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Abstract Driving cycles currently available cannot be used
for the eco-design of vehicles power trains because those
cycles do not describe local driving patterns. The main dif-
ficulty in obtaining a representative driving cycle is the lack
of a repeatable and reproducible methodology to ensure that
the resulting cycle is representative of local conditions. We
developed a methodology to address this need, based on
simultaneous data of speed, altitude, fuel consumption and
tail pipe emissions. The methodology consists of three steps:
(1) route selection; (ii) obtaining a representative sample of
real cycles from vehicles driven in the region of interest; (iii)
identification of the typical driving cycle as the one out of the
real cycles sampled, whose characteristic parameters have the
minimum weighted differences with respect to the average
values of all cycles sampled. This method does not require the
measurement of fuel consumption nor the emission of pol-
lutants. However, by following this method, a vehicle that
reproduces the resulting cycle exhibits a fuel consumption,
and tailpipe emissions similar to the average of these vari-
ables shown by the entire population of vehicles with the
same technology being driven in that region. We applied it
to a fleet of 15 buses of the same technology covering the
same routes over 8 months, in an area of high altitude with
flat and hilly terrain. Measured fuel consumption and tailpipe
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emissions for the resulting driving cycle were within the 4%
of difference with respect to the average values of all cycles
sampled.
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1 Introduction

A typical driving cycle (TDC) is a time series of speeds rep-
resenting the average driving pattern of drivers in a given
region. Implicitly, it describes the average workload cycle
demanded to the vehicle engine by drivers in that region.
Therefore, a TDC has important applications, such as vehi-
cle powertrain design, determination of fuel consumption,
and determination of vehicle tail pipe emissions [1,2].

e Vehicle powertrain design: the expected driving cycle of a
vehicle defines the external dynamic loads that the engine
must supply. To size the engine and appropriate trans-
mission ratios requires knowledge of the vehicle’s work
cycle. Not knowing the expected driving pattern of the
vehicle means designing a powertrain for any condition,
leading to overdesign and higher fuel consumption.

e Determination of fuel consumption: Vehicle buyers
expect the manufacturer to specify a vehicle’s specific
fuel consumption (SFC), in liters per kilometers or miles
per gallon, obtained experimentally by repeatable pro-
cedures with results that can be replicated. However,
fuel consumption depends on how the vehicle is driven.
Automakers use a single arbitrary driving cycle as a basis
for comparison. But the value obtained does not predict
the driver’s actual fuel consumption, which depends on
the local average driving pattern.
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e Determination of vehicle emissions: Environmental author-

ities require knowledge of environmental performance
for vehicles sold in their jurisdiction, restricting vehi-
cles with high fuel consumption and forcing automakers
to develop new technologies to control vehicle emis-
sions. However, vehicle emissions also depend on driving
habits, topography, road conditions or infrastructure,
environmental conditions and fuel characteristics such
as sulfur content and additives. As in the case of fuel
consumption, a single work cycle is used for comparison
purposes. Environmental authorities define a maximum
emission index (EI) as grams of contaminant per kilo-
meter driven, that manufacturers must meet. Much effort
goes into adjusting a vehicle’s engine to meet these legal
requirements, yet with a different work cycle a vehicle’s
environmental performance may worsen. A vehicle’s
emission rating may not represent actual emissions in
a given driving region.

The design of efficient powertrains and adequate measure-
ment of both fuel consumption and vehicle emissions for a
given region and application require, at a minimum, good
knowledge of the typical driving pattern for the region or
application of interest. The key characteristic is the repre-
sentative nature of the cycle for these applications.

The process of obtaining driving cycles involves 3 phases:

e Instrumentation of one or several vehicles to record
its/their speed at 1 Hz. Cost and technology limitations
have limited the number of vehicles sampled and has
inhibited the monitoring of engine operating conditions
(engine RPM, load, and temperature) and vehicle fuel
consumption and tailpipe emissions.

e Representative sampling of real cycles. Due to limita-
tions in the number of vehicles instrumented, most works
have used the chasing car technique to sample cycles in
the city’s primary roads. The duration of the monitoring
campaign has been also limited to short periods of time.
The implications of performing a “representative sam-
pling of cycles” has not been faced nor discussed yet.

e Data analysis to build arepresentative driving cycle. Most
recent works related to driving cycles have focused on
this phase. There are 2 trends:

Transient cycles which are time series of vehicle’s speed.
The most commonly used cycle in this category is the Urban
Dynamometer Driving Schedule (UDDS), which is based on
the FTP-72 driving cycle [3,4]. Currently UDDS and FTP-75
are used worldwide to compare emissions from gasoline and
diesel vehicles, respectively. Within this trend, each sampled
cycle is divided into micro-routes (known as micro-trips)
which are sections between two consecutive stops. Then,
some authors elaborate a speed-acceleration frequency distri-
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bution (SAFD) plot, and build the driving cycle as a collection
of micro-trips that reproduces the SAFD, sometimes via a
Monte Carlo method [5-7]. Other authors define a set of
statistics (also known as statistic parameters or character-
istic parameters) that influences tailpipe emissions. Among
the parameters most used are the average value for running
speed, cruise, positive acceleration, idling time, and positive
kinetic energy [8]. They define a cycle performance value
(PV) function that is the summation of the weighted differ-
ences of the cycle characteristic parameter with respect to
the average values of the cycles sampled. Finally, the cycle
or set of micro-trips that minimizes PV is chosen as the rep-
resentative driving cycle [9]. It has not been defined yet how
to identify the characteristic parameters nor the values for
the weighting factors. The major limitation to the micro-trip
based methods is that the micro-trip does not differentiate
various types of driving conditions such as roadway type or
Level of Service (LOS) [10].

Steady state or stationary cycles that are time series artifi-
cially made up of constant phases of acceleration, speed and
deceleration. Currently, the most commonly used stationary
cycle is New European Driving Cycle (NEDC) [11]. It was
originally developed in 1970 and is based on average use of
vehicles in European cities. Stationary cycles are character-
ized by their simplicity and therefore have the advantage that
when replicating this type of cycles on a chassis dynamome-
ter it is easier to control acceleration ramp up and engine
loads. They were designed as set of simple speed versus time
ramps considering the following reasons: (i) while transient
cycles were built from experimental measurements of speed
over time, the methodology used to arrive at a unique cycle
was arbitrary and not representative of typical driving pat-
terns in a region; (ii) acceleration triggers fuel consumption
and emissions; (iii) the same speed and acceleration profiles
can be obtained under different engine load conditions. Thus
to compare energy and environmental performance a tran-
sient cycle is just as arbitrary as one with simple geometry.
The resulting fuel consumption and vehicle emissions from
steady state cycle have no correlation with those obtained
from transient cycles, since very different vehicle workloads
are imposed.

While many driving cycles have been reported, still there is
no a reproducible and repeatable methodology to determine
them. Those methodologies do not take into account effects
of high altitude (<1000 m above sea level) or highly variable
topographies. No methodology has been developed based on
simultaneous data of speed, fuel consumption and tailpipe
emissions [5,7].

Currently, with the advances in information technology,
driving cycle samples are now easy to obtain via GPS, and
therefore obtaining a representative sample of driving cycles
is not any longer a limitation. However, a need still exists for
a methodology to process data and obtain cycles that can be
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considered typical or representative. An explicit definition of
representativeness for driving cycles should be stated.

To enable the design for energy efficiency of vehicles
power trains, we addressed these needs. We conducted ana-
lytical and experimental work to develop a reproducible and
repeatable methodology to obtain a TDC based on simulta-
neous data of speed, position, altitude, instantaneous fuel
consumption and tailpipe emissions. We called our pro-
posed methodology as MWD-CP (minimum weighted dif-
ferences of characteristic parameters). This paper describes
the proposed methodology and reports results applying such
methodology for the case of transit busses serving a sin-
gle route. Work conducted to develop this methodology is
described in a companion paper.

2 The MWD-CP methodology

Taking into consideration that the intended use of TDCs is
mainly for the eco-design of power trains and to evaluate
vehicle fuel consumption and environmental performance,
we redefined a TDC as the time series of speeds representing
the average driving pattern of drivers in a given region such
that when reproduced by a vehicle, it shows fuel consumption,
engine loads and vehicle emissions close to the average of
these variables for the entire population of vehicles being
driven in that region with the same technology.

This section describes the Minimum Weighted Differ-
ences of Characteristic Parameters (MWD-CP) methodol-
ogy, which was developed to obtain TDC, based only on
GPS data. The methodology has three phases: route selection,
sampling of driving cycles and selection of the representative
cycle.

2.1 Route selection

Phases 1 and 2 aim to representatively sample cycles of
vehicles driven in the region or application of interest. Full

sampling would require continuous recording (~1Hz) of
speed versus time of a representative fraction of the vehi-
cle driven in the region for about year. Soon, technology
advances may enable such massive data collection, but today
we must simplify the process by choosing the primary routes
used by drivers. We recommend using criteria such as traffic
to select the most relevant routes.

2.2 Sampling of driving cycles

A statistical representative sample of the vehicles moving in
the region of interest must be equipped with instruments that
measure speed and altitude at a minimum frequency of 1 Hz,
non-invasively and located unobtrusively so as not to affect
the driver’s normal habits. GPS technology satisfies these
requirements. Table 1 shows today’s available measurement
alternatives and their advantages and disadvantages.

Then, arepresentative sample of cycles should be obtained.
Table 2 shows the different driving cycle sampling tech-
niques. The chasing car technique consists of arbitrarily
selecting a vehicle and following it with an instrument-
equipped vehicle. In the expert driver technique, the driver
is asked to drive selected routes in a normal way, and as fast
and safely as possible in order to test extreme conditions.
Finally, the daily driver technique seeks to eliminate data
collection influence on the driver’s normal habits. This is the
recommended technique but it is also the most expensive. We
suggest sampling at different times of day, different days of
the week and different months with drivers following their
own regular schedule, to include daily, weekly and seasonal
variations in driving patterns.

2.3 Selection of the representative cycle

The objective of this phase is to choose among the many
cycles sampled the one that represent them in terms of fuel
consumption and tailpipe emissions. The technique used to

Table 1 Instrumentation

Advantages

Disadvantages

e Compact

e Instantaneous measure

e Loss of information in underpasses,
overpasses and bridges

o Cost

e Commercially available

. Variable Alternative
alternatives
Speed GPS
OBD
Altitude GPS

e Compact

e Commercially available

o Integrated in vehicle

o Instantaneous measure

e Not available in vehicles prior to 2000
e Requires data recording module

e Loss of information in underpasses,
overpasses and bridges

o Cost

e Requires algorithm to overcome loss of
precision in altitude
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Table 2 Data collection

. Alternative
techniques

Advantages

Disadvantages

Chasing car e Requires only one

instrument-equipped car

Expert driver e Sampling repeatability

o Better measurement of normal
driving cycle

Daily driver

o Influence of the “chase car” on normal
driving of the object vehicle from a
sense of being followed

e Increase in frequency of speed changes
trying to keep up with the object vehicle

e Results dependent on driver chosen

e Higher cost of instrumentation
over many vehicles

e Higher logistical complexity in data collection

Table 3 Characteristic driving cycle parameters and relative weights

Parameter (Pi) Name Unit Physical interpretation Weighting factors —Wi (%)
Urban 1 Urban 2 General
VSin6 Speed on hilly terrain m/s Rate of Potential 1.78 5.61 37.17
energy
accumulation
t Idle time s - 26.70 23.55 27.62
0 Road grade Rad - 1.20 1.32 14.19
V3 Aerodynamic forces m3 /s’ Power dissipated 33.03 14.53 9.91
due to drag
force
aiV Positive acceleration m?/s3 Power dissipated- 9.69 24.26 8.57
due to inertial
forces
Amax Maximum acceleration m/s? - 6.09 1.08 0.93
N Number of stops - - 13.61 17.57 0.92
Hypax Maximum altitude m - 0.35 12.08 0.68

Urban 1: flat urban roads with heavy traffic running at low speed (~20 km/h).

Urban 2: flat roads in the city outskirts with medium and high traffic running at medium speed (~60 km/h).

General: Roads that are the combinations of Urban 1 and Urban 2 roads with roads of high grades (18%) in the vicinity of the city
Bold numbers correspond to the maximum values of the weighting factors per type of route

choose that cycle is the key point of our proposed methodol-
ogy.

2.3.1 Expressing each sampled cycle in terms of
characteristic parameters

As a first step, each cycle sampled is described by a set of
characteristic parameters, also known in the literature as Per-
formance values (PV). This step is needed to substantially
reduce the large amount of speed data to a set that (i) uniquely
describes the cycle, (ii) has a physical interpretation, (iii) can
be used to compare cycles, and (iv) influences fuel consump-
tion.

Table 3 lists the characteristic parameters that we recom-
mend. They are the average value for idle time, road grade,
variations in potential energy, power dissipation due to drag
forces, power associated to inertia forces, maximum accel-
eration, number of stops and maximum altitude. We showed
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in a companion paper that those parameters predict well fuel
consumption. P;; is the value for parameter i obtained for
cycle j. The arithmetic average is calculated for each param-
eter across all cycles in the sample (P;).

2.3.2 Weighting factors

The second step is to compare each characteristic parameter
with respect to the average value of the same parameter for all
the cycles sampled (‘ Pij — P;|), and then add the differences
obtained for each parameter.

However, some parameters are more relevant than others
in the prediction of fuel consumption. Therefore, the sum-
mation of differences should be weighted according to the
relevance of each parameter in the determination of fuel con-
sumption.

We found that for a general cycle, characteristic of roads
located on flat and hilly terrain, the most relevant parameter




Int J Interact Des Manuf (2018) 12:319-326

323

e Size: 12.85x3.6x 2.6 m

' e Capacity: 49 passengers

o Fuel: Diesel

o Gross vehicle weight: 13850
kg

# o Engine: Cummings ISM
425, 6¢il,10.8 1, 16.3, 425
HP, 2102 N m

o Transmission: ZFS8 2100

e Tires: 305/75/R24.5

e Model: 2012-2014

e Km traveled: 100.000-
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Fig. 1 a Location and topography of Toluca-Mexico City route. b Vehicles used in this study. Illustration of measurements obtained for ¢ speed, d
altitude, e instantaneous fuel consumption and f instantaneous CO,emissions. g TDC determined by MWD-CP method for the case of TOL-MEX

route

is V' Sin 6, which is associated with increases in the poten-
tial energy of a vehicle due to large altitude variations and
high vehicle weight. For the urban 1 cycle, characteristic of
roads where there is constant heavy traffic running at low
speeds, the most relevant parameter is V3 whichis associated
with aerodynamic forces. For the urban 2 cycle, characteris-
tic of less congested roads in the city outskirts, the most
relevant parameter is a4V, which is associated with inertial

forces. This means that vehicles show more pronounced or
prolonged acceleration patterns. In all three cycles, idle time
is the second most relevant parameter for fuel consumption.

2.3.3 Typical driving cycle

Finally, as described in Eq. 1, the cycle (C) with the smallest
sum of weighted differences is selected as representative of
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Table 4 Technical characteristics of instruments used this study

Variable Instrument Technical characteristics

Position: latitude, longitude, alti- GPS Position: 3.0m 2D-RMS

tude
Accuracy: <3 m CEP (50%)
Frequency: 1Hz

Speed GPS Derived from measurements and time

Instantaneous OBD INSITE and DIDCOM

fuel consumption

Vehicle emissions PEMS Range Resolution Linearity
CcO 0-8% 10ppm Intercept <0.5% of range
CO, 0-20% 0.01% 0.990 <slope <1.010
NO 0-3000 ppm 0.3ppm SEE <1.0% of range
NOz 0-500 ppm 0.3 ppm R? >0.998

all the cycles in the sample, and therefore as the TDC.
C=Arg{m}“ (X wilry —1%|)} (1

3 Application to transit buses serving a single route

Aiming to illustrate the applicability of the MWD-CP
methodology, we looked for a region of general character-
istics, and a set of vehicles of the same technology.

3.1 Route

We looked for routes covering a region of general character-
istics. However, for the purpose of our work was irrelevant
the number of routes chosen. Then, aiming to facilitate the
experimental work, we decided to select a single route that
fulfill the requirements of generality, i.e., located at high alti-
tude (>1000m above sea level) whose topography included
significant altitude changes (>500m), with urban and sub-
urban traffic.

We chose the Toluca-Mexico City route (TOL-MEX) via
the Mexican federal tolled highway MEX-15D. Fig. 1a shows
location and primary characteristics of this route. It has a
span of 72.4km, altitude between 2200 and 3100 m above
sea level, with maximum road grade of about 8%. It is a
mixed route, having both urban and suburban sections, with
high traffic (~33,632 daily vehicles), made of 3 or 4 lanes in
each direction that have been very well maintained.

We considered three cases: (i) “General cycle” which
includes the complete 72.4km route and comprises both
urban and suburban areas, hilly areas and highways; (ii)
“Urban 1Cycle” which comprises the last flat 17.4km of
the general cycle, completely urban and on flat terrain inside
Mexico City, which is characterized by a low traffic flow;
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and (iii) “ Urban 2 Cycle” which includes the first flat 14
km of the TOL-MEX road and comprises the urban and sub-
urban areas from Toluca center to the city’s outskirts and is
characterized by a medium traffic flow.

3.2 Instrumentation

For this study, 15 buses with the technology illustrated in
Fig. 1b were equipped with the instrumentation described in
Table 4.

State of the art on GPS technology was used to monitor
vehicle position and altitude. Algorithms were developed to
identify events where data was missing or atypical. Trips
with less than 90% of data availability were discarded. It
was verified that speed reported by GPS was equivalent to the
one reported by the OBD system. GPS altitude was compared
with actual altimetry manual measurements and an additional
algorithm was developed to correct frequent errors in GPS
reported altitude.

It was essential for our study to measure instantaneous
fuel consumption. Automotive diesel technology determines
this by controlling fuel injection time, which is available in
the ECU (Engine Control Unit). We used OBD technologies
for extracting, storing and reporting this information.

We used a portable emissions measurement system (PEMS)
that measures the CO and CO; mass emission via the nondis-
persive infrared method, and the NO and NO, mass emission
via the nondispersive ultraviolet method. Both of them are the
USEPA’s recommended methods for measuring these pollu-
tant concentrations.

3.3 Data acquisition
The buses were driven by the company’s regularly assigned

drivers. We monitored the driving patterns minimizing any
disruption to normal transport service and vehicle operation.
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Table S Characteristics of the route sections considered in this work and the average values obtained for the set of cycles sampled during the first

campaign of measurements

Symbol Name Unit Urban 1 Urban 2 General

- Location - Mexico city TOL TOL-MEX

- Facility - Local roadways Arterial Combined

- Traffic (LOS) - Urban-High Urban-medium Combined medium-high
L Length km 16.5 14.0 70.5

Omean Road grade % 0.0/0.1 —0.1/0.1 —19.4/18.0
H Altitude m 2255/2258 2611/2637 2200-3313
Vinean Average speed km/h 27.5+59 343+£33 43.1+34
Vinax Maximum speed km/h 82.9+£5.9 82.3£5.0 101.0+4.1

t Idle time s 345.34+207.5 179.1+74.7 615.7+190.5
SFC Specific fuel consumption I/km 0.40+£0.13 0.35+0.04 0.354+0.04
Elco, COsemission index g/km 921.9+318.7 850.8+175.5 861.6£104.9
Elco CO emission index g/km 3594134 41.84+10.7 259449
Elyo NO emission index g/km 6.14+2.07 5.78£1.06 5.724+0.53
Elyo, NO;emission index g/km 0.23+0.11 0.1640.10 0.124+0.06

Intervals shown were obtained with 95% of confidence level

Systematically, second by second we recorded data for vari-
ables in each cycle as described in Table 4. We sampled 1100
cycles in 8 months.

3.4 Data processing

We applied the MWD-CP methodology, which includes
only GPS data. Table 5 describes the obtained TDC for
general, urban 1, and urban 2 roads. Fig. 1g shows the
TDC for the general road. Fig. refflc—f show the measure-
ments obtained for speed, altitude, fuel consumption, tailpipe
emissions and speed, as function of distance, for the TDC
of the general route. This cycle had a specific fuel con-
sumption SFC=0.341/km (Fuel economy FE=2.94km/l),
which is within the confidence interval for the average fuel
consumption across all sampled cycles of 0.3540.041/km
(FE=2.88 £0.37 km/1) and a relative difference smaller than
4.4%. Same observation was obtained for emissions of pol-
lutants. Table 5 shows the average values obtained for the
emission index of each air pollutant.

These results confirm that TDC, obtained through the
MWD-CP methodology, can indeed be used to determine
average fuel consumption over the represented cycle popu-
lation.

4 Conclusions

We defined the representativeness of a driving cycle in terms
of fuel consumption, engine loads and atmospheric emissions
such that a typical cycle is the one whose fuel consumption
and environmental emissions when is followed by a vehicle

are equal to the average values for drivers using the same type
of vehicle technology on a daily basis in the given region.

We proposed the minimum weighted differences of charac-
teristic parameters methodology (MWD-CP) as an alternate
way to identify the typical cycle based only on altitude and
speed data collected from a representative sample of cycles.

Our methodology consists of representing an individual
cycle with the following characteristic parameters: Speed
on hilly terrain (V Sin 6), power associated with drag force
(V3), power associated with inertial force (a4 V), total idle
time (¢), average road grade (f), maximum acceleration
(@max ), number of stops (N) and maximum altitude (H,;qy ).
These parameters are statistically correlated with fuel con-
sumption and their relative importance or weight depends
on the topography and road characteristics of the region of
study.

We applied our method to a controlled sample of vehicles
on a single route at high altitude that includes both flat and
hilly terrain. We measured speed, altitude, fuel consumption
and environmental emissions with a frequency of 1 Hz during
8 months.

Measured fuel consumption and tailpipe emissions for the
resulting TOL-MEX typical driving cycle were 2.88 +0.37
km/l, 861.6+104.9 gr CO,/km and 5.72+0.53 gr NO/km.
These values were within the 4.4% of difference with respect
to the average values of all cycles sampled. We found that
the cycle selected as representative in the controlled sample
satisfies the condition of representativeness described above,
i.e. fuel consumption and environmental emissions for the
selected cycle are within the confidence intervals of mean
consumption and emissions.
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The MWD-CP methodology to obtain TDC allows the
eco-design of vehicles power train within an interactive
design environment.
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