether the clutch engagement is com-
pleted is determined based on the difference between the engine speed and the
motor speed and by the timer (Fig. 10).
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In rapid acceleration, front clutch engagement and an AT kick-down occur at
the same time. In this case, these events are completed in a shorter time by
outputting the aforementioned command to increase the engine speed based on the
predicted engine speed after an AT gear shift (Fig. 11).

3 Conclusion

We developed successfully hybrid AT system with a front module that can easily
make a conventional AT vehicle into a hybrid vehicle. By using this system, we
will contribute to effective use of fossil fuel and reduction of green house gas
emissions.
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A Dynamic Coordinated Control Strategy
for Mode-Switch of Hybrid Electric
Vehicle Based on the Effect Control

Na Zhang, Feng Zhao and Yugong Luo

Abstract Due to the shock caused by unstable transmission of power in the mode-
switch process and the difficulty of obtaining engine torque in real time, a dynamic
coordinated control strategy for mode-switch of hybrid electric vehicle based on
the effect control is put forward. The control strategy of engine torque is designed,
which is used to reduce the abrupt changes of engine torque by limiting its
changing slope. Motor torque control strategy based on motor speed closed-loop is
proposed, motor speed taken as feedback control variable is easy to be measured
accurately in real time. It avoids the problem of inaccuracy engine torque esti-
mation. A simulation model is built on the platform of Matlab/Simulink and
AEMSim. The results show that the dynamic coordinated control strategy can
make the fluctuation of motor speed and vehicle speed decreased and effectively
improve the vehicle’s ride comfort.

Keywords Hybrid electric vehicle � Mode-switch � Dynamic coordinated control
� Effect control � United simulation
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1 Introduction

The engine and motor’s dynamic characteristic is different, the clutch has its own
feature, which will cause the torque fluctuation. It causes the shock of transmission
components and the unstable power. So the ride comfort of vehicle becomes poor [1].

Aiming at this problem, Tong Yi [2] of Tsinghua university put forward a
dynamic coordinated control method, that is, ‘the open control of engine torque’ +
‘the estimate of engine dynamic torque estimate’ + ‘the compensation of motor
torque’. But in practice, the method of online estimate engine torque can’t meet the
requirement of real-time, Ji Ercong [1] of Ji Lin university proposed a method,
which is limiting the engine torque changing’s slope and using the motor torque as
compensation, but engine torque is difficult to obtain accurately in the method.
Based on it, Yang Yang [3] of Chong Qing university control engine torque by PID
algorithm and clutch by using the fuzzy control algorithm, but the method also
need for engine torque in real-time, Toyota THS parallel-series system has
peculiar planetary gear structure, with the compensation of motor ensures the
smooth of mode-switch [4], but this approach is not commonly used.

This paper takes a hybrid electric vehicle as the research object. Aimed at the
problems of mode-switch, the paper puts forward a dynamic coordinated control
strategy based on the effect control. The control strategy sets the motor speed
measured easily in real time as feedback, avoiding the accurate difficulty in
accurate estimation in real time of engine torque. As a result, it reduces the shock
of mode switch. At last, a united simulation plantform is built by Matlab/Simulink
and AMESim.The results show that the dynamic coordination control strategy
effectively improves the ride comfort in mode-switch process.

2 Object of Study

In this paper, a hybrid vehicle is the study object as shown in Fig. 1 [5]. The hybrid
electric vehicle consists of the engine, the permanent magnet (PM), belt driven
starter generator (BSG), automatic mechanical transmission (AMT) and the bat-
tery. Among them, PM is set in the back of AMT, and connected to final drive and
vehicle wheel directly. BSG is connected to the front end of the engine.

3 Dynamic Coordinated Control Strategy
for Mode-Switch

As shown in Fig. 1, the driving modes can be divided into pure electric mode and
engine drive mode two categories in the hybrid system. Before formulating
dynamic strategy coordinated control, we analysis the process of switching
between the two modes.
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3.1 The Problem Analysis of Mode-Switch

For the research object of the hybrid system, the process from pure electric mode
change to engine driven mode includes two processes, the engine start process and
clutch engaging process. Engine start process is finished by BSG. During the
process, the clutch is completely cut off, which will not affect vehicle ride per-
formance. But in the clutch engaging process, because the difference of dynamic
response between engine and motor and the influence of clutch own characteristic,
it will cause the fluctuation of the synthetic torque which leads the transmission of
power unsmooth to influence the vehicle ride comfort. From engine driven mode
to pure electric mode, due to disconnection of the clutch, it will cause the impact to
influence the vehicle ride comfort.

3.2 The General Structure Of Dynamic Coordination Control
Strategy for Mode-Switch

In order to solve these problems, this paper designs the general structure of
dynamic coordination control strategy for mode-switch as shown in Fig. 2. It
includes driver operation input, energy management strategy, dynamic coordina-
tion control strategy, executive components system and vehicle system. This paper
has made concrete analysis for dynamic coordination control strategy.

As is shown in Fig. 2, TeReq and TmReq are demand torque of engine and motor
formulated by energy management strategy. T’e and T’m are command torque of
engine and motor formulated by dynamic coordinated control strategy. T’e and T’m

are actual torque of engine and motor. xt is the actual speed of motor.
The dynamic coordinated control strategy includes entry coordinated control,

engine torque control strategy based on slope limit, motor torque control strategy
based on speed loop and exit coordinated control four parts. Among them, entry
and exit coordinated control are used to judge if the coordinated control strategy
will be conducted. Engine torque and motor torque are controlled by engine torque
control strategy based on slope limit and motor torque control strategy based on
speed loop.

Inverter

EngineAMT

BSGMain 
Motor

Final
Drive

Power 
Cell

Fig. 1 The structure of
hybrid electric vehicle
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3.3 The Dynamic Coordination Control Strategy
for Mode-Switch Based on the Effect Control

From engine driven mode to pure electric mode and from pure electric mode to
engine driven mode are discussed in this paper. The control principles and
methods of the two processes are similar, only the entry and exit coordination
strategies are different.

3.3.1 Entry Coordination Control Strategy

The entry coordination strategy includes the entry logic of two processes as
described above.
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(1) From pure electric mode to engine driven mode

When the hybrid electric vehicle is in engine driven mode in the present
moment, and in pure electric mode in a previous control cycle, the hybrid system
will entry into the coordination of mode-switch.

(2) From engine driven mode to pure electric mode

When the hybrid electric vehicle is in pure electric mode in the present moment,
and in engine driven mode in a previous control cycle, the hybrid system will entry
into the coordination of mode-switch.

When the vehicle don’t meet for above conditions, the engine and motor will
perform the demand torque of engine and motor formulated by energy manage-
ment strategy.

3.3.2 Exit Coordination Control Strategy

The exit coordination strategy includes the exit logic of two processes as described
above.

(1) From pure electric mode to engine driven mode

When the hybrid system is in engine driven mode, the clutch is engaged and the
difference between actual torque of engine and the demand torque formulated by
energy management strategy is in a certain range, it will exit the coordination
control strategy.

(2) From engine driven mode to pure electric mode

When the actual torque of engine is less than idling torque, the clutch will be
disengaged, and sometimes later it will exit the coordination control strategy.

3.3.3 Engine Toque Control Strategy Based on Slope Limit

The basic principle of engine torque control strategy about the two processes
described previously is similar. It reduce the impact of engine torque mutations by
limiting change rate of engine torque.

(1) From pure electric mode to engine driven mode

In the process, engine command torque is designed as shown in formula (1).

T 0e ¼ MinðK1t; TerÞ ð1Þ

In formula (1), K1 is scaling factor, t is the cumulative occurrence time from
pure electric mode to engine drive mode.
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(2) From engine driven mode to pure electric mode

In the process, engine command torque is designed as shown in formula (2).

T 0e ¼ MinðT0 � K2t; TerÞ ð2Þ

In formula (1), K2 is scaling factor, t is the cumulative occurrence time from
engine drive mode to pure electric mode and T0 is engine torque when mode-
switch happens.

3.3.4 Motor Toque Control Strategy Based on the Closed-Loop of Motor
Speed

The control principles and methods of the two processes are similar about motor
torque control strategy.

This paper supposes road adhesive condition is good, the relationship of motor
speed and vehicle speed is:

npm ¼
60 � ifd � v
2 � p � r ð3Þ

In formula (3), npm is the motor speed, v is the vehicle speed, r is the wheel
radius, and ifd is the ratio of reduction final drive.

The fundamental purpose of the coordination control is to avoid the shock of
mode-switch by reduce vehicle speed. According to formula (3), the change of
motor speed can reflect the change of vehicle speed in this hybrid electric system.
So, the vehicle comfort can be improved by the control of motor speed measured
easily to reduce the fluctuation of vehicle speed.

The process of mode-switch in hybrid system is short. Driver’s driving inten-
tion is the same. In other words, the vehicle acceleration is not changed during the
process.

According to the above opinions, this paper proposed the motor torque control
strategy based on the closed-loop of motor speed as shown in Fig. 3.

In Fig. 3, xd is the target motor speed.
Firstly, the target angle acceleration ad is the average angular acceleration of

motor before n control cycle when mode-switch happens. The formula is shown as
follows in detail.
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In formula (4), xt is the real speed of motor when mode-switch happens, xt�1 is
the real speed of motor before a control cycle when mode-switch happens, xt�n is
the real speed of motor before n control cycle when mode-switch happens, and Dt
is control cycle.

Secondly, the motor acceleration remains unchanged in mode-switch process.
According to formula (4), the target speed of motor is solved.

xd ¼ xt þ at ð5Þ

Finally, as shown in Fig. 4, taking the difference of target speed and real speed
of motor as input and the motor torque output, the PID control algorithm can make
the motor speed and vehicle speed stable so that the shock of mode-switch process
is reduced.

In Fig. 5, KP; KI and KD are respectively proportion link parameters, integrator
parameters and differential link parameters.

The transfer function about the PID control algorithm of motor torque is shown
as follows:

GðsÞ ¼ Kp þ
KI

s
þ KD � s ð6Þ

4 Simulation Results and Analysis

Aimed to the strategy proposed in this paper, a simulation model is built on the
united platform of Matlab/Simulink and AEMSim to do simulation validation.

4.1 The Frame of United Simulation Platform

The united simulation model based on Matlab/Simulink and AEMSim is shown as
follows.

In Matlab/Simulink, there are driver model [6], energy management strategy
model, dynamic coordinated control strategy model and s-function model. In
AMESim, there are engine model, motor model, BSG model, limited torque clutch
model, reduction final drive model, vehicle model and Interface model.

AMESim has rich model base, the user can built custom module or simulation
model with actual physical system. It adopted complex interface to make model
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algorithm of motor torque
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simple. It uses the intelligent model scale to choose the most effective calculation
method for the high precision and stability of the simulation results. Simulink can
take the advantage of MATLAB’s numerical computation ability and building
model on control system. A simulation model is built on the united platform of
Matlab/Simulink and AEMSim [7, 8] with the advantage of two sets software in
the numerical computation and building control system.

The NEDC driving cycles is used to verify the united platform. The Fig. 6 is the
simulation result.

Form the Fig. 6, the trend of united simulation speed is consistent of target
speed in the whole cycle. The maximum error is within 8 %. The result shows that
the platform can be used to verify the control strategy.
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4.2 The Simulation Verify of Control Strategy

Using the NEDC driving cycles, this paper tests the correction of coordinated
control strategy on the platform. The result is shown in Fig. 7.

There are 3 figures (Figs. 8, 9, 10) which are partial enlargements. So the
control effect is seen clearly in these figures.
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4.2.1 The result analysis of Mode-Switch from Pure Electric
Mode to Engine Driven Mode

From Fig. 8, at 51.41 s, hybrid system changes from pure electric mode to engine
driven mode. The fluctuation of motor speed reaches 51 rpm without the dynamic
coordinated control, while the fluctuation of motor speed is only 22 rpm reduced
by 42 % with the dynamic coordinated control in mode-switch process. From the
results, we can see that the proposed strategy can reduce the fluctuation of motor
speed and vehicle speed in mode-switch process and improve the vehicle’s ride
comfort.

In Fig. 9, hybrid system changes from pure electric mode to engine driven
mode at 90.05 s. In the process, the fluctuation of motor speed reaches 26 rpm
without the dynamic coordinated control, while the fluctuation of motor speed is
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only 12 rpm reduced by 42 % with the dynamic coordinated control. We can see
that the control strategy can reduce the shock of mode-switch process.

4.2.2 The Result Analysis of Mode-Switch from Engine Driven
Mode to Pure Electric Mode

From Fig. 10, at 184.32 s, hybrid system changes from engine driven mode to pure
electric mode. From the results, because of the rapid response of motor, the
affection of vehicle’s ride comfort is little without dynamic coordinated control. It
is only 3 rpm. With the dynamic coordinated control, the motor speed is almost no
fluctuations and the vehicle’s ride comfort is further improved.

5 Last Word

This paper proposes a dynamic coordinated control strategy for mode-switch of
hybrid electric vehicle based on the effect control. According to the research of this
paper, we get the following conclusions:

(1) The dynamic coordinated control strategy can reduce the shock of mode-
switch by coordination control between engine and motor system, the smooth
of vehicle is proved.

(2) The dynamic coordinated control strategy takes the motor speed measured
easily as feedback control variable. It avoids the difficulty of inaccuracy
engine torque estimation.
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‘Commercial Vehicle Electrification’
Challenges in Dimensioning
and Integration in the Entire Vehicle

Winter Martin

Abstract Main topics are the development and build-up of an 18 ton hybrid truck
with a parallel hybrid drive train. With this truck it is possible to drive up to 3 km
in the pure electric driving mode. In this R&D Project, a hybrid truck has been
developed with an integrated motor generator (IMG) including a clutch system for
pure electric driving, a Li-Ion power battery, electrified traction voltage auxiliaries
(steering pump, air compressor and climate compressor) and the cooling system
for the new power components. The first part of the chapter shows a detailed
system layout of the hybrid truck that has been developed. Chapter 2 shows the
developed simulation model which is used for the dimensioning and for detailed
simulations of hybrid drive trains. A special focus has been laid upon the operation
strategy of hybrid commercial vehicles. To gain high market shares for hybrid
trucks, the total cost of ownership will be the main driver, so the development of
affordable hybrid components (battery, traction system, auxiliaries) with high
efficiency and the development of optimized overall hybrid vehicles systems has to
be the short term objective.
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1 Introduction

One thing it commonly agreed upon is the fact that hybrid and electric vehicles
will be an important part of future transportation. How long it will take that these
technologies will gain a noticeable market share and how big this share will be, is
heavily discussed by market analysts.

After the current hype of clean/green/blue technologies, what will be the real
driver for these technologies? The only thing that can drive the hybrid and electric
commercial vehicle market for a long time is a decrease of the total cost of
ownership (TCO). Additional features like pure electric driving or electric power
supply for trailer auxiliaries have further influence to decrease the TCO.

ECS has entered this market with the vision to provide full service hybrid and
electrical commercial vehicle development and low volume production. One of
these steps is the build-up of a hybrid commercial vehicle carried out with a
holistic development process, starting from vehicle benchmarking, vehicle and
component specification, design, and integration up to application and component
production.

MAGNA Powertain—ECS offers long term experience in truck development
augmented with new technologies and the capability to bring the component and
system prices down to more affordable values.

In the following chapters most of the example material is taken from ECS’s
R&D projects to provide a deep insight on the components and systems.

2 System Layout

For the R&D project ‘‘Hybrid Commercial Vehicle Demonstrator’’ a P2 parallel
heavy duty hybrid truck solution was chosen targeted for local distribution and
partly intercity transportation (Fig. 1).

As an additional feature, the possibility for pure electrical driving has been
added. To achieve this target, an additional clutch between the ICE and the electric
motor and electric auxiliaries are necessary. The electrification of the steering
pump, the brake air compressor and the AC-compressor are implemented as
prototype components.

For the cooling of the power electronics and the electric motor an additional
cooling circuit is needed. For future high volume industrial implementation, the
target has to be to include this cooling circuit into the low temperature cooling
circuit of the ICE. All the inverters and the power distribution unit (HVDU) are
concentrated into a so-called HV-box; which provides additional protection
against water, dust and EMC (Fig. 2).
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Fig. 1 P2 parallel hybrid architecture

Fig. 2 Parallel hybrid system layout
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3 System Simulation

3.1 Longitudinal Dynamics Simulation

The vehicle dynamics’ simulation model is implemented in a multi physics sim-
ulation tool, see Fig. 3.
This model was used for simulation of energy management, fuel consumption
analysis and also for detailed power train investigations. The engine model is
implemented as a consumption map and the electric motor model consists mainly
of an efficiency map.

In the beginning the implemented vehicle’s dynamic model and the fuel con-
sumption results have been validated with measured data of the conventional
vehicle. For the simulations, different driving cycles were applied, such as the
HUDDS, the JE05 and a company specific city driving cycle.

Fig. 3 Longitudinal simulation model
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3.2 Thermal Simulation

For the thermal management of the hybrid components an additional cooling
package has been installed. The configuration of the engine cooling package is the
same as for the conventional vehicle. The temperature level of the coolant at the
exit of the traction motor of about 65 �C is mainly determined by the IMG’s
inverter. Besides the motor and power electronics the electrically driven auxiliaries
(AC-compressor, power steering pump and brake air compressor) have been
included in the coolant circuit. There are three parallel flow paths for the heat
transport. The e-machine cooler has been arranged behind the battery cooler
because the required temperature level for power electronics and e-machines is
higher than that for the battery. One optimization target is an optimal distribution
of the coolant flow through the individual paths according to the cooling demands.
Therefore, maximum allowable temperature levels and temperature differences
have been specified for all components. As the software KULI is capable of
handling optimization runs with multiple optimization targets, these tasks have
been done automatically.

To control the fluid inlet temperature level of the power battery in the range of
25–30 �C under all operating conditions, a rather complex thermal management
system was implemented. The cooling system for the battery contains a coolant
circuit and a refrigerant circuit. The refrigerant circuit was included in the battery
cooling system to be able to maintain the required battery temperatures at high
ambient temperatures. To avoid the installation of an additional refrigerant circuit,
a dual-loop refrigerant circuit has been chosen by modifying the existing refrig-
erant circuit of the air conditioning of the driver’s cabin. For the heat transfer from
the coolant circuit to the refrigerant circuit a chiller has been integrated. Dual-loop
refrigerant circuits are well known from passenger cars, e.g., for individual air
conditioning of front and rear air zones. Using two expansion valves, the chiller
and evaporator can be controlled individually. To reach the optimum temperature
under cold conditions as soon as possible, a PTC heater has been installed. The
heater warms up the coolant upstream of the battery, as long as the fluid tem-
perature has not reached the desired level. That is why the fluid is pumped through
the cooler bypass.

3.3 Co-Simulation Environment

To combine the longitudinal driving simulation and the thermal simulation, a co-
simulation environment was applied. The master simulation program is Matlab/
Simulink. Figure 4 shows that the thermal simulation model receives gets the
values for the power loss results of the electric components (e.g., electric motor
and battery) from the driving simulation.
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The output of the thermal simulations is the temperatures of the components and
the power consumption of the cooling auxiliaries. The temperatures are monitored by
the energy management in the hybrid control unit to keep the temperature limits of
the parts. The power for the auxiliaries is provided by the battery which affects the
fuel consumption to by the on demand control. To accelerate the simulation runs,
different time steps for driving simulation and thermal simulation have been used.
Due to the thermal inertia of the cooling system, the simulation time step size of the
thermal simulation is much larger than that of the driving simulation.

4 Hybrid Components

Besides the energy storage system, the most evident hybrid components belonging
to the drivetrain are the integrated motor generator (IMG) and the traction inverter.

The IMG contains the stator and rotor of the electric machine, the multidisc wet
clutch and a CFD optimized water cooling circuit. The IMG is designed to work as
a retrofit solution for the drivetrain, so there is no necessity to change the ICE or
gearbox interface.

To get a rather short 3 phase connection of the IMG to the traction inverter, the
HV-box is mounted as near as possible to the IMG, so that the cable losses and
EMC are low.

Fig. 4 Co-simulation environment

444 W. Martin



The energy storage system consists of the battery pack, the supervision and
control electronics, the safety battery disconnect unit and a fuse, which is
implemented as a service disconnect as second functionality. The integrated water
cooling circuit conditions the battery to the needed temperature range (Fig. 5).

Battery chemistry of the current Li-ion batteries is very sensitive to tempera-
tures outside a range from 25 to 35 �C and lifetime will be reduced if it is
massively used outside this range.

With the external conditioning circuit the battery is heated up with a heater at
low ambient temperatures. At medium temperatures the cooling is done by a
radiator and in hot conditions the battery is cooled with an additional chiller which
is installed in the AC circuit of the driver’s cab (Fig. 6).

For pure electric driving the three main auxiliaries were electrified. All three
components (inverters for all three aggregates and also the 650–24 V DCDC-
converter) are realized as prototypes. Simulation results have shown that the
intelligent, on demand control of the components has the ability for further
improvements of the vehicle’s efficiency. Especially the ICE speed independent
control of the steering pump has a high fuel consumption reduction potential. The
influence of the break air compressor is rather low, but it could be used to recu-
perate breaking energy into the pneumatic circuit for later use. The analyses for the
influence of the AC-compressor are ongoing.

For the control of the whole hybrid vehicle ECS has developed a new ECU
called hybrid control unit (HCU). The function of the HCU is to integrate the
hybrid system into the vehicle. Therefore, it is necessary to split the signalling of
the original vehicle and incorporate the hybrid functionality into the messages of
the original vehicle. Currently there are no special gearboxes, or brake manage-
ment systems available, that are aware of the different hybrid possibilities. So the
signal busses are split-up at the HCU and all relevant messages are modified and
forwarded to their recipients. Especially the split-up of the communication

Fig. 5 IMG module
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between ICE and gearbox is necessary because the torque and speed information
from the ICE would be incorrect in the most driving situations. The additional
torque from the e-machine has to be added to the message reporting to the gearbox.
For shifting operations the electric machine has to provide the requested speed or
torque. In pure electric driving mode the messages from the ICE are missing
completely, so the HCU has to generate the messages for the gearbox itself. The
higher level functionality of the HCU mainly consists of the hybrid operating
strategy and the dynamic management. Furthermore the HCU is also used for
controlling the electric auxiliaries and the thermal management of the hybrid
system (Fig. 7).

5 Operating Strategy for HCU

For the development of the operating strategy a plant model of the commercial
vehicle was built up and calibrated with parameters and measurements of the
original mule vehicle. The newly developed models for the battery, the IMG (e-
machine, clutch), automated manual transmission and the auxiliaries were incor-
porated into the vehicle model. They can be used as a plant model for the operating
strategy, dynamic management and all component control strategies for the
vehicle. With this vehicle simulation model it is possible to develop control
strategies which are optimized for the entire system, not only for a single com-
ponent. Since the hybrid vehicle has much more parameters which can be influ-
enced and a very complex energy storage system (dependent on: temperature, age,
charge level …), it is much more important to have a closed simulation loop.

The software on the HCU consists of two main parts. The basic software, which
contains all hardware features of the HCU and the application software. Between
these two parts an intermediate layer was introduced for easy AUTOSAR
interfacing.

Fig. 6 Battery thermal conditioning system
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Fig. 7 Hybrid CAN-bus architecture

Fig. 8 Block diagram of HCU software
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In the block diagram of the HCU software (Fig. 8) the 5 layers of the SW are
shown. Layer 1 (platform) and 2 (data preparation) are mostly application inde-
pendent. Layer 3 includes the component controllers of the system and the diag-
nosis of the components, where the actual component state is guarded (nominal
state and actual state). On the system level, the torque coordination of the traction
system is done.

On the vehicle level the operating strategy has been implemented, including
upper level input handling, HMI and diagnosis.
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Plug-In Hybrid Vehicle with a Lithium
Iron Phosphate Battery Traction Type

Danut Gabriel Marinescu, Ion Tabacu, Florin Serban, Viorel Nicolae,
Stefan Tabacu and Ionel Vieru

Abstract To promote in the academic environment the ways for reducing global
warming produced by the Sport Utility Vehicles, the grand hamster—electric way
4WD concept has developed within the University of Pitesti. It is a Plug-in Hybrid
Vehicle powered in electric/hybrid modes by a Lithium Iron Phosphate (LiFePO4)
traction battery technology, 205 V, 12 kWh. The concept is developed on the
Dacia DUSTER crossover vehicle, 4 9 2 series version by implementing an
electric propulsion system in the rear axle. The objective of this project is to
realize a 4WD environmentally-friendly vehicle maintaining the leisure of driving
the vehicle in the city using the continuously variable transmission (CVT) in the
electric mode and the diesel motorization outside of the town in the thermal mode.
The architecture is parallel type and E-4WD with a standard diesel engine 1,5 dCi
FAP, 79 kW(107 bhp) and 6 speed manual gearbox in the front, and an asyn-
chronous electric motor 31 kW (41 bhp) coupled with the reduction and differ-
ential gearbox unit at the rear. The traction battery is monitored by a battery
monitor and charged by an embarked charger. The charging and discharging of the
battery is authorized by the Battery Management System. The paper presents the
firsts performances of the vehicle on the road tests.

Keywords Passenger car � Plug-in hybrid vehicle � Parallel HEV � Electricway-
4WD � LiFePO4 battery

F2012-B02-062

D. G. Marinescu (&) � I. Tabacu � F. Serban � V. Nicolae � S. Tabacu � I. Vieru
Automotive Engineering Research Centre, University of Pitesti, Pitesti, Romania
e-mail: dan.marinescu@upit.ro

SAE-China and FISITA (eds.), Proceedings of the FISITA 2012 World
Automotive Congress, Lecture Notes in Electrical Engineering 191,
DOI: 10.1007/978-3-642-33777-2_36, � Springer-Verlag Berlin Heidelberg 2013

449



1 Introduction

The concept car GRAND HAMSTER—ELECTRIC WAY 4WD (Fig. 1) is
developed within in the Automotive Engineering Research Centre from University
of Pitesti in order to achieve an ecologic vehicle on the mechanical platform of the
DACIA DUSTER crossover car. This car is produced by the Automobile Dacia—
Group Renault, at their plant near the city of Pitesti.

The study is an academic attempt and has no connection with the projects or
future car models of Dacia-Group Renault.

The following development objectives were established for this project in order
to obtain a low cost ecologic crossover car:

• Reduction of pollutant emission under 115 g CO2/km using a Plug-in Hybrid
Electric Propulsion system EcoMatic Hybrid System, Diesel-Electric type, with
the ThermoSTAT, preheating engine system;

• Automatic transmission comportment (Electric Continuously Variable Trans-
mission type) behavior at low and mild speed when the vehicle runs in the
electric mode, with speed under 80 km/h;

• Running 4 wheel drives part time using the PHEV architecture organised in
motorized solution E-4WD;

• Cokpit ventilation and auxiliary battery (12 V) recharging by the Photovoltaic
Panel placed on the roof.

2 Architecture of the Hybrid Vehicle

The architecture of the hybrid powertrain EcoMatic Hybrid System (Energy con-
version with auto Matic Hybrid System) is a parallel system type, with torque
addition and with two shafts. The organization of this hybrid propulsion equipment
Plug-in type is done by dividing it in two parts, (motorized solution E- 4WD,
Fig. 2): the diesel powertrain in the front side and the electric powertrain in the
rear side.

The advantages of this design layout are:

• Simplification of the mechanical transmission by eliminating the additional
device specific to the 4WD, that transfer the engine power to the rear axle;

• Capitalizing the all wheels drive (E-4WD, part time) in hybrid mode;
• Improved vehicle stability obtained by adequqte control of the electric motor

drive torque and regenerative braking torque;
• Shock reduction when changing the functioning mode (from the electric mode

to the thermic mode and vice versa), due to the ‘‘elastic’’ link between the front
and the rear wheels;

• Minimum changes upon the base vehicle DACIA DUSTER 4W2, which give us
both the cost reduction of the functional model and the possibility of using it in
the traffic, in order to perform the road tests.

450 D. G. Marinescu et al.



3 Diesel Powertrain System

The diesel powertrain system of the GRAND HAMSTER E- 4WD include the
standard diesel engine Renault 1,5 dCi FAP—K9 K THP 896, 1461 cmc, direct
common rail with turbo compressor and intercooler. The performances are: 79 kW
(107 bhp)@4000 rpm, 240 Nm @ 1750 rpm.

Fig. 1 The GRAND HAMSTER ELECTRIC WAY 4WD concept car developed by University
of Pitesti and based on the Dacia Duster car [1, 2]

Fig. 2 Architecture of the GRAND HAMSTER—ELECTRICWAY 4WD : 1—Diesel Engine;
2—Automatic clutch; 3—Manual gearbox; 4—Electric Motor/Generator; 5—Control Motor; 6—
HV Traction Battery; 7—Rear reductor; 8—Rear diferential; 9—220 V AC NET; 10—AC/DC
Traction Battery Charger; 11—DC/DC Auxiliary Battery Charger; 12—12 V Auxiliary battery
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The driveline includes a friction clutch and the 6 manual gearbox. Similar to
GRAND SANDERO concept [3] to increases the process of recuperating the energy
in decelerating periods, after driving in thermal mode, a hydraulically system (in
construction) decouples automatically the clutch (Fig. 3).

In the engine compartment (Fig. 4) was mounted an additional facility used for
brake vacuum in the electric mode. It includes an electric pump fuelled at 12 V,
650 mm Hg and very low noise level assisted by a vacuum tank 2,5 liter and a
switch sensor.

The throttle signal for the electric motor when the vehicle running in electric
mod is provided by the throttle box resistive type (0–5 K ohm) potentiometer; it is
placed also in the engine compartment and actuated by the throttle pedal by cable.

In order to enhance the reduction of the pollutants under 115 g/km CO2 by
avoiding as much as possible the cold starting of the diesel engine, it was designed
the ThermoSTAT preheating system similar to the HAMSTER concept system [4].
This system has a thermal isolated chamber of 5 L volume, which contains the
engine cooling liquid, resulted from the previous operation of the engine. It fea-
tures a recirculation pump and an electromagnetic valves system, controlling the
liquid flow to the engine and to the passenger compartment (if it is necessary).
Moreover, one electrical heating resistance, fuelled with 240 V AC electricity
from the network, runs during parking periods (when the vehicle is plugged-into
charge the traction battery) or fuelled when necessary by the traction battery. A
dedicated computer (in construction) controls the preheating of the liquid and the
liquid flow to the engine or to the HVAC system of the passenger compartment,
depending on the situation (Fig. 5).

Fig. 3 The clutch
decoupling device for
improving regenerative
braking
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4 Electric Powertrain System

Figure 6 shows the general scheme and the main component of the electric
powertrain system of the GRAND HAMSTER ELECTRIC WAY 4WD: the
electric drive system, the traction battery system, the recharging batteries system,
the high voltage wiring circuit and the low voltage wiring circuit.

4.1 Electric Drive System

The electric drive system developed on the rear side of the vehicle (Fig. 7, left) is
coupled on the new rear axle developed for this E 4WD concept.

The electric drive system includes an AC induction motor (asynchronous motor
type), a mechanical transmission and a Traction Inverter Module.

Fig. 4 The engine
compartment with the
auxiliary new components:
the electric vacuum pump and
the electric motor throttle box

Fig. 5 The tank of the
ThermoSTAT, the preheating
engine system
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The electric motor, 200–150 W liquid cooled, made by MES SA—Swiss, provides
a constant 18 kW (24.5 bhp), and has a peak output of 31 kW (42 bhp). It generates a
constant torque of 90 Nm @ 2850 rpm, or a peak of 160 Nm @ 1400 rpm.

The mechanical transmission includes the reduction and differential gearbox
unit and two new shafts with homokinetic joints.

The electric motor control is TIM (Traction Inverter Module) 400 type, an AC
motor drive control designed by MES-SA—Swiss for electric and hybrid vehicles.
The electric system was calibrated using the MES SA software, first on the experi-
mental electric motor test bench and then on the vehicle roller test bench (Fig. 13).

Fig. 6 The electric powertrain system of the GRAND HAMSTER E 4WD

Fig. 7 The rear axle and the electric drive mounted on the frame in the rear side of the GRAND
HAMSTER E 4WD
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4.2 Traction Battery System

The Traction Battery System includes the battery pack, the Battery Management
System and the Battery Monitor System.

The battery pack is Lithium Iron Phosphate (LiFePO4) technology 205 V,
12 kWh. It has 64 modules LYP 60 AHA from Winston, PR China, coupled in
series (Fig. 8). These cells are mechanical coupled with a special frame placed on
the floor of the rear side of vehicle (Fig. 9).

The Battery Management System includes 64 BMC (Battery Management Cells)
and a Management Control Unit MCU-EV2, provided by EV Power Australia.

The Battery Management Cell is an analogue cell module suitable for Winston
LFP60 AHA. Connecting the signal output from the serial cell module and the
master unit, we realized the protection to overcharge and over-discharge. The
battery pack Master Unit monitors the signal of the cell modules and acts to
prevent charging or discharging if the heartbeat signal is broken.

The Battery Monitor System includes the battery monitor, a gauge, a 500 A
shunt resistor and a 10:1 pre-scaler. The battery monitor is an ‘‘e-xpert pro-hv’’
from TBS Electronics Holland. (Fig. 12). This e-xpert pro selectively displays the
battery voltage, the charge and discharge current, the consumption, the remaining
battery capacity and the time remaining.

This instrument monitors also the 12 V auxiliary battery of the car.

4.3 Recharging Batteries System

The recharging batteries system includes the charging traction battery circuit
240 VAC/205 VDC and the recharging auxiliary battery circuit 205 VDC/
12 VDC.

The recharging traction battery circuit includes the on-board battery charger,
the energy cost meter device, the inlet charge and the charging cable.

Fig. 8 The 64 cells LYP 60
AHA arrangements in the
compact traction battery
pack. (CATIA modelling)
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The on-board battery charger adopted (Fig. 10) is ZIVAN NG3 type, single faze,
from Italy.

This charger is an isolated, high frequency switch mode charger suitable for
lithium battery pack. It is fully automatic and microprocessor controlled, with
internal protection against overload, short circuit, incorrect connection and voltage
transients. The characteristics are: input -240 V 15A single phase AC, nominal
pack voltage -205 V, charge rate -8A, efficiency -85–90 %, operating tem-
perature range: -20–50 �C.

To recharge the 12 V auxiliary battery we use a DC/DC converter 205 V/12 V in the
electric mode, to supply the low voltage electric network that fuelled among others the
‘‘gourmand’’ auxiliary vacuum electro-pump and the electro-hydraulic steering group.

Fig. 9 The electric equipment components placed in the rear side of the vehicle: Traction battery
(in front), the AC/DC battery charger (vertical left), DC/DC auxiliary battery charger (left);
Traction Inverter Module, electric general contactor, manual connector (Anderson type) and the
input energy cost meter (right)

Fig. 10 The on- board
traction battery charger and
the solar controller (up)
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The 12 V battery charger adopted is SWS 1000 L12 from TDK-Lambda France.
The characteristics are: input voltage 85–265VAC or 120–350VDC, output volt-
age 9,6–14,4VDC efficiency -84 %, operating temperature range: -20–50 �C.

The recharging system of 12 V auxiliary battery is completed by an assembly
of photovoltaic cells placed on the car’s roof (Fig. 11).

This photovoltaic panel includes 4 photovoltaic modules special designed for the
dimensions and the curvature of the car’s roof. They are coupled in series in pairs
(front and rear), and then the two subsets in parallel. The main parameters of the
photovoltaic panel are: Total no. of cells 72 (18/module) by PR China; technology of
the cells Si-mono; total panel area 1.33 m2, nominal power at STC 185 W, maximum
power point current 9.84 A; Maximum power point voltage 17.79 V.

The recharging is controlled by a solar controller LS1024R by PR China, a light
type protecting the battery from being over charged by the solar photovoltaic
panel.

5 Mode of Operation

The control panel of the traction electrical equipment, situated in the central
console (Fig. 12), includes the EV/HEV switch, the Emergency red button in the
centre and the Reverse—Neutral-Drive selector for the electric mode on right. A
red LED confirms the ‘‘Traction Enable’’ state of the system.

The GRAND HAMSTER vehicle will have the following operational main
modes (Fig. 3):

Parking (1) and traction battery recharging (plug-in) by coupling the Vehicle
to Grid by special charging cable. The maximum charging time is 6–8 h.

Starting (2, 10) and running (3, 11), with low to mild-range speed in the
electric mode, when the electric motor takes its energy from the traction battery.

Fig. 11 The photovoltaic modules on the roof of the hybrid concept GRAND HAMSTER
ELECTRICWAY 4WD
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This operation mode is a non-pollutant and occurs on short distances in urban
driving conditions. The autonomy (for the energy of the battery 12 kWh) in the
electric mode is 50–80 km. The maximum speed in this electric mode is 80 km/h.
The pure electric mode is command by pushing the EV/HEV button (Fig. 12).

In this mode only the rear wheels will be actuated, the motor control (TIM)
being realised through the electrical acceleration pedal featuring a potentiometer
sensor; the master-vacuum is assisted by an auxiliary vacuum electropump and the
electrohydraulic steering is also active.

Driving on normal conditions (4), in the thermal mode, which ensures per-
formances (acceleration, autonomy, etc.) close to those of the standard diesel car.
Moreover, when driving at low loads (5) by recharging the battery, the engine
specific load is increased, thus improving the engine efficiency. This is made by
the electric motor operating as a generator.

Sudden acceleration (6), in the hybrid mode providing increased dynamic
performances by simultaneous operation of the diesel engine and the motor. The
speed range in the hybrid mode depends upon the motor power, the operational
rotation speed range and the rear transmission ratio. In this stage, this specific
hybrid mode is not operational.

All wheels drive (7), in the hybrid mode E 4WD, obtaining increased drive-
ability on the slippery roads. This mode is operational only for the low speed
(\25 km/h).

Regenerative braking (8), when decelerating by replacing the classical engine
brake with a process of transforming the vehicle’s kinetic energy in electric
energy, reusable afterwards in the acceleration process. This is made by the
electric motor operating as a generator. In order to do this, the brake pedal was
modified.

Stop and the engine stops automatically (9), cutting the fuel consumption and
pollutant emissions.

Tools connecting at traction battery and the eng&gen (12), an operation mode
allowing supplementary functions absent to other hybrid vehicles.

Fig. 12 The central console with the control panel of the electrical equipment: the selector
button EV-HEV, the batteries monitor (traction battery and auxiliary battery) and the selector
button Reverse- Neutral-Drive. Up, the PC car monitor and the VBox Raceologic display monitor
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6 Tests and Performances

The Electric Drive System calibration is was done in the Alternative Propulsion
System and Renewable Energies laboratory using the specific MES SA Software
(Fig. 13, left) and the vehicle roller test bench.

To monitor the parameters registered during the road tests in the first step we
have used an equipment VBox Raceologic (Fig. 12, up).

The VBox Mini is a low cost, self-contained GPS data logging and display
system suitable for a large range of vehicle testing applications.

The main performances obtained in the electric mode on the firsts partial road
tests are:

• Maximum speed : 80,5 km/h;
• Maximum acceleration: 0,2 g;
• Accelerations times: 0-50 km/h—8,5 s; 0–80 km/h—27,5 s
• Autonomy: 50–80 km.

7 Conclusions

The GRAND HAMSTER E-4WD project, deployed within the Automotive
Engineering Research Centre, Alternative Propulsion System and Renewable
Energies laboratory, offered an experimental vehicle to study the ways of reducing
the pollutant emissions of DACIA DUSTER car.

Considering its specific operating modes, this ecologic vehicle could be used as
utility vehicle for special services in areas with environmental restrictions. In
addition, its battery with high voltage (205 V) and high capacity (12 kWh) may
allow supplying the specific equipment in remote areas requiring a motor-

Fig. 13 The Electric Drive System calibration with MES Software in electric mode on the
vehicle roller test bench (left) and the firsts tests on the

Plug-In Hybrid Vehicle with a Lithium Iron 459



generator group. This function could facilitate the client’s acceptance of additional
costs.

The EcoMatic Hybrid System (Energy conversion with autoMatic Hybrid
System), diesel-electric version, a parallel two shafts, plug-in type, organized in a
motorized solution E- 4WD (Electricway- 4WD) mounted on this demonstrator in
diesel-electric version is designed to be applied to all types of Dacia cars.

For reaching the target of emissions under 115 g/km CO2, a diesel engine
Renault K9 K, EURO 5 has been used. Starting is assisted by the ThermoSTAT
system, an auxiliary system for preheating. This system uses both the thermal
energy from the engine and the electricity from the network (through the plug-in
system).

Our academic research on this subject will continue with the following stages:

• Performing the road tests in order to determine all the performances in real
conditions, yet unrealized. To achieve this we shall use a Datron Correvit
performance measuring device available in our laboratory;

• Simulation of the driving, consumption and performances of the car with the
CRUISE software from AVL Austria. Although by the AVL courtesy we have
this software, this action has been delayed because of the lack of experimental
data on the vehicle.

• The engine has Stop@Start system implemented;
• Adaptation of an improved HEVMS (Hybrid Electric Vehicle Management

System) able to extend to all operating modes presented in Fig. 14.

The research laboratory has a dynamometric roller test bench and road testing
equipments, allowing the development of future projects regarding the ecological
propulsion of vehicles and the extension of the co-operation with other interested
teams, with similar research objectives.
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Design and Simulation of Air Cooled
Battery Thermal Management System
Using Thermoelectric for a Hybrid
Electric Bus

Vahid Esfahanian, Saber Ahmadi Renani, Hassan Nehzati,
Nima Mirkhani, Mohsen Esfahanian, Omid Yaghoobi and Ali Safaei

Abstract Dynamic and electric parameters of HEVs and EVs such as accelera-
tion, regenerative braking and battery charging/discharging depend on the battery
system performance. Excessive or uneven temperature rise in a module or pack of
battery reduces the life cycle significantly. Therefore, improving the battery
thermal management system (BTMS) is very important for reliability and cost of
vehicle. The objective of this paper is to design an air cooled battery thermal
management system using thermoelectric to maintains the temperature of battery
in appropriate range at stressful and abuse conditions. An air flow with fans, heat
sinks, fins and thermoelectrics is used for battery thermal management of hybrid
electric bus to improve temperature uniformity and reduce maximum cell tem-
perature. A battery pack consists of 12 smaller packs containing 14 porch cells
with series design is selected for this study. This Li-ion battery pack specifically
designed for the hybrid electric bus produced by Vehicle, Fuel and Environments
Research Institute (VFERI). A detailed three-dimensional thermal model of
designed battery pack has been developed using the fundamental heat transfer
principles and CFD (computational fluid dynamics) analysis tools to predict the
temperature distributions in cells and packs. The air flow for the battery thermal
management of porch Li-ion cells is numerically analyzed using a three-dimen-
sional CFD model. The numerical results indicate that the temperature of battery
maintain below 35 �C while keeping the cell temperature difference below 5 �C
during high charge/discharge rates and ambient temperature more than 40 �C. In
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other studies though using the air as the heat transfer medium for BTMS may be
simpler, cheaper and smaller than heat transfer by liquid, but it is not recom-
mended because it is not as effective as heat transfer by liquid. In this paper, a new
method is presented that improves air cooling thermal management with help of
thermoelectric. It is more effective than usual air cooling thermal management.
Thermal modeling of a Li-ion battery air cooling pack suitable for hybrid electric
bus using thermoelectric shows that such an approach can keep the cell temper-
ature in the pack below the upper safety limit (35 �C) in high-rate discharge rates
and under ambient temperatures higher than 40 �C.

Keywords Hybrid electric bus � Battery thermal management system � Air cooled
� Thermoelectric

1 Introduction

Concerning huge demand of energy and increasing air pollution particularly at big
cities, manufacturers and governments are trying to find new substitutes for con-
ventional vehicles and buses. One of the affordable and practical options is electric
vehicles (EVs) and hybrid electric vehicles (HEVs). Electric drive systems are
appealing to become practical because they offer the affordable technology that
reduces vehicle emissions and fuel use, increases efficiency and enhances
performance. This has led manufacturers and governments to invest in develop-
ment of commercially hybrid electric transit buses. Transit buses are considered as
the best candidates for hybrid technology application because they normally
operate on predictable routes with frequent starts and stops and available space for
batteries and the other extra components. Currently there are many manufacturers
all around the world produce hybrid transit buses.

The performance and life-cycle costs of electric vehicles (EV), hybrid electric
vehicles (HEV) and hybrid electric buses depend inherently on batteries. Battery
pack performance directly affects the all-electric (zero-emission) range, power for
acceleration, fuel economy, and charge acceptance during energy recovery from
regenerative braking. Because the battery packs cost and performance also affect
the cost and reliability of the vehicle, any parameter that affects the battery pack
must be optimized [1]. Hybrid electric buses and (hybrid) electric vehicles need
large-scale batteries. These batteries generate much heat during rapid charge and
discharge cycles at high current levels, such as during quick acceleration, with
various chemical and electrochemical reactions [2].

Thermal management affects the battery performance including: electrochem-
ical system; round trip efficiency; charge acceptance; power and energy capability;
reliability; cycle life and cost. The appropriate operating range of Li-ion batteries
must between 25 and 40 �C, and temperature difference from module to module
below 5 �C[3].Thermal management is more important during rapid charge and
discharge and when ambient temperature is more than 40 �C.
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Using air or liquid are two common ways for cooling batteries in hybrid electric
buses and vehicles. Considering simplicity, weight, cost, space limitation and
maintenance, use of air for battery thermal management is better approach than use
of liquid. In the case of air cooling thermal management system, if the battery
temperature rises higher than 66 �C, it would be difficult to cool it to below 52 �C
[4]. Furthermore, at stressful and abuse conditions, especially at high discharge
rates and at high operating or ambient temperatures ([40 �C), air-cooling will not
be proper, and the non-uniform distribution of temperature on the surface of the
battery becomes inevitable [2].

In this paper, a new method that improves air cooling thermal management with
the help of thermoelectric is presented. It is more effective than usual air cooling
thermal management. With the use of thermoelectric, air cooled battery thermal
management system can keep batteries temperature below 35 �C during rapid
charge/discharge and ambient temperature upper than 40 �C.

2 Battery Thermal Management System Design

2.1 Battery Pack Configuration

An air flow with fans, heat sinks, fins and thermoelectrics is used for battery thermal
management system of hybrid electric bus to improve temperature uniformity and
reduce maximum cell temperature. The battery pack consists of 12 smaller packs
made up of 14 porch cells with series design is selected for this study. This pack
specifically designed for the hybrid electric bus produced by VFERI.

Heat transfer with air is achieved by directing air across the battery pack. The
forced air system consists of four centrifugal fans flow air between cells. Cells are
cooled with air flow through fin between them. As illustrated in Fig. 1, there is one
fin between each two batteries. These fins increase heat exchange between cells
and reduce their temperatures.

For enhancing the heat transfer, two heat sinks used in the direction of air flow
at the inlet of centrifugal fans. As illustrated in Fig. 2, the cold side of thermo-
electrics at the top of heat sink absorbs heat generated by battery cells and com-
bination of two heat sink and two fans (at upper part of battery pack) remove the
heat produced by thermoelectric.

3 Selection of Thermoelectric

Heat is generated in a battery cell by entropy change from electrochemical reactions
and Joule’s effect (ohmic heating). At practical EV and HEV rates, the heat generated
or consumed due to the reversible entropy change resulting from cell electrochemical
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reactions is usually small compared to the heat generation resulting from ohmic and
other irreversible effects present in the cell. If the heat generated in the cell is not
removed, it is stored, raising the temperature of the cell [1].

The current of battery cell depends on control strategy and drive cycle. The
average current during drive cycle is calculated by using simulated model of
vehicle and the heat generated from the battery cell can be calculated using
electrical power equation. Practically, the maximum generated heat can be esti-
mated by battery cells during continuous work for 20 min at 5 % slope in hot
weather with 40 �C temperature.

Since the calculated heat generated by battery cells must be removed by
thermoelectrics, the cooling capacity of selected thermoelectrics must be higher
than the heat generated by all of battery cells in the pack. In this study, the
maximum generated heat is about 200 W and will be removed by four

Fig. 1 Fins between battery cells

Fig. 2 Location of battery thermal management system components
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thermoelectrics. The design for thermoelectrics is rectangular design in which it
can work in two operating cases; parallel topology and series–parallel topology.
The operating system can change between these two topologies.

For optimal operation, the thermoelectrics must work in their optimal voltage
for the most of their operating driving cycle and at the maximum reachable cooling
capacity during abuse conditions.

In series–parallel topology, the thermoelectrics voltages equal to optimal
voltage, so this topology is suitable for most of the operating time. In parallel
topology, the thermoelectrics work at maximum achievable cooling capacity, so
this case is used for abuse and stressful conditions such as rapid charge and
discharge rate, hot weathers, and when the voltage of auxiliary battery is low.

Specifications of the used thermoelectric (TE) are summarized in Table 1. The
selected thermoelectric satisfy demanded heat during normal and abuse conditions.

4 Methodology of Simulation

There are many approaches as a numerical method in the field of applied Compu-
tational Fluid Dynamics (CFD). In this study, in order to perform the battery thermal
management, Finite Element Method (FEM) has been utilized to design an appro-
priate system for cooling the batteries by making use of thermoelectric and fans.

5 Selection of Fins

Process of designing and optimization of an air cooled battery thermal manage-
ment system contains some stages. First of all, each battery cell and adjacent fin
has been simulated with an estimated mass flow rate of the coolant air to obtain an
appropriate fin width. The flow rate assumed 5 cfm for the space between two
battery cells.

The results for three situations based on the fin width are summarized in
Table 2. The optimized fin width can be selected based on the pressure drop
through the cell and temperature of the cell surface.

It is important to note that another influential parameter for Li-ion batteries is
temperature variation at a cell surface that affects the internal interaction in the
batteries, so this amount should not exceed 5 �C.

Table 1 Specifications of used thermoelectric

Name N Vmax

(v)
Imax

(A)
DTmax

(�C)
Qc,max

(W)
COPP QcP

(W)
COPSP QcSP

(W)

TEC1-
19915T125

199 25 15 68 265 1.139 145.161 1.805 48.944
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As it can be seen from Table 2, the desired heat transfer and an appropriate
pressure drop occurred simultaneously with the 4 mm fin width.

6 Selection of Upper Fans and Heat Sinks

The next step before the main battery pack design is choosing a combination of
heat sink and fan (upper part of the total pack) in order to remove the heat
produced by thermoelectrics. Several fans and heat sinks have been simulated and
results have been evaluated to achieve the permissible temperature at the hot
surface of the thermoelectric.

Two kinds of heat sinks and different fans have been utilized to make several
configurations as candidates for the upper section. Two main sets among those
analyzed are shown for instance in Fig. 3.

This part of the thermal management system is optimized subject to the air
pressure drop through the heat sink and then the maximum temperature at the hot
surface of TE is obtained. Two types of design shown in Fig. 3 contain the totally
different components. The left one shows bigger fan and heat sink and the right
one includes shorter components with two fans and to heat sinks.

These two sets yield the most acceptable results and also similar ones among
the others. But some intangible aspects affect the ultimate selection. Bigger hub
diameter results in a less effective heat transfer in the middle core of the heat sink,
so using two-fan configuration avoids this problem and also results in less pressure
drop through heat sink. Furthermore this type has economical feature with respect
to mass production of the hybrid bus.

Table 2 Results of simulation for three different fin widths

Fin
width

Air pressure drop
(Pa)

Max. temperature of the cell
surface (�C)

Temperature variation in a cell
surface (�C)

5 mm 11 35 5
4 mm 20 33.5 4
3 mm 37 33 4

Fig. 3 Single fan and single heat sink
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7 Simulation Result

One of the noticeable points in the simulation of battery thermal management is to
assign the thermal properties of battery cells. Density can be calculated from cell
specification data of the battery published by Kokum Co. and the Ref. [5] and [6]
introduce values for thermo physical properties of lithium batteries. The used
values for thermo physical properties for battery are given in Table 3.

For the 4 mm width fin, the temperature contours of mid surface of a battery
cell are given in Fig. 4.

Figure 5 illustrates the flow trajectories which represent the uniform flow
through each channels made by the fin configuration and for given pressure drop.
The simulation results validate the design procedure which is performed based on
maximum temperature and pressure drop.

Table 4 summarizes operating parameters of fan inlet. Hot surface of the TEs is
modeled with a surface source which generates 100 kW heats.

Fan operation in the Flow Simulation can be modeled by its operation
parameters and characteristic curve which shows the pressure difference versus the
flow rate. Table 4 shows the operating parameters for one of the fans inlet.

Table 3 Thermo physical properties of a battery cell

Thermal conductivity (W/m3k) Specific heat (J/kg.k) Density (kg/m3)

10 1000 2173.44

Fig. 4 Contours of temperature in the hot surface
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Contours of temperature given in Fig. 6 illustrate that in the critical condition
with the ambient temperature of 40 �C, hot surfaces of TEs reach the maximum
temperature of about 53 �C which is applicable with respect to transient condition
of 100 kW heats generation of TEs.

Results of four centrifugal fans and battery cells are given in Table 5. The lower
and main part of the battery pack is cooled by the circulating air flow that absorbs
heat from battery cells. In this state each TE is simulated by a surface source which
produces—50 kW heats.

These results must be consistent with the previous results using the single cell
and fin analysis. Total volume flow rate can be calculated as follows:

4� 0:00835 ¼ 0:0334 m3�
s ¼ 71:12 cfm

Fig. 5 Flow trajectories with pressure contours

Table 4 Operating parameters of fan inlet

Local parameters Integral parameters
Parameter Minimum Maximum Average Bulk

average
Parameter Value

Pressure (Pa) 101344 101688 101556 101556 Mass flow rate (kg/
s)

0.04079

Velocity (m/s) 9.180 20.681 18.705 18.705 Volume flow rate
(m^3/s)

0.03608

Temperature
(Fluid) (K)

312.83 313.38 312.87 312.87 Surface area (m^2) 0.00395
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Fig. 6 Temperature
distribution of hot side of TEs

Table 5 Operating parameters of centrifugal fan inlet

Local parameters Integral parameters

Parameter Minimum Maximum Average Bulk
average

Parameter Value

Pressure (Pa) 101526 101879 101713 101713 Mass flow rate (kg/
s)

0.01009

Velocity (m/s) 14.663 56.085 25.773 25.773 Volume flow rate
(m^3/s)

0.00834

Temperature
(fluid) (K)

291.95 295.60 292.07 292.07 Surface area (m^2) 0.00083

Fig. 7 Temperature contours
of the cell at the worst
conditions
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So for the space between each two cells, approximately we have the volume
flow rate of 71:12

14 ¼ 5:08 cfm which verifies the assumed flow rate for simulation of
single cell and fin.

Figure 7 shows the contours of temperature for the cell at the worst condition
which represents the acceptable 6 �C temperature gradient across the cell and
maximum temperature of about 30 �C.

Figure 8 also gives the temperature variations in height through this special
cell.

8 Conclusion

In this study, the design of an air cooling battery thermal management system is
discussed. Hybrid electric buses and (hybrid) electric vehicles need large scale
batteries which generate much heat during rapid charge and discharge cycles at
high current levels. Therefore, Thermal management system is very important and
affects reliability, life-cycle and cost os EVs and HEVs. The designed BTMS, uses
thermoelectric to obtain an appropriate temperature distribution through the bat-
tery cells in the critical conditions. This system is simulated using a three-
dimensional CFD model for the hybrid electric bus produced by Vehicle, Fuel and
Environments Research Institute (VFERI). The results indicate that air cooling
thermal management with help of thermoelectric can meet the demand of upper
safety limit (35 �C) and reduce the temperature difference of the cell at the worst
condition to about 6 �C. Furthermore by making use of a designed set with double
set of fans and two heat sinks, heat generated by cells can be removed and the
maximum temperature of hot surface of thermoelectric become less than 53 �C.
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Analysis of Rotor’s Magnetic Bridge
and Yoke Design to EM’s Performance
Influence

Ming Han, Wenxiang Huang and Pingliang Luo

Abstract With the development of new energy vehicle technology, smart and high
efficiency driving motors are needed, now permanent magnet machine is the most
suitable type. Mostly the IPM rotor structure is used for it can take full advantage of
reluctance torque so as to fulfil weakened flux control, however, the magnet bridge’s
shape in rotor lamination will cause remarkable influence to motor’s performance. In
this chapter, one Integrated Motor and Generator (IMG) type machine is taken as an
example to investigate rotor magnet bridge and its yoke thickness to motor’s per-
formance impact, with the FEM (Finite Element Method) electromagnetic simula-
tion, the reasonable rotor structure was explored, and the final designed EM’s
electromechanical performance can satisfy system’s requirement.

Keywords Electric vehicles � Permanent magnet machine � Integrated motor and
generator � Inserted permanent magnet � Magnet bridge

1 Introduction

1.1 Interior Permanent Magnet Machine
with V-Shape Magnet Structure

With the development of new energy vehicle technology, smart and high efficiency
driving motors will be the optimized option for the passenger vehicles for its big
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high efficiency area, especially for the Interior Permanent Magnet (IPM) machine,
higher overload performance and power density can be achieved benefit for the
reluctance torque caused by asymmetric magnet circuit structure, as well as good
field weaken performance to enlarge its operation speed [1].

As a joint venture with BOSCH, UAES (United Automotive Electronic Systems
Co. Ltd.) has found the electric machine section to develop IPM machines for local
new energy vehicle’s driving system, now the products contain SMG (Separate
Motor & Generator), IMG series for different passenger vehicles [2] now the team
has own the core competence to design, manufacturing and finish the function test
and endurance test.

The electromagnetic torque can be expressed as:

Tem ¼
mpE0U

xXd
sin hþ mpU2

2x
1

Xq
� 1

Xd

� �
sin 2h

¼ mp½Wf Iq þ ðLd � LqÞIdIq�
ð1Þ

From this equation we can find that PMSM’s electromagnetic torque was a
combination of permanent magnet torque caused by armature reaction with PM
field and magnetic reluctance torque caused by asymmetric magnetic circuit
between d and q axis [3] therefore, more and more OEM’s adopted a V-shape IPM
structure rotor to improve its salient ratio so as to enhance the reluctance torque.
Another advantage for IMP structure is that with the teeth shoe’s protection the
permanent magnet’s anti-demagnetization performance will be enhanced too, such
as the lamination shape used in Toyota Camry, Lexus and Prius hybrid systems, all
of them are with V-shape IPM structure [4]. However, there is one rib connecting
the iron cores between each magnet poles so as to protect the lamination from
deforming cause by centrifugal force when the motor is in high speed operating
condition, we can call this rib as d-axis magnet bridge or magnet bridge for short.

1.2 The Influence from Magnet Bridge and Yoke Thickness

There are two pieces of magnets per pole in the V-shape IPM machine, so in most
case one air pocket is left in each side of the magnets to minimize the field leakage,
however, one magnet bridge is needed in the middle of the magnet pole for safe
considering the centrifugal force, and the thickness of the rotor yoke should be
guaranteed, these two parts will influence motor’s performance. In this chapter,
one IMG motor is used for example to investigate the performance penalty cause
by changing the two parts, the rotor structure and related parameters were illus-
trated as in Fig. 1.

Assume the total magnetic field generated by each piece of magnet is Uf, and
the flux leakage caused by d and q axis bridge is Uld and Ulq, so the active flux per
pole can be expressed as:
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Ua ¼ 2 Uf � Uld � Ulq

� �
ð2Þ

In this design, d axis flux leakage hold the most leakage for a big air pocket is
opened under q axis bridge, so here only Uld is concerned, in the next part of the
paper the magnet bridge usually stand for d axis bridge except for special com-
ments. In Fig. 1 bbd and hbd is used to stand for the bridge width and height, and h2j

is the height of rotor yoke. This chapter will study these parameters’ changing to
the performance influence based one FEM simulation, and the appropriate design
proposal will determined based on both electromagnetic and mechanical
considering.

2 The Analysis Based on FEM Simulation

2.1 Investigation of Magnet Bridge Width to Em’s Performance
Influence

Based on the original prototype, keep the same magnet bridge height
hbd = 8.0 mm and the same air gap 1.5 mm for magnetic barrier as before, only
change the width bbd from 1.5 to 1.0 mm so as to minimize the d axis bridge flux
leakage Uld, thus the peak torque and peak power will achieved, the machine’s
performance will enhanced. Two FEM models were built and the same current was
given, Fig. 2 shown the simulation result of field distribution of each model, and
the main result were listed in Table 1.

From Fig. 2a and b we can see that the flux leakage mainly happened through d
axis bridge, with a thinner magnet bridge will make the leakage decreased obvi-
ously, the simulated peak torque at 500 rpm increased from 220.76 to 227.68 N m,
and the its peak power at 3000 rpm increased from 29.66 to 30.82 kW (3–4 %
improvement for EM performance). The improvement will enhanced if the magnet
width became thinner, however, due to the mechanical point studied before, lower
than 1 mm will cause disadvantage to the strength, so now we will keep the same

D2i

h2j

hbd

b
bd

d axis

q axis

ld

lq

Fig. 1 The schematic
diagram of one rotor pole and
related parameters
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width bbd = 1.0 mm and investigate the bridge height to the peak performance’s
influence.

2.2 Investigation of Magnet Bridge Height to Em’s Performance
Influence

If the magnet width is fixed, shorter magnet bridge height will be good to release
the stress inside the magnet bridge, and will also leave enough space for rotor
yoke. However, the shorter hbd, the more flux leakage will happened, an investi-
gation was done based on FEM simulation with shorted magnet bridge step by step
below, and Fig. 4 show the compared models with hbd of 7.5 and 6.3 mm, the
simulation result was listed in Table 2:

From the simulation result we can see that the magnet width has little influence
to motor’s peak performance, and the shorter hbd, the bigger rotor yoke height can
be achieved, or from a change of perspective, if the motor’s performance is
guaranteed, we can increase the rotor inner diameter D2i so as to increase the

(a) (b)

Fig. 2 The magnetic field distribution in each rotor with different bridge width. a bbd = 1.5 mm
b bbd = 1.0 mm

Table 1 The simulated peak torque and peak power with different magnet bridge width

bbd (mm) hbd (mm) Tmax, 500 (Nm) Pmax, 3,000 (kW)

1.5 8.0 220.76 29.66
1.0 8.0 227.68 30.82

Table 2 The simulated peak torque and peak power with different magnet bridge width

bbd (mm) hbd (mm) Tmax,500 (Nm) Pmax,3,000 (kW)

1.0 8.0 227.68 30.82
1.0 7.5 227.62 30.78
1.0 7.0 227.72 30.80
1.0 6.5 227.60 30.79
1.0 6.3 227.39 30.75
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specific power, the rotor inertia will decreased too. Next step we will investigate
the influence caused by yoke height to motor’s performance.

2.3 Investigation of Yoke Height to Em’s Performance Influence

Keep the same magnet bridge size hbd 9 bbd = 6.3 9 1.0 mm, different models
with different rotor inner diameter increased from 132 to 150 mm is built, the
compared rotor model and simulated result was shown in Fig. 3 and Table 3:

From the statistics in Table 3 we can see that when the inner diameter increased
from 132 to 150 mm (the rotor yoke height decreased from 13.3 to 4.3 mm), the
penalty to its peak torque is only 1 N m, however, if 4.3 mm height rotor yoke is
adopted, the limitation will came from mechanical side, next step we will check
the rotor’s mechanical strength at its maximum speed through FEM simulation.

3 Mechanical Strength Simulation Based on Fem Calculation

As for mechanical design, there will be a contradiction with electromagnetic
performance, for slim magnet bridge will cause stress concentration, such as for
the V-shape IPM in Figs. 3, 4 dangerous point can be find in both d axis bridge and
q axis bridge while rotor operate with high speed. Thanks to the effort of
mechanical team’s support, UAES has developed the co-simulation competence
with electromagnetic simulation, now we can do the mechanical simulation
simultaneous and automatically with each planned models, the investigation result
shows that the smaller width of the bridge, the bigger chamfering can be cut in the
air pocket of each side of magnets, so the stress in DP 1 and DP 2 released a lot,
but the stress in DP 3 will be increased.
For higher power density and lower moment of inertia is needed for driving
motors, the inner diameter can be increased to 150 mm, but too thinner yoke will
also cause higher stress in point DP 1, so the balanced dimensions should be find
by a scenario of simulations with different values of the 3 variables hbd, bbd and
D2i, as well as the related chamfering in the air pocket.

(a) (b) 

Fig. 3 Different rotor model with different inner diameters a D2i = 132 mm b D2i = 150 mm
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In the real machining of this project, the chamfering is used in all air pocked to
disperse the stress, the research result show that when the motor is operate in high
speed, the maximum stress happened in the inside of the air pocket near the yoke,

Table 3 The simulated peak torque and peak power with different rotor inner diameters

hbd 9 bbd (mm) D2i (mm) Tmax, 500 (Nm) Pmax, 3,000 (kW)

6.3 9 1.0 132 227.39 30.75
6.3 9 1.0 148 226.86 30.75
6.3 9 1.0 149 226.75 30.73
6.3 9 1.0 150 226.39 30.71

Fig. 4 Dangerous point investigation
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the chamfering with 1.5 mm is used here, and the magnet bridge dimension is
6.8 9 1.0 mm in the final proposal, the rotor yoke height is 6.8 mm, the new
model and simulated stress distribution under 7,200 rpm is illustrated in Fig. 5:

The simulation result show that the maximum MISES stress is 358.3 Mpa under
maximum speed 7,200 rpm, which is no more than the yield strength (376 Mpa),
no plastic deformation happened.

4 Conclusion

The dimension of magnet bridge in V-shape IPM rotor will cause remarkable
influence to PMSM’s peak performance, especially for the width of magnet bridge,
and the height of magnet bridge and rotor yoke’s influence is limited. This chapter
studied the three parameters’ influence to one IMG motor’s performance based one
the FEM simulation, finally an optimized design proposal is obtained, the peak
performance improved 3–4 % with less material cost, and no deform will hap-
pened at its highest operation speed.
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HyBoost: An Intelligently Electrified
Optimised Downsized Gasoline Engine
Concept

Jason King, Matthew Heaney, James Saward, Andrew Fraser, Mark
Criddle, Thierry Cheng, GuyMorris Morris and Paul Bloore

Abstract The UK Technology Strategy Board (TSB) sponsored HyBoost project
was a collaborative research programme to develop an ultra efficient optimised
gasoline engine concept with ‘‘Intelligent Electrification’’. The basis of the concept
was use of a highly downsized 1.0 L boosted engine in conjunction with relatively
low cost synergistic ‘12+X’ Volt electrical management system and electrical
supercharger technologies to deliver better value CO2 reduction than a full hybrid
vehicle. Project targets of 99 g/km CO2 as measured over the European Drive
Cycle (EDC) in a standard 2011 Ford Focus whilst maintaining the same perfor-
mance and driveability attributes as a 2009 production 2.0 L version of the car
were achieved, and a potential route through to\85 g/km CO2 identified. Ricardo
was supported by a consortium consisting of Ford, Controlled Power Technolo-
gies, Valeo, the European Advanced Lead Acid Battery Consortium, Imperial
College London and the UK TSB.

Keywords Gasoline � Engine � Downsizing � Boosting � Electrification
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1 Introduction

Mandating of road vehicle fuel economy is becoming a global phenomenon, with
legislation or binding agreements for substantial improvements coming into force
in Europe, the US, Canada, Australia, Japan and China. Passenger cars are a
primary focus of this legislation, with future targets calling typically for continuing
improvement of 3 % per year as shown in Fig. 1.

To put this change into context: in Europe, an average of 1.6 % per year
improvement has been achieved over the last decade, driven by the now super-
seded Voluntary Agreement. This is a world-leading pace of change, despite
missing the VA targets. Future legislation in the major markets now requires that
this pace of change must be doubled, for example in Europe a new car fleet
average tailpipe CO2 emission of 130 g/km must be achieved, with phase-in from
2012 to 15, with even tougher targets currently set for 2020.

The mass-market advancement of Hybrid vehicles still requires significant
reduction in product cost. Recent analysis by Ricardo (updating the 2003 DfT/DTI
‘‘Low Carbon Roadmap’’) indicates that current Hybrid cars only offer marginal
Total Cost of Ownership savings unless these cost reductions are realised. This
analysis also continues to indicate that deploying low cost technologies across a
large number of vehicles remains more cost-effective than deploying costly
technology to a few.

In the UK and Europe, the Diesel engine is currently established as the fuel-
efficient solution for the majority of passenger cars sold. However, its significant
incremental cost over a gasoline engine arising from the cost of precision fuel
injection and exhaust after-treatment devices forms a higher proportion of the
purchase price. Furthermore, rising demand for Diesel fuel rather than gasoline
impairs the efficiency of the refinery (meaning that CO2 savings on a ‘‘well to
wheel’’ basis are becoming less attractive) and pushes up the price of Diesel fuel.
The aim of the HyBoost concept was to combine cost-effective hybridisation with
synergistic gasoline engine downsizing technologies to offer a CO2/performance
trade-off better than today’s more costly full hybrids and high efficiency Diesels.

2 HyBoost Concept

HyBoost targets were to deliver a C-segment model year 2011 (MY2011) Ford
Focus demonstrating a 30–40 % reduction in CO2 emissions as measured over the
EDC (to below 100 g/km) versus a baseline MY2009 2.0 L Naturally Aspirated
(NA) gasoline engine version of the passenger car whilst maintaining the com-
parable vehicle performance and driveability attributes. Figure 2 shows a simple
scheme of the concept with the 2.0 L NA engine replaced with a downsized DI
gasoline engine equipped with a conventional fixed geometry turbocharger (FGT)
delivering superior steady state power and torque levels. A Front End Accessory
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Drive (FEAD) mounted Belt Starter Generator (BSG) gave micro hybrid func-
tionality of stop/start and more efficient motoring and generation enabled through
the higher voltage ‘‘12+X’’ (typically between 18 and 27 V) energy storage of an
ultra capacitor system. Energy recovered during deceleration events could be
deployed in a sophisticated boosting system combining a 12+X electric super-
charger ‘‘blowing through’’ the conventional turbocharger and/or the BSG torque
assist system, using the electrical energy optimally to achieve good transient
response or improved fuel consumption. The component systems have previously

US 2025:
107

EU 2020: 95
Japan 2020: 105

China 2020: 117

90

110

130

150

170

190

210

230

250

270

2000 2005 2010 2015 2020 2025

G
ra

m
s 

C
O

2
p

er
 k

ilo
m

et
er

, n
o

rm
al

iz
ed

 t
o

 N
E

D
C US-LDV

California-LDV

Canada-LDV

EU 

Japan

China

S. Korea

Australia

Solid dots and lines: historicalperformance;
Solid dots and dashed lines: enacted targets 
Solid dots and dotted lines: proposed targets
Hollow dots and dotted lines: unannounced proposal

[1] China's target reflects gasoline fleet scenario. If including other fuel types, the target will be lower.

[2] US and Canada light-duty vehicles include light-commercial vehicles.

Fig. 1 Future passenger car fuel economy targets and legislation Source Passenger vehicle
greenhouse gas and fuel economy standards: a global update—ICCT

Fig. 2 HyBoost concept scheme
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been demonstrated individually at 12 V, but not brought together in this syner-
gistic combination as a ‘‘12 ? X’’ system.

The project also included exploration of electric turbo compounding (shown in
the scheme but not fitted to the HyBoost car) and a novel energy storage tech-
nology for further enhancements to efficiency and cost respectively, but these
items are not covered in this paper.

3 Results and Discussion

3.1 HyBoost Engine and Boost System

HyBoost uses a modified near production Ford 1.0 L 3 cylinder turbo GDI Eco-
Boost base engine. This gives 50 % downsizing over the baseline engine. Figure 3
shows the steady state torque curves of the two engines, and the superior per-
formance of the HyBoost engine can be clearly seen. The Ford 2.0L Duratec
engine produces peak power and torque levels of 107 kW at 6000 rpm and
185 Nm at 4000 rpm respectively. This compares to the HyBoost (with no electric
supercharger assist) peak power and torque levels of 105 kW at 5500 rpm and
234 Nm at 2500 rpm respectively, which were achieved through re-optimisation
of the boosting system, use of a new intake air path required to include the electric
supercharger, and fitment of a new high efficiency Valeo Water Charge Air Cooler
(WCAC) system. The WCAC system was specified with a very high (relative to
engine size and performance) heat rejection capability of between 16 and 18 kW,
and this was key to enabling excellent charge cooling to mitigate knocking and

Fig. 3 Ford 2.0 L Duratec versus HyBoost torque curves comparison
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maintain lambda 1 operation through to full load, resulting in excellent Brake
Specific Fuel Consumption (BSFC) across the entire operating map.

As the engine becomes more aggressively downsized several potential issues
arise with regards to perceived performance. Firstly, the main issue is turbocharger
lag, where the device itself takes time to build up boost pressure and the sub-
sequent transient torque curve does not meet the steady state torque curve. Sec-
ondly, often there can be a big difference between the low engine speed ‘‘NA’’
torque (typically 8–11 bar BMEP), where the FGT is not able to deliver any
significant boost pressure even during steady state conditions, and peak torque,
which can be as high at 34.5 bar BMEP in the case of HyBoost with a larger
turbocharger fitted. This also can give a perceived turbocharger lag feel during
vehicle launch even if the boosting system response is more than adequate. To
counter these effects, HyBoost uses a Valeo 12+X 3.3 kW electric supercharger to
mitigate turbocharger lag in addition to enabling some degree of torque aug-
mentation to the base engine, and a CAD model of the device is shown on the
engine in Fig. 4.

Figure 3 also shows the full load1 torque curve of HyBoost with the electric
supercharger running from 1000 to 2000 rpm engine speed. The following key
benefits of the electric supercharger can be determined from the detailed analysis
performed on the HyBoost project:

• The electric supercharger provides additional boosting capability beyond the
FGT and thus enables significant steady state and transient torque augmentation
in the lower engine speed range. The FGT also behaves as a pressure ratio
multiplier of the electric supercharger boost so is effectively an in-series, 2-stage
compressor system. This gives the potential to address the large step up seen
between low and mid speed torque

Fig. 4 CAD model of the
HyBoost powertrain showing
the Valeo 12+X electric
supercharger and associated
intake pipework

1 Note that full load performance availability is dependent on available stored energy.
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• Figure 3 shows there is a thermodynamic multiplication of the electric super-
charger power through the engine. At 1000 rpm the torque rises from 125 to
183 Nm with the electric supercharger assistance, which is equivalent to a
6.1 kW increase in power at this speed (13.1–19.2 kW respectively). At
1500 rpm the rise is from 185 to 239 Nm, which is an 8.48 kW increase, and
both of these improvements were achieved with an input of only 1.8 kW to the
electric supercharger. This equates to a 47 and 29 % increase in engine torque at
those speeds respectively, and transiently the proportional increase in engine
torque could be even higher dependant on the boost response without the
electric supercharger assistance

• As a function of the higher engine power achieved with the electric supercharger
assistance more energy is naturally released to the FGT turbine, enhancing its
run-up

• The air mass flow and pressure ratio provided by the electric supercharger is
essentially free if provided from stored recovered energy (although the system
can run in self-sustaining mode as long as the generator can provide the required
energy and the electric supercharger remains within temperature limits). This
results in a lower Indicated Mean Effective Pressure (IMEP) required to gen-
erate boost than it would be for a conventional turbo or supercharged engine for
the same Brake Mean Effective Pressure (BMEP). With downsized gasoline
engines IMEP levels can be very high and it can be extremely challenging to
operate the engine at these levels without significantly compromised combustion
(retarded spark timing and high levels of fuel cooling to control Exhaust Gas
Temperature), that can then translates into a degradation in ‘‘real world’’ fuel
economy

Application of the electric supercharger to mitigate turbocharger lag required
only relatively shorts bursts of usage, typically in the order or 1–3 s, with the
engine returning to conventional thermodynamic only (without electrical assist)
operation as soon as possible. Figure 5 shows some early test bed data taken on
prototype phase engine with a 12 V electric supercharger fitted. Here a load step is
used at constant engine speed to evaluate the boost response with and without the
electric supercharger running. Following a pedal stamp to Wide Open Throttle
(WOT) from a minimum load condition the boost pressure rise is measured, and
the graph shows that the time to peak boost is halved with the electric supercharger
running for 2 s than without the electric supercharger running. This testing was far
from optimum but shows the benefit of the electric supercharger, and the 12+X
electric supercharger proved to be capable of achieving maximum speed of greater
than 60,000 rpm in less than 200 ms and a maximum pressure ratio of 1.6 bar with
high motor efficiency. Subsequent vehicle performance and driveability attributes
were maintained with the 50 % engine downsizing as shown in Table 1 later in the
paper.
Finally from Fig. 3 the torque curve from a revised larger turbocharger fitted to the
HyBoost engine is shown with application of a Valeo-supplied Low Pressure
cooled WOT Exhaust Gas Recirculation (LP WOT EGR) system. A peak power
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and torque of 112 kW at 5500 rpm and 260 Nm at 3000 rpm respectively was
achieved despite the engine not being optimised for these high levels of specific
output. The detriment of the larger turbo can be seen below 2250 rpm where the
engine torque drops off considerably, however, in this case aggressive use of the
electric supercharger can be utilised to ‘‘fill in’’ the curve if necessary, as shown by
the large arrow. In HyBoost’s case, with a primary project focus on low CO2, the
main benefit of the larger turbocharger was considerably reduced pumping across
the device at part load, resulting in a measured average 2 % improvement in BSFC
at the key drive cycle engine speeds and loads.

From the powertrain downsizing alone a 27 % reduction in fuel consumption
was measured over the EDC versus the baseline primarily through reduced engine
pumping losses and better BSFC for the same vehicle tractive load. Advanced
Design of Experiments calibration techniques were used to gain a further 2 %
improvement. Also, due to the high engine torque output achieved a six speed
manual transmission with significantly higher gear ratios was sourced from a
Diesel engine application in the same base vehicle, realising a further 4 %
reduction in drive cycle CO2 whilst still achieving the performance targets.

Fig. 5 HyBoost load step
boost response using 12 V the
electric supercharger on test
bench
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3.2 HyBoost Micro Hybrid System

The HyBoost Valeo StARSTM 12+X BSG is capable of 4 kW in motoring and
6 kW in regeneration mode, with the energy being stored in a 200 F ultra capacitor
pack (UCaps). A 2.2 kW DC/DC converter allowed energy to be moved between
the standard vehicle 12 V lead-acid battery and the UCaps. The benefits of the
micro hybrid system can be split up into three key areas:

3.2.1 Smart Charging

Smart charging over the EDC is enabled though the capability of the BSG to regenerate
aggressively during ‘‘zero fuel’’ tip out and braking events. More than sufficient energy
is recovered to meet the vehicle’s base electrical loads. Currently the legislative drive
cycle requires that the battery and UCap state of charge must be the same at the
beginning and end of the cycle, but all the regenerated energy is fed back into the
UCaps, however, there is a bleed back of some stored energy from the UCaps through
the DC/DC converter to maintain the 12 V battery State of Charge (SOC). The neutral
charging strategy resulted in a typical 4 % improvement in drive cycle CO2.

3.2.2 Stop-Start

The majority of current stop-start systems operate in neutral gear only, which is to
say that the engine does not stop until neutral has been selected and the clutch

Table 1 Powertrain and vehicle attributes comparisons

Vehicle 2009 ford
focus 2.0 L
duratec

2011 ford
focus 1.6 L
EcoBoost

2011 ford focus
1.0 L HyBoost
P/T

2010 Toyota prius

Maximum
power
PS (kW)

145 (107) @
6000 rpm

150 (110) @
5700 rpm

143 (105.5) @
5500 rpm

99 (73) @ 5200 rpm Hybrid
system net power = 136
(100) @ 5200 rpm

Peak
Torque
(Nm)

185 @
4000 rpm

240 @
1600 rpm
(o/b)

234 @
2500 rpm

142 Nm

0–62 mpha

(secs)
9.2 8.6 9.2 10.4 s

31–
62 mphb

(secs)

11.9 8.6 11.2 –

Max. speed
(mph)

128 mph 130 mph 128 mph 112 mph

Cycle CO2 Reduction Baseline
(0 %)

18 % 42–52 %

47 %
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released. The engine then starts when the clutch is pressed again ready for the next
pull away. Stop-start in neutral gives approximately a 4 % benefit over the drive
cycle. However, on the EDC the gear selection point before the pull away is
approx 2 s before the car needs to drive, and so essentially it means the engine can
be idling for between 2 and 4 s when the vehicle speed is 0 km/h. Due to the
capability of the BSG to start the engine quickly and, if required, assist the ‘‘drive’’
of the engine during pull away, a more aggressive in-gear strategy can be used so
before driving away on the cycle the gear can be selected but the engine does not
actually start until the driver starts lifting his or her foot off the clutch. Similarly,
coming off the hills on the ECE15 section of the cycle the engine is stopped when
the clutch is depressed and the vehicle speed is 0 km/h, but still in gear. Figure 6
shows the instantaneous CO2 benefits (solid line) of stop-start and torque assist
over the ECE15. Stop-start in-gear gives an extra 1 % improvement in CO2 over
stop-start in neutral only.

3.2.3 Torque Assist

Figure 7 shows the initial simulation of BSG behaviour (StARS Torque, +ve
torque is motoring mode, -ve torque is regeneration mode), electric supercharger
operation (e/s flag) and UCap SOC over the whole EDC. From this graph it can be
seen that there is sufficient recovered energy in the UCaps from regeneration
events to employ BSG torque assist, and this is primarily used during the ECE15
pull away transients. The effect of the BSG torque assist is reduced engine fuelling
requirements and results lower cycle CO2. Optimisation on the vehicle actually
realised benefits over the Extra Urban Drive Cycle (EUDC), as shown in Fig. 8, as

Fig. 6 Stop-start and torque assist benefits over ECE15
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well as the ECE15, as shown above in Fig. 6. Additionally, it was possible to drive
the entire cycle with no electric supercharger operation, and the CO2 improvement
from torque assist was 3.5 %, giving a total combined micro hybrid benefit of
12.5 %.

When operating the vehicle with a more aggressive driver demand than seen
over the whole EDC, the stored energy was then distributed to the BSG (for direct
launch assist) and/or the electric supercharger (for lag mitigation) dependant on
the engine speed, load and rate of change of pedal demand. A complex control
strategy was developed to supervise the operation of HyBoost’s key systems.
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3.3 HyBoost Co2 Glide Path and Performance Status

Figure 9 shows a slightly simplified CO2 glide path for the project from the
baseline vehicle to HyBoost demonstrator vehicle. The results in the chart are
based on cold start (25 �C) tests undertaken following the legislative procedure,
and meet EU5 emissions standards.

Starting from left to right the breakdown of the chart is as follows:

(1) Baseline vehicle MY2009 Ford Focus 2.0L NA PFI gasoline vehicle with 5
speed gearbox 169 g/km CO2

(2) MY2011 Ford Focus 1.6L EcoBoost production vehicle, an 18 % improve-
ment to 139 g/km CO2

(3) Installation of the Ford Fox 1.0L engine replacing the 1.6L engine, BSG
fitted and utilising a standard charging strategy, slightly higher friction of a
FEAD capable of working with the full BSG functionality, a 14 %
improvement to 120 g/km CO2

(4) Installation of the six speed Diesel gearbox with higher ratios, a 4 %
improvement to 115 g/km CO2

(5) StARSTM 12+X smart charging employed, a 4 % improvement to 110 g/km
CO2

(6) In-gear stop-start, a 5 % improvement to 104.7 g/km CO2

(7) BSG torque assist, a 3.5 % improvement to 100.8 g/km CO2
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(8) Mileage stabilisation of car, a 2 % improvement to 98.8 g/km CO2

(9) 2 % Conformity of Production (COP) allowance to 96.8 g/km CO2

(10) Large turbo tested with 2 % improvement to 94.9 g/km CO2

The engine supplied and used in the vehicle was brand new, as was the HyBoost
car itself. Typically the vehicle may be aged anywhere between 4,000 and
20,000 km to ensure that it has been ‘‘stabilised’’. This was not undertaken on
HyBoost due to project time constraints and it is Fords experience that up to a 2 %
improvement in cycle fuel consumption could be gained, and this is shown in line
8 above. A manufacturer specified Conformity of Production (COP) allowance of
2 % has been included in line 9–2 % is generally the minimum figure used by most
OEM’s, and this could be increased to 4 or even 6 %.

From detailed engine and vehicle simulation and testing undertaken on the project
a series of five additional small improvements were identified that could result in a
further significant reduction in fuel consumption beyond the 99 g/km CO2 target,
bring the concept down to an equivalent level achieved by a similarly sized full
hybrid vehicle. These are also shown on Fig. 9, and can be summarised as follows:

(11) Control strategy refinement from further development work to fully optimise
the system would be expected to give at least a further 1.5 % improvement in
EDC CO2

(12) Similar to 11, better utilisation of the current UCaps, or even a minimal
increased storage on the vehicle has been shown through simulation to be
beneficial as the re-generation opportunities over the EDC have not been
fully optimised at the current stage of concept development

(13) The six speed Diesel gearbox was an off-the-shelf un-modified production
box. Vehicle drive cycle simulation showed that the final drive could be
slightly lengthened to give an additional 1 % improvement in EDC CO2. The
performance attributes, primarily the 0–62 mph time, could be maintained as
the vehicle could achieve 62 mph is 2nd gear with the longer final drive
whereas it currently requires a shift to 3rd gear, which takes up approx 0.4–
0.5 s of the current 0–62 mph time

(14) From a combination of the large turbocharger and LP WOT EGR tested on
the engine test bed it was determined that the engine compression ratio (CR)
could be increased by an estimated 0.5–0.7 ratios, which could result in an
approximate 1 % improvement in EDC CO2

(15) Minimal use of Eco-car specific parts such as Eco-tyres, aero tweaks, etc.
would be expect to give a further 10 % improvement

Table 1 compares the key powertrain and vehicle attributes of the baseline
vehicle versus the 2011 Ford Focus 1.6L EcoBoost, the 2011 Ford Focus with the
HyBoost powertain, and the 2010 Toyota Prius. It can be seen that HyBoost
concept proved to be capable of achieving the CO2 levels of a full hybrid
(dependant on the hardware utilised, as shown in Fig. 9) but with superior per-
formance attributes. However, it should also be noted that the cost of the HyBoost
concept powertrain system was estimated at one third of the full hybrid, and total
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weight increase of system was also less than 20 kg versus the base 2.0 NA engine,
and several hundred kilograms less than for the full Hybrid when including the
battery pack and supporting electrical architecture in the measurement. Off cycle
fuel consumption, as assessed on the Artemis drive cycle, remained excellent due
to the engines ability to maintain high efficiency even at full load through excellent
combustion characteristics and lambda 1 operation everywhere. Figure 10 shows
the completed HyBoost vehicle.

Fig. 10 HyBoost system implementation in ford focus vehicle
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4 Summary and Conclusions

The HyBoost concept demonstrated that use of a highly downsized, boosted engine
in conjunction with relatively low cost synergistic ‘12+X’ Volt management
system and electrical supercharger technologies can deliver better value CO2

reduction than a full hybrid vehicle. System incremental cost has been estimated
below that of Dieselisation, giving strong potential for market advancement. In
summary:

• The project enabled improvements in the state-of-the-art in stop/start systems
and boosting, both of which will become ubiquitous in advanced passenger cars.

• Full system functionality was achieved and a CO2 glide path identified that was
better than first predicted to levels below a current benchmark full hybrid

• The HyBoost vehicle is technically a ‘‘Hybrid’’ (a micro/mild hybrid, with up to
6 kW of electrical power) and can be marketed as such, offering similar CO2

performance but without the purchase or lifetime cost concerns of larger battery
systems

• It was shown that HyBoost technologies can be applied to existing base engines
with a relatively low level of re-engineering, thus reducing the cost of imple-
mentation in a product range and extending the applicability of the base engine
(which may be offered in three or four power trims, from naturally aspirated
through boosted to HyBoost configurations)

• HyBoost technologies are modular, meaning that economies of scale can be
realised at component level by suppliers

• As demonstrated on the project, HyBoost technologies offer the scope for good
real world fuel economy because downsizing, full load stoichiometric operation
and exhaust energy recovery are effective at higher loads

• Vehicles equipped with HyBoost technologies have potential to fall below some
of the incentivised CO2 thresholds shown in Fig. 1, therefore adding to their
market appeal

• The HyBoost system has reduced dependence on ‘‘commodity’’ materials such as
Copper or Lithium (compared to a Full Hybrid) and precious metals (Compared to
a Diesel with advanced after-treatment, or even a Fuel Cell); hence its success (and
linked environmental benefit) is less vulnerable to fluctuating commodity prices,
and its life-cycle environmental impact is potentially superior
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Development of B70HEV and B50PHEV
Based on Faw-TMH Powertrain

Jun Li, Minghui Liu, Dongqin Liu, Ziliang Zhao and Xingwang Yang

Abstract With the targets of low carbon emissions and optimization of energy
consumption, FAW developed the Twin Motor Hybrid system (FAW-TMHTM),
which has obtained patents in both China and the United States. The system
includes the hybrid dedicated engine, a traction motor (TM), a clutch, an automatic
manual transmission (AMT), a BSG, a new battery system and other key assem-
blies. This hybrid powertrain can be extended to plug-in system easily. This
configuration has all the full hybrid functions such as Start-Stop, pure electric
driving and regenerative brake. As the application of this system, FAW has
developed B70HEV and B50PHEV. In NEDC, B70HEV can achieve a reduction
of 35.2 % in fuel consumption, which can meet the European ‘‘130 g CO2/km’’
emissions regulations in 2012. B50PHEV can achieve a reduction of more than
60 % in fuel consumption in NEDC.

Keywords FAW-TMH � HEV � PHEV � Configuration evaluation � AMT

1 Introduction

The shortage of petroleum, environment problems like air pollution and the
greenhouse effect are becoming more and more serious. It requires more energy
efficient and cleaner products to deal with these problems. It has been widely
accepted that vehicle electrification is a good choice. To make the electric vehicles
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as perfect as traditional vehicles, there are many technical problems need to be
solved. The main problem lies in the accumulation of electric energy. Nowadays,
the power density, rapid charging, safety and cost are the bottlenecks which restrict
the popularization of electric vehicle. Under this background, with the advantages
of electric vehicles and traditional vehicles, full hybrid and plug-in hybrid tech-
nology are the compromise. Full hybrid technology can remarkably improve fuel
economy and emissions with small cost increase.

FAW R&D centre has been developing the hybrid technology since 1998. In
2000, a new hybrid configuration named Twin Motor Hybrid system (FAW-
TMHTM) was brought forward. As the application of this system, BESTURN B70
HEV was developed in 2008. Benefited from the good plug-in expansibility of this
system, BESTURN B50 PHEV was developed in 2010.

This paper will introduce the development of FAW-TMHTM, and describe two
hybrid products based on this powertrain configuration.

2 Besturn Twin Motor Full Hybrid System

The main full hybrid configurations widely used in the world are as follows:
Toyota Hybrid System (THS or HSD, Toyota), Two-Mode (GM, BMW, Chrysler),
Parallel hybrid (P2, VW) and Hybrid4 (Peugeot). In the analysis of advantages and
disadvantages of various full hybrid configurations, engineers from FAW put
forward an evaluation method of full hybrid configurations. It mainly concerns the
realization difficulty, cost, and the potential performance. This method was
founded on the capital and technology conditions of the company. Firstly, it set
each performance index a weighting coefficient, and then scored every perfor-
mance index, finally gave a comprehensive index to each of these configurations.
By evaluation, FAW adopted the twin motors full hybrid system as shown in
Table 1 and Fig. 1, which hereinafter was referred as FAW-TMH configurations
(Table 2).

In this configuration, the internal combustion engine and the traction motor
could drive the vehicle individually. The required torque of driving the vehicle
could be distributed into any ratio between the two power sources. On this pre-
mise, the engine and the motor both could work in the efficient operating points.
The switches of the operation modes were easy. This configuration had all of the
operating modes of hybrid such as engine start/stop, pure electric driving, series
driving, associated driving, and regenerative braking.

Figure 2 shows the evaluation of TMH and THS based on the evaluation
method mentioned above. The results are as follows: TMH has the function of
speed and torque decoupling. The fuel economy of TMH is equivalent to that of
THS. TMH can solve the problem of power interruption in the process of auto-
matic manual transmission shifting. It makes the adoption of AMT possible.
What’s more, the motor power of TMH is also smaller than that of THS, so the
cost is less than THS. TMH has advantage in development period and initial
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investment because of the use of existing engine and transmission technology. The
planetary gearbox technology in THS has the function of electric continuous
variable transmission and can hold two motors in one case which have good

Table 1 Typical full hybrid structure configurations

TM
location

Front of AMT Rear of AMT Axle drive

Generator

ISG

AMT

Differential
(Front axle)

AMT

Differential
(Front axle)

AMT

Differential
(Rear axle)

Differential
(Front axle)

BSG

AMT

Differential
(Front axle)

AMT

Differential
(Front axle)

AMT

Differential
Front axle

Differential
Rear axle

–

AMT

Differential
(Front axle)

AMT

Differential
(Front axle)

–

ECU

AMT

ICE

Shifting Lever

VCU

Auxiliary 
battery

MCU

DC converter

Battery

Clutch

BMS

12V low voltage circuit

TCU

288V  high voltage circuit

CAN bus

BSGTM

Fig. 1 TMH Configuration
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modularization. In conclusion, the overall properties of TMH and THS are
equivalent.

3 Development of Besturn B70HEV

By applying the TMH full hybrid configuration to B70 model, FAW developed the
BESTURN B70HEV (Table 3).

3.1 Dedicated Engine for Hybrid Vehicle

To increase the load ratio of engine, engine with small displacement was adopted.
Different from B70 model mounted with a 2.0 L engine, the hybrid model was
equipped with a 1.5 L engine. The dedicated engine was an update of the CA4GA5
engine. There were many advanced technologies used in this engine such as
DOHC, electronic throttle control and variable valve timing. The generator and
power steering pump were cancelled. Air conditioning compressor was driven by
an electric motor. To meet the requirement of driving and electric power gener-
ation, a dedicated poly V-belt was developed. Frequent start-stop made the
emissions worse, so the proportion of three-way catalyst was modified (Fig. 3).

0

5

10
Fuel economy

Development period

Initial investment

Cost increase

Modularization

Driveability

TMH

THS

Fig. 2 Comparative analyses
of TMH and THS

Table 2 Configuration evaluation

Performance index Weighting coefficient (%) � ` ´ ˆ ˜ Þ þ ¼

Fuel economy 20 7 9 7 7 9 5 7 3
Cost increase 20 3 3 3 5 7 5 7 5
Fun to drive 10 9 7 7 9 7 7 9 7
Driveability 15 7 9 9 7 9 9 5 3
Development period 10 5 5 5 7 7 5 5 7
Modularization 15 3 3 3 5 7 5 7 7
Initial investment 10 3 3 3 5 7 5 5 9
Total 100 5.2 5.7 5.3 6.3 7.7 5.8 6.5 5.4
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3.2 Integration of Motor and AMT

In the TMH configuration, the traction motor and the AMT are integrated. The
output shaft of the motor and the output shaft of the transmission were coupled by
high-speed metal silent chain. This design made the motor and the AMT in one
shell. The scheme made full use of the limited space of the engine bin, which
overcame the difficulty of layout in engine bay, seal of motor water cooling, seal of
motor shaft oil and other difficulties in integrated design. This program could also
easily realize the AMT shifting without power interruption and the pure electric
driving. What’s more, this configuration had the advantages of compact structure,
high transmission efficiency, lightweight and low cost (Fig. 4, Table 4).

Fig. 3 The dedicated Engine
for HEV

Table 3 Basic specification of B70HEV

Curb weight (kg) 1524
Length/Width/Height (mm) 4705/1782/1465
Wheel base (mm) 2675 mm
Track (mm) Front: 1540, Rear: 1540
Seating capacity 5 passengers
Drive line FF
Engine Displacement (L) 1.497

Peak power (kW/rpm) 74/6000
Peak torque (Nm/rpm) 135/4400

Traction motor PMSM (40 kW/300Nm)
BSG PMSM (10 kW/50Nm)
Battery Lithium-ion battery (5.3Ah/300 V/36KW)
Maximum speed (km/h) [170
Maximum gradeability (%) [30
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3.3 Lithium-Ion Power Battery

Lithium-ion power battery was adopted as power supply in this full hybrid system.
Lithium ion battery has good thermal diffusivity. This characteristic made it
convenient to adopt air cooling system. PWM hierarchical control was used in
battery pack air cooling system of the battery pack. The cooling fan speed control
system increased the system efficiency and improves the NVH performance. The
battery system of B70HEV had a power density of 850 W/kg; (Table 5).

Actuator of AMT

Output axle of AMT

Output axle of TM

Metal silent chain

Fig. 4 Traction motor
coupled AMT

Table 4 Specification of AMT

Technical Data Transmission type Automatic manual transmission
Model number 5T150AMT
Maximum input torque (Nm) 150
Gear ratio (1/2/3/4/5/R) 3.091/1.895/1.241/0.919/0.756/3.214
Main reduction gear ratio 4.313

Table 5 Specification of the battery

Nominal capacity (Ah) 5.3
Nominal voltage (V) 300
Power (KW) 44
SOC precision B5 %
Internal resistance (X) \0.3
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3.4 Motor System

The block diagram of motor system is shown in Fig. 5, including the control
circuit, a BSG and a traction motor. The motor controller had three layer frames.
The electric circuit was in upper and lower layer and in middle layer was water-
cooling system. This structure integrated the BSG control unit, the traction motor
control unit, inverter, DC/DC converter and electric air conditioning high voltage
interface. The whole system was in one shell. The power density was 5.9 kw/L.
With the characteristics of quick torque dynamic response and high operating
accuracy, the motor could compensate for the shortcomings of the engine torque
response lag, and then improved the dynamic response characteristics of the
vehicle, finally improved the vehicle driveability. (Figs. 6, 7 and Table 6).
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Fig. 5 Block diagram of motor system

Fig. 6 Motor controller
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3.5 Control Technologies

In order to meet the challenges of drivability, fuel economy and strict emissions
regulations, based on the TMH system, a series of control technologies were
applied to BESTURN B70HEV.

3.5.1 Compensation for Power Interruption

As mentioned above, the output shafts of the traction motor and AMT were
connected by a chain. This configuration made it possible to drive the vehicle in
the shifting intervals of AMT. This technology compensated for the power
interruption, and then improved the power performance of the vehicle equipped
with AMT.

There are five stages in the process of AMT shifting.

1. Fuel Cut-Off
2. In this stage, the engine torque was reduced gradually, and then the BSG

generating torque was also decreased. At the same time, the traction motor
torque increased for vehicle driving.

3. Disengagement of clutch

Fig. 7 BSG motor

Table 6 Specification of motor system

Item BSG Traction motor
Type PMSM PMSM

Peak power (kW) 10 40
Nominal power (kW) 5 20
Peak torque (Nm) 50 300
Nominal torque (Nm) 25 130
Speed range (rpm) 0 * 1,2000 -2,000 * 8,500
Valid diameter (mm) 130 200
Valid length (mm) 120 190
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4. Firstly, BSG generating torque was reduced to 0, then the engine torque was
reduced gradually to 0, finally the clutch was disengaged completely. In this
section, the driving force came from the traction motor only.

5. Gear selection and shifting
6. In this stage, AMT finished the operation of gear selection and shifting in

300 ms.
7. Engagement of clutch
8. The engine torque and the BSG generating torque is 0.
9. Fuel feeding

10. In this stage, the engine torque increases gradually, the traction motor torque
decreases gradually. When the engine torque increases to a certain level, the
generating torque is restored gradually.

3.5.2 Rapid Start of Engine

To reduce fuel consumption in the city cycle, engine in hybrid vehicle is turned off
if the vehicle idling is over a certain time. It needs rich mixture to start the cold
engine successfully. In the start process, the incomplete combustion of gas mixture
will create much detrimental emissions and need extra fuel. Due to the problem
mentioned above, it is difficult to set a time threshold when to stop the engine in
the idling process. With a BSG motor, this problem was overcome because the
BSG motor can drive the crankshaft into a high speed without fuel feeding. The
use of BSG in the process of engine starting reduces fuel consumption and
emissions, and improves starting comfort as well.

3.5.3 Regenerative Braking

Regenerative braking is one of the core technologies of hybrid. It concerns vehicle
dynamic characteristics, generating characteristics of motor, battery safety assur-
ance and charging characteristics and other problems. According to the strength of
braking, the automobile braking mode can generally be divided into hard braking,
moderate braking and light braking. Regenerative braking system should guarantee
safe driving firstly. So it must meet some requirements.

1. Satisfy the braking safety requirements, conform to the driver’s braking habits;
2. Consider the generating characteristic and output capacity of traction motor;
3. Ensure the battery safety during the charging process and prevent overcharge.

The requirements of regenerative braking are also factors need to be considered
in motor selection. After verification, we found that 30 kW motor can meet the
requirements of regenerating braking. What’s more, because the braking regula-
tions were also concerned, so the available energy in braking was limited.
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Nevertheless, this technology has great potentialities in fuel economy. After using
the regenerative braking system, 9 % fuel was saved in BESTURN B70HEV.

3.6 Performance Index

3.6.1 Economy Index

With the help of hybrid technology, fuel economy of B70HEV was improved
greatly. In NEDC, the fuel consumption of the hybrid model is 5.9 L/100 km.
Compared to the conventional model; it saved more than 35.2 % fuel, and met
130 g/km CO2 emissions regulation in Europe in 2012.

3.6.2 Emission Index

The worldwide emissions regulation is increasingly strict. The emissions quality
during the process of engine start is the worst. The BSG in FAW full hybrid
system could propel the crankshaft to a high speed, which improved low-tem-
perature starting performance of the engine. These initiatives were very useful to
reduce engine emissions. The emissions level of B70HEV is as follows: THC:
0.048 g/km; CO: 0.519 g/km; NOx: 0.045 g/km.

4 Development OF B50PHEV

The plug-in hybrid vehicle based on the TMH configuration had the Blended type
plug-in hybrid function under ECE R101 regulation. In CD (Charge Depleting)
Mode, the power was mainly from the battery, the engine worked only when more
power was needed. In CS (Charge Sustaining) mode, the engine worked as in
hybrid mode. Compared to the AER (ALL Electric Range) plug-in hybrid vehicle,
this type of plug-in hybrid vehicle had advantage in cost, and what’s more, the
performance of the vehicle in the whole driving range changed little. It shared the
technology platform with full hybrid system and most assembly products. Under
this technical background, based on the BESTURN B70HEV, a plug-in model was
developed by adding the charging system and using a new larger capacity battery
pack (Table 7).
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4.1 Charging System

FAW B50 plug-in hybrid model was equipped with a slow charging interface. The
user could charge the battery at night in the household. In order to ensure the safety
of the charging process, the on-board charger provided 12 V auxiliary power for
some control unit.

4.2 Performance index

PHEV can operate with the battery power only. Once the SOC of battery decreases
to a certain level, PHEV works in the same way as HEV. Today, customers hope
that pure electric range of PHEV is as long as possible, but the energy density of
battery is not as high as fossil fuel at present. In ECE drive cycle, FAW BESTURN
B50PHEV’s pure electric driving range reached 40 km. In NEDC, the model could
run more than 70 km in CD mode.

Referring to the calculation methods of fuel consumption and electricity con-
sumption on electric vehicles according to ECER101, the results were obtained as
follows (Tables 8 and 9).

BESTURN B50PHEV not only had all the advantages of full hybrid vehicle,
but extended the pure electric range which met the requirements of urban short-
distance travel. When in the high-speed and long-distance traveling, it operated in

Table 7 Specification of B50PHEV

Item Sub item B70HEV B50PHEV

Vehicle size Curb weight (kg) 1,524 1,650
Length/width/height (mm) 4705/1785/1465 4600/1785/1435
Wheel base (mm) 2675 2675

Engine Model CA4GA5H
Displacement (L) 1.497
Peak power (KW/rpm) 74/6000
Peak torque (Nm/rpm) 135/4400

Traction motor Model PMSM
Power/torque (KW/Nm) 40/300
Top speed (rpm) 7600

BSG motor Model PMSM
Power/torque (KW/Nm) 10/50
Top speed (rpm) 12000

Battery Model Lithium-ion battery
Capacity (Ah) 5.3 35
Voltage (V) 300 320
Peak power (KW) 44 50

Transmission Type 5 speed AMT
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hybrid mode with good dynamic performance and fuel economy. The fuel con-
sumption of B50PHEV was 3.2 L/100 km, which was 60 % less than that of B50
model.

5 Conclusion

FAW established an evaluation method of hybrid configuration. After analysis of
the mainstream hybrid configurations around the world, the twin motors hybrid
was chosen because of the advantage in cost and driving performance. This hybrid
powertrain could be extended to plug-in system easily, and had good application
prospects. Through the development of B70HEV and B50PHEV, FAW has
mastered the hybrid technology and accumulated experience in hybrid system
development. Based on the work above, FAW will supply inexpensive and clean
vehicle soon.

Table 9 Result of B50 model

Item Time 0 * 100 km/h Fuel consumption

Value 13.6 s 8.5L/100 km

Table 8 Fuel consumption according to ECER101

Item Time
0 * 100 km/
h

Max.
speed

CD mode
electricity
consumption

CD mode fuel
consumption

CS mode fuel
consumption

Total fuel
consumption

Value 12.5 s 110 km/
h

6.8kWh/100 km 2.2 L/100 km 6 L/100 km 3.2 L/
100 km

508 J. Li et al.



The Research of Electromagnetic Fields
During Testing of a Hybrid Powerplant
and a Hybrid Car Prototype

Elena Teriaeva

Keywords Electromagnetic field � Hybrid vehicle � Bench test

As a result of an intensive use of the electric power in the last third of the 20th
century the new significant factor of negative impact on the person and environ-
ment was created—electromagnetic pollution. With development of scientific and
technical progress there are new sources of electromagnetic radiation that lead to
increase of the scale of their influence, growth of intensity and the time of
exposure of electromagnetic fields to the person. Considering the risks connected
with electromagnetic pollution of urbanized territories, it is necessary to carry out
an appraisal of the electromagnetic field and a contribution to an electromagnetic
background of all widespread sources, including car.

The modern automobile, as one of the achievements of scientific and technical
progress, not only made people more mobile and provided easy movement but also
became a major source of negative impacts on populated areas, with significant
influence on the quality of the environment and human health. Nowadays eco-
logical safety of the car is generally based on estimation of accepted levels of
noise, the content of harmful substances in the fulfilled gases and impact of these
blowouts on the atmosphere. However according to some literary data the share of
electromagnetic pollution by motor transport of the urbanized territories makes
18–32 % [1]. We consider that the increasing of cars (especially hybrid) on city
highways will lead to change the level of an electromagnetic field. That is why the
problem of research and decrease of internal and external electromagnetic fields
parameters of the hybrid car becomes very actual [2].

Solving problems of ecological safety at a development stage of new samples of
equipment is most effective way [3]. Therefore we carried out researches of
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internal and external electromagnetic fields of the hybrid car at a stage of the car
power plant testing.

During the process of researching this problem an analysis of the frequency
range of electrical equipment and electronics of modern cars was done. Frequency
characteristics of electrical equipment of the car are presented in Table 1.
Apparently from the provided data the electrical equipment of motor transport is
source of electromagnetic fields, both in low-frequency, and in radio-frequency
ranges that, undoubtedly, makes the contribution to formation of an electromag-
netic background of the urbanized territories.

Today practically all researches of electromagnetic fields of the car are directed
on researching of electromagnetic compatibility with other means in a radio-
frequency range. As to data on impact of electromagnetic fields of motor transport
on environment, the analysis of existing sources showed their insufficiency and
discrepancy. Also now practically there are no methods and results of research of
the mechanism of emergence and spatial distribution of amplitude and power
parameters of external and internal electromagnetic fields of the car, and also
normative documents and the recommendations limiting their negative impact on
the person and environment [4].

The modern hybrid car represents a vehicle actuated by system «an internal
combustion engine—the electric motor». Distinguish hybrid cars with the con-
secutive, parallel and series-parallel (mixed) interaction of electric motors and an
internal combustion engine (ICE) [5]. For identification of levels of an electro-
magnetic field and development of the subsequent recommendations about
decrease in its negative influence on environment and the person, researches at a
stage of testing of the series-parallel scheme of the combined power plant of the
hybrid car (Fig. 1) were carried out. This installation can work in several modes:

– ‘‘electric motor mode’’
– ‘‘electric motor–ICE mode’’
– ‘‘ICE-generator mode’’

The main sources of electromagnetic field in the considered scheme are
asynchronous electric motors with alternate current on industrial frequency of
50 Hz and the tension converter which is necessary for their work (inverter). It is

Table 1 Frequency ranges of electrical equipment cars

§ Source of electromagnetic radiation Frequency ranges (MHz)

1 Ignition system 0.1–500
2 Sound signal 0.1–500
3 Turn indicator 0.3–30
4 Electric motors (screen wiper, fan) 0.3–250
5 Electrical equipment system (chains with powerful

loadings, generating installations)
0–100

6 Tension of an onboard network 1–1000

510 E. Teriaeva



possible to assume that internal and external fields of the hybrid car are generated
at frequency of 50 Hz, and also at frequencies caused by operation of the tension
converter.

Now there is no method for detection of electromagnetic fields of a source at
testing of the hybrid car power plant.

We offer the following method of definition of electromagnetic characteristics
of a source of an electromagnetic field: round a source of an electromagnetic field
the measuring surface conditionally gets out. As a measuring surface we accept a
semi-sphere or a measuring surface which is located at the same measuring dis-
tance of d from a parallelepiped bending around a tested source of electromagnetic
field (Fig. 2). The sizes of a parallelepiped should correspond to outline dimen-
sions of a source. The measuring distance should be no more than 0.5 m, but also
not less than 0.25 m. Points of measurements are necessary to have on a measuring
surface. The quantity of measurement points should be not less than five. They
should be located as it is specified in Fig. 2.
Researches have been made in the bench tests of sequentially-parallel scheme of
combined power plant of hybrid car in ‘‘electric motor mode’’ in two frequency
ranges of 5 Hz–2 kHz and 2–400 kHz. Results are presented in the Table 2.

On histograms (Fig. 3) the ratio of the received results with some established
maximum permissible levels (MPL) of electromagnetic fields influence on the
person is presented.

These results should be considered as preliminary. Further researches is needed
to study the electromagnetic fields arising in various hybrid powertrain configu-
rations: series, parallel and series-parallel (mixed), as well as arising electro-
magnetic fields during different modes of operation of electric motors and loads.

For research of internal electromagnetic fields of the hybrid car we offer the
following technique.

During developing of the methodology there was took into account the results
of the negative effects of electromagnetic fields on humans, which are given in
various literature. On the basis of the data analysis the following levels of

1
3 5

8

4
2

6 7

Fig. 1 Series-parallel circuit of hybrid vehicle powertrain: 1—ICE7; 2—connecting clutch;
3—reversible electric machine; 4—connecting clutch; 5—reversible electric machine,
6—converter of electric energy; 7—storage of electrical energy, 8—fuel tank
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measurement points arrangement relative to a car floor were chosen: Level 1
(genitourinary system)—0.3 m, level 2 (cardiovascular system)—0.7 m: level 3
(brain)—1 m.

Researches of an internal electromagnetic field of the hybrid car were carried
out in five point of salon (on a workplace of the driver and passenger seats) at all
three levels (Fig. 4). Researches are carried out at the test-bench for testing of a car
prototype equipped with parallel hybrid scheme combining an internal combustion
engine and an asynchronous electric motor of alternating current of 35 kW output
at motion of a car in ‘‘electric motor mode’’.

As a result of researches of an electromagnetic field and comparison of the
received data with a regulation of electromagnetic fields existing in the Russian
Federation, the following ratios are received:

Fig. 2 The scheme of
measurement of
electromagnetic fields at
carrying out bench tests of
power plant of the hybrid car

Table 2 Results of bench tests

Characteristics of an
electromagnetic field

Point 1 Point 2 Point 3 Point 4 Point 5

Frequency ranges
5 Hz–2 kHz

E = 2 V / m
B = 1 mcT

E = 3 V / m
B = 0,81

mcT

E = 6 V / m
B = 1,34

mcT

E = 22 V / m
B = 1,13

mcT

E = 6 V / m
B = 1,73

mcT
Frequency ranges

2–400 kHz.
E = 3,38 V/

m
B = 54 nT

E = 6,21 V
/ m

B = 42 nT

E = 0,79 V
/ m

B = 76 nT

E = 11,82 V
/ m

B = 39 nT

E = 3,18 V
/ m

B = 26 nT
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(1) In the frequency range 5 Hz–2 kHz the value of the electric field should not
exceed 25 V/m. The maximum value received at carrying out measurements
makes 202 V / m that exceeds admissible norms in 8 times. Limiting value of
a magnetic induction in this range makes 250 nT, we fixed excess of this value
in 5 times—1290 nT (Fig. 5).

(2) In a range of frequencies of 2–400 kHz a value of magnetic induction should
not exceed 25 nT. During researches 48 nT were received—that exceeds
admissible norm in 1.9 times.(Fig. 6). Value of intensity of electric field in this
range of frequencies equaled 0,001 V / m and didn’t change in various points
of measurement therefore on histograms aren’t presented.

(3) At frequency of 50 Hz of value of intensity of electric field E (V/m) and
intensity of a magnetic field of H (A/m) on a workplace of the driver and
passenger seats don’t exceed the established limits. Values of intensity of an
electric and magnetic field are presented on Fig. 7

In our opinion, results of testing and a comparative assessment of the received
results with an existing regulation of electromagnetic fields showed a need of
regulatory base creation, which establish admissible values of electromagnetic
fields parameters at their impact on the driver (taking into account features of his
work) and passengers. It is necessary to give special attention to influence the

Fig. 3 The research results during bench testing power plant of hybrid car (on the top showed
the values of electric intensity of the electromagnetic field—E, V / m at the bottom showed values
of magnetic induction electromagnetic field B, nT)
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electromagnetic fields arising in hybrid cars, on the driver seat, whose work differs
complex influence of negative factors (noise, vibration, quality of air in the salon,
the increased intensity and monotony of work).

We assume that dependence of the characteristic of electromagnetic fields on
loading, hybrid powertrain types and body structure will be various. Therefore,
further researches on definition of spatial distribution of amplitude and power
parameters of an electromagnetic field are necessary.

The purpose of monitoring of an electromagnetic background along city
highways and identification of a contribution of motor transport is its formation the
following technique which has a number of features was developed:

1. Research of electromagnetic field (E, N) parameters an electromagnetic field
(E, N) depending on a mode of behavior of vehicles:

– idle running;
– dispersal;
– the established mode;
– braking.

2. Research of electromagnetic field parameters depending on the intensity of
traffic.

Fig. 4 The location of points and levels of measurement in the car: red levels of measurement
for the driver and passenger in the front seat, blue for passengers in the backseat
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3. Researches at different distances from the highway.

Measurements of parameters of an electromagnetic field were carried out in
frequency ranges of 5 Gts-2 of kHz, 2–400 of kHz and on frequency of 50 Hz. In
the analysis and processing of the received results indications of devices which
arose when passing trolleybuses, when giving sound signals which increased
average values repeatedly weren’t considered Table 4.

Results of researches of electromagnetic fields along highways are given in
Tables 3, 4, 5.

Fig. 5 Results of researches
on the stand for testing of the
prototype car in the frequency
range 5 Hz–2 kHz (on the
top—values of electric
intensity of the
electromagnetic field—E, V/
m, at the bottom—values in
the histograms of the
magnetic induction in the
electromagnetic field, nT)

Fig. 6 Results of researches
on the stand during testing of
the prototype vehicle
(frequency range 2–400 kHz)
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The analysis of results of measurements allowed to draw the following
conclusions:

– the greatest values are received at the established mode of movement of motor
transport. Therefore, further researches should be carried out in this mode of
movement.

– evident dependence of intensity of electric field in a range of 5 Hz–400 kHz and
intensity of a magnetic field on frequency of 50 Hz from intensity of traffic is
received. Values of a magnetic induction in a frequency range of 5 Hz–400 kHz

Fig. 7 Results of researches
on the stand during testing of
the prototype car at a
frequency of 50 Hz (on the
top shows the values of
electric intensity of the
electromagnetic field—E, V/
m, at the bottom histogram
values of the magnetic field—
H, A/m)

Table 3 The parameters of the electromagnetic field, depending on the mode of transport

§ Transport mode
of behavior

Characteristics of
an electromagnetic
field in a frequency
range 5 Hz–2 kHz

Characteristics of
an electromagnetic
field in a frequency
range 2–400 kHz

Characteristics of an
electromagnetic
field at frequency 50 Hz

E, V/m B, mcT E, V/m B, nT H, A/m

1 Idle running; 0 0,00 0,16 0 0,03
2 Dispersal; 1 0,00 0,24 0 0,041
3 The established mode; 3 0,01 0,65 1 0,068
4 Braking. 0 0,00 0,10 0 0,04

516 E. Teriaeva



do not change and do not depend on intensity of traffic. Values of intensity of
electric field on frequency of 50 Hz change slightly.

– at increase in distance from an edge of the road there is a reduction of
parameters of an electromagnetic field.

Thus, the received results show dependence of electromagnetic field parameters
on a mode of movement, intensity of movement of motor transport and distance
from a road edge that confirms the made assumption of influence of transportation
streams on an electromagnetic background of the urbanized territories.

Analyzing the received preliminary results, we consider that channelized
researches are actual and it is necessary to continue work on the following
directions:

– electromagnetic monitoring along city highways;
– research of spatial distribution of amplitude and power parameters of an external

and internal electromagnetic field of the hybrid car that will allow to solve
essentially new problems of decrease in negative impact of this field on the
person and environment at a car design stage.

This research were carried out under the direction of the professor, Doctor of
Engineering Grafkina and the professor, Doctor of Engineering Nyunin.

Table 4 Values of parameters of an electromagnetic field depending on intensity of traffic

§ Transport mode
of behavior

Indicators of an
electromagnetic
field in a frequency
range 5 Hz–2 kHz

Characteristics of
an electromagnetic
field in a frequency
range 2–400 kHz

Characteristics of an
electromagnetic
field at frequency 50 Hz

E, V/m B, mcT E, V/m B, nT H, A/m

1 Idle running; 0 0,00 0,16 0 0,03
2 Dispersal; 1 0,00 0,24 0 0,041
3 The established mode; 3 0,01 0,65 1 0,068
4 Braking. 0 0,00 0,10 0 0,04

Table 5 Values of parameters of an electromagnetic field depending on removal of an edge are
expensive

§ Distance from an edge
of a carriageway, m

Indicators of an
electromagnetic
field in a frequency
range 5 Hz–2 kHz

Characteristics of an
electromagnetic
field in a frequency
range 2–400 kHz

Characteristics of an
electromagnetic field at
frequency 50 Hz

E, V/m B, mcT E, V/m E, V/m B, mcT

1 0 112 0,01 0,32 1 0,232
2 1 86 0,01 0,22 1 0,186
3 2 62 0,01 0,17 1 0,172
4 3 40 0,01 0,03 1 0,113
5 4 17 0.01 0,01 1 0,09
6 5 10 0,01 0,01 1 0,072
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Research on the Efficiency
of the Dual-Mode Hybrid Vehicle

Weijing Yan, Changle Xiang, Lijin Han and Donghao Zhang

Abstract The dual-mode power-split-type hybrid transmission system is a typical
multi-input and -output system, hence the efficiency analysis is complicated
compared with conventional vehicles. In this chapter, a comprehensive efficiency
model of the dual-mode hybrid vehicle is built on the basis of power loss analysis,
including the engine fuel conversion power loss, the charge/discharge power loss
of the battery pack and the coupling mechanism power losses. The exact model of
the coupling system is investigated considering the motor loss, gear spin loss,
clutch/brake loss, bearing loss and sealing loss. Besides, a control strategy is
further developed to achieve the optimal system efficiency by selecting the engine
operation point and the power of the battery pack. The simulation results show that
the new strategy can greatly improve the fuel economy of the vehicles.
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1 Introduction

The multi-mode electro-mechanical composite transmission has been drawing
much attention since the Toyota Prius successfully launched into market in 1997, it
is a single-mode hybrid vehicle. General Motors has been committed to the
development of multi-mode hybrid system since the 1990s, and has applied for
dozens of related patents [1–3]. In early 2005, GM combined with Daimler
Chrysler and BMW to develop a dual-mode power-split-type hybrid transmission
system (PST), which now has achieved a successful application. Compared with
conventional vehicles, the fuel economy is improved by 20–54 % [4].

Figure 1 shows the structure of the dual-mode PST. Motor A and B can work
either as generator to provide energy to the battery pack, or as a motor to drive the
vehicle. Therefore, this coupling mechanism is a multi-input and multi-output
system. Besides, the charging and discharging power of the battery pack are
changeable. Hence, the input and output components of the system are variable,
which all contributes to the complexity of the efficiency analysis of the dual-mode
PST.

The control strategy of dual-mode PST. In paper [5] is built upon the basis of
efficiency analysis without considering the mechanical power loss. Although
chapter [6] makes it up, the calculation is still relatively simple, and does not take
the impact of electrical power loss into account. In this chapter, a system efficiency
model of the dual-mode hybrid vehicle is proposed based on the energy loss
analyses, which includes engine loss, electrical loss and mechanical loss. And the
results are used to propose an operation control strategy.

2 The System Model of the Dual-Mode Hybrid Vehicle

Figure 2 illustrates the energy flow of the dual-mode hybrid vehicle. It is obvious
that the system is mainly composed of three parts: the battery pack, the engine and
the power coupling system. The power coupling system consists of three planets
row, clutch C1, brake Z1, MGA and MGB.

EVT1 EVT2

motorA speed
motorB speed
input speed
output speed

output speed 

re
la

tiv
e 

sp
ee

d

O

i

Engine

k1 k2

k3

Fig. 1 Dual mode PST and its speed characteristic diagram
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In this paper, the system efficiency model is built from the perspective of power
loss. Define the system efficiency as the ratio of output power to the input power.
That is, the input power minus all of the power losses of the system, and then
divided by the input power (Table 1).

It can be seen from Fig. 2, the system power loss mainly consists of the fol-
lowing aspects: the thermal power loss of the engine, the energy conversion loss of
the MG, the battery pack’s charge/discharge power loss, as well as mechanical
power losses in the planetary coupling mechanism.

2.1 The Efficiency of the Coupling System

The power loss of the Coupling system mainly includes gear spin loss, clutch and
brake loss, sealing loss, the bearing loss and churning loss. Since no churning gear
is included in the structure, the churning loss is not studied in this paper.

2.1.1 Planetary Line Efficiency

Professor M.A.Rpeqec’s study [7] shows superiority when the planetary mecha-
nism is complex, thus it is chosen to calculate the planetary line efficiency.

Take EVT2 mode for example, clutch C1 is engaged and brake Z1 is opened.
Based on the speed relationship of the internal and external meshing single-star
planetary gear set, the rotational speed satisfies the following relationship:

Battery Pack

Output

Coupling System

Engine

Motor

A

Motor

B

Planetary Line

Fig. 2 Energy flow analysis
of dual-mode hybrid system

Table 1 Two operational
status of control parts

Z1 C1

EVT1 d s

EVT2 s d

Note s shows separation
d shows engagement
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¼ � 1þk2

k1

1þk1þk2
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1þ k2 �k2
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ni

no
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ð1Þ

Where na is the rotational speed of MGA, nb is the speed of MGB, ni is the input
speed of coupling system, k is the characteristics parameters, it is the ratio of the
ring gear number of teeth to the sun gear number of teeth.

1. Define the overall speed ratio of the coupling system as:

ic ¼
ni

no

ð2Þ

Then, it can be calculated that:

ic ¼
ni

no
¼ 1� k1

1þ k2ð Þ
na � nbð Þ

nb þ k1nað Þ ð3Þ

2. Based on Professor M. A. Rpeqec’s study,

k
0

i ¼ ki gið Þ
ai ð4Þ

where gi is the efficiency of the converted mechanism. Set the internal and
external meshing efficiency of a single-star planetary gear to 0.99 and 0.98
respectively. Thus, the efficiency of the converted mechanism is
gi ¼ 0:98� 0:99 ¼ 0:97:

The index ai in Eq. (4) can be obtained by the following formula:

ai ¼ sgn
ki

ic
� oic
oki

� �
ð5Þ

Where sgn represents the symbolic function.

3. Finally, by replace k1; k2 with k
0
1 k

0
2, the corrected overall transmission ratio i

0
c

can be obtained.In conclusion, the efficiency of the coupling system considering
the gear spin loss can be achieved by the following formula:

gmesh ¼
i
0
c

ic
ð6Þ

Accordingly, dynamic analysis of the single-star planetary gear set considering
gear spin is rewritten as follows:

Tti : Tqi : Tji ¼ 1 : k
0

i : �ð1þ k
0

iÞ ð7Þ
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2.1.2 MG Loss

It is assumed that the auxiliary systems of the vehicle do not need electric power,
and then the electric power of the two motors and the charge/discharge power of
the battery pack are balanced.

TAnAg�sgnðnA�TAÞ
A þ TBnBg�sgnðnB�TBÞ

B þ Pbat ¼ 0 ð8Þ

Where gA; gB represents the efficiency of MGA and MGB, that can be obtained
through performance test. To simplify the calculation, it is assumed that the effi-
ciency of the motor/generator is 90 %.

Based on the speed-torque relationships that were previously derived for the
dual-mode PST, the MG loss is as follows:

Ploss glm ¼ TAnAðg�sgnðnA�TAÞ
A � 1Þ þ TBnBðg�sgnðnB�TBÞ

B � 1Þ ð9Þ

2.1.3 Clutch and Brake Loss

The towing loss is achieved when the clutch and brake are not engaged. That is, at
EVT1 mode, towing loss only exists in clutch C1, whereas at EVT2 mode, it only
exists in brake Z1.

Newton’s law of viscosity is applied to calculate the towing loss, the dynamic
equation is as follows [8]:

PL ¼
p2

573� 103h
zlDn2ðR4

2 � R4
1Þ ð10Þ

In the equation, l is the dynamic viscosity of the oil, and it is assumed to be a
constant; h is the clutch gap; z is the number of friction faces; Dn is slip speed;
R1; R2, represents the inner and outer radius of the oil film between the clutch
plates.

2.1.4 Bearing Loss

The bearing friction loss can be approximately calculated as follows:

Ploss bear ¼ npM
30

M ¼ Fld=2
F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

a þ F2
r

p
8<
: ð11Þ

Where M is the friction torque of the bearing; l represents friction coefficient; F is
the load of the bearing; dis its inner diameter; Fa; Fr are the axial and radial load
of the bearing.
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2.1.5 Sealing Loss

Ploss seal ¼ 7:9� 10�9
Xk

j¼1

djnj

 !
ð12Þ

where dj is the journal of the jth seal, and nj is speed.
In summary, the coupling efficiency calculation process of the dual-mode PST

considering various power losses is as follows Fig. 3:
Set the power of the battery pack Pbat ¼ 0, the changing regularity of the

coupling system efficiency for each dual-mode PST operation mode over speed
ratio is shown in Fig. 4.

It can be seen in Fig. 4 that the coupling efficiency is relatively higher at the
point where the power of motor A or B is zero, which are named mechanical points
(MP), since there is no power flows through the electrical path, all the power
generated from the engine flows through the mechanical path. Thus, the power loss
in the electrical path is zero, and the transmission efficiency is 100 %. The
structure in Fig. 1 has one MP in EVT1 mode and two MPS in mode EVT2.
Figure 4 illustrates that in EVT2 mode, the efficiency between the two MPs is
relatively higher, and decreases as the operation points deviated from the MP. In
EVT1 mode, as it has only one MP, the farther the speed ratio is from the
mechanical point, the lesser the efficiency will be due to the power circulation. The

/m gη
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Fig. 3 The calculation
process of the efficiency of
the coupling system
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dual-mode PST has different efficiency under the same speed ratio, the higher one
means the better fuel economy, and should be a priority choice. The solid line in
Fig. 4 considers both the MG power loss and mechanical power losses of the
coupling system, whereas the dotted line only takes the MG power loss into
account.

To further study the power loss of the Hybrid system, Fig. 5 depicts the
comparison between the electric power losses and mechanical losses. Since the
power of battery pack is set to zero, the electric power losses of the system only
includes the MG power loss. It can be seen that the system power losses are mainly
caused during the MG’s energy converting process, but this doesn’t mean that the
mechanical power loss is ignorable. In some regions, the change rate of electric
power loss is relatively higher, these are the areas where the vehicle should not
work in. Comparatively, the mechanical power losses change gently in most cases.

Figure 6 clearly illustrates the composition of mechanical losses. We can see
from the figure that the gear spin loss contributes for the major part, followed with
the towing losses of clutch and brake, which shows a very small difference
between the two modes, and is bigger only when the overall speed ratio is
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relatively small. As a contrast, the green part of the curve in Fig. 6 represents the
sealing loss and bearing loss, which shows minimal effect on the overall efficiency
of the coupling mechanism, and thus can be ignored in the following research.

2.2 The Efficiency of the Coupling System

In the hybrid system, the coupling efficiency is only a part of the overall system
efficiency. To measure the overall efficiency of the system, we also need to con-
sider the loss of the engine and the battery pack. When the operation point of the
engine is determined, its fuel convention efficiency can be obtained by look-up
table. The charge/discharge efficiency of the battery pack is determined by both
SOC and the charge/discharge power. Thus, the overall efficiency of the system
can be calculated.

When the power of battery pack is above zero (Pbat [ 0), it works as a power
source, as a result, the system has two sources of power-the engine and the battery.
When the power of battery pack is below zero (Pbat\0), it works as a load, and at
this time the system only has one power source-the engine.

Define the overall efficiency of the dual-mode hybrid system as:

nsys ¼
Po

Pe
ge
þPbat

gdis

when Pbat [ 0

Po�Pbatgchr
Pe=ge

when Pbat� 0

8<
: ð13Þ

In the equation, Po is the demand power of the vehicle; gchr; gdis represents the
charge and discharge efficiency battery pack respectively; ge is engine thermal
efficiency.

0.5 1 1.5 2 2.5 3 3.5 4
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

ic

m
ec

ha
ni

ca
l l

os
se

s

clutch/brake loss
sealing and bearing loss 
gear spin loss

EVT2
EVT1

Fig. 6 The composition of
mechanical losses

526 W. Yan et al.



3 Control Strategy Based on the Optimal Overall System
Efficiency

To improve the fuel economy of the vehicle, it is important to analyse the overall
efficiency of the dual-mode hybrid system. Through appropriate control, when the
MG status in the coupling mechanism changes, the operating point of the engine
changes as well, thus improves the fuel conversion efficiency, so that the overall
efficiency of the dual-mode hybrid system can reach the optimal point.

Based on this theory, the control strategy of the structure in Fig. 1 is studied.
When the vehicle is running, the speed, which represents its state of motion, is
certain; The throttle opening and the speed of the vehicle together characterize the
driver’s intent, it directly relates to the demand power; The SOC is the estimator of
the battery pack’s state of charge. When the vehicle’s operation state is given, the
above three parameters are determined at a certain value. At this time, the vari-
ables that can be used to control and regulate the engine state only remains the
engine speed and the charge/discharge power of the battery pack.

Suppose the current vehicle state is as follows: vehicle speed v = 60 km/h, the
power demanded Po ¼ 500 KW, and the SOC is 0.6. Let the battery pack charge/
discharge power changes from -100 to 100 KW, the engine speed changes from
1,200 to 2,200 r/min, the calculated overall efficiency of the system is shown in
Fig. 7.

From the above figure, it is clear that the charge/discharge power of the battery
pack has certain effect on the overall system efficiency. As the discharge power
increases, the system’s overall efficiency tends to increase. The mainly reason is
that when demand power is fixed, the more electric power absorbs, the smaller the
required engine power will be, thus the engine can operate at a relatively lower
speed range. It can be seen from the engine fuel conversion efficiency map
(Fig. 8b) that the engine fuel conversion efficiency is higher at a lower speed.
Figure 8a depicts the comparison of engine power loss, the electric power loss
(battery power loss and the MG power loss included), and the mechanical power
losses in the coupling system. Obviously, the proportion of engine power loss is
the largest, the electric power loss followed, and the mechanical power loss is the
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tiniest. Hence, the control strategies widely studied are mostly based on the
controlling of the engine operation point to its optimal operation line. Meanwhile,
the above calculation results assume the SOC is 0.6, at this point, the internal
charge/discharge resistance of the battery pack is relatively small, therefore, the
power loss is not big. As a result, the electric power loss has little effect on the
system efficiency. As the SOC changes, the effect of battery pack power loss on the
system efficiency will gradually increase.

It can be concluded from the calculation results of Fig. 7 that, when
Pbat ¼ 100 KW, ne ¼ 1; 500 r=Min; the overall efficiency of the system is the
highest gsys ¼ 0:391. However, when Pele ¼ �80 KW, ne ¼ 2; 100 r=Min, the
overall efficiency reaches the lowest level gsys ¼ 0:304, with a difference of 28 %.
Thus, the optimal control strategy based on efficiency study can greatly improve
vehicle fuel economy.

4 Conclusions

Unlike the traditional mechanical transmission system, the efficiency of the dual-
mode Electrical-Mechanical compound transmission system is more complex,
since it is a typical multi-input and multi-output system. Above all, the definition
of the coupling mechanism efficiency is put forward from the perspective of power
loss between the input and the output, considering energy conversion power loss of
MG, the gear spin loss, clutch and brake loss, sealing loss and the bearing loss. It is
concluded that the MG power loss plays a big role in the power losses of the
coupling system, following with the gear spin loss. However, the bearing loss and
the sealing loss are so tiny that they can be ignored. Then the system efficiency is
further explored by taking the energy conversion loss of the engine and battery
pack into account. Besides, the main factors influencing the overall efficiency of
the system are studied. The results show that fuel conversion efficiency of the
engine plays a big role, whereas the coupling efficiency only affects the overall
efficiency when the gear ratio is too large or too small. On this basis, the control
strategy based on the optimal efficiency of the system is put forward. The simu-
lation results show that it greatly improves the vehicle fuel economy.
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Power Transmission Properties of Dry
Hybrid V-Belt with Protuberant Tension
Member on Contact Surfaces of Blocks:
It’s Effect with Respect to Speed Ratio

Hirotoshi Kawakami, Kazuya Okubo, Toru Fujii,
Hiroyuki Sakanaka and Ryuichi Kido

Abstract The purpose of this study is to investigate the effect of protuberance on
the power transmission properties of the Continuously Variable Transmissions
(CVT) with dry hybrid V-belt under several conditions of speed ratio. The power
transmission properties were examined in three conditions of speed ratio (i = 0.5,
1.0 and 2.0) by using three type belts in which the height of the protuberance was
0, 0.06 and 0.09 mm, respectively. Both pulley thrusts on driving and driven
pulley and contraction force were measured by using load cells. Rotating speeds of
the both pulley shafts and the torque to the both pulleys were measured by speed
pickups and torque meters, respectively. To evaluate of the power transmitting
properties of the CVT, thrust ratio, conversion ratio, transmitting efficiency and
slip ratio were investigated. It was found that the highest maximum thrust ratio,
conversion ratio, transmitting efficiency and allowable driving input torque were
obtained when protuberant tension member was used with 0.09 mm of height,
respectively. In any condition of speed ratio, applying the protuberance on the side
sliding surfaces was effective to improve the power transmission properties.
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1 Introduction

Public attentions are widely focused on Continuously Variable Transmissions
(CVT) to improve the fuel consumption of automobiles [1–3]. For many auto-
mobiles, metal type V-belt are generally used in recent years, however, it has a
problem of remarkable energy loss at oil pump [4, 5]. To improve the efficiency of
driving train having metal type V-belt, power loss of the oil pump should be
reduced, because high oil pressure is kept to maintain the contraction force on the
pulleys. In contrast, dry hybrid V-belt type CVT has been expected again to reduce
the energy consumption, because oil pump is not necessary to apply contraction
force in the system. Past study showed that some transmitting properties of dry
hybrid V-belt were improved by applying the protuberances on the side sliding
surfaces [6]. In that study, however, the effect was shown only under a condition of
low speed ratio, while they should be discussed under any conditions of speed
ratio.

The purpose of this study is to investigate the effect of protuberance on the
power transmission properties of the dry hybrid V-belt under several conditions of
speed ratio. The power transmission properties were examined in three conditions
of speed ratio (i = 0.5, 1.0 and 2.0) by using three type belts that the height of the
protuberance was 0, 0.06 and 0.09 mm, respectively. Both pulley thrusts on
driving and driven pulley and contraction force were measured by using load cells.
Rotating speeds of the both pulley shafts and load torque to the both pulleys were
measured by speed pickups and torque meters, respectively. To evaluate of the
power transmitting properties of the CVT, thrust ratio, conversion ratio, power
efficiency and slip ratio were investigated.

2 Experimental Procedure

2.1 Structure of Dry Hybrid V-Belt

Figure 1 shows assembled dry hybrid V-belt assembly used in this study. Dry
hybrid V-belt consisted of 204 lateral H-shaped blocks individually connected by a
pair of tension members. In order to obtain a high transmitting performance and
durability, blocks consist of a core made of aluminum alloy covered with heat
resistance resin. The tension members had aramid fibers and rubber to satisfy high
tensile strength, stiffness and flexibility. The tension members were inserted into
the grooves between upper and lower block remaining the protuberances from the
side sliding surfaces. To compare the test results, the height of the protuberance
was 0, 0.06 and 0.09 mm, respectively.
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2.2 Test System

Figure 2 shows the schematic view of testing system of dry type CVT. The power
was supplied by an AC motor and transmitted from the driving pulley to the driven
pulley through the dry hybrid V-belt. To apply the transmitting torque, the electric
powder brake was connected to driven pulley. The rotational speed of the driving
pulley was controlled by using an electric inverter. The groove width of driving
pulley was constrained by a conventional DC motor. The driven pulley was
subjected to a constant thrust by an oil-pressured actuator. Both pulley thrusts on
driving and driven pulley (QDR, QDN), and contraction force (Fs) were measured
by using load cells. Rotating speeds of the both pulley shafts (Nin, Nout) and the
torque to the both pulley (Trin, Trout) were measured by speed pickups and torque
meters, respectively.

3 Experimental Method

The conditions in this study are presented in Table 1. The rotational speed of
driving pulley NDR and the driven pulley thrust QDN were set to 1,000 rpm and
2 kN, respectively. The applied torque to the driving pulley Trin was gradually
increased up to the sliding slip state of the belt keeping 0.5, 1.0, and 2.0 of speed
ratio.

4 Experimental Results and Discussion

4.1 Effect of Protuberance on Pulley Thrust

Figure 3 shows variations of thrust ratio K = QDR/QDN with respect to the torque
ratio at 1.0 of speed ratio. Torque ratio r is calculated by following equation.

Fig. 1 Assembly of dry
hybrid CVT belt
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r ¼ Tin

Tc
ð1Þ

The thrust ratio was increased as torque ratio increased and the highest thrust ratio
was obtained when h = 0.09 mm. Figure 4 shows variations of maximum thrust
ratio K = QDR/QDN with respect to the speed ratio.

Maximum thrust ratio was decreased as speed ratio increased and the highest
maximum thrust ratio was also obtained when the height of protuberance of ten-
sion member was 0.09 mm.

4.2 Effect of Protuberance on Conversion Ratio

Figure 5 shows variations of the conversion ratio Fs/QDN with respect to the torque
ratio at 1.0 of speed ratio.

The conversion ratio was almost increased as torque ratio increased. Figure 6
shows variations of the maximum conversion ratio (Fs/QDN) max with respect to
the speed ratio. The maximum conversion ratio increased with the decreasing of
speed ratio. The highest maximum conversion ratio was obtained when protu-
berant tension member was used with 0.09 mm of height.

Table 1 Experimental method

Speed ratio i[-] 0.5 1.0 2.0

Input revolution speed Nin (rpm) 1,000
Applied torque Trin (NM) 0–100
Pulley thrust on driven pulley QDN (N) 2,000

Fig. 2 Test system
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Fig. 3 Variation of thrust
ratio with respect to torque

Fig. 4 Variation of thrust
ratio with respect to speed
ratio (torque ratio r = 1.0)

Fig. 5 Variation of
conversion ratio with respect
to torque ratio (i = 1.0)
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4.3 Effect of Protuberance on Transmitting Efficiency

Figure 7 shows variations of transmitting efficiency g with respect to the torque
ratio at 1.0 of speed ratio. Transmitting efficiency g is calculated by following
equation.

g ¼ TroutNout

TrinNin
� 100 ð2Þ

The maximum transmitting efficiency was obtained in case of 1.0 of torque ratio.
The highest transmitting efficiency was obtained when protuberant tension
member was used with 0.09 mm of height. Figure 8 shows the variations of
maximum transmitting efficiency with respect to the speed ratio. The highest
maximum transmitting efficiency was obtained when protuberant tension member
was used with 0.09 mm of height. The highest maximum transmitting efficiency
was also obtained when 1.0 of speed ratio.

Fig. 6 Variation of
conversion ratio with respect
to speed ratio

Fig. 7 Variation of
transmitting efficiency with
respect to torque ratio
(i = 1.0)
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4.4 Effect of Protuberance on Allowable Transmitting Torque

Figure 9 shows variations of slip ratio with respect to the driving input torque at
1.0 of speed ratio. Slip ratio s is calculated by the following equation.

s ¼ 1� Nin

Nin0
ð3Þ

The slip ratio was increased as driving input torque increased, respectively. As
shown Fig. 9, the point (a), (b) and (c) at which the slip ratio changed dra-
matically are defined as allowable driving input torque. The highest allowable
driving input torque was obtained when protuberant tension member was used
with 0.09 mm of height. Figure 10 shows variations of allowable driving input
torque with respect to the speed ratio. Allowable driving input torque was

Fig. 8 Variation of
transmitting efficiency with
respect to speed ratio

Fig. 9 Variation of slip ratio
with respect to driving input
torque (i = 1.0)
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decreased as speed ratio increased and the highest allowable driving input torque
was obtained when protuberant tension member was used with 0.09 mm of
height, respectively.

4.5 Difference of Contact Pressure Distribution Due to Applying
Protuberance

The change of distribution of contacting pressure between belt and pulley was
evaluated by conventional pressure measurement film (Fujifilm Prescale Ultra
Super Low Pressure, FUJI PHOTO FILM CO., LTD.) at 1.0 of speed ratio. In the
test, intensive dark color was observed, if the area had been locally subjected to
high contacting pressure over 0.2 MPa.

Figure 11 shows the observed images of pressure distributions obtained by the
pressure measurement films on (a) original (h = 0 mm) and (b) modified belt
(h = 0.09 mm). Comparatively low contact pressure under driving state was
suggested around the upper arm of the belt by the result of observed light mark
when power was transmitted by modified belt. In opposite, the result of remarkably
intensive dark sigh suggested that locally high contact pressure was applied to the
upper arm of original belt. This result suggests that contact force of the tension
member was relatively increased when protuberant tension member was used with
0.09 mm of height. It was explained that transmitting properties should be
improved by the increase of the load of the tension member where high coefficient
of friction was shown under driving state.

It is found that applying the protuberance on the side sliding surfaces of the dry
hybrid V-belt type CVT was effective to increase the power transmission prop-
erties in any condition of speed ratio.

Fig. 10 Variation of
maximum driving input
torque with respect to speed
ratio
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5 Conclusions

1. The highest maximum thrust ratio, conversion ratio, transmitting efficiency and
allowable driving input torque were obtained when protuberant tension member
was used with 0.09 mm of height, respectively.

2. Transmitting properties should be improved by the increase of the load of the
tension member where high coefficient of friction was shown under driving state.

3. In any condition of speed ratio, applying the protuberance on the side sliding
surfaces was effective to improve the power transmission properties.
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A Comparative Analysis of Optimization
Strategies for a Power-Split Powertrain
Hybrid Electric Vehicle

Jackeline Rios and Pierluigi Pisu

Abstract In this paper, two strategies based on the use of roadway traffic pre-
diction data to optimize the energy consumption of Hybrid Electric Vehicles are
compared. For both strategies, predictive traffic data is sent to the supervisory
controller in order to adjust the Equivalent Consumption Minimization Strategy
(ECMS). In the first approach, the predicted driving profile is divided into time
horizons of equal length and the optimal control input is calculated for each of
them. In the second approach, the control input is periodically recalculated, thus,
adapting to changes in the predicted driving profile. While both strategies reduced
energy consumption, the second approach showed its superiority with a maximum
improvement of 6.85 %.

1 Introduction

According to the Research and Innovative Technology Administration RITA [1]
the energy consumption in the transportation sector accounted for 28.6 % of the
total energy consumption in the U.S. in 2009. The U.S. Energy Information
Administration [2] estimates that fuel consumption worldwide related to the
transportation sector will increase to 60 million barrels of oil per day by 2035,
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which corresponds to around 61 % of the world’s total oil supply. Thus, improving
the vehicles’ fuel efficiency is a key factor to reduce the pressure on the envi-
ronment, satisfy governmental regulations and reduce dependence on foreign oil.

Hybrid electric vehicles (HEV) are viable alternatives to gasoline powered
vehicles. HEVs powertrain architecture contains an internal combustion engine,
electric motors, and two or more energy storage systems (ESS). This vehicle
architecture requires an Energy Management Strategy which controls the energy
distribution among the devices in the powertrain in such a way that the power
requested by the driver, the performance and the safety conditions are satisfied.

The presence of more devices in hybrid powertrain systems i.e. the ESS, and
electric motors, allows for more degrees of freedom. This implies that the power
required to move the vehicle can be split into one or both of the on-board energy
sources which makes fuel consumption optimization more challenging. Moreover,
factors such as the availability of charging stations, electricity and gas prices, and
emissions are also important to solve an energy optimization problem. Hence, new
advanced energy management strategies that do not compromise the overall safety
and performance of the vehicle are required.

Dynamic programming (DP) is commonly used to solve the energy control
problem for HEVs. It is a numerical algorithm based on Bellman’s principle of
optimality that allows finding an optimal control sequence to minimize the
required objective function [3–5]. However, the main drawback of this method is
the high computational load which prevents its real time implementation. On the
other hand, the equivalent consumption minimization strategy (ECMS) allows
finding a sub optimal solution, by converting the global optimization problem into
a local one [6], showing potential for real time implementation [7]. The ECMS
algorithm requires a tuning process in order to estimate the value of the average
powertrain efficiency in the future [6]. Furthermore, the use of additional infor-
mation about future driving conditions, i.e. predictive traffic data, can also be used
in the solution of the energy control problem, thus increasing the benefits in energy
efficiency [8–10].

In this paper, two different objective functions are proposed to solve the energy
control problem by using model predictive control techniques. In the first
approach, the driving profile is divided into sections or time horizons of equal
length and the optimal control input is calculated for each of them. In the second
approach, the algorithm is tuned for the complete driving profile at first. Then, the
optimal control input is recalculated and updated periodically using the remaining
part of the predicted driving profile. Simulations were carried out to evaluate and
compare the performance of the two approaches under different values for the time
horizon and updating time. The results demonstrate that the proposed strategies
can be feasible solutions to the energy control problem of HEVs. This paper is
organized as follows: the modeling of the power-split HEV is presented in Sect. 2
and Sect. 3 deal with the energy management problem. The proposed approaches
are explained in Sect. 4 and the results are presented and discussed in Sect. 5.
Finally, some conclusions are given in Sect. 6.
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2 Vehicle Modeling

The simulator used in this study was based on the forward-looking model of a
HEV with power-split configuration as illustrated in Fig. 1. The parameters used
as a reference to implement the model in MATLAB/Simulink are summarized in
Table 1 and correspond to the parameters of the Toyota Prius Second Generation.

The performance of the two electric machines (MG1, MG2) is simulated
through static efficiency maps while for the engine, a first order dynamics is
considered. Both electric machines can work as a motor or as generator; however,
MG2 acts primarily as an electric motor and MG1 mainly as an electric generator.

Into the model, the information flows forward from the driver to the wheels.
The driver block outputs the throttle and brake commands according to the dif-
ference between the desired speed defined by the driving cycle and the simulated
current speed.

The vehicle dynamics is derived from the Newton’s Second Law of motion, as
defined in (1).

mv
dv

dt
¼ Ftraction � Fa � Fg � Fr ð1Þ

where Fa ¼ pairCdAf v2

2 ; Fg ¼ mvg sinðaÞ; Fr ¼ mvgCr cosðaÞ; v is the longitudi-
nal speed, mv is the mass of the vehicle, Ftraction is the traction force of the vehicle
[N], Cd is the drag coefficient, Cr is the rolling resistance coefficient Af is the
vehicle frontal area Pair is the density of air [kg/m3], a is, the road grade g is the
acceleration due to gravity [m/s2] Table 1.

The power request Preq, in (2), is a function of the throttle a and the brake b
commands as defined in (2).

PreqðtÞ ¼ aðtÞðPfc;Max þ Pel;MaxÞ � bðtÞðPbrake;MaxÞ ð2Þ

Fig. 1 Block diagram of a power-split powertrain
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where Pbrake;Max is the maximum braking power Pfc;Maxis the maximum power
of the fuel converter i.e. internal combustion engine for this study, and Pel;Max is
the maximum power of the electric machines PMG2 � PMG1 in [W].

The Internal Combustion Engine (ICE), MG1 and MG2 are coupled together
through the planetary gear set (PGS) which splits the power among them. The PGS
comprises one set of planet gears mounted on an arm known as the carrier. The
carrier containing the planet gears rotate around a central gear known as the sun.
The planet gears also meshes with an outer gear known as the ring. In the
implemented model, the generator (MG1) is connected to the sun, the electric
motor (MG2) is connected to the ring and the ICE is connected to the carrier.

Thus, by the interaction among the components of the PGS, the speed of the
generator xMG1 is a function of the motor speed xMG2 and the engine speed xice as
shown in (3).

xMG1 ¼
ðRþ SÞ

S
xice �

R

S
xMG2 ¼ 3:6xice � 2:6xMG2 ð3Þ

Where R is the number of teeth of the ring gear and S is the number of teeth of
the sun gear.

Table 1 Main parameters of
the vehicle

Vehicle parameter Symbol Value

Vehicle mass [kg] m 1,330
Aerodynamic drag coefficient Cd 0.26

Vehicle frontal area ½m2� Af 2.16
Rolling resistance coefficient Cr 0.007
Tire radius [m] 0.3175
Engine
Rated Power @ 5,000 rpm ½kW� Pice 57
Torque @ 4,200 rpm ½N:m� Tice 111
Generator
Continuous power output ½kW� PGE;out 15
Max torque output ½N:m� TGE;Max 153.5
Max speed ½rpm� xGE;Max 10,000
Electric motor
Continuous power output ½kW� PEM;out 25
Max torque output ½N:m� TEM;Max 400
Max speed ½rpm� xEM;Max 6,700
Battery
Rated voltage ½V� V 201.6
Capacity ½A:h� Qbatt 6.5
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The torque relation among the components, determined for the PGS, is defined
by (4) and (5)

Tice ¼ Jice _xice þ 3:6TMG1 ð4Þ

TMG2 ¼ Tf � 2:6TMG1
ð5Þ

In which Jice is the ICE inertia, T corresponds to torque and the subscript f
represents the final drive.

The speed of the engine is calculated from the dynamic Eq. (6).

Jice _xice ¼ �aice:xice þ Tice þ TMG2 � TMG1ð Þ � Tf ð6Þ

3 Energy Management Problem

The primary function of the energy management is to determine the optimal power
distribution between the fuel converter and the electric storage system at any time
[11, 12]. For this work, the fuel converter refers to the internal combustion engine
(ICE) and the electric storage system (ESS) to the battery. Thus, the cost function
for this energy control problem can be defined as:

Min
PICE tð ÞPMG1 tð Þ;PMG2 tð Þf g

Z Tf

0
_mf ðsÞds ð7Þ

Subject to the constraints:

Preq tð Þ ¼ PICE tð Þ þ PMG2 tð Þ � PMG2 tð Þrt

0\SOCmin� SOC� SOCmax\1

0�PICE tð Þ�PICE;max tð Þ

0�xICE tð Þ�xICE;max tð Þ

0� TICE tð Þ� TICE;max tð Þ

PMG imin tð Þ�PMG;i tð Þ�PMG imax tð Þ i ¼ 1; 2

xMG imin tð Þ�xMG;i tð Þ�xMG imax tð Þ i ¼ 1; 2

TMG imin tð Þ� TMG;i tð Þ� TMG imax tð Þ i ¼ 1; 2

where Tf is the duration of the trip, _mf is the fuel flow rate p is power T is torque x
is speed, MGi refers to the i electric motor/generator ICE refers to the engine, Preq

is the power request and SOC is the state of charge of the battery.
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DP is a method commonly used to solve the global optimization problem.
However, it requires the continuous problem to be discretized, thus requiring a
very fine grid so that the approximation error can be negligible. Also, it requires
exact a priori knowledge of the driving profile which constitutes a major drawback
of this approach making impossible its real time implementation. Thus, the results
obtained with DP are commonly utilized as a benchmark to evaluate the benefits of
alternative real-time implementable strategies.

To overcome the problem of high computational load, the global optimization
can be replaced by a local optimization in which the problem becomes a mini-
mization of the equivalent fuel flow rate a _mf ;eq teach instant of time, under the
same constraints as in the global approach.

Min
PICE tð Þ;PMG1 tð Þ;PMG2 tð Þf g

_mf ;eq ðtÞ8t ð8Þ

And:

_mf ;eq tð Þ ¼ _mf ;ICE tð Þ þ _mf ;eq;batt tð Þ

where _mf ;ICEis the fuel flow rate consumed by the ICE and _mf ;eq;batt represent an
equivalent fuel flow rate related to the use of the battery power.

This local optimization is known as the equivalent consumption minimization
strategy (ECMS) and constitutes the base of the energy management strategy used
in this work.

For the case of the power-split HEV, the equivalent fuel consumption is defined
as

_mf ;eq;battðtÞ ¼
s

QLHV

PMG2 � PMG1

gPEgb;dis

 !
c1 þ ðPMG2 � PMG1Þgb;chgð1� c1Þc2

"

þð1þ sigðc3ÞÞ
2

c3 þ
ð1� sigðc3ÞÞ

2
c3c4

� ð9Þ

Where

c1 ¼
1þ signðPMG2Þ

2

c2 ¼
1� signðPMG2PMG1Þ

2

c3 ¼
PMG2

gPEgb;dis
� gPEgb;chgPMG1

c4 ¼
1þ signðPMG2PMG1Þ

2
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With QLHV the fuel low heating value, S an equivalence factor, gPE is the power
electronics efficiency, and gb;chg; gb;dis are the battery efficiencies for charging/
discharging condition.

In addition, the implemented energy control strategy includes an engine on–off
routine to obtain further reduction in fuel uses. Thus, when the engine speed is
equal to idle and the power request is less than the maximum power of MG2 for
more than a predefined time, the engine is turned off. If the former two conditions
are satisfied but not the condition of time, the supervisory controller splits the
power between the engine and the MG2 according to the minimization of the
equivalent fuel cost function. Once the engine is off and if the power request is less
than the maximum MG2 power, the controller compares the cost of starting the
engine and the cost of using the MG2 alone to decide an optimal power distri-
bution strategy.

4 ECMS Tuning

In Eq. (9) the equivalence factor S is an optimization parameter to be tuned and is
related to the average powertrain efficiency in the future. The optimal value of
S will be different for diverse driving profiles. That is, an S value that assures a
close to optimal use of the battery energy for a particular driving cycle, can lead to
poor use of the battery in others. This can be explained by the fact that the energy
available for regeneration is a critical parameter that determines the amount of fuel
required to recharge the battery and guarantee a sustaining operation.

When addressing the issue of tuning the S coefficient, the energy control
problem should be formulated as a global optimization problem and the cost
function is defined as in (10).

Min
sf g

Ztf

0

Min
PICEðtÞ;PMG1ðtÞ;PMG2ðtÞf g

_mf ;eqðsÞds 8s ð10Þ

In this work, two approaches are proposed to adjust the parameter S in the
ECMS. The first approach avoids the requirement of complete knowledge of the
future conditions while the second approach allows adaptation to changes in the
initially predicted velocity profile.

Approach 1
This approach is intended to get the maximum benefit by utilizing real-time

roadway traffic data. The optimization is done for time horizons of equal lengths.
Thus, the driving cycle is divided in sections according to the desired length. The
optimization is done for each section to find the optimal control input S(k),
avoiding the requirement of knowledge about the entire driving profile. The cost
function for the optimal control problem at each time horizon becomes
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Min
sðkÞf g

Zt0þTþkT

t0þkT

Min
PICEðtÞ;PMG1ðtÞ;PMG2ðtÞf g

_mf ;eqðsÞds 8s; k ¼ 0; 1; ::;N � 1 ð11Þ

Where t0 is the time at the beginning of the current optimization horizon, T is
the optimization horizon length, k is the optimization horizon number and N is the
total number of optimization horizon windows.

Approach 2
In this approach the complete driving profile is used at first, but the optimal

control input is recalculated and updated every T seconds for the remaining part of
the predicted driving profile. Thus, allowing adaptation to changes in the driving
profile along the route.

The optimization problem is stated as

Min
sðkÞf g

Ztf

t0þkT

Min
PICEðtÞ;PMG1ðtÞ;PMG2ðtÞf g

_mf ;eqðsÞds 8s; k ¼ 0; 1; ::;N � 1 ð12Þ

With tf the final time for the driving profile.

5 Results and Discussion

For comparison purposes, each approach was tested under the Urban Dynamom-
eter Driving Schedule (UDDS) and the Federal Highway Driving Schedule
(FHDS) each one repeated for 3,600s and assuming a 100 % accurate speed profile
prediction. Initially, a single optimal value for the S coefficient that minimizes the
fuel consumption for each driving cycle was found. The results are summarized in
Table 2.

A. Approach 1
According to the results in Table 3, initially the fuel economy improves for

bigger time windows. This suggests that bigger time windows would yield better
results. However, for time horizons 600, 900 and 1,200s the MPG value was
smaller than the value obtained for 300s. For time windows less than 300s, there is
not enough opportunity to take full advantage of the battery energy. While for time
windows greater than 300s, there is a large variation in the driving profile, thus, a
constant value of S is not enough to optimize the fuel economy. Consequently,
300s corresponds to the optimal value for the time horizon length. That means that

Table 2 Fuel economy for
single S value

Driving cycle S_opt MPG

UDDS 4.4 55.45
FHDS 3.3 67.94
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it is required to have a prediction of the speed profile for the upcoming 300s at
each instant of time.

It is also important to highlight that the improvement percentage is bigger for
the UDDS cycle, which is consistent with the fact that there is more variation in
the driving conditions for this driving cycle than for the FHDS cycle.

B. Approach 2
According to the results summarized in Table 4, this approach yields better fuel

economy than approach 1, due to the use of the remaining part of the driving cycle
and the continuous updating of the coefficient S.

It is also important to point out the lower MPG values obtained for bigger
updating time for the S coefficient which suggest in this approach a small window
size is better to get maximum benefits.

6 Conclusions

It has been demonstrated that model predictive control techniques are useful to
reduce energy consumption in HEVs using the ECMS algorithm as the base of its
energy control strategy, while keeping its potential for real time implementation.

Table 3 Fuel economy using
approach 1 to tune the S
coefficient

Driving cycle Time horizon [s] MPG Improvement (%)

UDDS 60 53.52 -4.89
120 56.34 0.11
300 58.68 4.28
600 56.67 0.70
900 56.76 0.86
1200 56.37 0.17

FHDS 60 66.78 -1.69
120 67.99 0.076
300 68.71 1.13
600 68.43 0.72
900 68.04 0.14
1200 67.86 -0.11

Table 4 Fuel economy using
approach 2 to tune the S
coefficient

Driving cycle Updating time window[s] MPG Improvement (%)

UDDS 60 60.41 6.85
120 60.35 6.76
300 59.20 4.95

FHDS 60 69.58 2.35
120 69.32 1.98
300 69.05 1.60
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In the first approach, roadway traffic prediction data is sent to the supervisory
controller to tune the ECMS algorithm for a particular horizon time length. The
results showed that 300s is the optimal time horizon size, resulting in fuel econ-
omy improvements of 1.13–4.28 % when compared to the case of a constant
S value for the complete predicted driving cycle. In the second approach, the
control input is periodically recalculated, allowing adaptation to changes in the
predicted driving profile along the entire trip. The simulations revealed that 60s
becomes an optimal updating time for this case, with fuel economy improvements
of 2.35–6.85 %.

According to the results it has been demonstrated that the proposed control
strategies represent practical solutions to the energy control problem of Hybrid
Electric Vehicles.
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Development of a Compact-Class Range
Extended Electric Vehicle Demonstrator

Michael Bassett, Jonathan Hall, John Powell, Simon Reader,
Marco Warth and Bernd Mahr

Abstract MAHLE has developed a dedicated Range Extender engine which has
been focussed on meeting the requirements for a compact-class range-extended
electric vehicle. In order to enable further development and refinement of the
Range Extender system (e.g. NVH attributes of the engine), the module has now
been installed into a demonstration vehicle. A current production gasoline fuelled
compact-class car was used as a donor vehicle and converted into a range-extended
electric vehicle (REEV). The all-electric driveline specification has been devel-
oped to meet the performance criteria set for the demonstrator, matching the
acceleration and maximum speed capabilities of the conventional donor vehicle.
Also, a target electric only range has enabled the battery pack capacity to be
specified. The resulting vehicle is intended to reflect likely, near to market, steps to
further the wider adoption of electric vehicles in the compact-class passenger car
segment. This study gives details of the REEV vehicle developed and the Range
Extender system integration. Additionally, the proposed operating strategy for the
engine is described and simulation results show the fuel efficiency anticipated over
the current legislative drive-cycle.
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1 Introduction

The transport sector alone is responsible for 23 % of energy-related CO2 emissions
[1]. Contrary to the trends in most other sectors, total greenhouse gas emissions of
the transport sector are still increasing and are predicted to grow further in the
coming years [2]. This is driven by the rapidly expanding global vehicle fleet
which is anticipated to increase by over 63 % during the next 20 years [3]. Thus,
present automobile development efforts are keenly focused on measures to reduce
the CO2 output of vehicles.

Because electric vehicles (EVs) do not generate pollutants during usage, and
they can potentially rely on energy provided by a selection of renewable sources,
they are the focus of much current interest. However, due to the present capa-
bilities of battery technology, the overall range of such a vehicle is limited. Fur-
thermore, once the battery is depleted relatively long recharging times are
currently required before the vehicle is available for use again. Battery cost, range
capability, and also possibly ‘range anxiety of the driver’, are still viewed as
barriers to the widespread adoption of pure EVs [4, 5].

Range extended electric vehicles (REEVs) overcome many of the short-com-
ings of EVs by having a ‘Range Extender’ (REx) unit, which consists of an
onboard fuel converter that converts a liquid fuel, such as gasoline, into electrical
energy whilst the vehicle is driving. This enables the traction battery storage
capacity to be reduced, though still maintaining an acceptable vehicle driving
range.

2 MAHLE Range Extender

MAHLE has developed a dedicated REx engine, shown in Fig. 1, to identify the
requirements and challenges faced in the development of the components for such
engines. The REx engine design has been focussed on meeting the requirements
for a compact-class REEV. During the concept phase of the project key attributes
for the engine were identified and a full evaluation of the different possible layouts
for the REx engine was undertaken to assess the most suitable for the intended
application. The specifications of the resulting Range Extender Unit are summa-
rised in Table 1.

The fuel consumption of the REx unit has been measured, and the total system
efficiency map is shown in Fig. 2. A maximum total system efficiency (combined
efficiencies of the engine, generator and inverter) of 31 % has been achieved.

The REx unit has been designed to be as light, efficient and cost effective as
possible. Normally for in-line 2-cylinder engines, one or two balancer shafts would
be used to compensate for the residual primary forces. Instead, a 180–540 �CA
firing interval was specifically chosen for this range extender application as this
solution has no primary out of balance forces. This firing order gives no firing
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Fig. 1 MAHLE’s range extender engine

Table 1 MAHLE REx engine key technical specification summary

Technical specifications

Layout In-line 2-cylinder, 4-stroke, gasoline
Engine displacement 0.9 L
Bore/Stroke 83.0 / 83.0 mm
Compression ratio 10:1
Valvetrain SOHC, 2 valve head, roller rocker arms
Fuel injection Port fuel injection
Engine control MAHLE flexible ECU
Generator 38 kW water-cooled permanent magnet axial flux generator
Maximum power 30 kW at 4,000 min-1

Peak torque 72 Nm between 2,000 and 4,000 min-1

Emissions target Euro 6
Dimensions 327 9 416 9 481 mm
Installation angle Vertical or horizontal
Engine dry weight 50 kg (70 kg with generator)

Fig. 2 MAHLE range
extender unit total system
efficiency map
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events in the 1st revolution of the engine cycle and two firing events in the 2nd
revolution of the cycle. Figure 3a shows the in-cylinder pressure traces for both
cylinders, plotted relative to the TDC angle of cylinder 1. It can be seen that the
firing events occur only 180 �CA apart. The resulting total engine cyclic torque is
shown in Fig. 3b.

Comparison of Fig. 3a with Fig. 3b, which shows resulting combined effect of
the cyclic torque contributions of the two cylinders, reveals the relationship
between cylinder pressure and crank torque, where it can be seen that the cyclic
torque profile is dominated by the torque peaks occurring during the expansions
strokes of the two cylinders. Considering the cyclic torque contribution for cyl-
inder 1, at the start of the cycle (-360 �CA in Fig. 3a) the 1st 180 �CA of the
cycle correspond to the induction event and the torque of the cylinder is roughly
zero (friction is neglected in these plots). The next 180 �CA (- 180–0 �CA) is the
compression stroke, and it can be seen that the torque contribution of this portion
of the cycle is negative, with a peak negative torque of 200 Nm. The expansion
stroke takes place between 0 �CA and 180 �CA, this is where all the positive crank
work is generated during the cycle, and it can be seen that over 600 Nm of positive
crank torque is generated during this stroke. The exhaust stroke takes place from
180� to 360 �CA, and it can be seen that this stroke has a small negative contri-
bution on the engine torque profile shown in Fig. 3b.

The very low rotational inertia and uneven torque distribution over the engine
cycle gives rise to large speed fluctuations during the cycle. Figure 4a shows
measured cyclic speed fluctuations when operating at a cycle average speed of
2,000 min-1 and 80 % load. It can be seen that the engine slows during the 1st
360 �CA of the cycle where no firing torque occurs and then speeds up over the
next revolution in two jumps, corresponding with the two firing pulses. When a
constant torque load is applied to the engine via the generator the engine speed can
be seen to have a peak to peak speed variation of up to 740 min-1.

Fig. 3 a Cylinder pressure traces. b Total engine cyclic crank-shaft torque profile (2,000 min-1,
80 % load)
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A dynamic control strategy for the generator has been devised, where it is
switched off during the 1st revolution of the engine cycle and then activated at
twice the mean cyclic torque during the 2nd revolution, as depicted in Fig. 4b.
Figure 4a shows the effect of this dynamic torque control strategy on the engine
speed, where it can be seen that the cyclic speed variation is almost half of that
observed using constant torque generator control. Further testing has demonstrated
that the dynamic torque control of the generator yields similar benefits across the
entire operating range of the engine.

3 REEV Demonstrator Vehicle

In order to enable further development and refinement of the NVH attributes of the
REx unit it has been installed into a demonstrator vehicle. A current production,
compact class, vehicle has been fitted with an electric drive-line and the MAHLE
range extender engine and the resulting vehicle is intended to reflect likely near to
market steps for REEVs. It is believed that the market for REEV, of purely series-
hybrid configuration, is for vehicles of compact class and smaller. This is primarily
due to the lack of a direct coupling between the range extender engine and the
wheels, which could enable higher high-speed cruising efficiencies in charge-
sustaining mode, but adds considerably to the driveline complexity. MAHLE also
wanted to demonstrate the compact nature of its 30 kW engine by installing it in a
sub-compact class vehicle. The vehicle selected for the basis of the conversion was
an Audi A1 1.2 TFSI. The REEV specification has been developed with the target
of meeting the performance of the conventional baseline vehicle (Table 2).

The compactness of the traction motor and transmission used in the demon-
strator vehicle has enabled the MAHLE REx unit to be installed alongside them
within the original engine bay of the baseline vehicle, as shown in Fig. 5. By virtue

Fig. 4 a Cyclic speed fluctuation (2,000 min-1, 80 % load). b Dynamic torque control of
generator
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of its 2-cylinder configuration and fully integrated axial flux EVO Electric
generator, the MAHLE REx unit is appreciably shorter than the 1.2 L, turbo-
charged, 4-cylinder baseline engine it is replacing. Likewise, the EVO Electric
AF-130 traction motor [6] has a very narrow package envelope because of the
axial flux configuration used The inverters for the traction motor and the REx unit
generator have been packaged above the traction motor and transmission, in this
location they are close to the respective motor/generator units that they control, as
it is desirable to minimise the cable length between the inverter unit and motor to
help minimise the radio noise generated, given the high frequency current
switching between the inverter and motor.

All components are controlled by a master vehicle control unit (VCU), which
has been developed in-house by MAHLE Powertrain using the MAHLE Flexible
ECU (MFE) as a basis. This is the same base unit used to control the engine but
with a different control structure developed from a clean sheet to control the
electric vehicle and interface with the required vehicle sub-systems. The system
architecture for the demonstrator vehicle is shown schematically in Fig. 6. The
REx engine and generator are both controlled by the engine control unit (ECU),
whereas the remainder of the REEV systems are controlled by the master vehicle
control unit.

Table 2 REEV demonstrator performance targets

Parameter Units Base vehicle REEV

0–100 km/h acceleration time s 11.7 12.0
Maximum speed km/h 180 145
Grade ability % _ 20
Maximum speed on 6 % grade km/h _ 90
Pure EV range km _ [60

Fig. 5 REEV demonstrator layout
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4 Intake System Acoustic Optimisation

Engine noise is a critical area for range extender engines, as the sudden starting of
a combustion engine in an otherwise silent EV presents specific challenges with
regards to NVH. It is desirable to keep the engine as unobtrusive to the occupants
as possible. Comprehensive 1-D gas flow calculations, using a correlated GT-
Power model of the engine have been undertaken, to minimise the sound pressure
level emitted from the intake orifice without compromising the performance or
efficiency level of the engine already achieved.

The intake system of the range extender engine tunes from the volume upstream
of the throttle, rather than at the plenum at the end of the primary inlet runners, thus
utilising the secondary pipe length and improving packaging and avoiding the need
for excessively long primary runners [7]. This feature was retained, but the original
airbox was replaced with a resonator box to enable the increase in volume needed
from the airbox to attenuate the inlet pulsations, but retain the tuning needed. The
air-filter volume was moved further upstream and increased in size to have a volume
of approximately 4 L. The location and volume were optimised using GT-Power
within the available package space under the vehicle bonnet. Additionally, a quarter-
wave resonator pipe in the dirty air pipe, upstream of the air-filter volume entry also
yielded significant orifice noise reductions. The revised inlet system for the dem-
onstrator vehicle is shown, packaged within the demonstrator vehicle, in Fig. 5.

At 4,000 min-1, full load, the inlet orifice sound pressure level was reduced by
over 10 dB. This large reduction in orifice noise from the inlet system was
achieved without any significant reduction in engine performance or fuel effi-
ciency. The resulting calculated inlet orifice noise for the engine at full load across
the operating speed range, is shown in Fig. 7.

Fig. 6 Schematic of REEV demonstrator system architecture
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5 Range Extender Operating Strategy

The operating strategy of the range extender engine has been devised to maximise the
fuel economy of the vehicle, whilst maintaining an acceptable NVH characteristic.
Additionally, intra-cyclic speed fluctuations have been minimised to ease the burden
on the engine management system and enable repeatable control characteristics.

Previous studies indicated that low load and low speed operating points were
best for achieving catalyst light-off, whilst minimising the cumulative tail-pipe
emissions levels prior to light-off being achieved [7]. Testbed simulations of
NEDC test cycle operation indicated that the emissions levels of the engine could
be kept to around 30 % of the Euro 6 limits.

To minimise the declared vehicle CO2 emissions based on the European test
procedure it is desirable to achieve as high an electric operating range as possible
and to minimise the CO2 emissions measured in the minimum battery state of
charge test. This drives a strategy that does not start the range extender unit until
the battery has reached the minimum allowable State of Charge (SOC), to max-
imise the EV range, and also does not recharge the battery, but simply sustains it at
the minimum SOC. This is because any energy that is added to the battery during
the minimum state of charge test is not credited by the test procedure, but creates
additional CO2 emissions whilst being generated.

Therefore the proposed operating strategy for a REEV would be, for example,
to activate the REx unit once the battery SOC falls to 0.25 and to only slightly
above the instantaneous road load power requirement, of the order of 1 kW
(although this will have to be modulated slightly based on instantaneous battery
SOC). Figure 8 shows the road load power requirement of the demonstrator
vehicle, along with the proposed REx unit power output and resulting REx
operating speed. When battery SOC allows, it is planned to avoid range extender
operation at power demands below 5 kW (or 45 km/h), however, at low SOC
levels the REx unit will have to be activated and operated at 5 kW in order to
avoid further battery depletion due to continued low speed driving.

Fig. 7 Calculated inlet
orifice sound pressure level
with optimised intake system
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6 REEV Demonstrator Fuel Consumption

Following the testing of the REx unit, it is possible to use the system efficiency to
simulate the fuel consumption of the MAHLE compact-class REEV demonstrator.
A model of the baseline vehicle has also been created to enable a comparison of
the REEV with a conventional vehicle. The fuel consumption has been analysed
over the NEDC and the results presented have been weighted according to the
European ECE 101 test procedure [8].

Starting with a fully charged battery, the hypothetical REEV model was ana-
lysed over repeated NEDC tests until the REx engine started. The resulting electric
range was found to be over 70 km. Based on the European ECE 101 test proce-
dure, the weighting factor applicable to the CO2 value resulting from NEDC test
performed at the minimum state charge is 0.25.

The baseline vehicle model achieves a NEDC CO2 figure of 120 g/km. The
REEV model includes the measured fuel consumption for the MAHLE range
extender engine and weighted tail-pipe CO2 figure achieved for the REEV is less
than 40 g/km, which represents a reduction of 67 % compared to the baseline
vehicle.

7 Conclusions

MAHLE has created a range extended electric vehicle using its own purpose-
designed engine and in the process converted an Audi A1 into a full REEV. The
aim of this work was to assess and demonstrate the characteristics and capabilities
of the MAHLE range extender engine in a real vehicle application. The design and
realisation of the vehicle has been completed and simulation has provided an
indication of the final performance and efficiency ratings of the vehicle.

Fig. 8 Vehicle road power
requirement and proposed
REx unit operation
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Modeling of the Lithium Battery Cell
for Plug-In Hybrid Electric Vehicle Using
Electrochemical Impedance Spectroscopy

Hyun-sik Song, Tae-Hoon Kim, Jin-Beom Jeong, Dong-Hyun Shin,
Baek-Haeng Lee, Byoung-Hoon Kim and Hoon Heo

Abstract Online simulations are utilized to reduce time and cost in developing
and optimizing the performance of plug-in hybrid electric vehicle (PHEV) and
electric vehicles (EV) systems. One of the most important factors in an online
simulation is the accuracy of the model. In particular, a model of a battery should
accurately reflect the properties of the actual battery. However, precise dynamic
modelling of a high-capacity battery system, which significantly affects the per-
formance of a PHEV, is difficult because of its nonlinear electrochemical char-
acteristics. In this study, a dynamic model of a high-capacity battery cell for a
PHEV is developed by the extraction of the equivalent impedance parameters
using electrochemical impedance spectroscopy (EIS). Based on the extracted
parameters, a battery cell model is implemented using MATLAB/Simulink, and
charging/discharging profiles are executed for comparative verification.

Keywords Lithium battery � Plug-in hybrid electric vehicle � Electrochemical
impedance spectroscopy � Dynamic simulation � Battery equivalent circuit
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1 Introduction

On account of rising oil prices and the need to reduce the amount of greenhouse
gas according to the UN Framework Convention on Climate Change, there has
been active research on environmentally friendly, high-efficiency vehicles,
including hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles
(PHEVs), and electric vehicles (EVs). As the specifications required for the parts
used in these environmentally friendly vehicles are highly variable in the devel-
opment phase, model based simulation is performed to reduce the time and cost
required for developing and optimizing the system and its parts.

The performance of an environmentally friendly vehicle is significantly affected
by its high-capacity battery system. However, it is difficult to implement a sim-
ulation model of a battery system that accurately reflects the battery’s dynamic
characteristics during charging and discharging because of its nonlinear electro-
chemical properties. Accordingly, simulations are generally performed using a
simplified battery model or a hardware-in-the-loop simulation (HILS) associated
with the actual battery [1, 2]. Although research has been performed on this type of
battery modelling [3–5], most studies have dealt with low-capacity batteries in the
range of several ampere-hours, and there have been very few attempts to validate
these models with studies or experiments on high-capacity battery cells of dozens
of ampere-hours required for PHEVs or EVs.

This study examined various equivalent impedance models of 20 Ah lithium
battery cells for PHEVs and elicited parameters for each of their state-of-charge
(SOC) using electrochemical impedance spectroscopy (EIS) to enable implemen-
tation of high-capacity battery cell models with MATLAB/Simulink. Furthermore,
we selected charging/discharging profiles to compare dynamic characteristics
between the elicited models and actual battery cells. The simulation results were
also compared against actual experimental results according to the selected profiles
to calculate the error rate of each model.

2 Lithium Battery Characteristics and Electrochemical
Impedance Spectroscopy

A battery is an electrochemical device that converts chemical energy into electric
energy during discharging and does the opposite during charging. Therefore, the
electrochemical properties of a battery determine its dynamic and static characteris-
tics, and accurately analyzing and representing those properties enables the imple-
mentation of a model that closely represents the characteristics of the actual battery.

Major internal electrochemical reactions of a lithium battery include Ohmic
loss, charge transfer loss related to the properties of the interface between the
electrode and electrolyte, and diffusion loss [6]. Figure 1 shows a Nyquist plot of
the electrochemical reaction of a lithium battery.
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EIS refers to a technique which involves applying a small perturbation to each
frequency range of the impedance to be measured, analyzing the voltage in the
response to the applied small perturbation, and eliciting the parameters of the
impedance model. The impedance model that can be constructed with EIS varies
depending on how the elements that represent each electrochemical property are
configured [7].

In this study, we used a WEIS500 electrochemical workstation to acquire the
battery impedance spectrum and measured the impedance in the 10 mHz to 1 kHz
frequency range. In order to guarantee linearity in the experiment, perturbation
current was restricted to 5 % or less of the charge, and we ensured that there was
no variation in the amount of electric charge before and after the experiment.
Impedance was measured in 20 % intervals from 20 to 100 % of SOC at room
temperature (25 �C). Table 1 outlines the specifications of the PHEV high-
capacity lithium battery cell used in this study, and Fig. 2 shows the impedance
spectrum of the cell measured for each SOC.

We constructed four equivalent impedance models to model the corresponding
cell, as shown in Fig. 3, and elicited parameters for each model based on the
measured impedance spectrum. Figure 3a depicts an equivalent model (Model 1)
consisting of a simple resistor, defined as internal resistance Ri, which is the sum
of series resistance Rs and charge transfer resistance Rct. Figure 3b is a model that

Fig. 1 Nyquist plot of
electrochemical reaction

Table 1 Specifications of PHEV battery cell

Type Lithium polymer

Rated capacity 20 Ah
Rated voltage 3.70 V
Maximum voltage 4.20 V
Minimum voltage 2.50 V
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reflects the resistance region and the charge transfer region (Model 2). It is an
equivalent parallel RC circuit of the high-frequency charge transfer region and
series resistance Rs. Figure 3c is a model that reflects the resistance region and the
diffusion region (Model 3). It is an equivalent parallel RC circuit of the low-
frequency diffusion region and internal resistance Ri. Finally, Fig. 3d is a model
that incorporates all the regions (Model 4) consisting of series resistance Rs and
two parallel RC circuits.

Fig. 2 Impedance spectrums of a PHEV battery

Fig. 3 Estimation method of the equivalent impedance for each model
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3 Simulation and Validation Results

3.1 Simulation Using MATLAB/Simulink

For the simulation of the elicited lithium battery cell model, we created a dynamic
characteristics model based on equivalent impedance and implemented a battery
model using MATLAB/Simulink, as shown in Fig. 4. Applying the conventional
ampere-hour counting method and a compensation method that utilizes the open-
circuit voltage (OCV) to estimate the SOC, the implemented battery cell model
calculates the terminal voltage of the battery cell by reflecting the OCV according

Fig. 4 MATLAB/Simulink block diagram

Fig. 5 Current waveform of
the HPPC profile
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Fig. 6 Current waveform of
the CDCL profile

Fig. 7 Simulation results of
the HPPC pattern

Fig. 8 Simulation results of
the CDCL pattern
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to the estimated SOC and the voltage variation in the dynamic characteristics
model. The impedance parameters of the dynamic characteristics model are
modified and applied to the model in real time through a look-up table (LUT).

3.2 Validation and Consideration of Each Model

In order to compare the properties of the simulation model obtained in this study
and those of the actual battery cell, we conducted charging and discharging
experiments according to the profiles shown in Fig. 5, which are explained in the
PHEV Battery Test Manual issued by the Idaho National Laboratory (INL) of the
U.S. Department of Energy [8]. The hybrid pulse power characterization (HPPC)
test profile shown in Fig. 5 is effective for comparing the steady-state character-
istics of each SOC of the model and the actual battery because charging and
discharging pulses are applied while the SOC is discharged to 10 %. The charging-
depleting cycle life (CDCL) shown in Fig. 6 is adequate for comparing the
dynamic characteristics of the simulation model and the actual battery because
charging and discharging are repeated frequently.

In order to compare the accuracies of the equivalent models by analyzing the
results of the simulations and experiments, the difference between the measured
voltage and simulation voltage was divided by the operating voltage range from 0
to 100 % of the battery cell’s SOC to calculate the error rate (e). The error rate
quantitatively indicates how accurately the model used in the simulation reflects
the properties of the actual battery; the smaller the error rate, the better the model
represents the actual battery. In addition, we calculated the average value of the
absolute error (j�ej), the maximum error rate (emax), and the sum of the squared
errors (SSE) to compare the accuracies of the models. Figures 7 and 8 display the
simulation results of each model according to HPPC and CDCL test patterns, and
Figs. 9 and 10 show the error rates calculated for each model.

Based on the validation results of each elicited model, we were able to confirm
that there was no difference in terms of the simulation voltage waveform and error
distribution rate between Models 2 and 4, which included the impedance of the
high-frequency charge transfer region, and Models 1 and 3, which did not include
a high-frequency region. This suggests that in HPPC and CDCL testing of the
high-capacity battery cell used in this study, influence from the equivalent
impedance of the charge transfer region was minimal, resulting in almost no
difference in the waveform and error rate calculation. Furthermore, we were able
to confirm that Models 3 and 4 provide a closer representation of the actual voltage
and have smaller average values of absolute error and maximum error rates than
Models 1 and 2. Accordingly, it can be concluded that including equivalent
impedance that indicates the diffusion region (rather than the charge transfer
region) provides a more accurate model of the PHEV high-capacity battery cell
used in this study.
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Fig. 9 Error rate comparison of the HPPC pattern for each model

Fig. 10 Error rate comparison of the CDCL pattern for each model
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4 Conclusions

In this study, we performed high-capacity lithium battery cell modelling for a real
time simulation in order to reduce the time and cost required to optimize and
develop environmentally friendly vehicle systems. We examined various equiva-
lent impedance models for high-capacity 20 Ah lithium battery cells for PHEVs,
extracted parameters for each SOC of the cells using EIS, and enabled the
implementation of a high-capacity battery cell model with MATLAB/Simulink.
Furthermore, we selected charging and discharging profiles for the comparison of
dynamic properties between the estimated models and the actual battery cell and
compared the experimental results according to the selected profiles and simula-
tion results of each model to calculate the error rate.
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On-Board Powerplant Numerical
Optimization of Internal Combustion
Engines in Series Hybrid-Powertrains

Thorsten Krenek, Thomas Lauer, Bernhard Geringer
and Bacher Christopher

Abstract Serial-hybrid-powertrains in extended-range electric vehicles (E-REV)
pose different requirements to internal combustion engines (ICE) than conven-
tional vehicles. In E-REVs ICEs are not used for propulsion but for battery
charging and cabin heating. This work deals with the design of ICEs in serial-
hybrid-powertrains. It considers different operating strategies as well as the
dimensioning of the electric components of the powertrain and the thermal man-
agement. Therefore, a longitudinal dynamic model was developed using GT-
SUITE including the ICE and the thermal management. The engine was operated
on a test bench in parallel to create the necessary maps for the numerical inves-
tigations. Due to the high amount of parameters that can be optimized when
determining the operating strategies and dimensioning the components, by a
numerical optimization method that was developed and customized for this
problem. The numerical investigations showed that for higher vehicle speeds the
direct propulsion of the ICE is more efficient while for lower speeds the operation
of the ICE as a generator is the more efficient strategy. Additionally, the influence
of the ambient temperature on the efficiency was taken into account. At low
ambient temperatures it is necessary to heat up the driver’s cabin electrically.
Using a thermal numerical model it was possible to show the dependency on the
energy consumption, the component dimensioning and the configuration of the
operation strategies. The most favourable powertrain setup and the most efficient
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operating strategies were achieved by using the described numerical optimization
method. The new and comprehensive approach was to consider the entire vehicle
including mechanical components, thermal components and operating strategies in
the numerical model setup and the holistic optimization of them using self-
developed numerical optimization software.

Keywords Power-split hybrid-powertrain � Numerical optimization � Range-
extended electric vehicle � Thermal management � Internal combustion engine

1 Introduction

In serial-hybrid-powertrains internal combustion engines (ICEs) are not used for
propulsion but for battery charging and cabin heating. So there are different
requirements to ICEs compared to the usage in conventional vehicles [1]. Some
strategies of ICEs which are generally implemented to achieve lower fuel con-
sumption and emissions, like the de-throttling of the intake system at part load
operation, are abundant and can be omitted, because the ICE is mostly operated at
high load [2]. On the other hand, the electrification of the powertrain offers
numerous parameters to optimize the efficiency. As a consequence a lot of influ-
encing variables can be varied and therefore optimization software is necessary to
achieve the best possible solution in terms of efficiency and driving range. In this
work an extended-range electric vehicle (E-REV) based on the Chevrolet Volt
topology is considered [3]. It is primarily used for electric drive and uses a power-
split hybrid powertrain with two electrical machines for propulsion and electrical
energy generation (see Fig. 1).

The power-split is realised using a planetary-gear-set (PGS) (see Fig. 1) where
the ICE and the electric machine 1 (generator) are connected to the ring gear and
the traction motor 2 is connected to the sun gear.

In case of a low battery state of charge (SOC), an ICE is used for charging the
battery and partially for propulsion. This work deals with the dimensioning of the
main powertrain components as well as with the optimization of the operation
strategies in dependency of different ambient temperatures, driving cycles and
ICEs. Furthermore, the thermal management for the ICE, the battery and the
driver’s cabin are considered.

2 Component Dimensioning

The main components for dimensioning of the considered vehicle which were
investigated in this paper are the battery, the electric machines and the ICE. These
components have a high influence on the overall efficiency and the electric range.
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2.1 Battery

The capacity of the battery mainly influences the electric range of the vehicle. But
a higher capacity also means higher costs, weight and a higher available space in
the vehicle. Another relevant property is the maximum amount of electrical power
which can be used for discharging and charging the battery. In this case, following
[3], a 16 kWh battery has been chosen for the optimization process. With this
assumption a reasonable compromise of driving range and weight is achieved.

2.2 Electric Machines

For the considered vehicle the electric machines are used for propulsion and
electric power generation. As a consequence, an operation at highest efficiency is
necessary to achieve an acceptable driving range. In this work two types of electric
machines are considered: A permanent magnet synchronous (PMSM) and asyn-
chronous (ASM) e-machine (see Fig. 2) because these types of electric machines
are used for the considered powertrain [4]. The efficiency map of [5] is used for the
PMSM. The efficiency map of the ASM has been reconstructed from a ‘‘single
speed one-motor electric drive’’ efficiency map [6] where the efficiency is defined
as traction power delivered to the axle divided by the electric power input.

Fig. 1 Kinematic architecture of the investigated powertrain [3]
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2.3 ICE

In E-REVs the ICE is mainly used for operating the electrical generator. In the
considered vehicle it is also possible to directly use the mechanical energy of the
ICE for propulsion [6]. Another important aspect of the ICE is the waste heat
recovery of the cooling water to heat up the driver’s cabin and battery. To see the
fuel consumption of different ICEs two different types of ICEs, a natural aspired
gasoline engine with 60 kW and a more efficient turbo charged diesel engine with
40 kW (see Fig. 3) have been used for investigations. The fuel consumption
measurements for the natural aspired gasoline engine have been done by the
Institute for Powertrains and Automotive Technology.

Fig. 2 Efficiency maps of the PMSM [5] (left) and ASM (right)

Fig. 3 Brake specific fuel consumption (BSFC) maps of the turbo charged diesel [10] (left) and
natural aspired gasoline (right) engine
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3 Operation Strategies

In E-REVs many different operation strategies are possible, but generally they can
be divided into the two main categories: electric only and range-extended drive
when a minimum battery state of charge is reached [2]. At the serial-hybrid mode
the ICE operates the electrical generator and the electrical energy is used as power
supply of the propulsion e-machine, the auxiliary systems and for charging the
battery. Additionally, the vehicle has the ability to operate as power-split hybrid
with a direct power flow from the ICE to the wheels (‘‘combined mode’’) to avoid
power losses by repeated power conversion.

To evaluate the operation strategies the US6 and NEDC driving cycles were
used. The US6 is a high dynamic cycle with a high average vehicle speed and the
NEDC has a significantly lower average speed and dynamic. Because this work is
focused on the requirements on the ICE, only range-extended modes are consid-
ered. To optimize the numerous parameters that are involved in the operating
strategies, an optimization software was developed.

4 Optimization Software

Figure 4 shows the process chart of the optimization algorithm that was developed
by the Group of Algorithms and Data Structures from the Vienna University of
Technology [7].

First, initial solutions for the optimization process will be generated using a
Monte-Carlo Algorithm because generally there is no information about the search
space and it is necessary that the initial solutions are well distributed. The main
optimization consists of a particle-swarm optimization (PSO) and a genetic
algorithm (GA). The PSO is used when the solutions are well distributed in the
search space. During the PSO optimization process the parameter values of the
considered solutions are changed in the direction of the best known solution.
Additionally, this best known solution is further improved with a surface-fitting
method after the PSO. After this procedure the parameter values of different
solutions are recombined and randomly changed using the GA. If an improved
solution is not achieved, a downhill-simplex approach is applied on the specialized
similar solutions. Detail information about the algorithm is given in [8]. In com-
parison to the included Design of Experiments method of GT-SUITE this approach
has the advantage that solutions will be further improved during the optimization
process by using information from existing solutions.
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5 Thermal Management

Modern lithium-ion batteries must be operated at a specific temperature range [9].
Therefore, the battery must be electrically heated at low ambient temperatures. In
comparison to electric vehicles, HEVs and E-REVs have the ability to partially use
the heat of the ICE to heat up the driver’s cabin and battery at low ambient
temperatures. However, in contrary to conventional vehicles the ICE is shut-off
during considerable time ranges. Therefore, it is necessary to consider the tem-
perature of the cooling water and the necessary heat for the battery and the driver’s
cabin when optimizing the operating strategy.

6 Simulation Model

For the planned investigations a longitudinal model of the vehicle including the
engine and its thermal management was created with the commercial software GT-
SUITE from Gamma Technologies.

6.1 Longitudinal Model

This model is used for simulating the complete vehicle for a given driving cycle.
Especially for optimization purposes the ICE is simulated by using specific fuel
consumption maps. It is also possible to include the thermal management of the

Fig. 4 Optimization software process chart [7]
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ICE, battery and the driver’s cabin. This model, including the thermal manage-
ment, is used for the further explained investigations. It offers the opportunity to
vary a lot of parameters which influences the operation strategy. So it is necessary
finding a good parameter set with acceptable time effort.

6.2 Thermal Management Model

To get information about the heat up and cool down behaviours of the ICE, the
battery and the driver’s cabin, a thermal management model has also been
developed. It is possible to use the waste heat of the ICE and battery for heating up
the driver’s cabin. If there is not enough waste heat available, it is necessary to use
an electric heater.

7 Results of the Numerical Investigations

First, the influence of the battery capacity on the fuel consumption and the electric
range has been investigated. The weight change of the car has been considered
with 10 kg/kWh [9]. Because of the lower vehicle weight a smaller battery
capacity always results in lower energy consumption caused by the reduced
required energy operating the vehicle. As a consequence, the recommended battery
capacity only depends on the required minimum electric range. The influence of
the battery capacity variation with a fixed operation strategy in the NEDC at
normal conditions (20 �C ambient temperature) is shown in Fig. 5.

The speed threshold, at which the range-extended mode switches from ‘‘Serial-
Hybrid’’ to the ‘‘Combined’’ mode, is another important parameter which has a
high influence on the fuel consumption. Generally for higher vehicle speeds it is
more efficient to use the mechanical power of the ICE directly for propulsion
because the conversion of the energy is avoided. The speed threshold depends on
the chosen electric machines, the ICE, the gear-ratios of the planetary-gear-set
(PGS) and the traction demand. A typical behaviour for different constant vehicle
speeds is shown in Fig. 6.

As a final step, the most important parameters of the vehicles were optimized
simultaneously with the goal to find the best specification in terms of driving
efficiency. For the operation strategy nine parameters were optimized. The most
important parameters of the operation strategy were the minimum operation speed
of the ICE, the gear configuration of the PGS, the vehicle velocity threshold
between the different operating modes and the target speed for the traction electric
machine. Based on the results of the previously described investigations, the lower
bound of the vehicle velocity threshold switching from serial-hybrid to the
‘‘combined’’ mode was set to 30 km/hr. For dimensioning of the electric machines
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it was taken into account with four parameters, which are multipliers for the torque
and speed values of the electric machine’s efficiency maps.

Additionally there are constraints for the optimization process:

• Balanced SOC at the end and the beginning of the driving cycle. For an
unbalanced SOC a penalty value, which depends on the difference to the initial
SOC and the mean efficiency of the ICE-generator unit, will be added to the fuel
consumption.

• The heat up time to reach the target cabin temperature of 22 �C is limited to
seven minutes.

• The lowest allowed SOC level of 0.2 must not be undershot.
• The elasticity has to sufficient to realise the vehicle’s acceleration during the

given driving cycles.

For this approach the two explained ICEs at two different ambient temperatures
(-20, 20 �C) in two different driving cycles (US6 and NEDC) were investigated.
The SOC at the beginning of the driving cycle was 0.3. Because the results of the

Fig. 5 Electric range and
energy consumption in
dependency of the battery
weight

Fig. 6 Fuel consumption at
constant vehicle speed in
serial-hybrid and combined
range-extended mode
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diesel engine are similar to these of the petrol engine, except of the lower fuel
consumption, the results of the diesel engine are no longer being considered. At the
ambient temperature of 20 �C the thermal management of the driver’s cabin has
not been considered. At -20 �C ambient temperature the driver’s cabin needs to
be heated, either with the electric heater or by using the waste heat of the cooling
water. The results of the fuel consumption show a big difference between the -20
and 20 �C ambient temperature solutions (see Fig. 7).

This is caused by a high additional amount of electrical energy required at the
beginning of the driving cycle. At this time the ICE coolant is too cold, so no waste
heat recovery is possible and the driver’s cabin has to be heated electrically only.
Figure 8 shows the effect of the electric heat demand and Fig. 9 shows the effect to
the ICE coolant temperature if the ICE is turned off and on.

Another big difference can be seen at the ‘‘ice speed for low charging demand’’
parameter. This parameter influences the speed of the ICE at low battery charging
demand at the ‘‘serial-hybrid’’ mode. Because of the requirement of a balanced
SOC at the end and at the beginning of a driving cycle this speed is used when the

Fig. 7 Fuel consumption at
normal and cold conditions in
the US6 and NEDC driving
cycle

Fig. 8 Effect to the electric
heat requirement in the
NEDC driving cycle if the
ICE is turned off and on
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SOC is near the level of the SOC at the beginning of the driving cycle. This
parameter value is also used for the target speed at the ‘‘combined’’ mode. As it
can been seen in Figs. 10 and 11 most of time the ICE is running at this speed.
Under normal conditions (20 �C ambient temperature) it is more efficiency to run
the generator at lower speeds (see Fig. 10) and at lower power output, because the
battery will be charged slower and on average more electrical energy can be used
directly from the generator and not from battery.

At very cold conditions (-20 �C ambient temperature) it is necessary to run the
ICE at higher speeds (see Fig. 11) and power output, because of the additional
power demand of the electric heater. Using the waste heat of the ICE reduces the
amount of electrical power (see Fig. 8).

The configuration of the PGS is mainly influenced by the ICE and the EM2
electric machine. At the ‘‘combined’’ range-extended mode the ICE has the highest
influence and at the ‘‘serial-hybrid’’ mode the EM2 machine has the highest
influence, because it is the only device applied to the PGS.

Fig. 9 Effect to the ICE
coolant temperature in the
NEDC driving cycle if the
ICE is turned off and on

Fig. 10 Time distribution of
engine at normal conditions
(20 �C ambient temperature)
in the US6 driving cycle
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The comparison of the two different driving cycles at normal conditions (see
Fig. 7) shows higher fuel consumption for the US6 because the average vehicle
velocity is more than two times higher as in the NEDC and the US6 cycle and has
a significantly more alternating velocity profile. At very cold conditions this cir-
cumstances are completely different because the average energy which is needed
for the US6 is much higher than in the NEDC and so the waste heat can be used
earlier for heating the cabin (see Fig. 12).

In conclusion, to find good hybrid-powertrain configurations it is necessary
considering different environmental conditions and driving cycles. But in all
considered scenarios it make sense to use ICEs which have a low minimum brake
specific fuel consumption at high engine loads because at serial-hybrid powertrains
it is possible to run the ICE at high load independent of the power demand. The
additional electrical energy can be stored in the battery. So it is not really nec-
essary to optimize them for partial load points.

Fig. 11 Time distribution of
engine at cold conditions (-
20 �C ambient temperature)
in the US6 driving cycle

Fig. 12 Coolant temperature
in the US6 and NEDC driving
cycle

Powerplant Numerical Optimization in Series Hybrid-Powertrains 583



8 Summary and Outlook

In this work a comprehensive numerical simulation model of an E-REV has been
used for component dimensioning and operation strategy optimization, considering
different driving cycles, ambient temperatures and ICEs. The results show, that at
cold ambient temperatures it is more efficient to run the ICE at higher speeds and
higher power output, because the amount of electric energy for cabin heating can
be reduced by using the waste heat of the ICE coolant. Generally it’s necessary
considering all parameters together for optimization. The results of the investi-
gations show that it’s more time efficient to optimize the parameters in groups, if
there is enough information about the parameter dependencies. To handle such
problems the optimization software will be further improved and enhanced by the
Institute of Computer Graphics and Algorithms adding e.g. neural nets, user input
during the optimization process and parameter clustering.
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Torque-Vectoring Driveline for Electric
Vehicles

Bernd-Robert Hoehn, Karsten Stahl, Philipp Gwinner
and Ferdinand Wiesbeck

Abstract The range of electric vehicles is limited due to the battery capacity. As a
result of high prices for batteries as well as a rising weight using additional battery
modules, both the feasible level of electric recuperation and the efficiency of the
system have to be as high as possible. Therefore, the Technische Universität
München has developed and designed a new torque-vectoring system for electrical
powertrains. Besides the main driving machine a second smaller superimposing
electric motor combined with a superimposing gear makes it possible to recuperate
brake energy for all driving situations. Especially in curves with high lateral forces
the new system reaches higher recuperation values than comparable systems. The
system size of the superimposing machine is only about 5 % of the vehicle’s
driving power. Due to the continuously variable power delivery there are no
slipping losses, i. e. such as those of wet clutches. The overall losses in the
presented powertrain are only 10 % of the losses compared to existing systems.
Gearbox efficiency results, which were calculated with a simulative model, are
presented for straight-ahead driving and cornering. Varying deceleration values for
these driving conditions, efficiency values are illustrated for different recuperation
levels with or without the superimposing machine being activated.

Keywords Torque-vectoring � Electric city vehicle � Planetary gear train �
Gearbox efficiency � Recuperation
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1 Electric Vehicle ‘‘Mute’’

The electric vehicle ‘‘MUTE’’ has been developed at the Technical University of
Munich and was presented at the IAA in September 2011 (Fig. 1). Together with
several industrial partners MUTE was designed for two passengers and urban/
suburban use in particular. Related to the vehicle class L7e the net weight of the
vehicle is limited to 400 kg, the continuous driving power is restricted to 15 kW.
Thanks to the low weight as well as the attached importance to an aerodynamic
design allows a maximum speed up to 75 mph. The primary energy storage consists
of a rechargeable lithium-ion-battery with a capacity of approximately 10 kWh
ensuring a range of at least 100 km referred to customer-oriented driving cycles.

Both the restricted package space as well as the realized safety concept leads to
a rear axle drive. Further requirements such as high driving dynamics in combi-
nation with narrow tires to reduce roll resistance can cause extreme driving con-
ditions. Especially driving conditions where brake energy is recuperated pose a
major challenge for the powertrain design.

As the powertrain features an ‘‘Active Differential’’ using a torque-vectoring
(TV) unit, which was first presented in [1], all requirements mentioned before can
be achieved to the fullest satisfaction.

2 Powertrain Layout and Function

The MUTE powertrain [2] can be divided into three gear assembly groups com-
bined with two electric motors as shown in Fig. 2. The drive machine in combi-
nation with the axle gear is used for drive and recuperation driving conditions. In
order to keep the dimensions and weight of the permanent magnet synchronous
drive machine low, a high axle gear ratio of 9.1 is used, achieved by two helical
spur wheel sections. The high axle ratio results in a maximum speed of 10,000 rpm
of the drive machine at a vehicle speed of 75 mph. With a torque up to 60 Nm to

Fig. 1 MUTE at the
international motor show
2011 (IAA)
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be available, given demands in terms of acceleration and the vehicles climbing
ability are met. A spur gear differential, more compact and lighter in comparison to
conventional differentials, features a 50:50 torque distribution at the wheels for
any straight-ahead operating condition. Moreover, the torque-vectoring unit is
deactivated and runs without any load for straight driving so that there is no power
consumption during this driving conditions.

In conventional powertrains with a differential, wheel torques are equal due to
the differential’s inner transmission ratio. In contrast, a torque-vectoring system
can distribute the torque to each wheel independently and can be used for several
purposes, such as to improve the vehicle’s efficiency and range, passengers
comfort, driving dynamics and the traction [2]. The TV system for MUTE is
established by a superimposing unit and a small electric machine connected to the
differential via the red highlighted sun gear (Fig. 3), both units referred to as
‘‘Active Differential’’.

If the torque-vectoring is to be activated, the superimposing machine can be
considered as a motor or a generator, depending on the actual driving condition.

Fig. 2 Schematic structure of the MUTE powertrain
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If torque is transferred to the faster turning wheel, the superimposing machine
works as a driving machine and as a generator in the opposite case.

The superimposing unit consists of two identical planetary gears of which one
sun gear is fixed to the housing and the other one connected to the torque machine.
If torque is provided by the superimposing machine, torque is increased by the
superimposing gear with the gear ratio of 12.5 whereby a redistribution of torque is
caused within the differential. This effect results in an increase of torque at one
wheel and a decrease of the same amount at the other wheel. Due to the high
superimposing gear ratio a difference in torque at the wheels up to 500 Nm can be
achieved with a low acting torque of 40 Nm at the superimposing machine. A
further advantage of the layout of this TV system has to be pointed out as the speed
of the superimposing machine is a function of the difference in speed of the
wheels. This is why the machine speeds can be kept low. Furthermore, the
superimposing machine is standing still if both wheels rotate with the same speed
(straight-ahead driving). Thanks to the low speeds and torques the machine gets
along with less than 2 kW. Designed as a torque motor the superimposing gear is
integrated into the superimposing unit so that a compact construction is achieved.
In sum, the gearbox including the TV system and an aluminium casing reaches a
weight of approx. 20.5 kg (without drive machine and drive shafts).

3 Benefits of the Torque-Vectoring System

The wheel individual torque distribution of torque-vectoring systems results in
several benefits compared to conventional systems. In addition to an increase of
driving dynamics stabilizing measures can be conducted in critical driving con-
ditions as well. That is why the full-fledged MUTE torque-vectoring system can
not only assign the optimum torque to each wheel depending on the grip potential,

Fig. 3 Spur gear differential
and superimposing unit
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but also take influence on the lateral driving dynamics. Furthermore, there is a
higher torque range to be available thanks to the special layout of MUTE’s
powertrain with an Active Differential as shown in Fig. 4.

On the horizontal axis one can see the difference in torque at the wheels
whereas on the vertical axis the overall axle torque is plotted. Compared to a direct
Drive, the active differential can use the full range of torque. As the torques of the
direct drive are operatively coupled to each other (red triangle), it is not possible to
use the torque range of an Active Differential (blue square). Thus, the direct drive
can’t use the full drive torque in combination with a difference in torque at the
wheels and vice versa. Using the active differential torque redistribution can be
achieved even while applying the maximum drive torque. Consequently, the
superimposing unit causes only a difference in torque at the wheels and doesn’t
increase or decrease the axle torque.

In conclusion, the powertrain can be considered as an assembly of two sub-
systems. The axle gear provides the drive torque and the superimposing unit the
appropriate torque distribution to the wheels. This separation of functions
regarding longitudinal and lateral dynamics involves key benefits in comparison to
alternative systems in terms of the operating performance. Using an electrically
actuated superimposing unit, wheel torques can be adjusted independently and
continuously with high dynamics.

4 Modelling of Expected Transmission States

For modelling the transmission efficiency of the Active Differential it is necessary
to specify the relevant transmission states. In a quasi-stationary state torque and
speed of the two driven wheels define the transmission state, which is directly
connected to the driving state of the vehicle. Therefore, they need to be derived
from the expected vehicle driving states.

Fig. 4 Benefits of the active differential compared to a direct drive
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The quasi-stationary state of a conventional, passive vehicle accelerating or
decelerating in a turn is adequately specified by the speed v, the longitudinal
acceleration ax, and the radius of the trajectory r. For a vehicle with torque-
vectoring capabilities these three parameters may be achieved with different
steering angles depending on the actuated yaw torque. So additionally, the actu-
ated yaw torque TTV is necessary to fully define its driving state. A control strategy
needs to be implemented, which gives a value TTV as a function of v, ax and r.

A numeric model of the MUTE specifically designed for the fast evaluation of
quasi-stationary turns has been developed and validated through the existing MBS
model. With this model parameter variations are possible in a very efficient way,
which makes it suitable for the numeric mapping of control strategies that can be
described as optimisation problems.

For the definition of relevant transmission states the minimisation of the power
losses at the wheels has been chosen. In Fig. 5 the power losses at the wheels PL,W,
the electric power PL,E necessary for the active differential and the total power
losses PL,tot are plotted dependent on TTV for an exemplary parameter set. The
example shows a minimum of PL,tot at TTV = 400 Nm with about 2 kW less power
losses than the passive vehicle.

For the following evaluation of the transmission efficiency, the transmission
states of a vehicle at the energetic optimum are used.

5 Gearbox Efficiency

Powertrain efficiency plays a major role for the design of electric vehicles in order
to increase range as well as to achieve higher recuperation potentials. For driving
conditions where brake energy is recuperated, gearbox efficiency in particular has

Fig. 5 Power loss over actuated yaw torque for cornering at v = 25 m/s, ax = -3 m/s2,
r = 100 m
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to be as high as possible. That is why MUTE’s Active Differential is designed with
planetary gears which are characterized by a variety of gear ratios as well as high
efficiencies and small axial dimensions.

The efficiency of MUTE’s gearbox is calculated with the FVA-software
WTplus [3] for different operation conditions of the vehicle. The numerical
analysis of the program considers losses such as load-dependent and load-inde-
pendent meshing losses as well as load-dependent and load-independent bearing
losses.

Figure 6 shows the break down of these losses for straight-ahead driving at
14 m/s with different deceleration values and no slip. Higher deceleration results
in higher braking torques and recuperation power. As straight-ahead driving is
considered, the superimposing unit is without any load for this driving condition.
The gearbox features high efficiencies over 95 % for decelerations higher than -

1 m/s2. For low torques gearbox efficiency is falling due to a low power input (low
torque in particular) so that the input power has to compensate load-independent
losses, which are a function of speed.

Gearbox efficiency is rising for higher torques (recuperation levels) as the load-
independent losses lose their influence compared to increasing load-dependent
losses.

Figure 7 shows the gearbox efficiency for recuperation in a cornering with a
fixed curve radius for different vehicle velocities and decelerations. For the
numeric gearbox model calculation results achieved by the active vehicle model
described in the chapter before are used. Wheel torques and speeds for the different
vehicle states are the input parameters for the gearbox model. The numeric model
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then calculates the statics and kinematics of the whole gearbox such as the
resulting power of the drive and superimposing machine as well as the gearbox
efficiency. The gearbox features high efficiencies greater than 95 % for all driving
conditions to be considered. Furthermore, a high difference in torque at the wheels
can be achieved with low torques and acting power (\1 kW) at the superimposing
machine due to a high superimposing gear ratio.

6 Conclusion

A new innovative powertrain for electric vehicles with a torque-vectoring function
was presented. Using an Active differential it was shown that high powertrain
efficiencies can be reached for different driving conditions. Especially for high
loads and recuperation levels the gearbox features its efficiency optimum. Even in
cornering driving conditions high recuperation values can be achieved with the
gearbox efficiency to be over 95 %.

Due to the special layout of MUTE’s powertrain in comparison to existing
torque-vectoring systems losses due the use of wet clutches can be avoided. Future
efficiency analyses of the gearbox will concentrate on critical driving conditions
where the superimposing machine is acting with a higher load reaching its limits.

70

75

80

85

90

95

100-45
-40
-35
-30
-25
-20
-15
-10

-5
0
5

-0,5 -1,5 -2,5 -3,5 -4,4

G
ea

rb
o

x 
ef

fi
ci

en
cy

 η
[%

]

P
o

w
er

 [
kW

]

2
Deceleration ax [m/s ]

η

PDM

PSIM

v=17 m/s

70

75

80

85

90

95

100-50

-40

-30

-20

-10

0

10

-0,5 -1,5 -2,4 -3,4 -4,3

G
ea

rb
o

x 
ef

fi
ci

en
cy

 η
[%

]

P
o

w
er

 [
kW

]

Deceleration ax [m/s2]

PDM

η

v=20 m/s

PSIM

70

75

80

85

90

95

100-60

-50

-40

-30

-20

-10

0

10

-0,9 -1,9 -2,9 -3,8 -4,2

G
ea

rb
o

x 
ef

fi
ci

en
cy

 η
[%

]

P
o

w
er

 [
kW

]

Deceleration ax [m/s2]

PDM

PSIM

η

v=22,4 m/s

65

70

75

80

85

90

95

100-50

-40

-30

-20

-10

0

10

-0,8 -1,8 -2,8 -3,6 -3,9

G
ea

rb
o

x 
ef

fi
ci

en
cy

 η
[%

]

P
o

w
er

 [
kW

]

Deceleration ax [m/s2]

PDM

PSIM

η

v=24,5 m/s

power of superimposing machinePDM power of drive machine PSIM

Fig. 7 Gearbox efficiency for cornering and different vehicle velocities

592 B.-R. Hoehn et al.



References

1. Hoehn BR, Wirth C, Kurth F (2009) Aktives differential mit torque-vectoring-funktion
Automobiltechnisches kolloquium. Technische Universität München, Munich

2. Hoehn BR, Stahl K, Lienkamp M, Wirth C, Kurth F, Wiesbeck F (2011) Electromechanical
powertrain with torque vectoring for the electric vehicle mute of the TU München. VDI:
Transmissions in Vehicles 2011, Friedrichshafen

3. Hoehn BR, Michaelis K et al (2008) WTplus 2.0, Lehrstuhl für maschinenelemente der
Technischen Universität München, Forschungsstelle für Zahnräder und Getriebebau (FZG)

Torque-Vectoring Driveline for Electric Vehicles 593



Plug-In Hybrid Vehicle Powertrain
Design Optimization: Energy
Consumption and Cost

João P. Ribau, João M. C. Sousa and Carla M. Silva

Abstract The scope of this study is to optimize the component sizing of a fuel cell
powered PHEV (PHEV-FC), using a genetic algorithm (GA) to optimize com-
ponent cost for a typical urban taxi fleet usage. A simplified heuristic methodology
is the first approach for the PHEV design. Cost functions for the components are
estimated as well as specific power functions to perform the vehicle component
sizing and cost evaluation. The used GA aims to optimize the cost of the designed
vehicle and evaluate performance constrains (maximum speed and acceleration,
electric range, overall performance) using an external tool, a vehicle simulator
software ADVISOR, automated with the algorithm (in loop). A real measured
driving cycle and official New European Driving Cycle (NEDC) are used for the
vehicle simulations. Different fuel cells, motor and battery and a range of battery
module number are the input data for the GA optimization regarding component
selection. The initialization of the heuristic method relays on the vehicle specific
power (VSP) methodology, namely on maximum power requirements of the
specified driving cycle. It assumes efficiencies and main characteristics) of the
components to perform an iterative calculation, followed by a trial and error
evaluation. The GA is capable to tune the component sizing to the respective
performance requirements. It can be seen that the cost may not have a direct
relation with the consumption, since that different components lead to different
vehicle weight and performance. An important limitation of the current
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methodology is that the vehicle optimization is fully dependent on the assigned
driving cycle and performance constrains. Input data and GA parameter tuning
deserves exhaustive work to achieve more precise results. The heuristic method
although very fast to achieve results lacks sensitiveness regarding the proposed
constraints to the design, since the evaluation process is made after the design. The
GA allows adjusting better solutions to the requirements of the driving cycle and
constraints, and independently selecting the fuel cell, motor and battery. Both
heuristic and GA method results are compared with a conventional diesel taxi
vehicle (ICEV). The designed PHEV-FC with the lowest cost and compliant with
the requirements resulted from the GA method and was powered by a 24 kW fuel
cell, a 130 kW motor, and a 251, 17 kWh Li-ion battery pack. Using the real
Lisbon downtown driving cycle, the optimized PHEV-FC achieved a 2.1 MJ/km
daily taxi service, which represents less 18 % of energy consumption than the
ICEV taxi. The best results produced for the PHEV design regarding the real
driving cycle have 67 % higher energy consumption and are 80 % more costly
than NEDC, since NEDC it is a less demanding cycle.

Keywords Plug-in hybrid vehicle � Optimization � Fuel cell � Energy con-
sumption � Retail cost

Nomenclature
BAT Battery
CD Charge depleting
CS Charge sustaining
EV Electric vehicle
FC Fuel cell
GA Genetic algorithm
HEV Hybrid electric vehicle
ICE Internal combustion engine
ICEV ICE vehicle
MC Electric motor
PHEV Plug-in HEV
PHEV-FC Plug-in HEV powered by fuel cell
SOC State of charge
VSP Vehicle specific power

1 Introduction

Forecasts indicate increases for world primary energy demand by 36 % between
2008 and 2035, or 1.2 % per year on average, from which oil remains the dom-
inant fuel in the energy mix. In EU-27 the total energy consumption reached 1113
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MToe in 2009, where transport sector represented approximately 33 % [1].
The road transport accounts nearly 80 % of the transport sector energy demands.

Some of the alternative road vehicle technologies are already being addressed by
several car manufactures such as hybrid electric vehicles (HEV), plug-in hybrid
electric vehicles (PHEV) and full electric vehicles (EV) [2, 3]. HEVs at their most
basic forms simply mean a vehicle that uses two or more distinct power sources,
usually a fuel converter like an internal combustion engine (ICE) or a fuel cell (FC)
with a battery to propel the vehicle [3, 4]. Improving batteries and cost profiles will
bring the next big step in the electrification of automobiles, either in the form of
plug-in capabilities (PHEVs) or pure EVs. PHEVs promise to provide batteries
capable of pure electricity operation for at least 32 km [5], more than the average
daily commuting distance for Europe of 22 km [6]. EVs since they only have a
battery as energy storage/producer, have their distance range a lot limited relatively
to HEVs and conventional vehicles. Then, PHEVs eliminate what has been the
major objection to EVs, their limited range, since PHEVs have a second energy
source, the FC or ICE. PHEVs are designed to use a charge depleting strategy for
the battery (CD mode, which uses only battery/electricity power), alike to the EVs.
The battery is discharged till it reaches a minimum state-of-charge (SOC), and then
a charge sustaining strategy (CS mode, which uses the fuel converter as second
source of energy) is engaged, in similarity to the HEV [3, 4, 7]. PHEVs are still
being announced and its market place is still poor, and at the current time, the major
disincentive to buy such vehicles is the purchase price of the vehicles. Costs and a
more specific HEV component analysis is being addressed [8–11]. Alternative
technologies and fuels can lead to great improvements; however the design of the
vehicle in terms of component selection and energy management strategy has an
important role in energy consumption [3, 4]. Electric and hybrid vehicles present
different energy management strategies [4, 7, 12], and its optimization, using
several different techniques, can lead to great improvements [4, 13, 14].

Vehicle component design optimization is also in development [4]. Particle
Swarm Optimization method was already studied to optimize the fuel cell hybrid
vehicle powertrain component sizing, namely to minimize the cost, mass and
volume of the fuel cell and supercapacitor, using MatLab/Simulink [15]. Global
optimization to perform component sizing regarding different vehicle powertrains,
using simulation software in-the-loop with the algorithm was also studied [16].
Methodology for the optimization of PHEVs component sizing using parallel
chaos optimization algorithm, regarding cost minimization, using ADVISOR [17]
to perform vehicle simulation, was used other studies [18]. The component design
optimization ensures that the vehicle components are designed to achieve effi-
ciently the most probable purpose of the vehicle (and also in compliment with the
energy management strategy).

This study aims to compare a heuristic methodology to design a fuel cell
powered PHEV (PHEV-FC) with a genetic optimization algorithm whose objec-
tive function respects primarily to retail cost regarding vehicle’s main components:
electric motor, fuel cell, and battery. The vehicle is applied for taxi service in
Lisbon city.
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The PHEV design will be based on the performance and the body of an existing
taxi: a conventional internal combustion vehicle (ICEV) diesel fuelled. The genetic
algorithm is used to select the more appropriate components of the PHEV in terms of
power, power/energy density for the electric motor, fuel cell and Lithium battery.
The constraints are maximum acceleration time from 0 to 100 km/h, top speed,
maximum electric range and driving cycle accomplishment. The optimized PHEV
configuration is simulated in official New European Driving Cycle (NEDC) [19], and
a real measured driving cycle, using vehicle simulation software ADVISOR [17].

2 Methodology

The development of a methodology to design a fuel cell powered PHEV (see
Fig. 1) starting from the performance and body of a conventional diesel ICEV is
the main scope of this study (see Table 1). The targeted application of the vehicle
is to perform taxi service in Lisbon city. A conventional ICEV representative of a
real taxi (see Table 1) and a real measured driving cycle (see Table 2, Fig. 2) are
simulated for comparison purposes [20]. The ADVISOR [17] is used as vehicle
simulation software. An optimization process will be used to ensure that the
designed PHEV-FC besides achieving specific constrains as maximum accelera-
tion, maximum speed and a minimum electric operation (battery use only) range
(Table 3), is also the option with lower cost within the range of available com-
ponents for the design. Maintaining the base frame of the conventional ICEV the
objective is to optimize the vehicle design selecting the electric motor, fuel cell
and battery (as well as battery module number).

Storage Cell
FuelFuel Battery

Controler Motor
Motor Electric Transmission

Fig. 1 Shows a basic configuration of a series PHEV-FC, and the main components highlighted

Table 1 Conventional,
reference, ICEV taxis [20]

Lisbon taxi (ICEV)

Weight (kg) 1405
ICE
Nominal Power (kW) 100
N.m @ rpm/maximum Speed (rpm) 270@2000/4200
Accessory power (W) 1000
Tire rolling radius (m) 0.320
Aerodynamic drag coefficient 0.28
Frontal area (m2) 2.50
Time(s) 0–100 km/h 11
Max. speed (km/h) 210
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2.1 Case Study

Lisbon taxi service comprises near 3490 vehicles performing an average daily
distance of 207 km (average service of 7.3 km) with an occupancy rate averaging
1.2 passengers per service [21]. This taxi fleet to be analysed is mainly composed
by the conventional ICEVs shown in Table 1. Real driving data measured within
Lisbon Metropolitan area, by using a speed sensor, a GPS system equipped with a
barometric altimeter and data recovery from the OBD (On-Board Diagnostic)
interface, was used to represent a driving schedule, Lisbon downtown (LisbonDt)
for this study (Fig. 2). Table 2 shows LisbonDt driving cycle characteristics as
well the official NEDC (no road grade). The PHEV to be studied in order to

Table 2 Driving cycle’s characteristics: duration time, distance, average speed, positive average
acceleration, maximum VSP, positive average VSP, number of stops and idle time

Driving
cycle

Time
(s)

Distance
(km)

Avg.
speed
(km/h)

Pos. avg.
accel. (m/
s2)

Maximum
VSP (kW/
kg)

Pos. average
VSP (kW/kg)

#
stops

Idle
time
(s)

LisbonDt
[20]

1485 7.3 17.74 0.84 7.40E–2 6.65E–3 27 464

NEDC
[19]

1184 10.9 33.21 0.54 2.57E–2 5.16E–3 13 298

Table 3 Performance
constraints

Time 0–100 km/h (s) \ 12

Top speed (km/h) [ 120
Electric range (km) [ 20

Fig. 2 LisbonDt measured
driving cycle. Speed (km/h)
and road grade (%)
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substitute the ICEV fleet are powered in a series configuration, and the fuel
converter will be hydrogen fuelled fuel cell (FC) rather than the original diesel
ICE. The PHEV to be designed must fulfil minimum requirements, presented in
Table 3.

2.2 First Approach: PHEV Design

A first approach to the design will be based on heuristic method. To achieve the
PHEV-FC configuration, the fuel converter power was downsized, and the vital
components (electric motor, fuel cell and battery) selection was made according to
the following steps (see Fig. 3) [20]: (1) Using a VSP based methodology [22, 23]
the wheel power requested to the vehicle per unit of mass (kW/kg) was determined
for LisbonDt (Table 2). (2) Average driveline efficiencies were taken into account
and the electric traction motor, MC, was sized to fulfil the wheel requested power,
torque and speed [3, 4]. Using a specific power density assigned to the component
the weight was determined (the same was done for all the following components
(see Table 4). (3) The FC is designed to supply the steady (average) load as
possible [4, 24], and its nominal power is in commitment with the average
requested power outlined from the LisbonDt. (4) The battery was designed to
respond mostly to the dynamic loads [4, 24], but when the CD mode is engaged
(all electric mode) the battery must be able to supply the full power requested from
the MC. (5) The powertrain architecture in terms of components and auxiliaries
will determine not only the vehicle’s available power but also its weight. (6) An
iterative process is performed between the driving cycle requested power per unit
of mass, kWrequested/kg, with the vehicle’s available power, kWavailable/kg, to
achieve a minimum/optimum value of kW/kg for the vehicle and its components.
(7) The vehicle with the corresponding components is simulated in the respective
driving cycle, LisbonDt (see Table 2) using ADVISOR vehicle simulation soft-
ware [17]. The designed PHEV-FC must be capable to fulfil the requested
performance.

For each component, a specific power function was used to estimate the
component mass (see Table 4). For the lithium battery a specific energy capacity

Fig. 3 PHEV component selection method
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was also estimated. The functions used were based on several real components
commercially available. Their data and main characteristics were gathered and an
overall power density estimation function was adjusted to the data points. The
same was made for the battery specific energy capacity. The results are truly
dependent on these input data, and different data will naturally lead to different
estimations, as well to different results. The more exhaustive work is done on this
area, more precise are the results.

Table 4 have two sets of estimations, A shows an average estimation from the
data collected, and B shows high specific power data estimations. The heuristic
method concerned only to the estimations A, while GA method used a range of
values for the component characteristics based on both estimations. A retail cost
for each component was estimated and used to attribute a ‘‘virtual’’ cost to the
designed vehicle. The costs estimated in Table 5 were based in several cost
analysis studies.

Following the iterative method (see Fig. 3) the achieved possible results of
PHEV-FC design are presented in Table 6. These results take only into account the
maximum power required to perform the LisbonDt driving cycle based on VSP
methodology [22, 23]. The type of battery and the energy capacity greatly influ-
ence the cost results. The components characteristics in Table 6 result from using a
medium estimation, or a low or high energy option for the battery (see Table 4).

Table 4 Estimated specific power densities (and energy for battery) assigned to the respective
components

MC (kg)
[25–28]

FC (kg) [29–32] BAT (kg), (kWh/kg) [33–38]

A 0.205 kW
+
48.995

7E-05 kW3–0.018 kW2 + 3.336 kW–
3.414

+ (auxiliary sys *53 % total mass)

-1E-15 kW2

+
3.389 kW-

5E–12

Medium (Wh/kg)
3E-06(W/kg) 2–

0.032(W/kg)
+ 159.3

Low energy (Wh/
kg)

1E-06(W/kg)2–
0.004(W/kg)
+ 45.4

B 48.5 1E-06 kW4–0.0003 kW 3 + 0.031 kW 2 +
0.105 kW + 5.754 + (auxiliary sys
*53 % total mass)

0.167 kW High energy
(Wh/kg)

-1E-06(W/
kg)2–
0.012(W/kg)
+ 196.8

Table 5 Estimated retail costs ($) for electric motor, fuel cell and battery

Average cost estimations MC ($) FC ($) BAT ($)

16.5 kW 79.5 kW kWh. (365.32ln(W/Wh) + 187.65)
References [8, 39] [8, 40–43] [8]
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Virtual cost represents the sum of the estimated retail cost of FC, MC and BAT,
and its min and max range represents the different battery options.

2.3 Vehicle Optimization

The optimization problem can be resumed in ‘‘What is the best combination of
electric motor, fuel cell, and battery for a PHEV?’’ The objective is to design a
PHEV-FC (Fig. 1) with the lower cost, but capable to perform a certain driving
cycle and to comply specific constrains as maximum acceleration, maximum speed
and a minimum electric operation (battery use only) range.

2.4 Objective, Domain and Contraints

The new PHEV-FC design will be based on the base frame of a real conventional
taxi diesel vehicle (Table 1). The base frame adapted to PHEV modifications (plus
4 % the original weight), wheels (light weight wheels around 40 kg) and new

Table 7 Available components and genes. The values range includes nominal power of the
components, energy density options for the battery (Table 4) and the module number

Component
(Gene)

Values range Genes encoding
range

FC [10, 13, 15, 18, 20, 23, 27, 30] kW (x2, estimations
A and B)

[1–16]

MC [100, 115, 130, 145, 160, 175, 190] kW (x2, estimations
A and B)

[1–14]

BAT [medium power, high power] x [medium, low and high
energy]

[1–6]

BAT mod.
number

[50, 150] modules [50, 150]

Fig. 4 Chromosome structure, population, genes, individuals, and associated objective and
fitness
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transmission (around 50 kg) were assumed to weight 1093 kg. ([8, 44], Table 1).
Adding to the base of the vehicle, the PHEV main components are added, namely
the electric motor, the fuel cell, and the battery.

The designed PHEV-FC in First Approach section (see Tables 4, 5 and 6) can
be used as initial vehicle, as a reference, for the optimization algorithm initiali-
zation. Taking into account the achieved components of this initial vehicle a range
of components were chosen to be available to perform the design: several different
electric motors, fuel cells and batteries, with different power characteristics
(Table 7). Using the specific power functions given by estimations A and B in the
Table 4 the available components are shown in (Table 7).

When evaluating a vehicle the performance constraints to be achieved in this
study must satisfy the ones presented in Table 3, regarding acceleration time, a
maximum speed, and electric range (using only battery power). Assuming that the
vehicle frame, transmission, and auxiliary systems maintain similar for the dif-
ferent PHEV-FC designs, the objective function focuses on direct comparison
between the different component choices. The objective function can be expressed
as the sum of the estimated retail costs of the MC, FC, and battery, BAT (see
Table 5), (see Eq. 1):

f xð Þ ¼ $FC þ $MC þ $BAT ð1Þ

Offspring<population

Domain & Constraints

GA initialization

Initial population generation

Evaluation of initial population

Population Ranking and fitness assignment 

Selection of individuals for breeding 

Mutation 

Crossover 

Reinsertion 

Evaluation 

Evaluation of final population

Loop until generation max

Fig. 5 Design algorithm
scheme
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Optimize the component selection can be seen as a constrained optimization
problem, defined as in Eq. 2. Where the objective function has to be minimized,
and has a solution, x, belonging to the solution space, X, which defines the lower
and upper bounds of the variables of the cost function (Tables 5 and 7). The
inequality gi(x) represents the n constraints (Table 3). In resume, between the
components choices available, it can be 1,344 different combinations, each of one
composing a vehicle to be evaluated and to calculate the cost.

Minimize
X2X

f ðxÞ s:t: giðxÞ� 0; i ¼ 1; 2; . . .; n ð2Þ

2.5 Optimization Algorithm: Genetic Algorithm

A GA is a stochastic global search and optimization method, and its creation was
inspired in natural biological evolution [45]. A GA functions on a population of
potential solutions and it applies the principle of survival of the fittest preliminary
solution to produce successively better approximations to a solution. A modular-
ized Genetic and Evolutionary Algorithm Toolbox for MatLab software [45, 46]
was used for the optimization in this study, which the objective is to optimize the
vehicle design in order to minimize a virtual cost attributed to such design. A
genetic algorithm works by building a population of chromosomes which is a set
of possible solutions to the optimization problem. The GA chromosome structure
is composed by individuals that contain information, genes, representing the
respective components (Fig. 4). Each individual can be seen as a candidate
solution regarding to a designed PHEV-FC. The set of individuals is intended as a
population.

The MC, FC, BAT and battery module number define the 4 genes composing
the chromosome (see Fig. 1 and 4). Each element composing a chromosome string
is encoded in integer values (Table 7) representing a specific file of a component
or the battery module number within range of possible values to be chosen as input
of the algorithm accordingly to the available components inputted (see Table 7 as
in Objective, Domain and Constraints section).

The GA initialization (Fig. 5) refers to important parameters needed to ini-
tialize the GA. The generation gap defines the number of offspring relative to the
‘‘old’’ population, or the rate of individuals to be selected for breeding and
crossover. The crossover rate defines the probability of two individuals combine
their genes to perform crossover [45]. The generation gap was chosen to be 0.8, the
crossover rate 0.6, the population size, N, and the number of generations were
varied. The mutation rate in this study is equal to 1/(variables per individual) [45],
defining the rate of mutation between genes of individuals after crossover.

The GA starts with random generation of the initial population (Fig. 5),
building the chromosome structure with the possible genes available (see Table 7):
N individuals are created, composed by 4 elements (generated randomly) that
represent each a specific component file and the number of battery modules.
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When a population is generated is posteriorly evaluated (Fig. 5), where each
assembled vehicle (or each individual) is simulated in certain conditions in vehicle
simulation software, ADVISOR [17] attributing each individual a set of results:
cost, energy consumption, maximum speed, maximum acceleration, and electric
range.

ADVISOR, NREL’s ADvanced VehIcle SimulatOR [17], is a set of model,
data, and script text files for use with Matlab/Simulink. Each component that
composes a vehicle is represented by a different file. In order to use the ADVISOR
within the GA, a special function was used, adv_no_gui. This function is provided
in a file (MatLab M-File: adv_no_gui.m) of ADVISOR, that when called from the
Matlab Command window gives the ability to run ADVISOR without its graphical
user interface (GUI) allowing its use being automatized with the GA algorithm.

After simulation the performance constraints (Table 3) are evaluated, and if not
achieved a penalty factor is added to the genes, increasing the cost objective value.
At least one individual must not be penalized, or a new population (initial) must be
generated. Both simulation and performance analysis form the Evaluation process
of the algorithm (see Fig. 5). A fitness profile is assigned to each individual of the
population, and since the objective is to minimize the cost, better fitness is
assigned to individuals with lower cost.

The selection function uses the scaled fitness values to select the parents of the
next generation. The selection function assigns a higher probability of selection to
individuals with higher scaled values. Accordingly to the individual’s fitness and
the generation gap rate, the selection of the individuals for crossover is performed
using stochastic universal sampling [45, 46].

Afterwards, a Crossover routine is applied, where vector entries, or genes are
selected, from a pair of individuals in the current generation and are combined to
form a child individual. Single point crossover routine (where part of the first
parent is copied and the rest is taken in the same order as in the second parent) is
used. Next a mutation process occur, using a real-value operator, mutating children
by applying random changes to individual’s genes (higher probability mutation
grater is the mutation) in the current generation. A mutation process adds to the
diversity of a population. At this point the offspring population is completed, then

Table 11 Resume of results design in LisbonDt

Solution Over
cost
($)

Energy
consumption
Daily, 207 km
(MJ/km)

FC nom.
power
(kW)a

MC
nom.
power
(kW)

BAT
nom.
power
(kW)

BAT
energy
cap.
(kWh)

Vehicle
mass
(kg)

Conventional
ICEV

0 4.78 100 – – – 1405

Heuristic 40494 2.49 17.2 160 192 29 1873
GA: N = 20,

Gen = 50
24960 2.08 23.51 129.73 251 17.3 1362

a Fuel converter: Fuel cell for PHEV’s and ICE for conventional
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after being evaluated (similarly to the evaluation process explained behind) the
offspring individuals are reinserted into original population maintaining the best
fitted individuals, by replacing the least fitted.

3 Results

The PHEV-FCs design with the associated cost resulting from the First approach
heuristic method can be seen in Table 6 for Vehicle, and also on Table 8. The
different driving cycles produce different results, since the LisbonDt is more
demanding. The overcost associated presented in the results (Tables 8, 9, 10) is the
additional cost relative to the FC, MC and BAT implementation replacing the ICE,
catalyst and particle filter, and transmission of the conventional ICEV. The
associated cost of the ICEV represents only these components cost [47] as near
4990$.

Different results from the GA are presented in Tables 9 and 10, regarding the
NEDC and real driving cycle respectively. The daily energy consumption regards
to the sum of electric consumption during electric range, and the fuel consumption
during the rest of the day (207 km). The different GA parameters can greatly
influence the results. The population size increasing not always means more
precise results or greater result. A small population size provides an insufficient
sample size over the space of solutions for a problem, but a large population
requires larger amounts of evaluations and has a more computational cost. It can
be seen that GA parameter tuning is extremely important. Table 11 resumes the
results from both methods and compares with the convention ICEV regarding
simulations on the LisbonDt driving cycle.

4 Conclusion

The heuristic method although very fast to achieve results lacks sensitiveness
regarding the proposed constraints to the design, since the evaluation process is
made after the design. The initialization of this method relays on the VSP meth-
odology, namely on maximum requirements of the driving cycle. It assumes
efficiencies and main characteristics (mostly nominal power) of the components to
perform an iterative calculation, and finally a trial and error evaluation using a
vehicle simulator. The components in this method have a fixed mathematical
relation. The GA method performs the evaluation process (using ADVISOR) in
loop with the algorithm, and permits to adjust better solutions to the requirements
of the driving cycle and constraints, and independently select the fuel cell, motor
and battery. It can be seen that the cost may not have a direct relation with the
consumption, since that different components lead to different vehicle weight and
performance. According to the importance of the input data and the GA
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parameters, future work should focus on GA parameter tuning and more
exhaustive data collection, to achieve more precise results. The lowest cost
designed vehicle, compliant with the requirements, was powered by a 24 kW fuel
cell, a 130 kW motor, and a 251 kW, 17 kWh battery. Using the real Lisbon
downtown driving cycle, the optimized PHEV-FC achieved a 2.1 MJ/km daily taxi
service, which represents less 18 % energy consumption than ICEV. The best
results produced for the PHEV design regarding the real driving cycle have 67 %
higher energy consumption and are 80 % more costly than NEDC, since NEDC it
is a less demanding cycle. Acknowledgments
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Simulation-Based Energy Flow Study
of Purely Electric-Drive Vehicles

Bin Wang, Mian Li, Min Xu and Jianhua Zhou

Abstract In order to analyse and improve the energy efficiency of electric
vehicles (EVs), an efficient, effective and accurate simulation model of vehicular
systems is established from the energy flow point of view. The proposed model
includes sub-systems of energy storage, energy consumption, energy transmission,
vehicle dynamics, driver model, and vehicle controller. A case study, based on
Nissan Leaf, is implemented for validation of the proposed model. Finally, the
energy flow and consumption distributions are demonstrated. Due to its openness
and expansibility, the model can be used for design optimization of EVs and the
results obtained would provide a guidance to design an EV in a more systematic
and optimal way.

Keywords Energy flow � Electric vehicles � Simulation model � Optimization

1 Introduction

Due to environmental and energy concerns, electric vehicles (EVs) have drawn
more and more attentions all over the world, both in industry and academic
institutes. There are numerous publications discussing all kinds of EVs, including
Hybrid EV (HEV), Plug-in Hybrid EV (PHEV), pure battery powered EV, battery
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and super-capacitor (SC) EV, and etc. [1, 2]. When designing an EV, many design
variables and parameters, such as the number and capacity of batteries as well as
the type and arrangement of motors, must be carefully determined to achieve the
essential goals—better energy economy and vehicle performances [3, 4]. Simu-
lation modelling provides us an indispensable and effective way for the evaluation
and analysis of EVs.

Although there are significant amount of literature discussing simulation
modelling of EVs, most of them focused on detailed techniques and new devel-
opments of key components of EVs, such as modelling of batteries, fuel cells,
motors, supervisory powertrain controller and so on. There are also several kinds
of commercialized software such as AVL Cruise that can be used to conduct a
complete simulation model for the study of EVs. However, they are usually
packaged and can’t be modified to achieve design optimization based on energy
flow analysis. Furthermore, they focus on various perspectives such as powertrain
configurations and vehicle dynamics, but not specified for the study of energy flow
of EVs [5]. In this regard, it is quite important to develop a simulation model of
EVs that can focus on energy flow, so that the study of energy storage, transfor-
mation, dissipation can be analysed thoroughly. An energy-flow simulation model
of EVs can be very helpful for the reconfigurations of power components, design
optimization of EVs at the system level, and optimization of operational strategies
in the future study.

An efficient, effective and accurate simulation model of vehicular systems from
the energy point of view, which can also be called as the energy flow simulation
model, is proposed in this chapter. Through simulation, the energy economics and
energy flow distributions among major components of EVs can be analysed
quantitatively under various scenarios and conditions. In addition, impacts from
the variations of key components (e.g., batteries, electric motors, different pow-
ertrain topologies) on vehicle performance can be assessed. One objective of this
study is to build up a simple but accurate platform for case studies using existing
EVs parameters and conditions. Through the analysis of different impacts from
different energy related configurations on the vehicle performance, the energy
flow, distribution and consumption can be demonstrated clearly for EVs.
Moreover, this is a manageable ‘‘analysis’’ model implemented with optimization
methods that can design an EV to achieve the essential goals of improving energy
economy and vehicle performance. Case studies of typical EVs using the devel-
oped simulation model will be demonstrated in this work. The results focus on the
energy distributions among major components of the energy transformation and
consumption sub-systems when operating under various scenarios and conditions;
thus the energy economics can be analysed. The results from this study would be a
guidance to design an EV with its key components in a more systematic and
optimal way.

In Sect. 2, the model is described in details. Section 3 shows the case study
using the proposed model. The conclusion is given in Sect. 4.
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2 Model Development

Generally speaking, from the energy point of view, the key components of an EV
include batteries, auxiliary power units (APU), converter/inverter, motors, and the
transmission. The basic structure of the simulation model is shown in Fig. 1.

Those components can be categorized into the following subsystems: energy
storage, energy transmission, energy consumption, vehicle dynamics, the driver
model, and vehicle controller. Furthermore, each subsystem is composed of some
key components. In this chapter, MATLAB/Simulink is used to develop the sim-
ulation model due to its openness and expansibility, and the final model is shown in
Fig. 2. In the following paragraphs, each subsystem will be briefly introduced.

2.1 Energy Storage Subsystem

Energy storage subsystem stores and provides energy to the entire vehicular sys-
tem and absorbs the energy regenerated from braking. This part of the simulation
model includes the battery, APU, and energy management unit (EMU).

2.1.1 Battery Model

Batteries, as the key energy supply element, play an important role in EVs now-
adays. The internal resistance model is used to describe the characteristic of
batteries [6]. The output current of the battery model Ibat is determined by the
power Pbat required by all energy consumption components:

Vehicle 
Controller

DC/AC Powertrain
Vehicle 

Dynamics

EMU Battery

APU/Generator

DC/DC
High Voltage

E-loads

DC/DC
Low Voltage

E-loadsAC/DC

Fig. 1 Structure of the general EVs based on the energy point of view
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Ibat ¼
VOCV �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

OCV � 4RbatPbat

p
2Rbat

ð1Þ

where Vocv is the open circuit voltage and Rbat the internal resistance of batteries.
In the regenerative braking mode, batteries get charged, and as a result Pbat and Ibat

will be of negative values accordingly in that case.
Another important variable is the state of charge (SOC) which describes the

working conditions of batteries. The Peukert model is employed for the SOC
calculation [3]:

SOC ¼ SOC0 �
Z t

0

Ik
bat

Cp

dt ð2Þ

where SOC0 is the initial value of SOC, k is the Peukert coefficient, and cp is the
Peukert capacity of batteries.

It is pointed out that the open circuit voltage Vocv and battery internal resistance
Rbat are related to SOC and temperature of batteries, and all these factors are taken
into account in the proposed model.

2.1.2 APU Model and Energy Management Unit

As the assistive energy supply element, auxiliary power unit (APU) also plays a
necessary role in EVs. In general, the efficient and compact internal combustion
engine (ICE) is selected for range-extended EVs.

Energy management unit (EMU) is a simple controller which determines the
collaborative working conditions of the battery package and APU based on the
real-time SOC of the battery. When the real SOC of the battery is below the
desired low boundary, the EMU will send an enable signal to switch on APU to
charge the battery, and vice versa.

Fig. 2 General energy flow analytical model of electric vehicle
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2.2 Energy Transmission Subsystem

Energy transmission subsystem, including the DC/DC converter, inverter, clutch,
and transmission, delivers electrical or mechanical energy for the downstream
component. It is significant that the type of the energy delivered by the energy
transmission component will not be changed. Hence, those can be categorized into
two scenarios, for electrical energy transmission and for mechanical energy
transmission.

From the energy point of view, their efficiencies are the primary factors to be
considered.

Poutput ¼ Pinput � gtrans ð3Þ

where Pinput is the input power of the component, Poutput is the output power, and
gtrans is the efficiency of the energy transmission sub-system.

As for the electrical energy transmission model, the rectifier (AC/DC), inverter
(DC/AC), and converter (DC/DC) are required to transmit the electrical energy
between different electric equipment. Taking the converter (DC/DC) as an
example, the conversion efficiency is related to the input voltage and power [7], so
a look-up table established from test or empirical data is utilized.

The clutch and the transmission belong to the mechanical energy transmission
model. When engaged, the mechanical power, in forms of torque (limited by the
clutch) and rotary speed, is transmitted from the motor to the gearbox (i.e., the
transmission) via the clutch. The transmission efficiency of gearbox varies with
different gear ratios.

2.3 Energy Consumption Subsystem

Energy consumption subsystem is the most complicated part in this simulation
model, which includes the electric motor, high voltage e-loads (electric loads) and
low voltage e-loads. These components consume most of the power supplied by
batteries and the APU.

2.3.1 Electric Motor Model

The electric motor, as the major energy consumption component, transforms
electric power to mechanical power. For an EV, various types of motors are
available, such as BLDC (brushless DC) motors, PMSMs (permanent magnet
synchronous motors), and induction motors. The output rotational speed and toque
of motors are the most concerned issues. In the proposed model, the former is
determined by the present speed of the vehicle and the latter is determined by a
load signal which will be provided by the vehicle controller. Energy regeneration
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during braking is also taken into consideration and the motor acts as a generator
transforming the mechanical braking energy to electric power. Due to different
mechanisms of driving and braking models, the power balance equations are as
shown in Eqs. (4a, 4b):

Tdrxm ¼ Pele � gdr Tdr;xmð Þ ð4aÞ

Tbrxm ¼ Pele=gbr Tdr;xmð Þ ð4bÞ

where the subscripts dr and br represent the driving model and braking model
respectively, T is the mechanical torque of the motor, xm is the rotational speed of
the motor, g is the efficiency of the motor, and the Pele is the electric power of the
electric motor.

2.3.2 Reconfigurable Chassis

A significant feature of EVs different from conventional vehicles is that the
powertrain topology can be very flexible, i.e., different powertrain topologies can
be implemented in EVs, such as central front drive, central rear drive, in-wheel
front drive, in-wheel rear drive, and any combination of them. The key property of
the developed model is the ability to study the energy flow of different reconfig-
urable powertrain topologies.

2.3.3 High Voltage E-loads

High voltage e-loads usually include the air conditioner (AC) and battery thermal
management system. High voltage e-loads consume quite a lot of power generally.
Power consumed by the AC mainly is used for three parts: heat exchanged with the
environment, heat dispatched by people, and power to bring in fresh air [8]. Each
part can be calculated as follows:

The heat exchange with the environment P1:

P1 ¼ aA T1 � T2ð Þ ð5Þ

where a is the conductive coefficient of the whole vehicle, which is usually
1*3 W/(m2K); A is the area of the car; T1 is the temperature of the environment,
and T2 is the target temperature.

The heat dissipated by people P2:

P2 ¼ n � 0:89 � 116þ 170 ð6Þ

where n is the number of passengers. Usually the heat dispatch by the driver is
170 W.
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Finally the power to let in fresh air P3:

P3 ¼ nþ 1ð Þvq H1 � H2ð Þ ð7Þ

where v is the new air volume required by one person per hour, q is the air density,
H1 and H2 are the enthalpy of the air of the environment and air in the vehicle,
respectively.

As for the battery thermal management system, its function is to maintain the
temperature of the battery pack to ensure its good performance. The heat power
generated by the battery package is calculated as follows [9]:

Pbat heat ¼ I2
batRbat ð8Þ

where Pbat_heat is the heat flow generated by the battery pack.
Due to the temperature difference between the battery pack and the environ-

ment, the heat generated by the battery would be dissipated. The calculation of the
heat dissipation Pdiss is:

Pdiss ¼ NbatK Tbat � Tenvð Þ ð9Þ

where Tbat and Tenv are the temperatures of battery pack and the environment
respectively, K is the thermal heat transfer coefficient of the battery pack, and Nbat

is the number of battery cells.
The net heat, i.e., the difference between the heat generated by the battery and

the heat dissipated by the battery pack, is absorbed by the battery itself. As for the
calculation of the temperature of battery pack Tbat, the equation is shown as
follows:

Pbat heat � Pdiss ¼ Nbatmbatcbat Tbat � Tinitial batð Þ ð10Þ

where Tinitial_bat is the initial temperature of battery pack, mbat is the mass of
battery cells, cbat is the specific heat capacity of battery cells.

2.3.4 Low Voltage E-loads

In EVs, electrical equipment using power supplied at 12 or 24 V voltages are
called low voltage e-loads, including the lights, electric power steering (EPS), and
etc. Low voltage e-loads as necessary accessories also need to be considered from
the energy point of view.

2.4 Vehicle Dynamics

Through the clutch and transmission, the torque from motor(s) is delivered to the
wheels. The function of this block is to calculate the driving/braking force, the
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acceleration/deceleration, and finally the speed of the vehicle. Because of the
driving mode and braking mode, differential scenarios are considered in this
proposed model [3]. As for the driving force during acceleration, the equation used
to set up the model is as follows:

Fdr ¼ Tdr
Gtrans

Rwheel
gtrans

Mv
veh
� ¼ Fdr � Fr

8><
>: ð11Þ

where Fdr is the driving force on the wheels through the powertrain from the
motor(s), Gtrans is the gear ratio of the driveline, Rwheel is the radius of the wheel,
M is the nominal weight of the vehicle, vveh is the vehicle speed, and Fr is the
resistance force that acts on the vehicle including the aerodynamic drag force,
rolling resistance and road slope force.

During deceleration, the equations are changed as follows:

Fe brk ¼ Tbr
Gtrans

Rwheel
gtrans

Mv _veh ¼ Fe brk � Fr � Fh brk

8<
: ð12Þ

where Fe_brk is the electric braking force generated by the electric motor(s) and
Fh_brk is the mechanical braking force generated by the hydraulic braking system.

2.5 Driver Model

In order to close the loop in the proposed model, the behaviour of the driver needs
to be simulated using the driver model [10]. Since the lateral force of the vehicle
are not considered, the classical PID controller, adopted for the driver model, is
enough for this proposed model compared to some elaborated driver models (e.g.,
fuzzy model, hybrid model, etc.).

Given the reference speed and the actual speed of the vehicle, the controller will
determine the pedal position so as to determine the load signal of the motor. To
avoid the saturation of the PID controller, an anti-windup approach is applied.

2.6 Vehicle Controller

The function of the vehicle controller is to calculate the load signal of the traction
devices (e.g., electric motors) and determine the load distribution between the
front and rear axles during both acceleration and deceleration.
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2.6.1 Load Signal Calculation

When the vehicle is in the driving mode, the load signal of the traction devices
corresponds to the acceleration pedal position, and in the braking mode, the total
required braking torque Ttotal_brk is determined by the deceleration pedal position.
Then given the deceleration and vehicle speed, the mechanical braking torque is
determined. The load signal of the electric motor le_brk during deceleration is
calculation from:

le brk ¼
Ttotal brk � Th brk

TMax motor

ð13Þ

where Tmax_motor is the maximum braking torque determined by the performance
curve of the motor during the deceleration given the current speed.

2.6.2 Load Distribution on the Front and Rear Axles

The gravity center of the vehicle moves forward during deceleration and back-
wards when acceleration. Hence, the load distribution is different as shown in Eqs.
(14a, 14b), respectively:

Wf

Wr

¼ Lb þ hgj=g

La � hgj=g
ð14aÞ

Wf

Wr

¼ Lb � hgj=g

La þ hgj=g
ð14bÞ

where Wf and Wr are the loads on the front and rear axles respectively, La and Lb

are the distance from the gravity centre to the front and rear axles respectively, hg

is the height of gravity centre, j is the acceleration or deceleration of the vehicle,
and g is the gravity acceleration.

3 Case Study

A typical EV, Nissan Leaf, is selected to validate the developed model as the case
study. Nissan Leaf is a five-door hatchback electric vehicle manufactured by
Nissan since 2010. Its power system was named as one of Ward’s ‘‘10 Best
Engines’’. It is 100 % electric and no fuel is required with the top speed of
90 miles/h [11]. Parameters of this vehicle used in the case study are obtained
from the public domain [12], as shown in Table 1.

Some complementary data required in the simulation model are predicted or
estimated based on those public parameters or default settings in the model.
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3.1 Range Estimation

The range of battery electric vehicles (BEVs) driving at constant speeds is an
important measure of vehicle performance. The comparison of the drive ranges
between the official performances of Nissan Leaf [13] and results generated by the
proposed model is shown in Table 2. Those results agree to each other in a general
way and the ranges from the simulation are generally somehow lower than those
from the official data. One possible reason for those differences is that not all of
vehicle parameters of Nissan Leaf are available to us.

For EVs, the range estimation based on driving cycles is more realistic for real
drive conditions than those at constant speeds. From the Ref. [11], the range of
Nissan Leaf using US EPA LA4 City Cycle is about 160 km/charge, while the
result from the proposed model is 155.30 km. The simulation result is very
promising and the difference is only 2.94 % for this case.

3.2 Energy Flow Study

One of the objectives of this work is to investigate and analyse the energy flow and
energy efficiency of EVs at the vehicular system level. Through the analysis of
different impacts from different energy related configurations on the vehicle per-
formance, the energy flow, distribution, and consumption are demonstrated by this
model. The results from this study provide a guidance to design an EV in a more
systematic and optimal way. In this study, the New European Driving Cycle
(NEDC), which is one of the most ‘‘robust’’ driving conditions for city traffic
scenarios, is selected [14, 15]. The driving mode and braking mode are explained
respectively, as follows.

3.2.1 Driving Mode

The energy distribution of electric vehicles and the energy flow chain from the
battery to vehicle dynamics, including the high voltage e-loads, the electric motor,
and driveline, are studied with the low voltage e-loads being disabled.

Table 1 Nissan leaf specifications

Dimensions Length 4,445 mm Width 1,770 mm
Height 1,550 mm Wheelbase 2,700 mm

Motor Max power 80 kW
@2,730 * 9,800 rpm

Max torque 280 N m
@0 * 2,730 rpm

Battery Type Laminated lithium-ion
battery

Total
capacity

24 kW h

Number of
module

48 Power
output

over 90 kW
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In Fig. 3, energy distributions among the components at different speeds are
shown. From the output energy of the battery to the input energy of high voltage e-
loads, the energy is mainly dissipated by DC-DC converters. For the traction
motor, there are power losses on the inverter as well as on the motor due to copper
losses, iron losses, friction, windage of the motor [3]. Energy dispatched on the
driveline, from the output shaft of the traction motor to the wheels, consisting of
the clutch, gear box, prop shaft, and differential, is due to the transmission friction.
Besides, the driving resistance including rolling resistance, aerodynamic drag, and
acceleration force, needs to be considered too.

In Fig. 4, the output power of the battery is normalized as one for each speed.
Due to the energy loss and dissipation from the transmission friction, heating, and
driving resistance, etc., the normalized energy of the each component from the
battery to wheels is less than one.

Energy consumptions of the components mentioned above with respect to the
time (in seconds) are illustrated in Fig. 5. It is shown that apart from the power
transformed to vehicle dynamics, there are much power consumptions on high
voltage e-loads, the motor (motor loss), and the driving resistance.

3.2.2 Braking Mode

E-braking, also known as regenerative braking, is an energy recovery approach
that can slow down a vehicle by converting its kinetic energy back to electric
energy. During this process, the motor works as a generator. The total braking
torque required consists of two parts: the mechanical braking torque and e-braking
torque. The percentage of e-braking torque needs to be determined appropriately.
This percentage is related to the deceleration of the vehicle represented as a
relative value with respect to the gravity acceleration, as well as the vehicle speed.

With respect to the effect of the e-braking, it’s very important for us to improve
the driving range of the electric vehicle. The current load and the low voltage e-
load including EPS and lights are disabled too.

Figures 6 and 7 illustrate 3D plot of energy flow efficiency chain against
vehicle speed during e-braking. The vehicle kinetic energy is normalized as one

Table 2 Comparison of range @ constant speeds

No. Speed (km/h) Range (km)

Official Simulation

1. 72 192 178
2. 88 160 140
3. 96 144 123
4. 104 128 115
5. 112 120 100
6. 120 110.4 88
7. 128 100.8 81
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unit, and the regenerative braking energy transformed to various components are
also normalized with respect to the kinetic energy. About 30– 50 % of the kinetic
energy can be recovered in the speed range of 15–115 km/h.
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Figure 8 illustrates energy consumptions of different components with respect
to time during e-braking. Since the low voltage e-loads and high voltage e-loads
are disabled, the regenerated energy from motor/generator nearly all goes into the
battery. It is shown that about 50 % of the total vehicle mechanical energy (i.e.,
kinetic energy) can be recovered through the e-braking approach. However, the
energy loss of the motor/generator is larger than the loss during acceleration.

The operation points of the motor/generator in the simulation are illustrated in
Fig. 9. Considering the effectiveness of braking performance and the safety of
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vehicle, the e-braking torque is limited to less than 50 N m. During e-braking, the
speed of most operation points is less than 4,000 rpm, and efficiency of the motor/
generator of this area is about 70–90 %.

4 Conclusions

An efficient, effective, complete and accurate simulation model of EVs, focusing
on energy flow, has been developed in this work. The mechanism and structure of
the energy simulation model has been analysed and discussed. The model has been
validated using the NEDC (New European Driving Cycle) and other driving
scenarios with the case study of Nissan Leaf. A general platform that could be
revised for other analysis in the future has been established, and different EV
topologies are implemented and evaluated using this simulation. Future works in
EV design and optimization can be conducted using the developed model.
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Design of Auxiliary Electric Driving
System in Rear Wheels of Vehicles

Hongzan Xu, Quan Sun, Xufeng Wu, Qiqian Jin,
Yi You and Fuquan Zhao

Abstract To find a proper method in the limited interior space to propel the
vehicle by a power-assisted way and to improve the vehicle performance, a cat-
amaran car concept is introduced in this paper to apply power-assisted drive on
rear wheels and to achieve the energy sharing. The model is constructed in the GT-
suit simulation condition to perform the simulation and the results are also ana-
lyzed. The results indicate that acceleration and gradeability can be significantly
improved by utilizing catamaran car method to apply power-assisted drive on rear
wheels, thereby verifying the feasibility of this design solution.

Keywords Catamaran car � Electric vehicle � Power-assisted drive � Simulation

1 Introduction

As a rash of global developments such as traffic congestion, climate change, the
dwindling availability of resources, the electric vehicle plays an important role in
the development strategies of many countries around the world. Some electric
vehicles have poor performance in acceleration, uphill ability and rang, owing to
the limited battery capacity and ultra-compact space. ‘‘Pure Electric Passenger Car
Technology (GB/T 28382-2012)’’ has been released, and it’s become extremely
urgent to improve EV’s vehicle performance. The catamaran car concept was the
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first introduced as an efficient solution in the paper, through a small car auxiliary
propelling the catamaran car, to achieve sharing of energy. The design’s feasibility
was validated through simulation, and also it lays the foundation for future control
strategy study of auxiliary electric propelling vehicle.

2 Catamaran Car Concept

2.1 Configurations and Operation Principle

In Fig. 1, the catamaran car drive train is conceptually illustrated. The drive train
shows it is a 4WD electric vehicle, and it consists of A car (EV) and B car (electric
motorcycle). The A car subsystem is comprised main traction motor a, mechanical
transmission, inventor, power battery a, DC converter, hub motor b and its motor
controller. The B car subsystem involves power battery b and hub motor (not
shown in Figure).

In general driving, the power battery a provides power to main traction motor to
drive catamaran car. While the main traction motor can’t meet the vehicle’s
demand, the power battery b will provide power for hub motor b to supply aux-
iliary drive, and ensure the improvement of vehicle performance. In this design,
both the A car and B car are independent, so it allows the two energy resources
separated and combined freely to achieve energy sharing.

2.2 Vehicle Performance Target

The catamaran car is design for traffic demand of Urban and suburban, according
to requirements in ‘‘Pure Electric Passenger Car Technology’’, general electric
vehicle performance needs to meet that in following Table 1.

A Car

B Car

Front

1 2 3 4 5

6
7

8

6

7

Electric link

Mechanical link

Fig. 1 Configuration of catamaran car. 1 main traction motor a, 2 mechanical transmission, 3
inverter, 4 power battery a, 5 DC converter, 6 motor controller, 7 hub traction motor b, 8 power
battery b
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Based on the parameters in Table 1 and the location, some specifications of the
catamaran car can be shown in Table 2. The basic parameters of power battery a
can be designed according to the layout space. And the battery capacity has been
defined according to the requirement of B car, its vehicle performance calculation
would not be involved in following simulation.

3 Model

3.1 Traction Motor Model

There are two operation patterns in general driving, including constant velocity
and acceleration pattern. In the constant velocity driving, it needs less power from
traction motor, whereas it has longer rang, contrary to that it needs more output
power from traction motor and has shorter rang [2]. So it is important to estimate
the rated and peak power of traction motor firstly [3].

At the beginning, according vehicle acceleration performance, motor charac-
teristics, and transmission characteristics, the dive motor’s rated power can be
estimated using the following equation [4].

Pt ¼
dM
2ta
ðV2

f þ V2
b Þ þ

2
3

MgfrVf þ
1
5
qaCDAf V

3
f ð1Þ

where, M (kg)—the total vehicle mass, ta (s)—the expected acceleration time,
Vb (m/s)—the vehicle speed, Vf (m/s)—the final speed of the vehicle during
acceleration, g (9.80 m/s2)—the gravity acceleration in, fr—the tire rolling resis-
tance coefficient, qa(1.202 kg/m3)—the air density, Af (m2)—the front area of the
vehicle, CD—the aerodynamic drag coefficient.

The torque of traction motor also can be calculated after its rated power is
defined. Then, the speed–torque and speed–power profiles of the traction motor
can be obtained.

3.2 Battery Model

Due to ultra-compact space for power battery pack, the battery energy and capacity
are relative limited. The battery power output can be expressed as Eq. 2 [4],

Table 1 Vehicle performance of EV [1]

Performance Unit Value Remarks

Maximum speed km/h 80 In 30 min
Acceleration s 15 50–80 km/h
Gradeability % 20 /
Rang km 80 /
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according to load power that consists of the resistance power and power losses in
the transmission and motor drive, including power losses in the electronics.

Pout ¼
V

gtgm
Mgðfr þ kÞ þ 1

2
qaCDAf V

2 þMd
dV

dt

� �
ð2Þ

where, gt—the power losses efficiencies in transmission, gm—the power losses
efficiencies in traction motor, k—road grade, dV

dt (m/s2)—vehicle accelerationIf
assume a (0 \ a\ 1) is the percentage of the total braking energy Pin can be
regenerated, so the regenerated power can be expressed as following equipment:

Pin ¼ a Pout ð3Þ

So the net energy consumption from the batteries is [3]:

Eout ¼
Z

Poutdtþ Z
Pindt ð4Þ

3.3 Vehicle Model

According to Newton’s second law, vehicle acceleration can be written as fol-
lowing equipment:

M
dV

dt
¼
X

Ft �
X

Fr ¼ ðFtf þ FtrÞ � ðFrf þ Frr þ Fw þ FgÞ ð5Þ

where, M—the total mass of the vehicle, V—vehicle speed, Ft—the total tractive
effort, Fr—the total resistance, Ftf —the tractive effort of the front tires, Ftr—
tractive effort of the rear tires, Frf —rolling resistance of the front tires, Frr—the
rolling resistance of the rear tires, Fw = aerodynamic drag, Fg—climbing
resistance. In the catamaran car, if it is only the main traction motor working as
a front-wheel-driven vehicle, Ftr is zero.

Table 2 Specification of vehicle

Overall dimension 3,750 9 1,700 9 1,550 Tire 175/65R14
Curb mass of A car 1150 kg Curb mass of catamaran car 1190 kg
Maximum speed [110 km/h Gradeability [25 %
Acceleration (0–100 km/h) \15 s Driving cycle range [80 km
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4 Simulation and Analysis

4.1 Simulation Model

Firstly, the selection of traction motor mainly depends on a number of factors,
including the driver’s expectation, vehicle constraints, and energy source, and at
the beginning, some parameters as power, torque, rotate speed and ratio would be
assessed. Here we choose permanent magnet synchronous motor for main traction
motor a and DC brushless motor for hub traction motor b.

Secondly, according to above vehicle model, simulation model was established
in GT-suit [5], including motor module, battery module, vehicle module, vehicle
controller module and so on, and it is shown in Fig. 2. In the battery module, it
involves the calculation of SOC (state of charge) [6], and in the motor module, it
involves motor controller, and the regenerated module is in the vehicle module.

4.2 Simulation Result

Through the simulation model, it can simulate every operation pattern [7], mainly
includes three operation as the following: main traction motor a-alone traction A car

Controller

Motor

Vehicle

Battery

Fig. 2 Illustration of simulation model
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(Pattern I), main traction motor a-alone traction catamaran car (Pattern II), hybrid
traction catamaran car by main traction motor a and hub traction motor b (Pattern III).

Figure 3 shows the acceleration performance of every operation pattern, in
which it also shows that the Pattern III advances 5.2 % of Pattern II.

In Fig. 4, it shows the contrast of uphill ability in three different operation
patterns. It shows that the improvement of Pattern III for vehicle performance is
considerable, from 29 till to 32 %.

In Fig. 5, it shows the maximum speed performance. According to the fol-
lowing equipment, the maximum vehicle speed depends on the rotate speed of
motor. Due to the hub traction motor b’s rotate speed is slower than main traction
a’s, it can’t contribute to the maximum speed.

Ua ¼ 0:377
rn

i0ig
ð6Þ

Here, Ua(km/h)—vehicle speed, r (m)—the radius of the tire, i0—the gear ratio of
the final drive. ig—gear ratio of the transmission, n(r/min)—rotate speed of trac-
tion motor.

12.7 13.0

100

km/h

s0
13

13.4

Fig. 3 Acceleration
performance

50

30

32

30

29

150100 km/h

%
Fig. 4 Gradeability
performance
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In Table 3, it shows rang in NEDC driving cycle. The rang increases a little in
operation Pattern III, but not obvious.

The vehicle performance differences of every operation pattern are listed in
Table 4, it shows that the catamaran car concept can satisfy the target of design.
And in the aspects of acceleration and uphill ability, the auxiliary system can
improve the vehicle performance. The effect is not obvious, it only advances a
little for the limited to the small capacity of power battery b in B car.

5 Conclusion

1. The Catamaran car concept is first introduced to design the electric auxiliary
propulsion system and achieve the energy sharing between the large car (A car)
and small car (B car). As a first attempt, the simulation proves the effectiveness

10

50 10
80

0

km/h

S

Fig. 5 Maximum speed

Table 3 The range in NEDC driving cycle

Operation
pattern

Range/
km

Remarks

Pattern I 98 Main traction motor a-alone traction A car
Pattern II 96 Main traction motor a-alone traction catamaran
Pattern III 98 Hybrid traction catamaran car by main traction motor a and hub

traction motor b

Table 4 Contrast of different operation patterns

Performance Pattern I (%) Pattern II (%) Pattern III

Acceleration 2.3 5.2 12.7 s
Gradeability (%) 6.7 10.3 32
Maximum speed 0 0 122 km/h
NEDC range 0.3 2 98 km
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of the concept and it will also benefit the next study of the strategies of vehicle
control;

2. Although it may not contribute much to the maximum speed and cruising range
for the limited power of battery b and the hub traction motor’s performance, the
acceleration and uphill ability of the catamaran car are improved effectively in
the auxiliary propelling operation pattern.

3. The simulation’s precision would be influenced by the estimation of some
vehicle specification. However, it provides reference for the forecast and
analysis of vehicle performance and it also is an inspiration for some EV’s
engineers.
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Study on the Relationship Between EV
Cost and Performance

Pupeng Wan, Zhiqiang Du, Qiqian Jin, Yi You and Fuquan Zhao

Abstract This paper aims at studying the relationship between Electric Vehicle
and its performance in the perspective of technology and economy. First, GT
software is used to simulate vehicle performance. Second, cost is analyzed by
technology condition and price, and then the relationship between performance
and cost is discussed. Performance and cost are mutually affected by battery
energy. In the aspect of performance, Vehicle performance increases initially and
then decreases with increase of battery energy and there is a turning point. With
respect to cost analysis, cost keeps increasing with cumulating of battery energy.
Namely, cost is positively proportional to battery energy. There are two inter-
section points between performance and cost. In designing vehicles, the location of
performance and cost properties should be restricted inside the region formed by
those two intersection points as much as possible.

Keywords Electric vehicles � Vehicle performance � Cost analysis � Simulation �
Vehicle weight

Recently, Ministry of Science and Technology published the ‘‘National Twelfth
Five-Year Special Planning for Electric Vehicle Technology Development’’ and
clearly set ‘Electric Driving’ as the strategy direction of vehicle power source.
Considering of current technology level, the energy density of battery is not
comparable to that of fossil fuel and short driving range of EVs has become the
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bottleneck of EV development [1]. In order to extend the driving range, increasing
of battery pack energy is regarded as a general approach under current technology
level [2]. In the condition of maintaining other components unchanged, battery
pack energy is proportional to vehicle weight and manufacture cost. Improving of
battery pack energy will increase vehicle manufacture cost and vehicle weight and
thus affect its overall performance. The interrelation of energy, weight, perfor-
mance and cost are presented in Fig. 1. The relationship of above four factors is
analyzed in the perspective of technology and economy in this paper.

1 Performance Analysis

Vehicle performance is simulated by software—GT in this paper and the study
subject is an Electric Vehicle. The power system is consisted of battery package, e-
motor and transmission system of which the parameters are listed in following
Table 1. By disregarding of space arrangement limits and the limits of national
standards to battery weight, the battery energy and vehicle weight are gained
respectively during the simulation based on a certain pattern. The vehicle per-
formance is then calculated with respect to different battery energy.

The influence of battery energy to vehicle performance is displayed in Fig. 2.
Initially, battery discharging power is insufficient, which results in long acceler-
ating time and low climbing speed. With increase of battery energy, e-motor
driving ability is sufficiently utilized although vehicle weight is increased as well.
As a consequence, accelerating time is minimized and climbing speed is maxi-
mized. After e-motor reaches its maximum driving ability, increasing of vehicle
weight starts to affect vehicle performance gradually. Acceleration time is then
extended and climbing speed is reduced. Overall, accelerating time and climbing
speed both experience a process from increasing to decreasing. So there are some
advantages for both acceleration and climbing performance due to increase of
battery energy initially, however, it turns into disadvantages later because of
excessive battery weight. This indicates that, for a certain vehicle model, there is
an optimum battery energy choice of which the vehicle performance is optimized.
Figure 3 depicts the relation between battery energy and driving range. Battery
energy increases linearly with increase of battery weight, which is computed by
the ratio of battery weight to battery energy. Corresponding vehicle weight also
increases linearly in condition of remaining other components unchanged. Driving

Weight Performance 

Energy Cost

Fig. 1 The interrelation of
energy, weight, performance
and cost
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range is extended because of increase of battery energy, however, due to increased
weight, the changing rate of driving range (i.e. the slope of driving range curve)
declines gradually. According to this trend, it could be estimated that driving range
would increase to a particular value and then hold steady or decline. It can also be
discovered from the figure that vehicle energy consumption rate (i.e. energy
consumed per unit distance) increases gradually. After increasing of battery
energy, the influence of battery weight to driving range becomes more apparent.
There even exists a circumstance where battery weight is larger than that of other
vehicle components. The driving range determined by battery energy should base
on market demands when designing vehicles. It is not always good to have too
large driving range. According to above analysis, the relationship between battery
energy and vehicle performance could be abstracted as the one shown in Fig. 4.
Vehicle performance trends to be better at the first place and turns to be worse later
on which can be described as a parabola.

Table 1 E-motor and transmission system parameters

Vehicle parameters

Kerb mass (kg) 1250
Fully loaded mass (kg) 1514
Wheel base (m) 2.34
Front area (m2) 1.87
Drag coefficient 0.42
Dynamic rolling radius (m) 0.275
Rolling resistance coefficient 0.13
Ratio 9.34
E-motor parameters
Peak/rated power (kW) 70/35
Peak/rated torque (Nm) 220/60
Max. Speed (rpm) 12000

Fig. 2 The influence of battery energy to vehicle performance
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2 Cost Analysis

The analysis subject is lithium ion battery of which the actual performance target
and market average price are listed in Table 2. According to current technology
and market price [3], the cost of taking 1 kWh energy out of the battery (i.e.
battery use cost) can be estimated. Assumptions have been made as follows: (1)
Charger efficiency is 0.95 (2) Electrical cost from national grid is 0.58 Yuan/kwh
(ignore on-peak or off-peak electricity) (3) Charging and discharging efficiency
is 0.9. It can be deduced from Table 2 that lithium ion battery use cost is
0.75 Yuan when 1 kWh of electricity is taken from the battery (charged by
national grid). In accordance with the simulation results in Fig. 3 vehicle energy
consumption rate can be obtained. By combining battery use cost and energy
consumption rate, the actual cost of vehicle running for a certain distance can be
determined as shown in Fig. 5. The overall trend is that more distances vehicle
travelled will result in more use cost. This can be explained by combination of
Fig. 2 that increase of use cost is a result of gradual increased energy con-
sumption rate. When driving range increases, demanded battery energy will
increase accordingly. The increase of battery cost can be calculated based on
battery market price. In the condition of maintaining other components
unchanged, increase of battery cost can reflect the increase of vehicle cost

Fig. 3 The relation between battery energy and driving range

Fig. 4 The relationship between battery energy and vehicle performance
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(i.e. vehicle acquisition cost). As can be seen from the figure, energy con-
sumption rate will increase 0.37 kWh/100 km when driving range increases for
every 10 km due to increased battery weight. By consideration of battery price,
the use cost will be added for 0.26/100 km which is relatively low. The
acquisition cost, however, will increase 10,000 Yuan which is considerable.
Above all, the relationship between the battery energy and cost can be abstracted
as shown in Fig. 6. The cost will increase linearly when battery energy increases.

3 Technological and Economic Analysis

The article above discusses the relationship between vehicle performance and
battery energy and also the relationship between cost and battery energy
respectively. As shown in Fig. 1 battery energy is treated as a bond for yielding
the relationship between vehicle performance and cost. Consequently, the rela-
tionship between performance and battery can be described as depicted in Fig. 7.
Main part of the cost is acquisition cost. This can be verified from Fig. 5 that the
use cost is insignificant compared with acquisition cost and it can be neglected.
Specific relationship between vehicle performance and cost depends on vehicle
technology level and battery technology level as well as its prices. For certain
vehicle technology level, battery unit price has to be decreased so as to reduce
vehicle cost. For certain vehicle cost, increase of battery energy density can
result in reduction of vehicle weight and make contribution to improvement of
vehicle performance [4]. There are two intersection points in the curve of per-
formance and cost. In front of the first intersection, vehicle cost is quite low but
vehicle performance is undesired which cannot even satisfy the national stan-
dards. This should be abandoned. Only by increasing of battery energy in this
phase, vehicle performance could be improved. After passing the second inter-
section point, vehicle performance is inversely proportional to cost. Increase of
cost will lead to decrease of performance, which is also unacceptable. By
reduction of battery energy could pull the second intersection point back a little.
Therefore, designed vehicle should be placed in the region constructed by those
two intersection points. Specific vehicle performance should be determined by
the market.

Table 2 The actual battery performance

Battery type Lithium ion battery

Specific energy (Wh/kg) 120
Market average price (Yuan/kWh) 4000
Battery use cost (Yuan/kWh) 0.75
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4 Conclusion

This paper analyzes the relationship between performance and cost of electric
vehicles in the aspect of technology and economy. Performance and cost affects
each other through battery energy. By consideration of vehicle performance, it
increases first and then decreases with increase of battery energy and there is a
turning point. As a consequence, it is not always good to have much battery
energy. By taking account of cost, vehicle cost keeps increasing with increase of
battery energy and the correlation is positive linear. There are two intersection
points between vehicle performance and cost. Beyond the region constructed by
these two points, the design is not acceptable. Therefore design of vehicles should
maintain inside this region. Specific vehicle performance and cost should be
determined by the market.

Fig. 5 The relationship between drive range and cost

Fig. 6 The relationship
between the battery energy
and cost

Fig. 7 The relationship
between performance and
battery
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Hil Validation of Extended-Range Electric
Vehicle Control Unit Based on Orthogonal
Test

Haibo He, Qiqian Jin, Tingting Dong and Fuquan Zhao

Abstract The control unit of a plug-in hybrid electric vehicle is taken as a test
object in this paper. Based on HIL test definition of functional decomposition and
establishment of test cases, the representative and typical test points are selected
from a large number of test points to achieve a reasonable design of test solution
by introducing the orthogonal principle in combination with a vehicle control
strategy. The real-time HIL test platform is constructed based on test definition.
Furthermore, the TESIS DYNAware simulation model is integrated to simulate the
controlled object and environment, and carry out a whole performance test of
vehicle control unit. The test results indicate that adoption of orthogonal design
method can significantly reduce the number of test cases and improve test effi-
ciency under the condition of full coverage of validation tests.

Keywords Vehicle control unit � HIL validation � Orthogonal test

1 Foreword

Hardware-in-loop validation is the key way to test vehicle control unit currently
[1]. By construction of virtual vehicle environment and application of real vehicle
control unit, one loop of exciting signal and excited signal can be established. The
function of control unit can then be verified.
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The vehicle control unit in electrical vehicle works as a multiple power source
and needs to deal with massive signals. Therefore lots of function points have to be
tested in the control unit. This can be reflected by the number of test cases from
actual test. The orthogonal test can cope with factors properly to reduce test
quantity and analyze the influence of factors on test purpose. It is suitable for VCU
performance test with large numbers of test items and factors [2].

2 VCU Hardware-In-Loop Validation Orthogonal Design

2.1 Design Process

The orthogonal test is an optimized design method and suitable for massive
experiments. It can ensure that the probability of all factors of VCU performance is
equal. Test projects are made by use of orthogonal Table [3]. Those test projects
are representative and orderly, and can cover all test content.

The main work is to test output parameters value in VCU validation. To ensure
sufficiency and rationality, it must be tested under all kinds of inputs combination
efficiency. According to vehicle control strategy and structure of test case, the
whole design process is shown focusing on test case purpose in Fig. 1.

Firstly, according to technology requirement, it is found that all input space and
restricted condition are related to current test function point. That can decompose
ineffective, incompatible or impossible input combination to improve test effi-
ciency. Then all valid input space can be turned into input combination in
orthogonal test. It mainly focuses on continuous input parameters in orthogonal
process, while it does not need to deal with switch input parameters. On one side,
the continuous input parameters have two input states: valid and invalid. On the
other side, it must consider that the input value in verge can spring software easily.
The whole test case frame can be obtained finally.

There are lots of function points in VCU validation. They are related to each
other in function definition. To reduce the complexity of test case design, firstly
the test case of single function point is designed, and then the test case of multi-
functions is designed.

Technology 
require

Input space

Restrict 
condition

orthogonal input 
space

Test
case

Fig. 1 Test case design
process
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2.2 Single Function Test Case Design

The vehicle will be in driving mode. The paper takes it as an example and illu-
minates it with orthogonal theory and design process in Sect. 2.1.

According to vehicle control strategy, when the key position is ON, the high
relay switch is closed; the shift is D, the current brake pedal position is more than
25 %, then the vehicle can enter driving mode effectively. In practice, there are
two states of key when the vehicle has low power: (1) ON; (2) ACC. The shift has
two states: (1) D; (2) N. The high relay switch has two states: (1) close; (2) open.
The brake pedal position has two states: (1) C25 %; (2) \25 %.

With orthogonalization of above input parameters, the orthogonal test table can
be obtained in Table 1. When it is carrying out orthogonalization of continuous input
parameters, the limited values of those will not be selected but ones between invalid
and valid input [4]. Each enable condition of restrict constrains must be effective in
design. For example, when the shift is turned into D, this shift state must be effective.
There are lots of restrict constrains in all, so it will not specify anymore. It takes the
rationality of test case as criterion of orthogonal test result in this paper.

After orthogonalization of input parameters in Table 1, there are 16 groups of
combination in total No ‘‘2, 6’’, the high relay switch cannot be closed when the
key state is ACC. Therefore, these two test cases are irrational No ‘‘1, 3, 5, 7, 9, 11,
13, 15’’, the shift state is not D, which does not accord with practice. It obtains 6
rational test cases finally.

2.3 Multi-Function Test Case Design

The design process in Sect. 2.1 is still applied to design multi-function test case,
but it has different with single function test case in the emphases and restrict
condition. It considers that it satisfies technique requirement in single function test,
so all kinds of inputs must be considered. In multi-function test, it not only
considers technique requirement, but also considers if there is overlap function
test. So it only considers effective inputs. For example, the vehicle must enter
driving mode and the battery power must be enough when it tests the function of
motor max viable output torque. That means it can leave out the function test case
of entry of driving mode.

Fig. 2 VCU Hardware-in-
loop validation system
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There are 9 factors that have effect on VCU performance. Each factor has some
kinds of states. For example, SOC has three states: low, moderate, high. There are
47 function points in total and 24,064 test cases in theory. With specification of
test case design above, it gets 908 test cases effective finally.

3 Test System Build

It shows the hardware-in-loop validation system based on dSPACE/SIMULATOR
in Fig. 2. It uses vehicle dynamic model in TESIS DYNAware software. It inputs
test data of components into models and configures those with I/O. The off-line
vehicle model can be turned into real time one with auto code building and trans-
mitting. The SIMULATOR equipment inspirits signals of models in real time, which
communicates with signals from VCU. It can monitor and modify test parameter
value in Control desk software. The test result can be recorded and analyzed

4 Application

With application of the complete hardware-in-loop test platform and test case, it
can carry out VCU hardware-in-loop test. Due to lots of functions in vehicle
control unit, some representative test cases are selected to specify in paper.

In Fig. 3, the power battery high relay switch is closed after the key state is
turned into ‘‘ON’’. When the brake pedal position is greater than 25 % and the
drive shift state is ‘‘D’’, the vehicle enters driving mode. The result shows that the
function of entry of drive mode is right.

In Fig. 4, as soon as the motor is allowed to run and the accelerator pedal
position is 0 %, the vehicle is driving at idle and the output torque of motor is
7 Nm stably. During 683–689 s, the output torque of motor is increasing when the
accelerator pedal position is increasing. During 690–695 s, the output torque of
motor is stable when the accelerator pedal position is stable. It shows that the
output torque of motor is greatly according with accelerator pedal position, and
this function is right.

3445 3450 3455
0

2

4

6

8

10
key position
shfit position
motor allowed run
brakepedal position*30 (%)
Battery high relay switch status

Fig. 3 Entry of drive mode
test case
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In Fig. 5, the vehicle is driving in cruise mode before 4,778 s. It keeps cruising
mode while the accelerator pedal position starts to increase at 4,779 s. According
to vehicle control strategy, if the accelerator pedal position is greater than it which
is the accelerator pedal position when the vehicle is entering cruise mode, or the
cruise button is closed, the vehicle will exit cruise mode. The test result is not
according with design control strategy, which shows that there are some problems
with this function.

5 Conclusion

1. The VCU is the main control unit in multi- power system and has lots of
function points. They are complicated, so it is necessary to process hardware-
in-loop test in project research;

2. It can reduce the number of test cases and improve test efficiency based on
orthogonal optimization design, which has guiding significance in project.
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Development of a Control System
of Hybrid Power System Based
on the XPC Target for Electric Vehicles

Yaming Zhang and Rui Xiong

Abstract A rapid control prototyping design for hybrid power system has been
proposed based on the real-time simulation test bench which constituted by double
xPC Target system. A Topology structure is analyzed that the ultracapacitors are
connected with power battery packs parallel after a bidirectional DC/DC con-
verter. The ultracapacitor, power battery and the hybrid power system are mod-
elled. For the electric vehicle (EV) application, the control strategy for the hybrid
power system is proposed. The simulation results of the hybrid power system and
battery-only power system is analyzed under the UDDS (Urban Dynamometer
Driving Schedule) with the selective topology structure of hybrid power system. It
was suggested that the ultracapacitor can significantly improve the efficiency of the
hybrid power system, and the energy consumption of the power battery may
decrease 8.97 %. Furthermore, the ultracapacitor can efficiency balance the output
of the power battery, and the cycle life of the power battery is significantly
improve through optimizing its working range.

Keywords xPC Target � Real-time simulation � Rapid control prototyping �
Hybrid power system � Electric vehicle
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1 Introduction

Battery with high energy density and high power density is expected for electric
vehicles (EVs), but current Li-ion battery seldom possesses dual advantages. Thus,
hybrid power system, comprised of ultracapacitor and Li-ion battery, is proposed
to meet the expectations [1, 2].

Li-ion batteries are of high energy density and prefer slow charging-discharg-
ing, while ultracapacitors are of high power density and prefers fast charging-
discharging. The characteristic difference is so great that the control system and
control strategy are worthy of studying for hybrid power system application [3, 4].

A real-time control system for hybrid power system is developed in the article.
Firstly, the hybrid power system is modeled based on Matlab/Simulink, and a real-
time simulation test bench is built with xPC Target system, secondly a logic
threshold control strategy is introduced, finally the control system and strategy are
tested with results analyzed.

2 Hybrid Power System Modeling

2.1 Hybrid Power System

In this article, hybrid power system is comprised of LiFePO4 Li-ion battery par-
allel with ultracapacitor, and the ultracapacitor is serially connected with a bidi-
rectional DC/DC, as shown in Fig. 1. Li-ion battery provides vehicles the electric
power, and ultracapacitor discharges aiding power while rapid accelerating/
climbing and charges while regenerative braking. With the help of fast discharging
and discharging of ultracapacitor, it is feasible for the Li-ion battery to work in
optimized zones and be protected from over peak power/current [5, 6]. Thus, the
cycle life of Li-ion battery can be prolonged and the efficiency of hybrid power
system can be improved.

The Vehicle Control Unit monitors the vehicle velocity (vcar), battery SOC
(State of Charge), ultracapacitor SOV [7] (State of Voltage), calculates the power
requirement of driving motor (Pm*) based on accelerator/brake pedal, decides
requested discharging/charging power of the ultracapacitor (Puc) based on the
control strategy, and controls the output voltage/current of DC/DC to make ult-
racapacitor output Puc, as shown in Fig. 2.

Power input of driving motor is provided by Li-ion battery together with ult-
racapacitor, as shown in (1), where Pm is the actual power input of the motor’s
inverter, scar is the equivalent time constant of the vehicle dynamic response, PDC

is the output power of the battery, Pbat is the output power of DC/DC, gDC is the
efficiency of DC/DC, k represents the charging/discharging status of the ultraca-
pacitor (1 means charging, -1 means discharging).
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Pm ¼
P�m

1þ scars

Pm ¼ PDC þ Pbat ¼ PUCgk
DC þ Pbat

8<
: ð1Þ

2.2 Li-ion Battery Modelling

Comparing to Rint model, RC model and PNGV model, Thevenin equivalent
circuit model simulates dynamic character of Li-ion battery more precisely.
Schematic of Thevenin battery model is shown in Fig. 3.

CP is polarization capacitance is polarization voltage (UP), caused by polari-
zation resistance (RP). RO is ohmic resistance, UOC is open circuit voltage, ibat is
the battery, Ubat is the battery terminal voltage. Above parameters are all variable
with battery SOC and temperature. Temperature influence will be ignored because
all the tests are done in an incubator. So Thevenin battery model can be described
as formula (2)

_UP ¼ ibat

CP
� UP

RPCP

Ubat ¼ UOC � UP � ibatRO

�
ð2Þ

Control
Strategy

Pm
*

vcar

SOV

SOC

f ( )

PUC

Fig. 2 The control structure
of hybrid power system

DC/DC

Strategy Cycles

Inverter

CAN

High voltage

Signal

Battery

Ultra Motorcapacitor

ControlFig. 1 The structure of
vehicle control system using
hybrid power system
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For parameter identification of UOC, CP, RP, RO, hybrid Pulse Power Charac-
terization (HPPC) test of cells is executed with every 10 % SOC [8]. Here set that
the current is positive while discharging and negative while charging, and the time
constant is defined as s = RPCP, so (2) can be discredited as (3), Where ip is the
current through the polarization resistance (RP).

Ubat;i ¼UOC � ROibat;i � RPiP;i

iP;i ¼ 1� 1� expð�Dt=sÞ½ �
ðDt=sÞ

� �
� ibat;i

þ ½1� expð�Dt=sÞ�
ðDt=sÞ � expð�Dt=sÞ

� �

� ibat;i�1 þ expð�Dt=sÞ � ibat;i�1

8>>>>>>>><
>>>>>>>>:

ð3Þ

Parameter identification results are shown in Table 1 based on (3) with multiple
linear regression method.

2.3 Ultracapacitor Modelling

RC circuit model is used for ultracapacitor modeling, as shown in Fig. 4. iuc, Uuc,
Uc respectively represents the load current, load voltage and ultracapacitor volt-
age. RPUC is the self-discharge resistance, ESR is the equivalent internal resistance,
CU is the capacitance.

So ultracapacitor can be modelled as (4).With similar method as parameter
identification of Li-ion battery, the capacitance CU and the equivalent internal
resistance ESR is achieved as shown in Tables 2, and 3.

_UC ¼
�UC

CU � RPUC

þ iUC

CU

ULUC ¼ UC � ESR� iUC

8<
: ð4Þ

Ro

Rp

Cp

Ubat

ibat
+

-

Uoc

+ -Up
+

-

Fig. 3 Schematic of
Thevenin battery model
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3 Control System

3.1 Control Strategy Development

The principle of the control strategy is described as the following. Ultracapacitor is
charged as fully as possible while regenerative braking. If the driving power is
needed, the slowly changing power is given by the battery, and the abruptly
changing one is given by the ultracapacitor.

A logic threshold control strategy is used in the article, whose scheme is shown
in Fig. 5. The input variable is the input power of the motor’s inverter (Pm) and the
ultracapacitor SOV. And the control strategy works with the following constraints.

f �ð Þ ¼
SOVL� SOV � SOVH

SOV � 100%
Pchg SOCð Þ�P�bat�Pbmax SOCð Þ

8<
: ð5Þ

where SOVL and SOVH is respectively the low and upper threshold of the
ultracapacitor voltage, Pbat* is the requested discharging power of battery,
Pbmax([=0), Pchg(\ 0) is respectively the feasible maximum of battery discharging
and charging power.

As shown in Fig. 5, Pa is a calibrated parameter and represents the average
power requested by the inverters. The power request less than Pa is allocated to the
Li-ion battery. Pm is the actual power of the inverters. F(s) is the dynamic response
of Li-ion battery for power calculation, described as (6).

RPUC

CU

ESR

+

-

ULUCUC

+

-

iUC
Fig. 4 The model schematic
for the ultracapacitor

Table 1 The identification results of power battery

SOC UOC/V Cp/F Rp/mX Ro/mX sb/s

0.4 3.255 4083.6 5.17 3.32 21.1
0.5 3.278 4548.7 5.23 3.30 23.8
0.6 3.282 4906.8 5.32 3.28 26.1
0.7 3.285 4962.0 6.02 3.23 29.9
0.8 3.289 5304.8 7.73 3.28 41.1
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FðsÞ ¼

1
sbat � sþ 1

ðP�m [ ¼ 0; dischargeÞ

1
suc � sþ 1

ðP�m\0; chargeÞ

8>><
>>:

ð6Þ

3.2 Simulation Test Bench Build

xPC-Target is a solution based on PC for product Rapid Control Prototyping
(RCP) development, real-time system test[9]. The real-time simulation test bench
in the article is constituted of one host PC and two xPC-Target PCs as shown in
Fig. 6. Modelling of Control strategy and hybrid power system, model-in-loop
simulation, real-time code compiling and test monitoring are executed on host
PC [10]. Executable codes compiled by SIMULINK models on host PCs are
downloaded to xPC-Target based on TCP/IP protocol through Ethernet Net
Interface Card (NIC). Codes of control strategy and of hybrid power system are
real-timely run on separate xPC-Target PC and the execution results can be
uploaded to host PC.

Table 2 The identification results of the capacitance CU

iUC/A CU/F iUC/A CU/F

20 471.1 -20 486.7
50 468.9 -50 487.7
100 469 -100 487.1
150 467.3 -150 488.4
200 465.2 -200 486.6
250 464.3 -250 485.4

Table 3 The identification results of the equivalent internal resistance ESR

iUC/A ESR (mX) iUC/A ESR (mX)

-2 2.41 2 2.36
-20 2.14 20 2.01
-50 1.96 50 1.96
-100 1.94 100 1.8
-150 1.84 150 176
-200 1.83 200 1.75
-250 1.82 250 1.72
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4 Real-Time Simulation Test of Control Strategy

4.1 Test Results

The simulation test is run based on UDDS and the vehicle parameters are set as
Table 4. UDDC is an instantaneous changing cycle which is fit for validation of
both hybrid power system modelling and real-time simulation test bench build up.
Some results of real-time simulation based on xPC Target are shown in Fig. 7.

N

Pm
*

Pm
*<0

SOV>=SOVL?

PUC=0

N

PUC=Pm
*

Y

Y

Y
SOV<=SOVH? PUC=Pm

*
Y

SOV<=100%?

N

PUC=Pm
* (1-F(s))

Y

N
PUC=0

Pbat
*=max(Pm

*,Pchg)

Pm
*<Pa

N

Pm
*-Pm<Ppmax?

Y
PUC=0

N

SOV>=SOVL?

N

Y

PUC=0

N

Pm
*<Pbmax

Y PUC=Pm
*-Pa

Pbat
*=Pa

N

SOV>=SOVL?
Y

PUC=Pm
* (1-F(s))

Pbat
*=min(PmF(s),Pbmax)
PUC=Pm

*-Pbat
*

N
PUC=0

Pbat*=Pbmax

Fig. 5 Schematic of logic threshold control strategy
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Battery current, ultracapacitor current, SOV, SOC and energy change during
two UDDS cycles are shown in Fig. 8.

Figure 8a illustrates the battery current and ultracapacitor current. The battery
current is mostly controlled to be no more than 1C, while the ultracapacitor
discharges and charges high current, which is very good for battery cycle life and
efficiency. The charging of battery is greatly less occasional than that of ultraca-
pacitor. The charging efficiency of ultracapacitors, as known, is greatly higher than
that of Li-ion battery, so more regenerative braking energy is recycled. At about
second 200 and second 1,600, when peak power is requested by the motor’s
inverter, the ultracapacitor fast discharges to make peak power output of hybrid
power system. And the battery discharges with greater current (48 A, 2 C) as the
discharging power of ultracapacitor decreases because of limited energy capacity.

Figure 8b illustrates ultracapacitor SOV and battery SOC. The initial SOV and
ultimate SOV is same. Figure 8c illustrates the requested driving energy, actual
energy output of ultracapacitor and battery. When there is a peak energy request,
the battery output energy can be kept slowly changing with the help of peak energy
output of ultracapacitor.

4.2 Analysis and Discussion

If Li-ion battery is used as the only energy source, it should be designed as
Table 5. The simulation comparison between the only-battery power system and
the hybrid power system is shown in Fig. 9.

Figure 9a illustrates the battery current comparison. Battery usually discharges
high current more than 2 C if it is the only energy source, which will shorten the
cycle life and decrease the discharging efficiency. And the maximum charging
current of the battery is much lower than that of the ultracapacitor (shown in
Fig. 8a), so that much less regenerative braking energy is recycled.

Figure 9b illustrates the comparison of battery’s energy output. Comparing to
the battery-only power system, the energy provided by the battery of the hybrid

Real-time computation
(Cycles, Control Unit 

Model)

Ethernet
NIC

xPC-Target
PCA

Real-time computation
(Vehicle Model with Hybrid

 Power System)

Ethernet
NIC

xPC-Target
PCB

TCP/IP Ethernet

Host PC
(Modeling, Compiling,Monitoring,etc.)

Fig. 6 Real-time simulation
platform based on xPC Target
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system decreases by 8.97 %. The first reason is that the battery usually works in
zones of high efficiency with the help of the ultracapacitor, and the second reason
is that more regenerative braking energy is recycled with hybrid power system.

Fig. 7 Real-time simulation based on xPC target

Table 4 The basic parameter of the EV

Vehicle
Curb weight/kg 1320
Gross weight/kg 1845
Front Face Area/m2 2.53
Air Friction Ratio 0.36
Diameter of tyre/m 0.299
Battery
Type LiFePO4 Li-ion battery
Cell voltage/V 3.2
Capacity/Ah 24
Number 105
Ultracapacitor
Type BMOD0500-16.2 V
Cell voltage/V 16
Capacity//F 500
Number 18
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Table 5 Li-ion battery parameter

Type LiFePO4 Li-ion battery

Cell voltage/V 3.2
Capacity/Ah 36
Serial number 105
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5 Conclusions

A RCP designed based on xPC Target for hybrid power system is proposed. With
the tests executed on the real-time simulation test bench, the following points are
concluded.

(1) Distributed simulation test bench comprised of two xPC-Target system with
Communication Area Net (CAN) is helpful for real-time simulation.

(2) Control strategy proposed in the article is tested to be able to control the
hybrid power system well. The battery’s current is controlled to be no higher
than 2 C, so that the battery cycle life and efficiency will be improved.

(3) Comparing to the batter-only power system, because the battery works more
occasionally in zones of high efficiency and more regenerative braking energy
is recycled, hybrid power system is more efficient with about 8.97 % output
energy saving.

References

1. Dougal RA, Liu S, White RE (2002) Power and life extension of battery-ultracapacitor
hybrids. J IEEE Trans Compon Packag Technol 25(1):120–131

2. Camara MB, Gualous H, Gustin F et al (2008) Design and new control of DC/DC converters
to share energy between supercapacitors and batteries in hybrid vehicles. J IEEE Trans Veh
Technol 57(5):2721–2735

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

150

t /s
i b a

t /A

Battery only powerd
Battery-HPS powerd

(a) 

0 500 1000 1500 2000 2500 3000
-2000

0

2000

4000

6000

8000

t /s

E
ne

rg
y 

/k
J

Battery only powerd

Vehicle required

Battery-HPS powerd

(b) 

Fig. 9 Compared simulation
for battery-only power
system and hybrid power
system. a Battery current.
b Energy request and output

Development of a Control System of Hybrid Power System 665



3. Pay S, Baghzouz Y (2003) Effectiveness of battery-supercapacitor combination in electric
vehicles. IEEE Bologna power tech conference proceedings, Bologna 1–6

4. Nan J, Wang J, Sun F (2005) Study of energy management system of electric vehicle. Trans
Beijing Inst Technol 25(5):384–388 (in Chinese)

5. Gao L, Dougal RA, Liu S (2003) Active power sharing in hybrid battery/capacitor power
sources. Eighteenth annual: IEEE applied power electronics conference and exposition
(APEC) 497–503

6. Adam WS, Thomas S, Cyrus A (2006) An ultracapacitor circuit for reducing sulfation in lead
acid batteries for mild hybrid electric vehicles. J Power Sources 156(2):755–762

7. Xiong R, He HW, Zhang XW et al. (2010) Simulation study on hybrid ultracapactior-battery
power system for PHEV. The 2010 international conference on future computer and
communication (ICFCC 2010), Wuhan: IEEE 496–500

8. Xiong R (2010) Simulation study on the hybrid power system for plug-in hybrid electrical
vehicles. Dissertation for master’s degree, Beijing institute of technology

9. Luo J, Wang M, MA W (2010) Research on the simulation of on-orbit servicing spacecraft
navigation system. J Astronautics 31(2):380–385

10. Yang Di, Li Li-tao, Yang Xu, et al. (2002) MATLAB/RTW and It’s application. Tsinghua
University press, Beijing 249–260

666 Y. Zhang and R. Xiong



A Study on Effective Thermal-Shock Test
Improvement of Battery Packs for PHEVs

Byoung-Hoon Kim, Hong-Jong Lee, Jin-Beom Jeong,
Baek-Haeng Lee, Dong-Hyun Shin, Hyun-Sik Song,
Tae-Hoon Kim and Ji-Yoon Yoo

Abstract While there are many test items to secure a vehicle’s reliability, this
study reviews the test method for Thermal-shock Test, one of climatic tests to
evaluate the damage caused by thermal expansion coefficient differences of parts
by rapid temperature change, and proposes more appropriate test method for test
performance evaluation. The testing for automobile electronic parts is divided into
two categories for reliability and for stability, and is varied in wide range. In this
study, Thermal-shock Test, which performed to acquire durability life, one of the
important factors of the automobile electronic part tests, is analyzed. The current
Thermal-shock Test is conducted with higher than 500 cycles in case of auto-
mobile interior electronic parts, or higher than 1,000 cycles in case of the parts in
the engine room or of the exterior or special area of automobile. And, according to
installation area, the tests are performed in high temperature (75–115 �C) and in
low temperature (-40 �C). And, test profile time is to evaluate battery’s perfor-
mance reduction by changing temperature for total one hour (high temperature,
30 min and low temperature 30 min). During and after the evaluation, any
abnormality, such as venting, battery enclosure rupture, fire, or explosion,
shouldn’t be occurred to the tested battery. Also, the internal resistance should
satisfy the preset range. Therefore, with Thermal-shock Standard Test, the Battery
Pack for PHEV in development process is to be evaluated. And, the evaluation
result is analyzed to verify if the evaluation can be performed with trust as the
evaluation to other automobile electronic parts followed by a proposal of detailed
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test measure. Firstly the internal structure of the developed battery pack for PHEV
is analyzed. Then, through the test method recently applied, the test procedure to
measure the temperature distribution of battery pack is to be established. And, by
analyzing the international thermal-shock test standard and conducting the test on
the proposed profile, the detailed test method is drawn. After the verification
process for the proposed test method, the reliability is to be secured.

Keywords Thermal-shock � PHEV � Battery pack � Energy storage system �
Environmental test

1 Introduction

Recently, the interest on PHEV, which is the environment-friendly vehicle, is
increasing, and various researches and developments are conducted in many
nations. Also, several auto makers even sell PHEVs. Moreover, under the cir-
cumstance that the interest of users’ stability and reliability security is increasing,
the battery pack, an important component of existing vehicle parts, used to have
simple structure in small volume but recently the size of battery pack are expanded
to secure large capacity and high output in the complicated structure to equip
electronic parts regarding the battery pack separately. Therefore, it is necessary to
analyze if current evaluation method is suitable for the standard test for PHEV
battery pack and to confront the analysis result.

The testing for automobile electronic parts is divided into two categories for
reliability and for stability, and is varied in wide range. In this study, Thermal-
shock Test, which performed to acquire durability life, one of the important factors
of the automobile electronic part tests, is analyzed. The current Thermal-shock
Test is conducted with higher than 500 cycles in case of automobile interior
electronic parts, or higher than 1,000 cycles in case of the parts in the engine room
or of the exterior or special area of automobile. And, according to installation area,
the tests are performed in high temperature (75–115 �C) and in low temperature
(-40 �C) [1, 2]. And, test profile time is to evaluate battery’s performance
reduction by changing temperature for total one hour (high temperature, 30 min
and low temperature 30 min). During and after the evaluation, any abnormality,
such as venting, battery enclosure rupture, fire, or explosion, shouldn’t be occurred
to the tested battery. Also, the internal resistance should satisfy the preset range.
Therefore, with Thermal-shock Standard Test, the Battery Pack for PHEV in
development process is to be evaluated. And, the evaluation result is analyzed to
verify if the evaluation can be performed with trust as the evaluation to other
automobile electronic parts followed by a proposal of detailed test measure.
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2 Test Platform and Experiment Process

In this study, experiments were performed on the battery pack by applying tem-
perature test items from the guidelines for testing electrical systems in conven-
tional automobiles, and compared the variations in external temperature and the
internal temperature according to the maintained temperature. The temperature
steps test and the temperature cycling test specified in ISO 17650–4 were con-
ducted [3, 4]. Comparative experiments were performed in the temperature range
between -30 and 50 �C in order to protect the performance of the battery pack.

The temperature steps test involves varying the temperature in 5 �C steps in the
- 30–50 �C range, maintaining the specimen’s temperature for a certain period at
each step, and examining the mechanical and electrical performance of the
specimen. For the temperature cycling test, temperature is increased, decreased,
and maintained within the - 30–50 �C range, and the performances of the spec-
imen under rest and operating conditions are examined. Since experiments were
conducted in this study to examine the temperature reaching performance of the
specimen when the temperature was varied and maintained under rest condition,
operation performances were not observed.

To conduct the temperature test of the vehicle battery pack and the BMS, each
specimen was placed in a constant temperature and humidity chamber (3 �C/min),
as shown in Fig. 1. A DAQ was used to measure data at 18 points, including the
temperatures of each module, BMS, and the chamber’s internal temperature.
Thermistors were used to measure the temperature of each module of the battery
pack. The temperatures of the 12 modules and at the entrance of the cooling air
conditioner were recorded. The thermistor was placed at the center of each module
of the battery pack. In addition, thermal couples were installed at 2 points on the
PCB inside the case to measure the temperature of the BMS. Another thermal
couple was installed to measure the ambient temperature inside the constant
temperature and humidity chamber. Temperature data taken from 18 points were
recorded using a DAQ and a logging PC.

In this study, temperature cycling, temperature characteristics, and thermal shock
tests were performed to compare the test temperature and the internal temperature of
the battery pack and to examine the temperature variation characteristics of the

Fig. 1 A schematic diagram and a photo of the experimental environment for the temperature
tests of the battery pack
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battery pack. A 6.9 kW battery pack shown in Fig. 2 was used for the experiment.
The battery pack is an air-cooled system consisting of 12 modules, each module with
8 cells (96 cells total).

The comparative experiment was performed according to the temperature test
pattern using the constant temperature and humidity chamber and the thermal
shock tester shown in Figs. 3 and 4, respectively.

Figure 5 displays the temperature cycling test profile used in the experiment to
examine the temperature variation characteristics. Temperature cycling test gen-
erally involves assessing the specimen’s operation test performance and the state
of parts and components while temperature is increased, decreased, and main-
tained. However, non-operation test was conducted for this study because our
objective is to examine the variation characteristics of internal temperature. The
test temperature range of the profile was between -30 and 50 �C, and the tem-
perature was changed and maintained for 2 h.

Figure 6 displays the temperature characteristics test profile used in the
experiment to examine the temperature variation characteristics. The temperature
characteristics test was performed as a non-operation test. Starting at room tem-
perature, the temperature was varied and maintained in 10 �C intervals. The test
temperature range of the profile was between -30 and 50 �C, and the step interval
was set at 10 �C. The temperature was varied for 10 min and maintained at each
step for 1 h.

Figure 7 displays the thermal shock characteristics test profile used in the
experiment to examine the temperature variation characteristics. The thermal
shock test was performed as a non-operation test while temperature was increased,
decreased, and maintained. It is a test for assessing damage caused by abrupt
changes in temperature and the difference in the coefficients of thermal expansion
between the parts in each specimen. The test temperature range of the profile was
between -30 and 50 �C. The temperature was varied within 5 min and maintained
at each level for 30 min.

Fig. 2 Battery pack test
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Fig. 3 Constant temperature and humidity chamber

Fig. 4 Thermal shock tester

Fig. 5 Temperature cycling test profile

Fig. 6 Temperature characteristics test profile

Fig. 7 Thermal shock test profile

A Study on Effective Thermal-Shock Test Improvement 671



3 Test Results

In this study, tests were performed according to the temperature cycling, tem-
perature characteristics, and thermal shock test guidelines for electrical systems in
conventional automobiles. Tests were conducted in non-operational state without
taking into account the operational state between test temperatures. As explained
earlier, temperatures were measured using thermistors, thermal couples, and DAQ.
The test results of the battery pack are shown in graphs for comparison.

Figure 8 displays the results of the temperature cycling test, which was per-
formed by maintaining room temperature (20 �C) for 5 h, followed by increasing,
decreasing and maintaining the temperature for 2 h. Test results indicate that the
temperature of the battery pack fell short by 5–15 �C during 2 h of temperature
change and maintenance in the low temperature range. In the high temperature
range, the discrepancy increased to 15–35 �C.

Figure 9 displays the results of the temperature characteristics test, which was
performed by maintaining room temperature (20 �C) for 5 h, followed by
decreasing and increasing the temperature. The temperature was varied in each
step at the rate of 1 �C/min, and the temperature was maintained at each step for
1 h. Test results indicate that the BMS changed and maintained temperatures
similar to the set levels. However, the internal temperature of the battery of the
battery pack fell short of the set levels.

Figure 10 displays the results of the thermal shock test, which was performed
starting at room temperature (20 �C) and the temperature was increased and
decreased. The temperature was varied within 5 min and maintained at each level

Fig. 8 Temperature cycling test result of the battery pack for PHEVs
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for 30 min. Test results indicate that it closely followed the set temperature levels.
However, the internal temperature of the batter pack was only maintained within
the 0–30 �C range, as shown in Fig. 10.

The results from the temperature step test and the temperature cycling test
confirmed that the BMS reached the set temperatures within the corresponding
time. However, the battery pack failed to reach the temperatures within the
specified period.

Fig. 9 Temperature characteristics test result of the battery pack for PHEVs

Fig. 10 Thermal shock test result (battery pack)
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4 Conclusion

In this study, thermistors (chip type) and thermal couples (T-type) were installed
on a vehicle battery pack to conduct experiments to examine whether the tem-
perature test items specified in the reliability evaluation test guidelines for elec-
trical systems installed in conventional automobiles can be applied to battery
packs. In the case of BMS installed in conventional automobiles, the temperature
reached the experimental level within the corresponding time. However, it was
confirmed that the temperature of the battery pack did not reach the level within
the corresponding time. Therefore, it is necessary to extend the temperature
maintenance time of the tests specified in the reliability evaluation standard of the
electrical systems installed in conventional automobiles if the tests are to be
applied to battery packs. Our future research plans include deriving temperature
test durations suitable for battery packs by selecting temperature test items for
battery packs based on repeated experiments over a substantial period. We hope
the results of this study can serve as a useful reference for selecting test periods in
temperature test items during reliability evaluation for high capacity battery packs.
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Challenges in NVH for Electric Vehicles

Benjamin Meek, Herman Van der Auwear and Koen De Langhe

Abstract ERTRAC predictions currently show EV growing their market share to
around 20 % of new vehicles sold by 2030, to meet these demands NVH engineers
will be challenged to define and refine the sound, comfort and feel of tomorrow’s
automobile without hindering the drive for more efficient vehicles. Often though,
improvements in efficiency such as those gained by weight reduction bring extra
challenges to the NVH engineer as their concerns become secondary to perfor-
mance and efficiency gains. This paper aims to show how NVH activities can
positively aid efficiency gains for electric vehicles with examples of some recent
simulation and test work carried out on electric vehicles. NVH Engineering takes
on a new focus for Electric Vehicles with the removal of broadband internal
combustion engine (ICE) noise, significant differences are found in the noise
spectrum when comparing an Electric Vehicle (EV) with an ICE vehicle. EV noise
is characterised by tonal harmonic noise related to the number of poles on the
electric motor. Results from vehicle benchmarking tests together with analysis
highlight the relative quietness in the low/mid frequency range (\1 kHz). An
example of how this can offer opportunities for weight reduction is shown using
NVH simulation tools to demonstrate that early application of NVH engineering
can aid weight reduction while maintaining acceptable interior sound levels and
quality. The choice of electric motor is often dictated by technical, financial and
logistical limitations, increasingly in the automotive industry is researching alter-
native motor configurations that do not permanent magnets such as switched
reluctance motors which do not contain magnetic materials which are expected to
become increasingly expensive and scarce as demand grows. The drawback of
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SRM is increased noise and control complexity. A methodology using a combined
1D multi-physics approach and 3D finite element analysis approach is shown with
initial results that can help optimize the mechanical design and controls of the SRM
in parallel, maximising power without impairing the acoustic performance. Finally
with a quieter powertrain a challenge facing vehicle manufacturers is how to alert
vulnerable road users to the presence or movement of the electric vehicle, pedes-
trian warning systems are seen as the best solution but how can you optimize these
systems, Fast Multipole BEM tools can help simulate the propagation so sound and
the effect of the environment around it, results for such a study are presented to
demonstrate its potential. This paper highlights the evolving NVH demands from
the emergence of electric vehicles and demonstrates how NVH analysis method-
ologies can be applied to optimize key vehicle NVH attributes. Analysis of NVH
benchmarking data for electric and ICE powered vehicles show the potential needs
for NVH engineering focus on electric vehicles. Results of vibration and acoustic
simulation tools applied to EV body weight, electric motor performance and
warning sound are shown to demonstrate where NVH analysis can aid electric
vehicle development without hindering the search for efficiency gains.

Keywords Electric vehicle � NVH � 1D � 3D � Multi-attribute

1 Introduction

Current ERTRAC predictions for the uptake of electric vehicles currently show
they could account for [10 % of new vehicle sales by 2030, if one includes all
hybrid configurations then this percentage further increases to 30 % [1]. This
uptake in electric vehicles will be primarily being driven by legislation pressures,
for example in Europe where the European Commission have proposed a new
lower fleet average CO2 limit of 95 g/km to come into effect in 2020 [2], meaning
manufacturers will have to use electrification to meet the fleet targets. Alongside
this consumers are going to have to be convinced that it meets their expectations.
So ensuring that electric vehicles fulfill the cost, performance, feel and reliability
needs remains the other top priority. Encompassed within the consumer expecta-
tions is the topic of NVH attributes, simple logic states that electric vehicles are by
definition quieter than their ICE counterparts therefore NVH performance of these
vehicles is better. If one looks beyond this principle and where will the focus for
NVH engineer be on quieter electric vehicles [3, 4]?

• Minimizing tonal harmonic sound from the electric motor and power electronics
• Eliminating non-speed related noise sources (power steering, fuel pump,

HVAC …)
• Re-focus on road and wind generated noise as they become dominant sources in

absence of broadband combustion engine noise.
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• Pedestrian warning system to relay vehicle operation to vulnerable road users

Using examples of work carried project work carried out on electric vehicles
this sets out to demonstrate that focusing on NVH can have a positive influence on
the strive for lower vehicle emissions and further vehicle efficiency gains.

2 Electrification Means Quieter Cars

The effect of replacing the internal combustion engine (ICE) with an electric motor
fundamentally alters the balance of sound experience by vehicle occupants and
other road users. Fundamentally Electric vehicles are quieter, Fig. 1 shows that on
an identical vehicle configuration the overall sound power levels are reduced
across the frequency spectrum for what is considered to be the worst case for an
electric vehicle (EV), namely high driving (120 km/h) where motor rpm and
torque requirements are both high. It highlights both the relative quietness of the
electric vehicle, this is most pronounced in the frequency range 200–1,000 Hz
where the electric motor has a distinct void in its frequency spectrum compared to
the ICE equivalent; this potentially opens the door for body optimization or panel
gauge reduction.

Also notable are the tonal peaks related to the motor design, these equate to 4x
and 8x the number of poles in the electric motor, these are the tonal harmonics that
give the electric motors its distinct whine under heavy load and high rpm, con-
trolling these is important if occupants are not to be annoyed.

To make such analysis more objective one can turn to psychoacoustic measures
such as sharpness, prominence ratio and tone to noise ratio. In the example shown
in Fig. 2 the EV proved to have a sharper tone across the frequency spectrum then

Fig. 1 Sound pressure level comparison of identical configured EV (blue) and Ice (green)
powered equivalent
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the ICE powered vehicle, particularly at the frequencies that tie in with the tonal
motor components. Figure 2 also shows that with the tonal components filtered the
sharpness result for the is reduced drastically.

3 Body Weight Reduction

Knowing that the forcing function of the electric motor is less manufacturers can
look to take advantage of this to reduce the body weight or down-gauge body
panels to save weight. Studies have shown that body noise transfer functions
(BNTF) for engine mounts can be reduced to 60 dB/N without compromising
interior NVH performance [5]; however with road noise remaining unchanged on
electric vehicle BNTF for suspension mounting points will have to remain at
around 35 dB/N to achieve acceptable performance.

4 The Choice of Electric Motor

For automotive applications the choice of motors the industry is largely restricted
by availability, cost and scalability, for this reason synchronous the permanent
magnet motor is the current choice for the electric drive in automotive applica-
tions. From an NVH perspective these types of motors are more than capable of
delivering the quiet performance expected from electric traction. Within the
automotive industry there are fears that the increased demand for electric motors
will drive up the cost and cause supply security issues in the future, this is fuelling
a large amount of research into alternative motor technologies which do not

Fig. 2 Showing the effect of removing the electric motor tonal components on the EV sharpness
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contain magnet materials; principally induction and reluctance motor configura-
tions. Among these the reluctance motor, shown in Fig. 3 is thought within the
industry to have the lowest potential cost from a material and manufacturability
point of view. It works by switching the current between phased windings on the
stator to pull the ferrous steel rotor around, producing the motion. The worry
within the industry has been the propensity of such motors to be viewed as noisy.

The noise in a switched reluctance motor is generated by the switching on and
off of current in the stator poles, creating the moving electromagnetic field that
drives the motor. The switching on and off of the current causes a torque ripple
within the motor, Fig. 4 shows such a ripple as a function of torque against time
compared to the reference torque required by the control unit.

LMS is developing a process to optimize the design and performance of an
SRM motor using a combined multi-physics 1D and 3D approach [6]. This
approach allows the effect of the mechanical and controls design to be optimized
in a single process. Figure 5 shows the outline of the process:

• A 2D magnetic finite element simulation is used to produce look up tables of
torque and magnetic flux as a function or voltage and current.

• Using LMS Imagine.Lab a 1D multi-physics model of the SRM and electric
vehicle is constructed to allow simulation of the mechanical, control and vehicle
variables that determine motor performance.

• A 2D magnetic finite element simulation is then run for each time step on the
motor operation to calculate the forces acting on the stator, by performing a Fast
Fourier transfer the time domain results are converted to the frequency domain
for further analysis

• A 3D acoustic BEM simulation is carried out to analyze the noise performance.
Alternatively results can be left in the time domain and analyzed using a time

Fig. 3 Showing a section
view of a SRM
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domain BEM solver to allow replay of the simulated sound of the motor for
psychoacoustic analysis.

The results of such a process allow optimization of the noise performance in
through mechanical or controls means, Fig. 6 shows how such an optimization can
take place for a SRM running at a constant speed equivalent to 90 km/h in the
vehicle model by reducing the firing angles between the motors phases, and the
torque ripple this created. The results are the highest noise peak at 1750 Hz is
reduced.

5 Pedestrian Warning Systems

The other main NVH challenge arising from Electric vehicles is how to make the
movement of electric vehicles clear to vulnerable road users. Current thinking
focuses of the use of external warning devices, with the first systems introduces on
EV’s such as the Nissan Leaf. Such systems have a complex set of scenarios to be
able to cope with, being audible above urban background noise but quiet enough to
avoid nuisance, adaptive devices have been put forward as a method of achieving
this balance satisfactorily but there are a lot of hurdles to overcome before this is a
reality

What sounds effectively portrait the movement of the vehicle?
What happens when you put multiple vehicles with adaptive systems alongside
each other?
How should the sound be directed from the vehicle to be most effective?

Fig. 4 Showing the torque
ripple as function of time
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How the vehicle should sound it much influences by the manufacturer and the
brand identity it wishes to promote, contrast the different sounds of the Nissan
Leaf and Audi R8 e-tron; both electric vehicles but with fundamentally different
external noise signatures at low speeds, what is in common is the mix of broad-
band and harmonic components to both re-assure and alert VRU in the vicinity, in
Fig. 7 the spectral map of the noise measured on an EV, attributed to the Nissan
Leaf, showing these separate components clearly, broad band noise in the lower
frequency and high frequency tonal components with modulation. The combina-
tion of these noises offers both awareness and directional movement feedback to
VRU alerting them to the vehicles presence and trajectory.

Fig. 6 Showing the effect of
torque and current
optimization on the motor
noise spectrum

Fig. 5 Showing the acoustic optimization process for an SRM
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6 Propagation of Pedestrian Warning Sound

The prediction of the propagation of the generated sound to the location of the
listener is an important challenge alongside the makeup of the sound itself. This
propagation is frequency and space dependent, varying with the vehicle geom-
etry, the location of the source on the vehicle, the road environment (sound
obstacles and shaping profiles). Furthermore, masking effects of other traffic and
ambient noise sources (wind, machinery etc.) have an impact on the pedestrian’s
perception of the sound. Approaches such as the Multipole BEM frequency and
time domain methods and the Ray Tracing method can be used to simulate the
directivity of the source and the level of noise in the car’s surrounding, allowing
an optimal source configuration and derivation of component and sound system
specifications.

In a study carried out by LMS, the sound emitted by sources at 6 different
positions on a representative car was calculated for two frequencies, 650 and
2,500 Hz, which according to [7] are within the most audible frequency ranges by
human beings. A Boundary Element Modeling (BEM) approach was used using:

• 2D elements for discretizing the scattering surface of the vehicle.
• A high density microphone array was defined in front of the car as response grid.
• A symmetry plane was used to account for the road surface reflection.

As source model, monopole with unity amplitude corresponding to a power of
about 101 dB was used (of course all results are fully scalable in level). Due to the
size of the acoustic mesh, an advanced BEM solver, Fast Multipole BEM (or
FMBEM), was used. The computation time was 3.5 h per frequency for 6 load
cases on a 48 GB RAM dual-quad core windows 64 bit machine.

Some typical results for 3 sound source positions (bumper center, bumper
extreme right, wheel housing right) are shown in Fig. 5 (650 Hz) and 6

Fig. 7 Low-speed drive-by
signal analysis (YouTube
source)
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(2,500 Hz). More simulations were conducted for sources at other positions
allowing an optimization design (Fig. 8).

Table 1 and Fig. 9 summarize a number of acoustic response values at different
locations.

These methodologies, which have proven their usefulness in pass-by-noise
simulation, are shown to be instrumental for a proper configuration design of the
sound source(s) to reach maximal warning effect in the danger zone with minimal
annoyance for the environment or other traffic users. They also allow investigation
of the noise propagation, the impact of the road and infrastructure objects, for
example allowing optimization of the system design for perception by roadside
listeners shielded by parked cars. Figure 10 shows an example of the impact of
parked cars on the sound propagation cases of Fig. 11.

In order to perform the study of the actual sound perception, the sound simu-
lation has to be linked to the source signal design and interpreted in terms of
subjective perception and alert/warning level by actual listening tests. To realize
this, the frequency domain BEM propagation results can be transformed into time
domain filters as is applicable also in pass-by-noise testing. This approach is
actually a time domain equivalent of the source contribution analysis methodology
derived from Transfer Path analysis [8–10].

Fig. 8 Warning sound field 2500 Hz a Bumper center. b Bumper right. c Wheel housing

Table 1 Listener response values (dB)

Point A B C D E F

1 81 97 70 80 88 82
2 73 84 78 80 80 78
3 79 71 60 73 64 69
4 79 80 62 73 69 59
5 84 85 67 72 70 70

A = bumper center 650 Hz
B = firewall 650 Hz
C = wheel housing 650 Hz
D = bumper center 2500 Hz
E = firewall 2500 Hz
F = wheel housing 250 Hz
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Finally, in addition to the perceived sound emitted by the loudspeakers also the
masking effect of the ambient sound is important. An interesting test that can be
performed using the LMS tools is the synthesis of a number of internal combustion
engines located next to the VRU in order to have a measurement of the masking
effect of the ambient sounds. It is also possible to use recorded ambient sounds to
simulate the passage of an electric vehicle in a pre-defined environment, i.e. an
industrial district where the ambient sound can be complex and loud.

Fig. 9 Listener locations

Fig. 10 Warning sound propagation in the presence of parked cars, 650 Hz a Bumper center.
b Bumper right. c Wheel housing

Fig. 11 Warning sound field 650 Hz a Bumper center. b Bumper right. c Wheel housing
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7 Conclusion

The paper has highlighted three key areas where Electric vehicle pose challenges
in NVH. Comparisons of EV an ICE equivalents show the major differences
between the vehicles and how these might be addressed or exploited with the goal
of weight reduction; though ultimately road noise becomes the limiting factor. The
choice of electric motor is currently limited but upcoming technology solutions to
eliminate the need for expensive raw materials such as magnetic materials from
motor design are maturing, the process discussed for mechanical and controls
optimization of a SRM motor shows how 1D and 3D simulation tools can con-
tribute effectively to this development for automotive applications. Finally the
issue of sound propagation is addressed using 3D acoustic fast multi-pole BEM
solvers to accurately predict the propagation and perception of warning sounds.
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Study on New Concept Powertrain
for Range-Extended Electric Vehicles

Minghui Liu, Ziliang Zhao, Xingwang Yang, Chuan Li
and Guopeng Luo

Abstract Range Extended Electric Vehicle (REEV) can extend driving range of
EV by engine when battery SOC reaches its lower limit. But usual REEV pow-
ertrain is serial, fuel consumption of which is high in high speed driving condition
when vehicle works in Range Extended mode. With the problem, a new concept
powertrain for REEV is presented in this paper. It has better driving condition
adaption, as it can work in serial or in parallel according to driving condition.
Firstly, the configuration of new Range-Extended Electric Vehicle powertrain is
proposed, which contains engine, BSG motor, clutch, traction motor and two-
speed DCT. In Range Extended mode, it can work in serial or parallel. Two-speed
DCT can adjust operating points of engine and traction motor. In addition, engine,
BSG motor and traction motor can be downsized due to the use of clutch and DCT.
Secondly, component parameters are designed according to vehicle requirements.
Thirdly, control strategy of REEV based on the new concept powertrain is
designed. Moreover, detail design for an A0 car is presented, and advantages of the
new concept powertrain are evaluated by simulation. Evaluated by simulation, the
new concept powertrain can meet requirements of Range Extended Electric
Vehicle, and fuel economy of new concept powertrain is good in various driving
cycles when vehicle works in Range Extended mode.

Keywords Range-extended electric vehicle (REEV) � Powertrain � Control
strategy � Range-extended mode fuel economy � Driving condition adaption
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1 Introduction

With the aggravation of oil crisis and environment crisis, it is more and more
important to develop energy-saving and clean vehicles. Electric Vehicle is an
effective way. Electric Vehicle can use electric energy to replace oil. And motor,
the power source of Electric Vehicle, is in good accordance with ideal vehicle
power source requirements. But due to the technology of battery, driving range of
Electric Vehicle is limited, which restricts its development. In order to replace oil
and ensure vehicle performance, it is necessary to develop Range Extended
Electric Vehicle (REEV), which can use engine to extend driving range when
battery SOC reaches its low limit [1].

Nowadays, the common approach is serial powertrain, which means adding an
engine-generator which will work in serial in Range Extended Mode [2, 3]. But in
high speed condition, the energy transfer efficiency of series driving is lower than
that of direct engine driving. In order to improve fuel economy of Range Extended
mode in various driving cycles, a new concept powertrain of Range Extended
Electric Vehicle is proposed in this paper.

2 Powertrain Structure

The new concept powertrain is shown in Fig. 1. It contains an engine, a BSG
motor, a traction motor, a Dual Clutch Transmission (DCT), a clutch and a battery.
DCT is placed after traction motor. Engine is connected with traction motor by
clutch. And BSG motor is connected with engine by belt. Traction motor is used to
meet vehicle dynamic performance requirements. Engine is used to meet maxi-
mum speed requirement in Range Extended mode. BSG motor is used to meet
energy requirement in low speed driving condition in Range Extended mode. DCT
has two sets of gears. High speed gears are used to meet requirements of direct
engine driving. Low speed gears are used to meet dynamic performance
requirements.

When battery SOC is normal, the new concept powertrain works in pure electric
driving condition. When battery SOC is low, the new concept powertrain can work
in serial or in parallel. If vehicle speed or desired torque is low, it works in serial.
Engine and BSG motor work in their optimal point. If vehicle speed is high, it
works in parallel. Because engine is small in REEV, desired torque is in engine
economic zone in high speed.

Comparison of different powertrains of REEV is shown in Table 1.
As shown in Table 1, in Range Extended mode, if vehicle speed is low, serial

powertrain and the new concept powertrain can work in serial, fuel economy of
which is better than that of direct engine driving. If vehicle speed is high, parallel
powertrain and the new concept powertrain can work in parallel, fuel economy of
which is better than that of series driving. As there is a generator in serial
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powertrain and the new concept powertrain, vehicle can always be started by
motor and electric accessories usage is not limited. In parallel powertrain, vehicle
must be directly driven by engine in total speed range. So multi-speed gearbox is
necessary, which leads to serious power interrupt. The new concept powertrain
only needs a two-speed gearbox because engine only drive vehicle directly in high
speed, so power interrupt is slight.

Battery

(1)

(2)
(3)

(4)

(6)
(5)

(1) Engine

(2) BSG Motor

(3) Battery

(4) DCT

(5) Traction Motor

(6) Clutch

Fig. 1 New concept
powertrain of range extended
electric vehicle

Table 1 Comparison of different powertrains of REEV

Powertrain Serial
powertrain

Parallel
powertrain

New concept
powertrain

Structure

Fuel economy in range
extended mode

Low speed
conditions

Good Bad Good

High speed
conditions

Bad Good Good

Driving performance in
range extended
mode

Electric
accessory
usage

Not limited Limited Not limited

Electric start Always Sometimes Always
Power interrupt No Serious Slight

Component
requirements

Traction motor
maximum
torque

High Low Medium

Traction motor
maximum
speed

High Low Medium

Engine Big Small Small
Generator Big No Small
Gearbox No Multi- speed Two-speed
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Due to the role of gearbox, requirements of maximum torque and maximum
speed of traction motor in parallel powertrain and the new concept powertrain is
lower than those in serial powertrain. Engine is used to meet maximum speed in
Range Extended mode. Because energy transfer efficiency is lower in serial
powertrain, engine in serial powertrain must be bigger than that in parallel pow-
ertrain and new concept powertrain. In serial powertrain, generator must meet the
maximum speed power demand while in new concept powertrain generator (BSG
motor) only need to meet driving power demand in low speed condition. Motor
performance is in good accordance with vehicle power requirements, so serial
powertrain doesn’t need a gearbox.

According to analysis above, the new concept powertrain has more advantages
than serial powertrain and parallel powertrain. New concept powertrain has good
fuel economy in various driving conditions, good driving performance and more
balanced component matching.

2.1 Component Parameters Matching

In this paper, an A0 car with new concept powertrain is designed. Table 2 shows
the performance requirements of the car.

Table 3 shows component parameters matching principles of the new concept
powertrain.

(1) Traction Motor

The speed profile of vehicle acceleration can be formulated as expression (1).

v ¼ vm
t

ta

� �x

ð1Þ

In the expression, vm means final speed of acceleration, ta means acceleration
time, x represents speed profile characteristics. In normal situations, x is 0.5.

The maximum desired power occurs in final stage of acceleration. So the
maximum power of traction motor can be got by expression (2).

Table 2 A0 Car
performance indexes

Performance index Requirement

Maximum speed in electric driving [140 km/h
Maximum speed in range extended mode [140 km/h
Maximum gradeability 30 %
0 * 100 km/h acceleration time \13.5 s
Electric driving range [60 km
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PMax�
1
g

vm dm
vm

2ta
þ 1

2
CdAqv2 þ mgf

� �
ð2Þ

In the expression, g means vehicle transmission efficiency, d means vehicle
correction coefficient of rotating mass, m means vehicle mass, Cd means drag
coefficient, A means frontal area, q means air density, f means rolling resistance
coefficient.

So the maximum power of traction motor is determined as 75 kW.
Because vehicle maximum speed in Range Extended mode is the same as that

in electric driving mode, maximum speeds of traction motor and engine are
similar. Maximum speed of traction motor is defined as 6,000 rpm.

Permanent magnet motor is chosen as traction motor, whose ratio of maximum
speed to rated speed is 2 * 3. So traction motor rated speed is defined as
2,400 rpm, and its maximum torque is 300 Nm.

(2) Engine

Engine power is designed to meet the demand of maximum speed cruise in
Range Extended mode and accessories power. It can be determined as expression
(3).

Pe�
1
g1

v � mgf þ CDA

2
qv2

� �
þ 1

g2
Pacc ð3Þ

So, Engine power is determined as 43 kW.

(3) BSG Motor

BSG motor is used to meet the demand of average driving power and acces-
sories power in low speed situation, as shown in expression (4). And engine fuel
economy when BSG works is also considered.

Table 3 Component parameter matching principles

Component Parameter Design principles

Traction motor Maximum power Vehicle acceleration performance
Maximum speed Vehicle maximum speed
Maximum torque Vehicle gradeability

Engine Maximum power Vehicle maximum speed in range extended mode
Accessories power

Maximum speed Vehicle maximum speed
BSG Motor Rated power Vehicle average driving power

Accessories Power
Engine fuel economy map

Maximum speed Engine maximum speed
DCT Low-speed gear ratio Vehicle dynamic performance

High-speed gear ratio Engine directly driving
Battery Capacity Electric driving range

Maximum power Maximum power of traction motor
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PBSG�
1

gMg0

R
P [ 0 dmaþ mgf þ 1

2 CDAv2
� �

vdt þ Pacc

tP [ 0
ð4Þ

So, BSG motor rated power is set as 12 kW.

(4) DCT

Engine maximum power speed is appropriately 5,000 rpm. According to the
relationship between vehicle speed and engine speed, high-speed gear ratio of
DCT can be got by expression (5).

ih ¼
nMax=60=i0
vMax=2pr

¼ 0:96 ð5Þ

So, high-speed gear ratio can be set as 1 because of high transmission efficiency
of direct gear. Low-speed gear ratio of DCT need to meet gradeability and
acceleration time requirements, as expression (6) and (7).

ilTMax�
mgf þ mgið Þr

gi0
ð6Þ

dm
dv

dt
¼ Tm

v

2pr
i0il

� �
gi0il=r � mgf � 1

2
CDAqv2 ð7Þ

So low-speed gearratio can be set as 1.85.

(5) Battery

The capacity of battery is determined by electric driving range requirement, as
expression (8).

E� 1
gDSOC

Pavr0 � tP [ 0R
vdt

s0 ð8Þ

So battery energy is 12 kWh.

2.2 Control Strategy

The control strategy frame is shown as Figure 2.
As Figure 2 shows, the control strategy of REEV consists of EV mode and

Range-Extended (RE) mode. When SOC is high, REEV works in EV mode. In EV
mode, Engine and BSG motor don’t work and the driving energy comes totally
from battery. When SOC is low, REEV works in Range-Extended mode, which is
the main task of this paper. In RE mode, there are two energy paths. If vehicle
speed or required torque is low, REEV works in serial path, in which engine and
BSG works in their optimal point. Serial path contains two states, serial driving
and electric driving, determined by SOC. If vehicle speed is high and required
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torque is in engine economic zone, REEV works in parallel path, and the fuel
economy is good.

Figure 3 shows details of RE mode control strategy. In RE mode, SOC is
sustained between SOCl and SOCh, and engine works between lower limit of its
economic zone and its maximum limit, in which fuel economy of engine is good.
As engine is downsizing in RE powertrain, required driving torque is always in
engine’s economic zone in comparison with conventional cars.

In engine driving state, engine torque is determined as expression (9).

Te ¼ Max Min Teng;h; Teng;opt þ fSOC SOCð Þ
� �

; Teng;l

� 	
SOC\SOCh

Td SOC� SOCh



ð9Þ

In motor assist state, engine torque is determined as expression (10).

EV

Mode

Extended-Range Mode

Electric 
Driving

Serial 
Driving

Engine 
Driving

Motor Assist

SOC<SOC0

SOC>SOC1

nm>n0

And Td>Teng,l

nm<n0

Or Td<Teng,l

SOC<SOCl

SOC<SOCh

Td<Teng,h

Td>Teng,h

Serial Path Parallel Path

Fig. 2 Control strategy frame
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Fig. 3 Control strategy of range-extended mode
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Table 4 Simulation Performance of REEV based on new concept powertrain

Performance index Serial
powertrain

New concept
powertrain

Comparison

Maximum speed/km/h [140 [140 –
0–100 km/h acceleration time/s 12.93 13.05 –
Gradeability/ % 32 32 –
EUDC electric distance/km(70 % SOC) 64 64 –
Fuel consumption in RE mode (NEDC)/L/100 km 6.91 6.23 -9.8 %
Fuel consumption in RE mode (ECE)/L/100 km 5.56 5.6 +0.7 %
Fuel consumption in RE mode (EUDC)/L/100 km 7.28 6.0 -17.6 %
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Fig. 4 NEDC driving curves of new concept powertrain
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Te ¼
Teng;opt SOC [ SOC0

Teng;Max SOC� SOC0



ð10Þ

2.3 Simulation Results

Table 4 shows simulation performance of designed REEV based on new concept
powertrain by Cruise and Simulink.

Simulation results show that fuel economy of REEV based on new concept
powertrain is better than that based on serial powertrain, and the dynamic per-
formance can be ensured. In ECE cycle, new concept powertrain has similar fuel
economy with serial powertrain, as they both work in serial path. In EUDC cycle,
fuel economy of new concept powertrain is improved by 17.6 %, as the system
efficiency of parallel path is higher than that of serial path. In EUDC cycle, which
combined low speed and high speed driving, fuel consumption of new concept
powertrain is 9.8 % less than that of serial powertrain.

Figure 4 shows the RE mode profiles of new concept powertrain in NEDC cycle.
Figure 4 shows in low speed situation, clutch is disengaged, and REEV works

in serial path, while in high speed situation, clutch is engaged, and REEV works in
parallel path. Engine speed and engine torque curves are also in accordance with
design principles.

3 Conclusion

From this paper, there are two conclusions we may get.

(1) New concept powertrain of Range Extended Electric Vehicle designed in this
paper is able to meet requirements of Range Extended Electric Vehicle.

(2) In Range-Extended Mode, new concept powertrain can get good fuel economy
in various driving cycles.
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Parameters Optimization of PHEV Based
on Cost-Effectiveness from Life Cycle
View in China

Jiuyu Du, Hewu Wang and Minggao Ouyang

Abstract Plug-in hybrid electric vehicle (PHEV) technology combining the merits
of Battery electric vehicle (BEV) and Hybrid electric vehicle (HEV), has the
potential to reduce greenhouse gas (GHG) emissions, and petroleum consumption in
the transportation sector. However, the cost-benefit of PHEVs mainly determined by
battery technology, optimal powertrain design, and vehicle kilometers daily traveled
and charging habits. Targeting to cost-benefit, the optimal design method was
presented, taking battery cycle life Vs DOD data, driving data, battery performance
data into consideration. The method provided optimal vehicle designs to realize
minimum life cycle cost, and maximum petroleum consumption under different
scenarios. For A-segment equivalent PHEV (similar to a F3DM), under Shanghai
urban driving conditions, it can be find that while PHEVs with present traction
battery technology, 30 km AER was most life cycle cost-effective to obtain maxi-
mum petroleum displacement based on Shanghai driving data. Large capacity
battery lead to petroleum displacement not so much as cost increased. At China
electricity price off peak, Li-ion battery pack costs must fall below ø2.0/Wh to be
cost competitive with equivalent internal combustion engine vehicles (ICEs).
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1 Introduction

With rapid development of economy and urbanization, production and stock of
vehicle increased sharply. By the end of 2011, the automotive production has been
increased to 18.505 M [1], which aggravated the issues of energy security and
environmental pollution of urban area became more seriously. Accordingly, the
crude oil dependence of China has reached to 56.5 % [2]. The GHG emission
mainly comes from vehicles’ tailpipe in urban area [3].

Electric powertrain has been considered as solution to energy consumption and
emission of GHG in urban area. Electric vehicles (including hybrid electric
vehicle, plug-in hybrid electric vehicle, battery electric vehicle, fuel-cell electric
vehicle) can effectively reduce fuel consumption and exhaust emission, and
developing electric powertrain technologies has been chose as national sustainable
transportation strategy. Pure electric vehicle can realize 100 % alternative to crude
oil. However, subjecting to the key technologies limitation, electric powertrain
vehicles is less competitive to conventional vehicles.

A PHEV has been defined by SAE [4] as: ‘‘A hybrid vehicle with the ability to
store and use off-board electrical energy in the RESS.’’ These systems are, in
effect, an incremental improvement over the HEV, with the addition of a large
battery with greater energy storage capability, a charger, and modified controls.

So PHEV technology integrated the advantages of BEV and HEV, will be the
best choice of transit powertrain technology to all electric driving stage, and it is
considered a potential near-term approach to addressing global warming and
dependency on foreign oil in the transportation sector of China, as the cost, size,
and weight of batteries are reduced.

To design a PHEV powertrain, more battery capacity will lead to more dis-
placement of fuel, in other words, increased AER will result in a larger portion of
travel propelled by electrical energy instead of gasoline, however, higher cost and
lower system energy efficiency. Distance the vehicle is driven between charges
plays an important role in determining the PHEVs advantage: Vehicles that are
charged frequently can drive most of their miles on electric power, even with a
relatively small battery pack, while vehicles that are charged infrequently require
larger battery packs to cover longer distances with electric power. Meanwhile, at
present, the PHEV testing standards is version translated from that of EU. Because
the driving cycle and personal daily kilometer traveled in China is totally different
from EU’s, so how to design powertrain parameters optimized based on the AER,
maximum speed, driving cycle is challenging problem.

The potential for PHEVs to displace fleet petroleum consumption derives from
several factors [5, 6], including duty cycle, daily kilometer distribution, electric
powertrain technology and components optimal sizing, etc.
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2 Duty Cycle of Passenger Car in China

To design electric vehicle more cost-benefit, parameter associated with dynamic
performance of electric car should be designed economical based on the operating
condition such as duty cycle of electric car in urban area of China.

From Fig. 1, it can be seen that the maximum speed is no more than 80 km/h.

3 Driver Behavior

To accurately calculate fuel costs for selected vehicles it is important to know how
a user drives and how much of the vehicle’s total mileage is driven using each fuel
type. This is especially important for plug-in hybrid vehicles, which operate using
both gasoline and electricity from the grid. In this study, we used data of vehicle
kilometers daily traveled in Shanghai to investigate the optimization method of
PHEV targeting cost-benefit. The characteristics of daily kilometers driven dis-
tribution in Shanghai was shown in Fig. 2.

4 Components Sizing

Based on the driving cycle shown in Fig. 1, the parameters of traction motor could
be determined, thereby the power of traction battery was known. The parameters
of prototype electric sedan chose to analyze were shown in Table 1.
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5 Electric Motor

Based on the vehicle dynamic theory, the motor power is

Pm ¼
1
gT

1
gB

1
gG

1
3600

mgfua þ mgiua þ mdua

dua

dt

� �
þ CDAu3

a

76140

� �
ð1Þ

Where gT is efficiency of transmission system, gB is charging efficiency of
traction battery, gG is efficiency of electric motor; A is frontal area, m2; m is curb
weight of electric car, kg; ua is speed of vehicle,km.h-1; g is gravity accelera-
tion,m.s-2; CD is drag coefficient; f is rolling resistance coefficient; i is grade-
ability; d is rotary inertia conversion factors.

6 Traction Battery

The capacity of traction battery is:

Fig. 2 VKDT of Shanghai

Tablel 1 Electric sedan
parameters assumptions

Items Values

Glider mass, kg 900
Curb mass, kg 1,350
Gross vehicle mass, kg 1,800
CD 0.35
A 2
f 0.012
Acceleration time, s 0–50 km/h 9(CD)

50–100 km/h 12(CS)
Gradeability, % 20
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Eb¼
mglidergSAER

3600gua
fua þ iua þ d ua

g
dua

dt

� �
þ SAER

gua

CDAu3
a

76140

1� gSAER

3600DE 1�SOCMinð Þgua
fua þ iua þ d ua

g
dua

dt
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Electricity consumption is:

Eele ¼
1

gepgm

ZT

0

Pmdt�gBgGgT

ZT

0

Pregdt ð3Þ

Where Preg is regenerative power, kW; gep is efficiency of power electronics.

7 Ownership Cost Analysis

For the calculations lifecycle ownership cost of PHEV, each driving type is further
broken down into kilometers on electricity and kilometers on gasoline. The user
may select one of three recharging schedules for normal daily use driving—twice
per day, once per day, or every other day. When fully charged, the PHEV is
capable of operating on grid-derived electricity for a limited number of kilometers.
The potential average daily kilometers driven on electricity is set at AER times the
number of recharges per day (RPD). If the normal daily driving mileage is greater
than the potential daily miles on electricity (as defined by RPD times AER), the
PHEV uses electrical power until the batteries are depleted, and gasoline is used
for the remainder of the daily miles. The city-highway mileage split is assumed to
be the same for the miles on electricity and the miles on gasoline. If the value of
RPD times AER exceeds the normal daily mileage, only electric power is required
for normal daily driving.

The ownership cost composed of energy consumption, battery displacement,
maintenance, tires, insurance, license, and registration. Because the cost of
maintenance, tires, insurance are relatively fixed and low [7] (as Fig. 3), so this
study, they are not taken into consideration.

The lifecycle ownership cost was

Coc ¼ Cele þ Cgas þ Cbat chg ð1Þ

Because of the limitation of traction battery cycle life, during the PHEV
operation life, the battery replacement is required. The cost of that was

Cbat chg ¼
dbatEbSVKDT

LcycðDOD%ÞSAER

ð2Þ

The calculation of electricity consumption in CD mode was divide into two
scenarios.

If SAER C SVKDT, the cost functions are
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Cele ¼ nNSKDTEEPelec ðCgas ¼ 0Þ ð3Þ

Cbat chg ¼
dbatEbSVKDT

LcycðDOD%ÞSAER

ð4Þ

If S AER \ SVKDT, the cost functions are

Cele ¼ nNSAEREEPele ð5Þ

Cgas ¼ nN SVKDT � SAERð ÞFEgasPgas ð6Þ

Cbat chg ¼
dspbEb

Lcycð100%DODÞ ð7Þ

Fig. 3 Cost structure of some typical PHEV

Fig. 4 TCO of PHEV under gasoline price scenario
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Where Coc is the ownership cost of the EV in operating life, Cele is the cost of
electricity consumption, Cbat chg is the cost of traction battery replacement, Yuan/
pack; SAER is all electric range of EV, km; dbat is the specific price of traction
battery, Yuan/Wh; n is operating days in a year, n = 360; N is the operating life in
years of PHEV, N = 15 years; C cpis capital price of PHEV, yuan; dspb is specific
price of traction battery, yuan/kWh; EE is electricity consumption ratio, kWh/
100 km; Pele is price of electricity, Yuan/kWh; r is general discount rate;
LcycðDOD%Þ is function of cycle life associated with DOD (Depth of Discharg-
ing); FEgas is fuel economy of CS mode of PHEV, L/100 km; Pgas is price of
gasoline, yuan/L; SVKDT is vehicle traveled distance daily in kilometers, km.

Fig. 5 TCO of PHEV under battery specific price scenario

Fig. 6 TCO of PHEV under electricity price scenario
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8 Conclusions

Based on the VKDT of Shanghai city and passenger car city cycle, the TCOs of
PHEV subjected to different parameter of AER under different scenarios were
performed (Figs. 4, 5, 6).

From above analysis, it could be concluded:

1) Gasoline price affects TCO greatly, and lower price corresponds to lower
optimal value of AER.

2) When gasoline price was 8 yuan/L, the optimal AER would be 25 km targeting
to cost-benefit, and when gasoline price increased to 16 yuan/L, accordingly
the optimal AER would be 30 km.

Traction battery specific and cycle life is the most important affective factors to
TCO of PHEV.

When the specific cost of battery was decreased to 1.5 yuan/Wh, the trend
almost was that more AER leads to better cost-benefit. At present level, the AER
28 was recommended.

3) The electricity price has minimum impact on TCO of PHEV

From the price of commercial use electricity to off-peak electricity price, the
optimal AER were 25–30 km.
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Approach of Gasoline Hybrid Technology
for ‘‘95G CO2/KM’’ Emissions Regulation

Jun Li, Ziliang Zhao, Yihong Zheng, Minghui Liu and Heqi Liang

Abstract In order to meet the increasingly strict regulations of CO2 emissions
limits, gasoline hybrid technology for ‘‘95 g CO2/km’’ emissions regulation was
analyzed in this paper. Study of energy-efficient technology shows that full hybrid
technology, combined with lower rolling resistance and reducing drag technology
is still difficult to achieve ‘‘95 g CO2/km’’ emissions target. Plug-in hybrid tech-
nology is a better way to achieve this target. In this paper, aimed at ‘‘95 g CO2/
km’’ emissions target, appropriate motor and battery were chosen, the control
strategy under CD mode was studied to develop a more reasonable powertrain
system, and finally the purchase cost and daily using cost of vehicle were analyzed.

Keywords ‘‘95 g CO2/km’’ Emissions � FAW-TMHTM System � Plug-In �
Powertrain optimization � Cost analysis

1 Introduction

Currently Chinese automobile industry is facing a series of challenges such as
large amount of cars, shortage of oil, and increasingly strict emissions regulations.
Regulations of CO2 emissions limits at different stages in Europe and China are
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shown in Fig. 1 [1], among which emissions limit is expected to be 95 g CO2/km
in Europe in 2020, and it is expected to implement the regulation in 2025 in China.

All these challenges and government’s support promoted the development of
electric vehicles. However, currently battery electric vehicle and fuel cell electric
vehicle are not mature enough, and the gasoline engine is still the main devel-
opment trend in China. In this paper, the powertrain topology is based on FAW-
TMHTM (Twin-Motor Hybrid) system, and the vehicle is based on FAW existing
A-class platform. From the perspective of energy, system efficiency, control
strategies and costs, the approach of gasoline hybrid technology to meet ‘‘95 g
CO2/km’’ emissions regulation is introduced.

2 Technical Approach Analysis

2.1 Vehicle Topology and Parameters Input

Figure 2 shows FAW-TMHTM (Twin-Motor Hybrid) configuration, which has
obtained invention patent in both China and United States. It has all hybrid
functions such as start/stop, electric driving, series driving, boost, engine load shift
and regenerative braking. The fuel-efficiency is equivalent to that of a few con-
figurations which have been widely applied in the world, e.g. Toyota’s THS.

Table 1 shows parameters of the baseline HEV. Based on this vehicle, gasoline
hybrid technology for ‘‘95 g CO2/km’’ emission target was analyzed in this paper.
The curb weight of this vehicle is 1260 kg, so the fuel consumption target is 3.8 L/
100 km according to ‘‘95 g CO2/km’’ emissions regulation, as shown in Fig. 3.
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Fig. 1 China and Europe emissions regulations
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2.2 Preliminary Analysis of Fuel Consumption Target

Figure 4 shows the power demand for vehicle driving in NEDC cycle. The positive
areas represent energy required to propel vehicle, and the negative areas represent

Clutch

ECU

Engine

Motor BSG

Gear 
handle TCU

AMT

HCU

12V
Battery

Inverter

DC/DC

Battery BMS

Low voltage

High voltage

CAN bus

Fig. 2 FAW-TMHTM full hybrid configuration

Table 1 Basic parameters of the baseline HEV

Item Baseline HEV

Vehicle Curb weight, kg 1,260
Frontal area, m2 2.1
Drag coefficient 0.33
Rolling radius, mm 280

Engine Type and displacement 2 cylinders 1.0T-GDI
Nominal power, kW/rpm 72/5,500
Nominal torque, Nm/rpm 140/2,000*4,500

Transmission Gearbox type Five-speed AMT
Drive motor Motor type Permanent magnet synchronous

Power/torque, kW/Nm 20/220
Maximum speed, rpm 8,300

BSG motor Motor type Permanent magnet synchronous
Power/Torque, kW/Nm 10/50

Battery package Battery type Ni-MH
Capacity, Ah 6
Nominal voltage, V 288
Mass of battery system, kg 70

Approach of Gasoline Hybrid Technology 707



potential regeneration energy available when braking. As we know the average
fuel density of 93 # gasoline is 0.725 kg/L, and the average calorific value is
43.5 MJ/kg. Required driving energy in NEDC cycle is 5265 kJ, and potentially
regeneration energy is 1041 kJ, so in order to achieve the 3.8L/100 km target, the
needed average fuel consumption of engine is 206 g/kWh if there is no recovery of
braking energy (thermal conversion efficiency is about 40.2 %), and the needed
average fuel consumption of engine is 256 g/kWh if the potential braking energy is
fully recovered (thermal conversion efficiency is about 32.3 %). The conversion
efficiency of electric drive systems was not considered in above calculation.
Obviously it is difficult to achieve 3.8L/100 km target with hybrid technology
because of the thermal conversion efficiency of the existing gasoline engines.
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Fig. 4 Power demand curve in NEDC cycle

Fig. 3 Emissions regulations and fuel consumption target
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Reducing rolling resistance and air drag coefficient are commonly used in
conventional vehicles to save energy, which also applies to HEV. Figure 5 shows
the simulation results of fuel consumption. Apparently on the basis of Baseline
HEV, by reducing rolling resistance coefficient and drag coefficient, fuel con-
sumption can be reduced to a certain degree, but there is still a long way to achieve
3.8L/100 km target. Besides, low rolling resistance tires will degrade other per-
formance of vehicle, such as braking performance, and reshaping vehicle body
needs a large sum of time and money. Therefore, on the basis of Baseline HEV, we
can use the advanced lithium-ion battery to replace Ni-MH battery, and increase
battery energy to achieve a plug-in hybrid, motor parameters should also be
optimized in order to enhance the pure electric driving capability, this is a better
way to achieve ‘‘95 g of CO2/km’’ target.

3 Powertrain System Design

3.1 Battery Parameters Analysis

Based on three selected batteries shown in Table 2, and three different control
strategies under CD mode are put forward. After comprehensive analysis of ECE
R101 fuel consumption and the real fuel consumption, a reasonable battery is
selected and the reasonable control strategy under CD mode is developed.
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Fig. 5 Fuel consumption simulation results

Table 2 Three selected batteries for PHEV

Battery parameters Battery 1 (PHEV1) Battery 2 (PHEV2) Battery 3 (PHEV3)

Battery energy, kWh 3 6 10
Battery weight, kg 70 100 160
SOC range under CD mode, % 50 60 60
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Three different control strategies of PHEV under CD mode in NEDC cycle are
shown in Fig. 6. Horizontal axis represents running time and vertical axis is
required driving power in NEDC cycle. The control strategies are described as
below:

(1) Strategy 1: Assuming that the motor power is large enough, the engine starting
threshold power is more than 42 kW, AER (pure electric) driving is achieved
in NEDC cycle. Mark strategy 1 as AER.

(2) Strategy 2: Limit the engine starting threshold power to 30 kW, driving under
Blended1 control mode in NEDC cycle (as shown in the red circle, when the
required power is more than 30 kW, start engine to drive vehicles). Mark
strategy 2 as Blended1.

(3) Strategy 3: Limit the engine starting threshold power to 20 kW, driving under
Blended2 control mode in NEDC cycle (as shown in the red circle, when the
required power is more than 20 kW, start engine to drive vehicles).Mark
strategy 3 as Blended2.

3.1.1 Regulation Fuel Consumption

The simulation results of different batteries and different control strategies under
CD mode were shown in Tables 3, 4, 5. The fuel consumption and electric

20kW

30kW

42kW Strategy 1: AER (EV mode in whole cycle)

Strategy 2: Blended1
(Engine on when driving power > 30kW)

Strategy 3: Blended2
(Engine on when driving power > 20kW)

Fig. 6 Control strategies under CD mode in NEDC cycle

Table 3 Simulation results of the AER control strategy

Simulation results PHEV1 PHEV2 PHEV3

Fuel consumption (NEDC), L/100 km 3.31 2.34 1.81
Electric consumption(NEDC), kWh/100 km 4.16 7.03 8.87
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consumption in the following table are calculated according to the formulas in
ECE R101 regulation [2] (Note: PHEV consumption test regulation in China is
also made reference to ECE R101 regulation). In the process of simulation under
CS mode, keep the battery SOC a balance before and after simulation.

The NEDC fuel consumptions of different batteries and different control
strategies can draw into a chart shown in Fig. 7, from which we can conclude that:

(1) Adapting plug-in technology based on the baseline HEV, it can achieve 3.8L/
100 km fuel consumption targets using the above three batteries.

(2) In the same battery energy condition, the larger the engine starting threshold
power is set, the lower the NEDC fuel consumption will be; the bigger the
battery energy is, the greater the difference of fuel consumption will be.

Table 4 Simulation results of the Blended1 control strategy

Simulation results PHEV1 PHEV2 PHEV3

Fuel consumption (NEDC), L/100 km 3.35 2.52 2.11
Electric consumption(NEDC), kWh/100 km 3.88 6.27 7.73

Table 5 Simulation results of the Blended2 control strategy

Simulation results PHEV1 PHEV2 PHEV3

Fuel consumption (NEDC), L/100 km 3.46 2.84 2.58
Electric consumption(NEDC), kWh/100 km 3.44 5.20 6.17
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3.1.2 Fuel Consumption with Different Daily Driving Distance

The fuel consumption compared above is based on ECE R101 regulation, and it
cannot fully reflect the real fuel consumption. In fact, for PHEV, the fuel con-
sumption is different in different daily driving distance. As the simulation results
shown in Fig. 8:

(1) In the same battery energy condition, if the daily driving distance is short, it is
more fuel-efficient using AER control strategy in CD mode, and if the daily
driving distance is long, it is more fuel-efficient using Blended2 control
strategy. (This is because the blended control strategy can make the CD mode
distance longer, and the engine load and efficiency in CD mode is higher than
that of CS mode.)

(2) The greater the battery energy, the bigger the difference of fuel consumption
between different control strategies in CD mode is.

Fig. 8 Fuel consumption with different daily driving range. a Simulation results with Battery 1.
b Simulation results with Battery 2. c Simulation results with Battery 3
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3.1.3 Results Analysis

(1) From the above comparison between different control strategies in CD mode it
can be concluded: Blended1 control strategy ensures not only a lower fuel
consumption according to ECE R101 regulation, but also a higher fuel-effi-
ciency with different daily driving distance, and only 30 kW of motor power
can meet the requirements, the system cost is reduced, so it is a relatively
compromise control strategy in CD mode.

(2) From comparative analysis of different batteries it can be known: the
‘‘95 g CO2=km’’ emissions target can be easily reached by using 3kWh lith-
ium-ion battery to replace Ni-MH and adapting plug-in technology based on
the baseline HEV, as shown in Fig. 9.
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3.2 Motor Parameters Analysis

3.2.1 Motor Torque

As a kind of full hybrid vehicle, PHEV is required to launch under EV mode in
most cases. Therefore, it is necessary to do a statistics of the vehicle launch
acceleration in typical urban cycles in the world, which include China, United
States, Europe and Japan. The result is shown in Fig. 10. About 81 % of the
starting acceleration is less than 2 m/s2, and 89 % is less than 2.5 m/s2. Therefore,

Fig. 11 Simulation results of pure electric launch acceleration
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if the maximum pure electric launch acceleration of PHEV can reach 2.5 m/s2, the
vehicle can launch under EV mode in most cases.

If the transmission system and other parameters remain unchanged, the motor
torque directly determines the pure electric launch acceleration of the vehicle [3].
The simulation results of pure electric launch acceleration with different motor
torque are shown in Fig. 11. When the motor torque is 260Nm, the pure electric
launch acceleration can reach 2.5 m/s2, which can meet about 89 % of the launch
demand. If the launch acceleration demand is more than 2.5 m/s2, the engine can
be started to drive the vehicle.

3.2.2 Motor Power

In the second part of this paper the motor power demand in NEDC cycle has been
analyzed. When the motor power is 30 kW, the vehicle can drive with Blended1
control strategy in CD mode. But analysis of pure electric driving power
requirements in other typical cycles is also needed, as shown in Fig. 12. Visibly,
when the motor power is 20 kW, it can meet more than 88 % of the driving power
demand in typical cycles.

Furthermore, the engine starting frequency and corresponding minimum vehi-
cle speed in typical cycles are analyzed and shown in Fig. 13 and Table 6.
Although 20 kW motor can meet more than 88 % of the driving power demand in
typical cycles, it will cause frequent starting of the engine, and the corresponding
vehicle speed is not so high, which will not live up to the driver’s expectations of
pure electric driving capability of PHEV.

It is suggested to choose a 30 kW motor, which can meet 97 % of the driving
power demand, greatly reduce engine starting frequency and increase the corre-
sponding vehicle speed when the engine is started. The conclusion of this part is in
accordance with part 2 of this paper.

Fig. 13 Required driving power in two of typical cycles. a Changchun cycle. b Artemis Urban
cycle

Approach of Gasoline Hybrid Technology 715



4 Cost Analysis

After analyzing of HEV and PHEV, if the annual output is 10,000, the total cost of
HEV is ø 20,000 more than conventional vehicle, and the figure for three kinds of
PHEV are ø 32,000, ø 47,000 and ø 55,000 respectively. Assuming that oil price is
ø 10/L and electricity price is ø 0.8/kWh in China by 2015. For three types of
customers (Assuming that private car 50 km/day, official car 150 km/day and taxi
300 km/day), cost recovery periods of HEV and PHEV compared with conven-
tional vehicle are shown in Fig. 14 (known that HEV is 35.2 % more fuel-efficient
than conventional vehicle). Obviously, the longer the daily driving distance, the
shorter the cost recovery period will be. The greater the battery energy, the higher
the battery cost and the longer the cost recovery period will be.

Table 6 Engine starting frequency and the corresponding vehicle speed

Cycles 20 kW motor 30 kW motor

Engine starting
frequency (times/
hour)

Vehicle speed when
engine started (km/
h)

Engine starting
frequency (times/
hour)

Vehicle speed when
engine started (km/
h)

Changchun 28 23 2 35
Beijing 6 57 3 60
Chinese

typical
city

9 26 3 38

JC08 21 22 0 –
UDDS 39 24 10 36
NEDC 12 58 3 100
Artemis

urban
58 16 15 22
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The accumulated using cost of private cars is shown in Fig. 15 (assuming daily
driving distance is 50 km). For private car, cost recovery period of HEV is about
4.2 years, and the years for three kinds of PHEV are 5.1, 5.7 and 6.5 respectively.
With the increase of using time, it is more cost-saving to use PHEV than HEV. As
for private car, only when the using time is more than eight years, the order of the
total benefits will achieve: PHEV3 [ PHEV2 [ PHEV1 [ HEV. If considering
the government incentive policy, the cost recovery period will be shorter.

5 Conclusion

(1) For the current gasoline engines, on the basis of HEV, it is still difficult to
achieve ‘‘95 g CO2/km’’emission goal by reducing rolling resistance coeffi-
cient and drag coefficient.

(2) Comparative study of PHEV different control strategies in CD mode shows
that: in CD mode, AER control strategy achieves lower regulation fuel con-
sumption, but it needs a high power motor; in short daily driving distance
condition, AER control strategy can also achieve lower fuel consumption, but
when the daily driving distance is long, the blended control strategy will be
more fuel-efficient. Blended1 control strategy ensures not only a lower fuel
consumption according to ECE R101 regulation, but also a higher fuel-effi-
ciency with different daily driving distance, and only 30 kW of motor power
can meet the requirements, so it is a relatively compromise control strategy in
CD mode.

(3) On the basis of baseline HEV, the ‘‘95 g CO2/km’’ emissions target can be
easily reached by using 3kWh lithium-ion battery to replace Ni-MH,
increasing the motor parameters to 30 kW/260Nm and adapting plug-in
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technology. The vehicle curb weight is equalized to baseline HEV because of
the higher energy density of Li-Ion battery, and the vehicle cost increase is
acceptable, this technical approach is worthy of further research.
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