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Chapter 1
The Axis Design and Layout
of Automotive Door Hinges

Bingyu Zhang, Wei Yu and Yuanhong Wang

Abstract The method for automotive door hinge axis design and layout is intro-
duced. An example of a front door hinge assembly is presented to show the detailed
strategy and influence factors in door hinge axis design and layout, and then, their
influence on other accessories of the door is illustrated.

Keywords Door hinge � Axis design � Layout

1.1 Introduction

The automotive door hinge assembly, which is used to connect the door with body
and make the door rotate on a predefined axis, is an essential component for
successfully opening and closing the doors.

1.1.1 Basic Construction of Door Hinge

A commonly used hinge assembly is discussed in this paper. It contains 4 parts as
shown in Fig. 1.1: negative hinge, positive hinge, hinge pin, and bushes.

The negative and positive hinges are fixed on the side panel of body and the door
by welding or with bolts, respectively. The hinge pin, acting as the rotating axis of
the hinge or even the door, is used to connect the above both parts. Therefore, the
hinge pin will be subject to frictional load when the door is rotating, and the
self-lubricating bushes are used to decrease the wear of hinge pin.

B. Zhang (&) � W. Yu � Y. Wang
Changan Auto R&D Center, Beijing, China
e-mail: zby9021107@sina.com
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1.1.2 Basic Functions of Door Hinge

1. Connect the door to the body so as to ensure their relative position.
2. Ensure the successful opening and closing of the doors.

1.1.3 Basic Requirements of Design and Layout
of Hinge Axis

The following basic requirements should be met in design and layout of hinge axis.

1.1.3.1 Matching Surfaces

The matching surfaces between the hinge and door (or car body) should be smooth
to ensure normal performances.

1.1.3.2 Coaxiality

When two or more hinge assemblies are working together, the coaxiality of all the
hinge axes becomes the most important precondition for hinge layout.

1.1.3.3 Angle of Door Opening

The maximum opening angle of the hinge is directly determined by the opening
degree of the door, which is usually defined by the packaging engineers. The door
opening degree is relative to the space requirement for passenger getting on and off,

Fig. 1.1 Construction of the
commonly used door hinge
assembly
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the structure features of A-pillar and B-pillar, etc. In general, the maximum opening
degree of the hinge is 5–8° more than that of the door.

1.1.3.4 Performance

The automotive door is hanged on the side panel of the vehicle by using the upper
and lower hinge assemblies. When the door is closed, it is supported by the hinges,
the door lock, and the lock catch fixed on the B-pillar. When the door is opened, it
is supported only by the hinges. So we should design a reasonable structure and
choose suitable materials to enhance the stiffness and strength of the hinges, which
helps to decrease the sagging of the doors.

1.2 Methods of Hinge Axis Design and Layout

There are several layout and design methods for hinges of various structures. In this
paper, an example of a kind of commonly used hinge is presented to introduce the
highlights in the axis design and layout. The most important tasks are to design the
rotating axis and define the position of the hinge, which determine the kinematic
property and force distribution of the door.

1.2.1 Hinge Axis Design

Several influence factors should be taken into account when designing the axis of a
hinges.

1.2.1.1 Input Conditions

The following information should be definitely determined as input conditions for
axis design.

Exterior CAS

Concept A Surface (CAS) is a rough external surface of car body, which is designed
by the styling engineers and provides a precondition for automobile layout.

Maximum Opening Degree of the Door

As mentioned above, the maximum opening degree of the hinge is generally 5–8°
more than that of the door.
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At the early stage of the styling feasibility analysis, several questions should be
focused on whether there is enough space for the passengers to get on and off
easily; whether the instrument panel can get into the cabin successfully; and
whether the structures of A-pillar and B-pillar are appropriate.

After all the above questions have been considered, the maximum opening
degree of door will be finally determined.

Weight of the Door

Although the accurate weight of the door cannot be given during door designing,
the size of the door can be predicted according to the CAS, and then, the weight can
be estimated by comparing its size, material, and structure with those of the
reference vehicle door.

Door Lifting Height

The door lifting height is defined as the maximum lifting distance of the door
measured while opening the door. The measurement point, as shown in Fig. 1.2, is
located at the bottom edge of the car door and 750 mm away from the hinge axis.

This lifting height produces a self-closing tendency of the door, which helps to
reduce the operating force while closing the door. But if the lifting height is too
large, it will create a large force while opening the door. Therefore, a reasonable
lifting height should be defined in order to provide convenience during opening and
closing of the door.

Fig. 1.2 The measurement
point for door lifting height
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According to Chinese standard CJI37-1990, the transverse slope of the pavement
is 2 %, and the maximum margin height is 200 mm [1]. In general, the recom-
mended range of lifting height is from 15 to 30 mm.

Gap Value and Cut Line

Considering the appearance quality and the manufacturing precision, the styling
engineers, dimension engineers, and structure engineers cooperate to determine the
trend of cut line and the gap value. Then, optimization and adjustment are carried out
according to the latest state of part layout. Finally, the cut line should not only meet
the appearance quality requirements, but also have high manufacturing accuracy.

Steps to estimate the position of cut line (prepared for next stage):

1. Gap value: Ensure suitable gap values between fender and front door or front door
and rear door when the doors are closed. The styling engineers preferably select
the smallest possible gap value. However, the dimension engineers need a larger
one. Therefore, a reasonable value must be determined to balance both aspects.

2. The cut line sketch (in CATIA V5): As basic principles of cut line, the fluency
and smoothness are especially important. Make sure that the trend of cut line
must be consistent with the vehicle style, and greater curvature must be avoided.
Considering the matching relationship between the cut line and the fender,
A-pillar, or rearview mirror, it is required that the x-direction distance between
the cut line and the edge of front wheel eyebrow shall be no less than 80 mm.
Furthermore, the transition from the upper parts of cut line to the A-pillar or
rearview mirror must be smooth and natural.

3. Constraint point adjustment: Control the trend of cut line by adjusting the
horizontal and vertical coordinates at 6–7 constraint points.

1.2.1.2 Preliminary Design of Hinge Axis

In this section, we mainly discuss the influence factors during preliminary designing
of the door hinge axis, which is related to CAS, hinge axis angle, and the
x-direction and y-direction distances between hinge axis and the outer door panel.

Requirements of CAS

The hinge layout and the CAS can be simultaneously designed by the commodity
departments. The hinge layout is based on the body side arc and characteristics line
provided by the CAS. Above the belting line, the thickness of the door decreases
radically in the y-direction, and thus, there is not enough space to arrange these hinges.
Therefore, the upper hinge assembly is usually arranged under the belting line.
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Preliminary Determination of Hinge Axis Angles

Hinge axis angles should be considered in two directions. The longitudinal angle is
defined as the angle between the projection of the hinge axis onto the y = 0 plane
and the z-axis. And the lateral angle is defined as the angle between the projection
of the hinge axis onto the x = 0 plane and the z-axis.

The door hinge axis angles are directly related to the door lifting height. In order
to produce a self-closing tendency, the hinge axis should have a certain inward
angle. Usually, the recommended value of this angle is 0–3° on the basis of
embedded analyzing and iterative practicing.

Considering the requirements of styling, the cut line position, and the safety gap
between the door and the surrounding parts when opening and closing the door, a
front or back rake angle seems to be necessary. It is suggested that this angle is 0–2°
after repeated practicing and verification.

Distances Between Hinge Axis and Outer Door Panel

Distance in y-direction should be no less than 20 mm based on the theory of
dimension chain, as shown in Fig. 1.3. Dimension A (the distance between the
hinge axis and the outer surface of the hinge) is about 10 mm. Dimension B (the
distance between the outer surface of the hinge and the internal surface of the inner
door panel) is about 4 mm. Dimension C (the thickness of the inner door panel) is
always ranged from 1.2 to 1.6 mm. Dimension D (the distance between the outer
surface of the inner door panel and the internal surface of the outer door panel) is at
least 3 mm. Dimension E (the thickness of the outer door panel) is always ranged
from 0.6 to 0.8 mm.

Fig. 1.3 Minimum distance between the hinge axis and the external surface of the door in
y-direction
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It is recommended that the distance in the x-direction is larger than that in the
y-direction. In addition, smaller distance between the hinge axis and the front part
of the vehicle will create less risk of the door interfering with the side body.
Therefore, the x-direction distance is limited to a maximum of 50 mm, and 40 mm
is usually the best choice.

Based on the principle of two points determining a line, two space points a and b
are designed in the software CATIA V5, and the coordinates of the two points can be
adjusted. If the line determined by a and b meets the requirements in Sect. 1.2.1.2,
the preliminary hinge axis, which still needs to be optimized, is obtained.

1.2.1.3 Fine Adjustment

Now, the preliminary hinge axis has been obtained, and then, the next step is to
adjust it accurately.

As an example, a front door and a fender are shown in Fig. 1.4. Firstly, the
geometric data of the door and the fender are created in CATIA V5 according to the
cut line and the gap value from the CAS. In order to ensure accuracy of the motion
analysis, flanges and hems should be created in the CATIA data.

Finally, the reasonable cut line and hinge axis are obtained by adjusting the
coordinates of the two points a and b repeatedly. In this process, the following
influence factors shall be considered:

Minimum Motion Clearance

When the door is moving, it is expected that the minimum clearance between the
outer door panel and the fender exceeds 2.5 mm.

The method of digital mock-up (DMU) motion analysis is usually applied to
verify whether the minimum clearance is proper or not.

Fig. 1.4 Door and fender data created in CATIA V5 based on the CAS
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Taking into full account the possible errors occurred in manufacturing and
assembling, the motion of hinge axis is defined in a 4 mm × 4 mm square area.
When the hinge axis is moving forward and inward, the minimum clearance gets
smaller, and in opposite, it gets larger.

This section discusses the worst state, which means the following conditions
happen at the same time:

1. The gap value between the front door and the fender is 1 mm smaller than the
actual value.

2. The hinge axis moves 2 mm toward the front of the vehicle.
3. The hinge axis moves 2 mm toward the inside of the vehicle.

If the hinge axis is in the worst state, as the point A shown in Fig. 1.5, the door
must avoid interfering with the fender while opening or closing the door.

Door Lifting Height

It is evident that a significant relationship exists between the hinge axis angle and
the door lifting height. A front or back rake angle decreases the lifting height. On
the contrary, an inward or outward rake angle increases the lifting height.

Supposing that the inward rake angle has a fixed value and a front or back rake
angle exists, the lifting height will considerably change with the door opening
angle.

Fig. 1.5 The hinge axis in its worst condition
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1. Set the inward rake angle to 2° and the front rake angle to 1.5° and 3°,
respectively

For these two states, the changing curves of lifting height are shown in Fig. 1.6.
The horizontal axis shows the door opening angle, and the vertical axis shows the
door lifting height. At the first stage of opening the door, the value of lifting height
increases until it strikes a peak value, and then, the value decreases.

Comparing the two curves in Fig. 1.6, it is found that the peak value appears around
the half opening angle of the limiter when the front rake angle is 3°. But the peak value
occurs around the full opening angle of the limiter when the front rake angle is 1.5°.

2. Set the inward rake angle to 2°, the front rake angle to 0°, and the back rake
angle to 1.5°

For these two states, the changing curves of lifting height are shown in Fig. 1.7.
The lifting height apparently increases as the increase of the door opening angle.

For the front door, the curve shown in Fig. 1.6 (1.5°) is recommended. In this
state, the operating force for opening and closing the door is appropriate.

For the rear door, the curve shown in Fig. 1.7 is recommended.
Actually, which of those curves is suitable depends on the structure, the styling,

and the performance demands.

Fig. 1.6 The changing curve of door lifting height

Fig. 1.7 The changing curve of door lifting height
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1.2.2 Layout of Hinges

This section discusses how to arrange these hinges. Since the hinge axis has been
already obtained, in order to determine the position of the hinge, the following
factors should be highlighted: the structure of the hinge, position of hinge in the
z-direction, distance between the upper and lower hinges, and minimum distance
between the door and the hinge including bolts. All these factors constrain and
affect each other.

1.2.2.1 Hinge Selection

For engineers, if the functions and performances of the hinge meet the related
requirements, the best way to select the right hinge is to use as much more existing
products as possible so as to enhance the generalization rate and cut the develop-
ment cost.

However, in some specific cases, existing products cannot meet all the function
and performance requirements, and thus, the material or structure of these hinges
must be redesigned.

1.2.2.2 Position in the z-Direction

The position of the lower hinge is determined first. Considering the requirements of
the installation space, the structure of the door, and the punching technique of the
door panels, the distance between the lowest side of the hinge and the lower edge of
the door should be generally more than 130 mm.

The position of the upper hinge in the z-direction is determined according to the
design principle of the distances between the upper and lower hinges.

The design principle requires as larger distance as possible if the structure
allows. The reason is that the larger the distance, the smaller the stress on the hinges
in the x-direction, and it can effectively prevent the sagging of the assembled door.

As shown in Fig. 1.8, the value of A, which is the distance between the upper
and lower hinges in the z-direction, is required no less than 1/3 of the height of the
door. The value of A/C, where C is the distance between the door hinge axis and the
meshing point of the lock in the x-direction, is required no less than 1/3.

1.2.2.3 Minimum Distance Between the Door and the Hinges

Based on repeated practice, the distance between the outer door panel and hinges
including bolts is required at least 5 mm. If the maximum opening angle of the door
is increased by 5°, the distance is required at least 3 mm.
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1.3 Relationship with Other Accessories [2]

The design and layout of hinge axis provide the input conditions for the design of
several accessories of the door. Meanwhile, the layout and design of the accessories
constrain hinge layout in turn when the door hinge fails to meet any requirements of
structures and arrangement of the accessories, and the readjustment of hinge layout
seems to be essential.

1.3.1 Limiter of the Door

This section discusses the relationship between the hinge axis and the limiter layout.
The hinge axis is one of the two rotating axes of the limiter, and the other is the axis
of the limiter itself. These two axes must be mutually paralleled. The distance
between the two axes is usually ranged from 60 to 80 mm.

The limiter should be arranged between the upper and lower hinges in the
z-direction, the position of which can be determined by the actual situation. While
opening the door, the motion clearance between the limiter and all the surrounding
parts must be larger than 10 mm.

1.3.2 Door Lock

The lock should be arranged between the upper and lower hinges in z-direction and
no lower than the center of gravity of the door. It is better to arrange the lock nearby
the upper hinge.

Fig. 1.8 Distance
requirements for the upper
and lower hinges
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To ensure the reliability and stability of the door, its center of gravity must be
located in the triangular region determined by central points of the upper and lower
hinge and the door lock, as shown in Fig. 1.9.

The meshing plane of the lock and the lock pin must be perpendicular to the axis
of hinge.

1.3.3 Front Edge of the Door

The hinge axis may affect the position of the door front edge and thus the sealing
system and convenience of final assembly parts passing in or out. Therefore, while
designing the front edge, the influence from the hinge axis should be considered. It
is necessary to adjust the hinge axis in order to meet the requirements of the front
edge design.

1.4 DMU Motion Analysis

DMU motion analysis is a general method which is used to check the assembling
relationship, gaps, and motion tracks of various parts in the vehicle.

After both the axis and position of a hinge are determined, a DMU analysis
should be done to check whether the gaps are reasonable during motion of the door.

All the front door, fender, rear door, rearview mirror, and side body are
combined into one digital file, and a DMU kinematic simulation is created to
analyze the process of opening and closing the door.

Fig. 1.9 Arrangement of the door locks
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1.5 Conclusions

A front door is taken as example to introduce the methods of designing the hinge
axis and determining the position of hinges, which can regulate the hinge layout in
vehicle development.

Actually, the layout should be flexible according to specific situation, and
repeated operations are implemented in each step. Various factors shall be
considered while designing to get a reasonable layout, satisfy the passenger’s
demands, and obtain a vehicle most close to the ideal.

References

1. CJI37-1990 Code for transport planning on urban road
2. GB 15086-2013 Motor vehicles’ door locks and door retention components performance

requirements and test methods

1 The Axis Design and Layout of Automotive Door Hinges 13



Chapter 2
Numerical Simulation of the Influence
of Additional Aerodynamic Devices
on the Aerodynamic Drag of Van-Body
Truck

Dong Wang, Yansong Wang, Yu Han, Yan Dang, Dengyun Fan
and Liguang Li

Abstract With CFD software, the 3D flow field of a van-body truck and its
aerodynamic drag coefficient are obtained based on numerical simulation. The Cd
optimization of the truck is carried out by installing additional aerodynamic devices
on the research above. Simulation results show that taper part installed on the tail of
van postpones the flow separation, weakens tail vortex, and reduces the Cd. The
wind deflector installed on the driver’s cab minimizes the incoming flow that
impacts the top of the van, especially the part higher than the driver’s cab, and the
airflow into the gap between driver’s cab and van decreases, with lower pressure.
As a result, the pressure drag of the driver’s cab increases, while that of the van it
decreases. And pressure drag of the whole vehicle is reduced with the Cd.

Keywords Van-body truck � CFD � Aerodynamic drag � Additional devices

2.1 Introduction

With the development of highway, and the growing transport demand, the van-body
truck has become an important pillar of road transportation. Although the cost of a
van-body truck is high, the ownership and operation speed continues to escalate
because of its high transport efficiency and convenient handling; at the same time, the
fuel economy of van-body truck has received more attention. Under the background
of high efficiency and environmental protection in the world, energy conservation and
emission reduction for truck have become over increasing stronger [1].

Conventional energy saving and emission reduction techniques include gains in
fuel efficiency, optimization of exhaust system, lightweight technique, and so on [2].
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As for private cars, hybrid and new energy technologies are extensively used, and
alternative fuel cars have widely deployed. The demand for transporting goods
determines the truck with very good power performance, and thus, it starts from
optimizing shape and using new materials and continues to reduce the truck’s
emissions. One important aspect of energy saving and emission reduction is vehicle
aerodynamics, and it is one of development directions of truck to save fuel with
lowering air drag. The influence from additional aerodynamic devices on van-body
truck’s aerodynamic drag and the reason for the influence are investigated with
numerical simulation in this paper.

2.2 Numerical Simulation

2.2.1 Geometric Model

The object for the study is one domestic van-body truck; the overall dimensions are
7,260 mm × 2,600 mm × 4,000 mm, as shown in Fig. 2.1. The model consists of
engine compartment, radiator, gearbox, cab, container and chassis, as well as the
features of rearview mirror, air filter, suspension, fuel tank, battery, wheels and
wheel cover, and so on, and thus, the model is close to real structure.

2.2.2 Computation Domain and Mesh Generation

To simulate the flow field around the truck, a rectangular boundary model is built. It
is twice vehicle length in front of the truck and 7 times vehicle length behind the
truck along length in order to make the trailing vortex fully developed, while it is
twice vehicle width in both sides and 4 times vehicle height. The blockage ratio of
the numerical model is 4 %.

In order to achieve high quality of shell element, the triangular element is used to
mesh the complicated parts, and cracks and bolt holes are ignored because of their

Fig. 2.1 Geometric model. a Front view. b Side view
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very weak effect to the truck’s aerodynamic characteristics. Tetrahedral meshes are
used to simulate the flow field, and the overall elements are 12 million. The flow
field around the moving truck which is similar to blunt body with high Reynolds
number is high turbulent. In order to get more accurate flow field, the density of the
computing domain around the truck is increased as shown in Fig. 2.2.

2.2.3 Boundary Conditions

There are three kinds of flow boundary conditions used in the simulation: external
boundary condition, porous media approach, and MRF fan. The moving velocity of
the truck is 25 m/s, and a standard atmospheric pressure and normal atmospheric
temperature are assumed. The boundary conditions of a numerical wind tunnel are
given in Table 2.1.

The condenser, intercooler, and radiator located in the engine compartment
cannot be fully penetrated. And it is assumed that their cores are simulated with
porous media approach, which the condenser intercooler and radiator are treated as
ventilation boundary with resistance coefficient. The pressure drop is simulated in
the thickness direction with the porous media model and replaces the complicate
structure with stable pressure change. For saving time and resource of the calcu-
lation, it is highly recommended to use the MRF method in front-end flow

Fig. 2.2 Grid on the section y = 0

Table 2.1 External boundary
conditions

Surface Boundary condition

Inlet Velocity inlet, u = 25 m/s,
v = w = 0

Outlet Pressure outlet, standard
atmospheric pressure

Ground No slip ground (u = v = w = 0)

Slide and top Stationary wall

Body surface Stationary wall

Condenser, intercooler, and
radiator

Porous media approach

Fan MRF
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simulation [3]. When the MRF model is built, it is divided into motive region and
static region as shown in Fig. 2.3. The fan rotation area is the uniform motion
region, and the computation domain outside the fan rotation area is the static region.

2.2.4 Solution Parameters

The study object is a van-body truck with complicated shape. Air flows in and on
the truck on which there are many components whose curvature changes sharply
can cause flow separation. As a result, the turbulence model is employed with RNG
k-Ɛ model and non-equilibrium wall function for better adaptability. The convection
term of the control equation iterates with second-order upwind scheme after a
certain number of iterations of the first-order upwind scheme. The velocity–pressure
couple method is the SIMPLE algorithm [4].

2.3 Results and Analysis

2.3.1 Resistance Characteristics Analysis

The coefficient of drag for the truck is 0.5629 where the aerodynamic drag of the
container contributes the most and then the cab, the wheel, and other components,
as shown in Table 2.2.

2.3.2 Analysis of External Flow Field

Figure 2.4 shows the streamline around the truck on the section y = 0, in which the
incoming flow arrives at the cab and then is separated into 3 parts. Part one of
the flow slips the windshield and flows over the cabin toward the rear part of the
vehicle; part two of the flow goes through the grill toward the engine compartment

Fig. 2.3 Grid around the fan
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which provides the cooling airflow for parts in the engine compartment; part three
of the flow goes from the lower of the cab to the rear of the vehicle.

The airflow separates above the leading upper corner of the container since there
is a sharp turning. Some of the airstream separates, and vortexes occur in the front
of the container and above the container. The airflow above the vortex passes by the
vortex toward the end of the container, and airstream twists down on the cross
section of the container so that a downwash vortex is generated. Some airstream
flows down to the gap and is separated at the corner of the tail edge of the cab, some
of which forms vortex, and the rest bypasses the vortex and flows down through the
chassis and finally goes out of the vehicle. On the cross section of the tail of the
container, the airstream flows up and then forms an upwash vortex. At the bottom
of the truck with complicated structure, many small vortexes form which are
dragged to the rear of the truck when advancing. Those vortexes merge into large-
scaled tailing vortexes x with the downwash vortex and the upwash vortex.

The pressure distribution of the flow field around the truck depends on the
airstream’s movement when it flows around the vehicle body. When the truck is
moving, the incoming airflow impacts the front fascia to form a stagnation point as
shown in Fig. 2.5. Therefore, the highest positive pressure is located at the front
fascia of the vehicle. On the front side of the container, especially in the region
higher than the cab, the airstream is hampered with higher pressure. The airstream
flows along the front cab, and the pressure decreases gradually. The region near the
grill in the front of the fascia is of the positive pressure. Around the corners of the

Table 2.2 Aerodynamics drag of heavy truck

Component Drag coefficient Proportion

Cab 0.1522 27.04 %

Container 0.2722 48.36 %

Rearview mirror 0.0177 3.15 %

Engine 0.0126 2.23 %

Driving system 0.0941 16.72 %

Underbody and other attachments 0.0141 2.5 %

Total 0.5629 /

Fig. 2.4 Streamlines in
section y = 0
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windshield and the cab, the velocity of the airstream is higher compared with the
narrow region of negative pressure. At the front of the cab’s upper wall, the
airstream separation causes a negative pressure region.

2.3.3 Analysis of Internal Flow Field of Engine
Compartment

As shown in Fig. 2.6, the incoming flow flows into the engine compartment through
its bottom and the grill. Most of the airstream goes backward to provide the cooling
air for heat-dissipating parts. The airstream partially flows over the cooling module
since the air is blocked and directly goes toward the rear of the engine compartment
and then flows into the chassis. There are also some airstreams that are directly
pumped by the cooling fan into its rotating region from the bottom of the engine
compartment, without going through the radiator, which does not give full cooling
effect to lower the efficiency of the cooling module and to increase the driving
resistance of the truck.

Fig. 2.5 The pressure contour of section y = 0

Fig. 2.6 Internal flow field of engine compartment. a Stream line on section y = 0 in engine
compartment. b The pressure contour of section y = 0 near the cab
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The air flows out of the condenser and goes through the intercooler and radiator
in turn. Since the resistance caused by the porous media exists, the velocity of the
airstream drops, and then, the airflow through the cooling fan results in the increase
in the pressure and velocity. Then, the airstream flows toward the engine and
separates over the surface of the engine, and a part of which flows up over the top of
the engine to cool the upper surface. However, there are also some dead zones over
the engine where vortexes are generated to block the flow of hot air. It does not only
have an effect on the cooling efficiency of the radiator, but also increases the
aerodynamic drag of the engine. The velocity of airstream is high in the rotation
region of the fan, especially on blade edges, as shown in Fig. 2.7. The fan rotates to
drive the air to rotate around it. Because of the pumping action of the fan, the
kinetic energy of airstream increases, which improves the cooling of the heat
exchangers.

The arrangement of components in the engine compartment is compact along
with the rotation and pumping action of the fan; the flow field nearby is very
complicated, and there are a lot of separation vortexes. Finally, these airstreams flow
from engine to the rear of the truck where they meet the flow field near the chassis.

2.4 Optimizing Analysis of Additional Devices

2.4.1 Geometry Model

The objects in this study are as follows:① base model (Fig. 2.1);② the base model
with tail cone, whose side faces have an angle of 10°, while the top and bottom
faces have an angle of 15° (Fig. 2.8a); ③ the base model equipped with fairing
(Fig. 2.8b); and ④ the base model with both tail cone and fairing (Fig. 2.8c).

Fig. 2.7 Internal flow field of engine compartment. a Velocity contour of fan surface. b Velocity
vector on section y = 0 of the front end of engine
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These numerical models are accomplished with the same method as the above,
and the simulations are carried out with the same parameters, and the results are
shown in Table 2.3.

Table 2.3 shows that the installation of a tail cone lowers the aerodynamic drag
coefficient by 4.69 %, while that decreases 12.24 % when installing a deflector.
Compared with the tail cone, the deflector’s drag reduction effect is better. When
the truck is equipped with both tail cone and deflector, the drag coefficient would
reduce considerably for better fuel economy.

2.4.2 Comparison of Velocity Distributions

The streamlines in section y = 0 of truck with different additional devices are shown
in Fig. 2.9. The distribution of streamlines around the truck changes significantly.

Comparing Fig. 2.9a with b, it is found that the airstream distributes similarly in
front of the truck no matter whether a tail cone is installed or not, but the model
with a tail cone results in a smaller tailing vortex, because of the tail cone’s guiding
performance so that the airstream flows smoothly through the rear of the truck, and
then, the airstream breaks away from the tail cone and generates flow separation.
The tail cone efficiently puts off the flow separation, and it makes the separation
vortex smaller and more far away from the truck. According to hydrodynamics, the
pressure drag is intimately linked with the trailing vortex. The smaller the trailing
vortex, the less the energy loss by the turbulence, which shows up as bigger static
pressure of the tail and smaller differential pressure value between the front and
back of the truck.

Fig. 2.8 Geometric model. a Truck with tail cone. b Truck with fairing. c Truck with both tail
cone and fairing

Table 2.3 The aerodynamic drag coefficient of the truck with different additional devices

Model No. Additional devices Drag coefficient Drop rate

① None 0.5629 /

② Tail cone 0.5365 4.69 %

③ Fairing 0.4940 12.24 %

④ Tail cone and fairing 0.4736 15.86 %
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Comparing Fig. 2.9a with c, it is found that the installation of a deflector on the
top of the cab makes airstream flow smoothly through the cab to the container,
which considerably decreases the pressure between the cab and the container, so
that the positive pressure generated in the front of the container is reduced, and
then, the differential pressure between the front and rear of container decreases, and
the container’s aerodynamic drag coefficient reduces. At the same time, the
differential pressure between the front and back of the cab increases as the pressure
behind the cab reduced, but its effect is much smaller than that of the container, so
the overall pressure drag of cab and container drops considerably to lower the
aerodynamic drag coefficient of the truck.

Compared with other models, the streamline distribution in Fig. 2.9d is the best
because of smoother streamlines in front of the truck and the smaller pressure
difference in the gap between cab and container. At the same time, because of the

Fig. 2.9 Streamlines on
section y = 0. a Truck without
any additional devices.
b Truck with tail cone.
c Truck with fairing. d Truck
with both tail cone and fairing

2 Numerical Simulation of the Influence … 23



Fig. 2.10 Pressure contour of models with different additional devices on section y = 0. a Base
model. b Base model with tail cone. c Base model with fairing. d Base model with both tail cone
and fairing
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guiding action of the fairing, airstream separation is put off and tailing vortex region
becomes smaller. The energy loss decreases. Therefore, the aerodynamic coefficient
of this model is the smallest.

2.4.3 Comparison of Pressure Distribution

Figure 2.10 shows the pressure contour of the model with different additional
devices in section y = 0. As seen from Fig. 2.10b, d, there is a small negative
pressure region on the top against the tail cone of the model equipped with one
because of the airstream separation at the corner of the tail cone. From Fig. 2.10c, d,
the fairing equipped on the top of the cab efficiently improves the pressure distri-
bution in the front of the truck. Thanks to the guiding action of fairing, airstreams
do not positively impact the part of container taller than the cab and the positive
pressure of this part considerably reduces. Besides, since the fairing plays a sealing
role in the gap between cab and container, the airstream going into the gap reduces
sharply. All factors efficiently reduce the pressure resistance generated on the
container.

Since the fairing is hollow, the airstreams behind the fairing flow backward
because of the adverse pressure gradient to form vortex in the fairing. It results in
loss of energy. As shown in Fig. 2.10c, d, the pressure of the flow field in the fairing
is low, and lower than the positive pressure in the front end of the fairing. As a result,
there is a pressure resistance applied on the fairing, and it would dissipate some
energy. However, this can be ignored compared with the improvement of flow field
caused by the fairing. In general, the fairing makes important positive influence on
reduction of aerodynamic resistance of the truck.

2.5 Conclusions

With investigation of the aerodynamic additional devices which affect the
aerodynamic characteristic of the truck, the aerodynamic coefficients under different
circumstances are analyzed, for example, how the aerodynamic coefficient reduces
by comparing with base model. And the conclusions come as follows:

1. If a tail cone is equipped in the rear of the truck, the flow separation can be put
off and make the tailing vortex smaller for less energy loss. Besides, the pressure
resistance applied on the container greatly drops and the aerodynamic coefficient
also reduces.

2. Because of the fairing installed on the top of the truck, the airstreams do not
impact the part of container taller than the cab positively. Besides, the air which
goes into the gap decreases and the pressure lowers. The pressure resistance
applied on the cab reduces to a certain extent, while the positive pressure in the
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front end of the container becomes much lower. So the overall pressure resis-
tance of the truck reduces as well as the aerodynamic coefficient.

3. If the truck is equipped with both tail cone and fairing, the flow field distribution
would be the best. Under this circumstance, the truck’s aerodynamic coefficient
reduces significantly.
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Chapter 3
Study on Matching Performance
of the Load-Sensing Valve System
with Independent Suspension Vehicles

Xiaoyun Si, Wenlun Ma, Yuchao Chen, Hongyu Zheng, Ying He
and Zhanfeng Zhang

Abstract The load-sensing valve system can improve braking performance and
stability of vehicles. The load-sensing valve system matching performance of the
independent suspension is studied, and the kinematic model and mathematical
model is established. By calculating and analyzing the model, a new method to
match the load-sensing valve system for independent suspension vehicles, which
helps us to solve the mismatch problem of the load-sensing valve system with the
independent suspension vehicles, is obtained. This new matching method can
improve brake performance, which has been proved by new vehicles.

Keywords Load-sensing valve � Independent suspension �Matching performance �
Brake performance

3.1 Introduction

Brake performance directly impacts on people’s safety. In order to maintain the
brake performance and stability, the input braking pressure of the truck rear axle
can be adjusted, that is, it is to dynamically adjust the braking force distribution
ratio through rationally matching the rear axle’s load-sensing valve system (braking
force distribution adjusting device) when designing the truck air braking system.
Distributing rationally the front and rear axle’s braking force can make optimal use
of the tire to road adhesion coefficient, enhance the braking performance and get the
ideal adhesion coefficient utilization. During the braking process, rear wheels and

X. Si (&) � W. Ma � Y. Chen � Y. He � Z. Zhang
R&D Center, China FAW Co. Ltd., Changchun, China
e-mail: sixiaoyun@rdc.faw.com.cn

H. Zheng
College of Automotive Engineering, Jilin University, Changchun, China

© Springer-Verlag Berlin Heidelberg 2015
Society of Automotive Engineers of China (SAE-China) (ed.),
Proceedings of SAE-China Congress 2014: Selected Papers,
Lecture Notes in Electrical Engineering 328, DOI 10.1007/978-3-662-45043-7_3

27



front wheels lock up at the same time, or the front wheels lock up in ahead, so as to
prevent the truck from side-slip and swing, maintain better direction stability [1].
Moreover through matching the load-sensing valve performance, the amount of
compressed air that needed during braking process decreases, which thus reduces
the load ratio of the air compressor, saves energy, and reduces tire wear [2].

Getting accurate vehicle load information is core when matching the load-
sensing valve performance, and for the load-sensing valve, the rear axle braking
pressure is calculated according to the vehicle load information. For the truck
equipped with tandem suspension (dependent suspension), the vehicle load infor-
mation can be identified with the vertical distance between axle housing and frame
feedback. The leaf suspension deformation is different under different load condi-
tions, and the distance between the axle housing and frame also varies. As for the
truck equipped with independent suspension, there’s no relative motion between the
axle housing and frame, and it is impossible to get vehicle load information through
measuring the vertical distance between the axle housing and the frame. Researches
show that the vehicle load information can be identified by measuring the relative
rotation angle between the rod type roll stabilizer and vehicle frame, and then the
system can calculate the rear axle input braking pressure. This paper focuses on
matching the load-sensing valve of the independent suspension system, and proposes
a new approach to match the load-sensing valve performance of the independent
suspension, which gives a foundation for designing the braking system.

3.2 Working Principle of the Independent Suspension
Load-Sensing Valve System and Modelling

3.2.1 Working Principle of the Load-Sensing Valve System

It is the most difficult to accurately get the truck’s load condition information when
matching the performance of the truck’s independent suspension load-sensing valve
system. Compared with the truck equipped with a dependent suspension system,
there is no relative motion between the frame and the axle housing of the truck with
an independent suspension. The axle and the components of the independent
suspension system can’t be used to identify the truck load condition information.
Researches show that the stabilizer roll-over bar in the independent suspension
system can be used to identify the truck load information accurately. Figure 3.1
shows the common layout of the stabilizer roll-over bar. Under ideal condition,
when the truck changes from the no load to the full load, the frame moves in the
vertical dimension and the deformation of the suspension is the same at both sides.
The stabilizer roll-over rod rotates freely with respect to the frame in the sleeve, the
angle is affected by the truck load condition and the suspension stiffness. The angle
can be the input signal of the load-sensing valve. In practical, the road condition is
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complicated, the suspension vibrates irregularly, tires receive shocks from the road,
and the deformations of the suspension on each side are not the same. The above
situations lead to the lateral inclination of the frame with respect to the road, then
one side of the frame moves closely towards the spring support and accordingly the
end of the stabilizer roll-over rod on this side moves up with respect to the frame,
the other side moves away from the spring support and accordingly the other end
of the stabilizer roll-over rod on the other side moves down with respect to the
frame. The both ends of the stabilizer roll-over rod move in different directions,
while the middle part of the rod doesn’t move with respect to the frame [3].
Considering the feature of the stabilizer roll-over rod, and the work principle of the
load-sending valve, the turn-angle of stabilizer roll-over rod at its middle segment
with respect to the frame can be the input signal to identify the truck load condition.

3.2.2 Load-Sensing Valve Motion Model

For the independent suspension vehicle, 3-D layout of the load-sensing valve
system is shown in Fig. 3.2. The load-sensing valve is fixed on the cylindrical beam
of the frame, the linkage used to fix the load-sensing valve is consist of rigid bars,
and the bottom of the linkage is connected to the middle part of the stabilizer
roll-over bar, and rotates with the stabilizer roll-over bar; the upper of the stabilizer
roll-over bar is hinged with the load-sensing valve. When the truck load condition
changes, the linkage can transfer the relative turn angle between the stabilizer
roll-over bar and the frame to the load-sensing valve, and then the load-sensing
valve will adjusts the rear axle input braking pressure according to the input signal.

Figure 3.3 shows the plane kinematic of the load-sensing valve system. The
degree of freedom of the system can be calculated as follow [4]:

Fig. 3.1 Layout of the
stabilizer roll-over rod
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F ¼ 3n� 2PL � PH ð2:1Þ

F—the degree of freedom of the linkage; n—the number of the moving link; PL—
the number of the lower pair in the linkage; PH—the number of the higher pair in
the linkage. After analysis, n = 3, PL = 4, PH = 4, according to the formula (2.1),
F = 3n − 2 PL−PH = 3 × 3 − 2 × 4 − 1 × 0 = 1. The result indicates that the linkage
can only move in a dimension. Therefore, when the given moving link of the three
links in the load-sensing valve system regularly rotates, then other two links have
only one certain position, that is, the linkage moves in a certain rule. When the link
1 turns an angle ε, the links 2 and 3 move to a certain position, and the size and the
turn angle can be determined, as shown in the Fig. 3.3.

Fig. 3.2 3D layout of the load-sensing valve system

Fig. 3.3 Kinematical
schematic diagram of the
load-sensing valve system
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3.3 Parameters Calculation for the Load-Sensing Valve
System of Independent Suspension Vehicles

3.3.1 The Mathematical Model of the Load-Sensing
Valve System

Figure 3.4 is derived from Fig. 3.3 and identifies the geometries, which is useful for
the kinematic analysis of the load-sensing valve system. In Fig. 3.4, the solid lines
represent the positions of the swing-rod of load-sensing valve and the connecting
bar assembly under un- load condition and the dashed lines represent those under
full-load condition. The physical significance of the parameters indicated in Fig. 3.4
are as followed: a—the length of the swing-rod of load-sensing valve; b, c—the
lengths of the connecting bars; l1, l2 —the layout sizes of the load-sensing valve and
the transverse stabilizer; β—the effective angel range of the swing-rod of load-
sensing valve between un-load and full-load conditions (it is generally set as 30°);
η—the angel of load-sensing valve swing-rod under un-load condition; ε—the
relative angel of the transverse stabilizer and the vehicle frame when the state of
vehicle changes from un-load to full-load. Of these, l1, l2 are defined during the
arrangement process of the load-sensing valve system, the effective angel range of
the load-sensing valve swing-rod is β = 30° and is symmetrically distributed in the
horizontal direction, ε is defined in the arrangement and design calculation process.
The unknown parameters, which should be calculated, are: a, b, c, η.

Fig. 3.4 Mathematical model of load-sensing valve system
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3.3.2 Parameters Calculation for the Load-Sensing Valve

A specific 6 × 6 independent suspension vehicle is selected as an example for
calculation. Table 3.1 shows the technical parameters of the vehicle.

The braking torques listed in Table 3.1 are determined based on the vehicle
brakes. The synchronization friction coefficient is selected as 0.5 in the beginning of
the braking system design process, and the tightening torques of the front and the
rear axles are evaluated based on the friction coefficient of 0.5 [5]. The calculation
process of the load-sensing valve system is as showed below.

3.3.2.1 Calculation of the Load-Sensing Valve’s Output Pressure (P2)
Under Un-Load Condition

The characteristics of load-sensing valve system are the same as that of the load-
sensing valve production used in the specific vehicle. Figure 3.5 shows the char-
acteristic curve of the load-sensing valve, which describes the linear relationship
between the control pressure P4 and the output pressure P2 when the swing-rod
stays in a specific position.

Based on the parameters given in Table 3.1, and given the friction coefficient of
0.5 and un-load vehicle state, the wheel lock pressure of the front axle and the rear
axle are 350 and 110 kPa, respectively. By matching load-sensing valve in rear
axle, the rear axle input pressure can be set as 110 kPa when the front axle control
pressure and the load-sensing valve control pressure are equal to 350 kPa.

The air supply pressure of the front and the rear axle brake circuit is set as:
P1 = 750 kPa. The installation angel of the load-sensing valve swing-rod is η in
un-load vehicle state. According to the characteristic curve of the load-sensing

Table 3.1 The technical parameters of the vehicle

6 × 6 Un-load Full-load

Parameters W (Kg) 9,860 15,860

Wf (Kg) 4,800 6,000

Wr (Kg) 5,060 9,860

L (m) 4.4 4.4

Rk (m) 0.573 0.573

Hg (m) 1.075 1.27

a (m) 2.258 2.735

b (m) 2.142 1.665

Working pressure (kPa) 750 750

Front axle tightening torque (Nm) 16,859 23,272

Front axle braking torque (Nm) 36,000 36,000

Rear axle tightening torque (Nm) 10,825 21,257

Rear axle braking torque (Nm) 48,000 48,000
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valve in Fig. 3.5(a), when the load-sensing valve swing-rod stays at any particular
position, the control pressure P4 and the output pressure P2 of the load-sensing
valve show linear relationship. When the angel of load-sensing valve swing-rod is
η, the P4–P2 curve contains the following three points: (0.8, 0.6), (3.5, 1.1), (7.5,
P2). The point (0.8, 0.6) is the starting point of the curves (Fig.3. 5(a)). The
coordinates of the point (3.5, 1.1) represent the wheel lock pressure of the front axle
brake and the rear axle brake respectively under the condition of un-load vehicle
state and the friction coefficient of 0.5. The point (7.5, P2) represents that when the
control pressure of the load-sensing valve P4 = 750 kPa, the output pressure is P2.
Through the above three coordinates, the corresponding linear equation of the
characteristic curve is as follows:

ð1:1�0:6Þ
ðP2�0:6Þ ¼ ð3:5�0:8Þ

ð7:5�0:8Þ : ð3:1Þ

It can be calculated from Eq. (3.1) that when P4 = P1 = 750 kPa and the
installation angel of the load-sensing valve swing-rod is η, the output pressure of
the rear axle load-sensing valve is P2 = 190 kPa.

3.3.2.2 Calculation of the Load-Sensing Valve’s Pendulum Angel (η)
under Un-Load Condition

It can be seen from Fig. 3.5(b) that even the air supply pressure P1 = 750 kPa, the
output pressure P2 changes when the load-sensing valve swing-rod angel changes.
When β is in the range of 0–30°, the output pressure P2 and the swing-rod angel
η show linear relationship. The corresponding characteristic curve contains the
following three coordinates: (1.4, 0), (7.5, 30), (1.9, η). Of these, the coordinates
(1.4, 0) and (7.5, 30) are the starting point and ending point of the curve, respec-
tively (Fig. 3.5(b)). The point (1.9, η) represents that when the swing-rod angel is η,
the output pressure of the load-sensing valve is P2, in the example of this paper that

Fig. 3.5 Characteristic curve of the load-sensing valve system
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is P2 = 190 kPa. Through the above three coordinates, the corresponding linear
equation of the characteristic curve is as follows:

ð30�0Þ
ð30�gÞ ¼

ð7:5�1:4Þ
ð7:5�1:9Þ ð3:2Þ

.
It can be calculated from Eq. (3.2) that when P4 = P1 = 750 kPa, the initial

installation angel of the load-sensing valve swing-rod is η = 2.5°. In this condition,
the relationship of the control pressure P4 and the output pressure P2 of the load-
sensing valve is linear and the ratio is about 5:1.

3.3.2.3 Calculation of the Lengths (a, b, c) of the Load-Sensing Valve
Swing-Rod and the Connecting Rods

According to the changes of the rods position under different load conditions
(un-load and full-load) which are indicated in Fig. 3.4, the following three equa-
tions concerning the parameters can be derived:

l1 ¼ cþ a� sin b=2� g
� �

ð3:3Þ

l2 ¼ bþ a� cos b=2� g
� �

ð3:4Þ

c2 ¼ l1 þ a� sin b=2
� �

� b� sin e
n o2

þ l2 � a� cos b=2
� �

� b� cos e
n o2

ð3:5Þ

.
In this example, the length of these rods is: l1 = 102.5, l2 = 221, ε = 14.9°. It is

already obtained that η = 2.5°. And, the angel range of the load-sensing valve swing-
rod is β = 30° and it is horizontally distributed symmetrically. According to the specific
values of the parameters and Eqs. (3.3), (3.4), and (3.5), a, b and c can be calculated as:
a = 78.11, b = 145.23, c = 85.59. In the matching process of an actual vehicle’s load -
sensing valve system, the parameter set of a = 78, b = 145, c = 85 satisfies the
functional requirements of the load -sensing valve system and is easy to produce.

3.3.3 Overload Protection of the Load-Sensing Valve System

The load-sensing valve has the function of overload protection, and thus the internal
mechanism of the load-sensing valve can ensure that the swing-rod automatically
returns back to the limit state once any abnormal condition happens and the
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connecting rod system breaks, which is illustrated in Fig.3. 5(b), where the
swing-rod angel is 95°. It is known from the Fig. 3.5 that when the swing-rod angel
is within the range of 30°–95°, the control pressure P4 and the output pressure P2 of
the load-sensing valve show linear relationship with the ratio 1:1 and the load-
sensing valve fails to regulate the output pressure based on the load status. But this
characteristic has no influence on the braking performance of the vehicle and does
not affect the safety of vehicle.

3.4 Road Test Verification

The ‘0’ type test under un-load status is chosen for the verification of the parameters
matching method. The test data of the pressure of front and rear axle pipes are
shown in Table 3.2, and the pipe pressure curves of the front and the rear axles are
compared in Fig. 3.6 and Fig. 3.7. The test data shows that the relationship of the
control pressure P4 and the output pressure P2 matched is linear in this paper: when

Table 3.2 Pressure of front and rear brake chamber in the 0 type test at the unloaded state of a
vehicle

Speed (km/h) Pressure of front axle pipe (kPa) Pressure of rear axle pipe (kPa)

30 (un-load) 110 66

190 82

300 105

350 115

400 124

60 (un-load) 130 69

200 85

297 103

360 118

405 127

Fig. 3.6 The pipes pressure
comparison for the front and
rear axles (v = 30 km/h)
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the vehicle speed v = 30 km/h, P4/P2 = 5.3097, and when the vehicle speed
v = 60 km/h, P4/P2 = 5.1785. The results are consistent with the previous theoretical
results described in Sect. 3.2.2 and thus the correctness of the theoretical calculation
and structural design aspects for the parameters matching of load-sensing valve
system are verified.

3.5 Conclusions

The load-sensing valve system matching performance of independent suspension
vehicles is studied and a new method for parameters matching problem of the load-
sensing valve system with independent suspension is introduced. The load-sensing
valve system has the following advantages: (1) Simple structure, easy to assemble
and low cost. The connecting rod system of the load-sensing valve system is
composed of several rigid rods and thus can be conveniently assembled. (2) The
control information of the load-sensing valve is more accurate, which is helpful to
accurately control the output pressure. The load-sensing valve is connected with the
stabilizer roll-over rod through the connecting rod system. The relative motion of
the two components is limited to relative rotation and there is no relative movement
of the two components. It is known that the information comes from the suspension
system cannot reflect the changes in vehicle loading state. The suspension system
information is mainly generated by the suspension deformation of the vehicle
rapidly changing road conditions and the horizontal and vertical relative displacement
of the axles and the frame. With the structure mentioned-above, the information of
the suspension motion and deformation will not transfer to the load-sensing valve
and the accuracy of the input and output of the valve will be ensured. (3) The
mathematical model and the parametric design method ensure the accuracy of the
structural design and the motion control.

The method of matching load-sensing valve for independent suspension vehicles
has been used in actual vehicles and the correctness of the method has been proved
with the road braking and reliability test. The test results demonstrate that the
matching results can improve the braking performance, reduce the amount of

Fig. 3.7 The pipes pressure
comparison of the front and
the rear axles (v = 60 km/h)
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compressed air in braking process and reduce tire wear. Therefore, the results of the
matching performance study in this paper are correct and the new matching method
developed here is indeed feasible and can be used as the post design basis of the
braking system of independent suspension vehicles.
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Chapter 4
Optimal Design and Test Research
of Rubber Auxiliary Spring
for Medium-Sized Truck

Fanlong Bu, Yuewei Li, Xiaotao Wu and Zhaoying Liu

Abstract With CAE analysis software, combined with the characteristic of rubber
auxiliary spring force, based on the elastic curve of design requirements as opti-
mized objective, the optimal design of structure parameters for rubber auxiliary
spring is realized. The optimized prototype for trial production makes the weight of
suspension system successfully reduced by up to 20 %. It realizes the lightweight of
vehicle. Test project design and verification on the rubber auxiliary spring body and
suspension system are conducted, and the results show that rubber auxiliary spring
is feasible in medium-sized truck applications and is worth to be popularized.

Keywords Medium-sized truck � Rubber auxiliary spring � Optimal design �
Experimental study

4.1 Introduction

Since the axle weight of medium-sized truck rear suspension under full load is
much bigger than under no load, in order to keep the vehicle with a relatively stable
inherent frequency of the suspension and good ride comfort under different loads, it
requires that the suspension system has good nonlinear characteristics [1]. At
present, the rear suspension system of medium-sized truck in China generally
adopts composite leaf spring suspension with two-grade stiffness, that its weight is
big, and the change in suspension stiffness occurs at the moment of auxiliary leaf
spring contact with main leaf spring, which results in poor ride comfort [2].

On the other hand, the energy shortage and environmental pollution problems
have become prominent problems which restrict the sustainable development of
Chinese automobile industry. Considering it from the social or economic benefits,
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the low fuel consumption and low-emission cars are the demand of the development
of economical society. Automotive’s lightweight technology is an important means
to get the automobile fuel economy, and the relevant research data show that the
increase of weight of automobile by 10 % makes the fuel efficiency increase by
6–8 % [3]. The application of rubber spring is also an effective means for light-
weight of automobile.

In this paper, the rear suspension system of medium-sized truck adopts rubber
auxiliary spring instead of auxiliary leaf spring of composite leaf spring suspension.
With the nonlinear characteristics of auxiliary rubber spring, it combines with main
leaf spring in order to bear axle load. CAE optimization analysis and experimental
research for auxiliary rubber spring have been done. Results show that the rubber
auxiliary spring features lightweight, simple structure, good elastic characteristics,
and fatigue performance, which is worth being further popularized.

4.2 Rubber Auxiliary Spring’s CAE Optimization Model

4.2.1 Rubber Auxiliary Spring’s Simplified Force Model

Rubber auxiliary spring is installed in the rear suspension of a truck as shown in
Fig. 4.1. Combined with the structure and force characteristics of rubber auxiliary
spring, a simplified rubber auxiliary spring force model is established as shown in
Fig. 4.2. Rubber auxiliary spring and the bottom plate are assembled together with
bolts, and the bottom plate is fixed. The top plate is assumed to be rigid and applied
with the concentrated or uniformly distributed load.

4.2.2 Optimization Results for Rubber Auxiliary Spring

Firstly, different-sized CAD models are plotted by using 3D drawing software PRO/
E. According to the optimization process of 3D model, it is divided into three
stages. At the first stage, the initial model of rubber auxiliary spring, as shown in
Fig. 4.3, is gotten, its size (length × width × height) is 230 × 130 × 142 mm, and its

Fig. 4.1 Rubber auxiliary
spring assembly model
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internal cavity structure is as shown in Fig. 4.3. At the second stage, four plans are
designed, and in plan A, its size (length × width × height) is 230 × 112 × 142 mm,
and the inner cavity curve changes, but in other plans, we will change the height
and internal cavity curve according to plan A. At the third stage, it is the final plan,
the size (length × width × height) is 230 × 112 × 176 mm, and the inner cavity
curve is the same as that of the initial model. Then, the finite element analysis
software HyperMesh is used to carry out the pretreatment of grid division. Finally,
the stiffness analysis [4] is simulated with Abaqus, as shown in Fig. 4.4.

Figures 4.5, 4.6, and 4.7 are the simulation results for stiffness curve analysis of
different hardness models at different stages. Results show that at the first stage, the
curve fluctuations do not comply with the design requirements. At the second stage,
the analysis results of different plan models of the same hardness N70 are obtained,
and plans A or B and C within 0–30 mm conform to the design requirements, but if

Fig. 4.2 Rubber auxiliary spring simplified force model

Fig. 4.3 Rubber auxiliary
spring’s initial CAD model
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the deviation of 30 mm is too large to meet the requirements, the plan D’s stiffness
curve closes to the design requirements, but the value of stiffness is slightly large
and thus the hardness adjustment is required. Considering that the bigger ultimate

Fig. 4.5 The stiffness
simulation curve at the first
stage

Fig. 4.4 Rubber auxiliary spring’s finite element analysis model

Fig. 4.6 The stiffness
simulation curve at the second
stage
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deformation of truck rubber auxiliary spring is required, the hardness N60 plan at
the third stage can finally satisfy the design requirements.

4.3 Rubber Auxiliary Spring Test Research

4.3.1 Rubber Auxiliary Spring Bench Test

According to the results of the optimization of rubber auxiliary spring, the hardness
N60 plan of the rubber auxiliary spring is trial-manufactured for sampling (see
Fig. 4.8). Results show that the weight is 5 kg, and the weight of suspension system
reduces by up to 20 %. Further test research on the sample is done, and the bench
test of rubber auxiliary spring body is conducted first (see Fig. 4.9), the contents of
which include the static stiffness test, low-temperature test, and fatigue life test. The
results show that the static stiffness curve of the sample is consistent with the
simulated stiffness curve of a model (see Fig. 4.10). After frozen 2 hours in minus

Fig. 4.7 The stiffness simulation curve at the third stage

Fig. 4.8 A sample of rubber
auxiliary spring sample

4 Optimal Design and Test Research of Rubber Auxiliary Spring … 43



40 temperature (see Fig. 4.11), the fatigue test is carried out for 500 times, and then,
the rubber auxiliary spring is without any damage. The fatigue test of rubber
auxiliary spring is done for 400,000 times, and the rate of change of its height and
stiffness is less than 10 % (see Table 4.1).

After the completion of the bench test of rubber auxiliary spring, the bench test
of rear suspension system is further done (see Fig. 4.12). The contents of the test
include the static stiffness test, dynamic stiffness test, and fatigue test. The results of
static stiffness test show that compared with the stiffness curve of leaf spring
suspension (see Fig. 4.13), when the rubber auxiliary spring contacts with the main
leaf spring, its stiffness curve is more softer, the stiffness of rear suspension is
smaller, and its ride comfort is good, and when the jump magnitude reaches a

Fig. 4.9 Schematic diagram of bench test device for rubber auxiliary spring

Fig. 4.10 Stiffness curve of
rubber auxiliary spring
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Fig. 4.11 Low-temperature
test of rubber auxiliary spring

Table 4.1 Rubber auxiliary
spring’s fatigue test results Height Stiffness

The initial state 176 mm 465.5 N/mm

After 400,000 times of fatigue
test

165 mm 459.8 N/mm

Rate of change −6.25 % −1.22 %

Fig. 4.12 Schematic diagram
of rear suspension system
bench test
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certain value, the stiffness increases dramatically, and the rubber auxiliary spring is
acted as a buffer.

The results of dynamic stiffness test show that at the same frequency, with the
increase of the amplitude, the dynamic stiffness of rubber auxiliary spring sus-
pension systems decreases (see Fig. 4.14). At the same amplitude, the dynamic
stiffness has no significant change as the variation of frequency (1–2 Hz) (see
Fig. 4.15). For the friction value of suspension system under the condition of
truck’s normal amplitude of 5 mm, the friction of rubber auxiliary spring suspen-
sion system decreases by 33.3 % compared with the leaf spring suspension system
(see Table 4.2).

Fig. 4.13 Static stiffness curve of rear suspension system

Fig. 4.14 Dynamic stiffness at the same frequency and different amplitude
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The results of fatigue test are given in Table 4.3: The test results of rubber
auxiliary spring suspension system achieve the objectives and requirements.

4.3.2 Actual Road Test of Rubber Auxiliary Spring

Reliability test and subjective evaluation test are carried on the 2# pavement of
NongAn Test Field (12,000 km) (see Fig. 4.16). The results show that rubber
auxiliary spring has high reliability and no fault which may affect its normal use,
such as crack, deformation, and aging. When the braking causes any deformation of
rear suspension, no transmission shaft interference phenomenon appears. The ride

Fig. 4.15 Dynamic stiffness at the same amplitude and different frequency

Table 4.2 Comparison of friction values for suspension system

Test conditions Friction value (kN)

Leaf spring suspension system Amplitude: 5 mm 7.5

Rubber auxiliary spring suspension system 5

Table 4.3 The test results of fatigue life

Name of assembly The fatigue
life (times)

Rate of change
of peak load (%)

1# rubber auxiliary spring suspension system 200,700 3.3

2# rubber auxiliary spring suspension system 186,000 3.2

3# rubber auxiliary spring suspension system 182,600 3.4

The target value ≥100,000 ≤10
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comfort of the vehicle with rubber auxiliary spring suspension is better than that of
the leaf spring suspension vehicle. And it further verifies the rationality and cor-
rectness of rubber auxiliary spring model optimization and bench test methods.

4.4 Conclusions

According to the characteristics of rubber auxiliary spring force, and the elastic
curve design requirements as the optimization objective, the optimization design of
structure parameters of the rubber auxiliary spring is obtained. The optimized
prototype for trial production makes the weight of suspension system successfully
decreased by up to 20 %. It realizes the lightweight of vehicle. Researches on the
bench test of rubber auxiliary spring body and suspension system verify that the
CAE optimization design is feasible and also provides the test basis for the
development of similar products. Actual road test of rubber auxiliary spring further
proves that the optimization design and test research method for rubber auxiliary
spring are proper, and the rubber auxiliary spring is feasible in medium-sized truck
applications and is worth to be popularized.
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Chapter 5
Application of Virtual ECU and Large
Coverage Testing in the Development
of Control Software for a Dual-Clutch
Transmission

Lionel Belmon, GuangHui Zhang and Ronghui Zhang

Abstract Automatic transmissions control systems have a key influence on the
overall power train performance. These systems are complex to test and validate
due to the interaction of mechanics, hydraulics, electronics, vehicle dynamics,
driver inputs and transmission control software. How ECU virtualization and
automated large coverage testing have been applied to test a transmission control
software developed by FAW is introduced.

Keywords Automatic transmission � Simulation � Embedded software � Testing

5.1 Introduction and Objectives

Automatic transmissions control systems have a key influence on the overall power
train performance. These systems are complex to test and validate due to the
interaction of mechanics, hydraulics, electronics, engine control, vehicle dynamics,
driver inputs and transmission control software. The objective of the presented
work is to:

(a) establish a virtual integration that can be used by software development
engineers;
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(b) implement a method that automatically generate a large test coverage for the
system.

The transmission control unit (TCU) software testing must be conducted in a
closed-loop simulation which integrates a vehicle plant model and the controller.
There are several ways to achieve such a closed-loop simulation where the TCU
interacts with a simulated vehicle. One possibility is to use hardware-in-the-loop
(HiL) simulation, in which the real TCU controller is connected to a real-time
vehicle emulator. Another possibility is to simulate the embedded software and the
plant on a PC platform, without any hardware required. This methodology is based
on ‘ECU virtualization’, and this is the method that we applied for this work. The
virtual ECU running on PC is a very suitable software test object which can be fully
inspected and debugged without limitations of embedded controllers on HiL.

In the current work, a method for performing large coverage testing has been
implemented. To perform such large coverage testing, we first established a System
Under Test with the following properties:

• High fidelity compared to execution of the embedded software in the vehicle
• Closed-loop simulation with the vehicle model
• Fast execution times and easily parallelizable
• Reproducible and deterministic

Using this System Under Test, we implemented a driving scenarios generator
(QTronic Testweaver) which can generate, execute and evaluate the suitability of
1,000’s of drive scenarios. More information on the tools and process described
above can be found in [1–5].

The results of this work enable very large test coverage to be generated within
one night of execution, with reports automatically generated for possible system
level issues.

5.2 Overview of the DCT350 Gearbox

We briefly introduce the transmission system which is considered in this paper. The
DCT350 is a dual-clutch gearbox designed and produced by FAW. The TCU
hardware is provided by continental, and the TCU application software is devel-
oped in-house by FAW.

The DCT350 has the following characteristics:

• 7 gears + Rear
• 350 Nm torque, for longitudinal application
• 2 wet dual clutches
• Hydraulic module for clutch and shift actuators control, engine-driven pump

(Fig. 5.1)
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5.3 Control Software Development

The application software consists of numerous modules, and the core modules are
the shift strategy and transmission coordinator. Figure 5.2 shows an overview of the
modules.

A model-based design development method is implemented by FAW.
The application software is generated from a Simulink model using the dSPACE
TargetLink code generator. The generated tasks are then linked and integrated with
the basic software (BS) of the TCU.

Fig. 5.1 Cutaway diagram of DCT350’s hydraulic module

Operating System, Task Schedule

CAN 
Communication

Calibration Tool 
Interface

I/O
 Ineterface

Communication Interface (CAN, CCP, UDS)

Diagnostic 
Management

End Of Line 
Functionalities

Hardware &
Low Level 

Driver

Control strategies

Shift strategy

Transmission 
Coordinator

Engine Control
Shift Actuator 

Control
Clutch Control
Clutch Cooling 

Service tool Calibration 
tool

EMS ABS EOL DeviceECM
Other 
ECU

Main Line Pressure 
Control

Safety 
Strategy

Fig. 5.2 Overview of TCU application software modules
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5.4 Implementation of the System Under Test

The System Under Test is made of two parts: (a) a virtual ECU for DCT350 and (b)
plant model simulation of the vehicle and gearbox.

The virtual ECU is built from the same embedded C-code which is used in the
real TCU, but instead of running on the TCU hardware, the virtual ECU runs on
normal Windows PC. Tasks and scheduling is simulated, interaction with the basic
software is also emulated. Calibration parameters, fixed-point/floating-point con-
versions are also supported automatically. The above features are achieved by using
the virtual integration tool QTronic Silver [2, 3]. Finally, the virtual ECU repro-
duces with high fidelity the actual behaviour and execution of the real TCU in the
car, but can be made available on any engineer’s PC. Since the virtual ECU has the
same code, same parameters and overall same behaviour as the real TCU, it is an
excellent subject for performing tests.

The plant model of the vehicle and gearbox is required because the TCU
manages dynamic processes (gear shifting) with closed-loop controls. Feedback
from the vehicle sensors must thus be simulated. This is done with a plant model.
FAW use such plant models on its hardware-in-the-loop test systems. For the
current project, we reused the existing plant model and compiled it for our PC
application QTronic Silver.

Figure 5.3 shows an overview of the virtual integration platform QTronic Silver,
with the used modules for this project in bold red font (Virtual ECU/SBS, VS
debugger, Simulink, CANAPE, Silver GUI, python module…)

A convenient dashboard and control panel were also built for easily interacting
with the SUT (Figs. 5.4 and 5.5).

Fig. 5.3 Overview of the virtual integration platform QTronic Silver
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The System Under Test can achieve all required test functions, in a similar
manner as what is done on the HiL or in the real vehicle. Moreover, test require-
ments such as fault insertion can be implemented in a straightforward way since it is
possible to control and modify any signal flowing between the plant and the virtual
ECU.

5.5 Large Coverage Testing with QTronic TestWeaver

The driving concept for large coverage testing with TestWeaver is to automate the
generation and the analysis of test scenarios. The System Under Test provided to
TestWeaver is a black box which only exposes predefined interfaces, the so called
instruments. TestWeaver can be connected to Silver via the Silver python module.

Implementing a TestWeaver set-up can be generally divided into 3 stages:

Fig. 5.4 Extract from the Silver dashboard for DCT350

Fig. 5.5 Extract from the
fault insertion control panel
for DCT350
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1. Definition and implementation of the system inputs/outputs to/from TestWeaver
2. Definition and implementation of system requirements and invariants
3. Creation and configuration of report generators

The definition of input/outputs is done in a python script, which can be auto-
matically generated from the Silver GUI and then further edited and refined.

The system requirements and invariants are rules that the system must respect.
For instance, simple system invariants are min/max checks on some variables, such
as maximum engine speed or maximum clutch temperatures. More complex
invariants are logical rules. These can be tested, using dedicated state machines
implemented with TestWeaver python’s library. When a system requirement is
violated during a test case, TestWeaver can report it and the problematic scenario
can be replayed and debugged in Silver.

Finally, the automatic report generators are configured in order to display and
catch properties of interest such as

• System states test coverage
• Code coverage
• A2L discrete variables coverage
• Gear shift time, gear shift properties, gear shift oscillations
• Alarms and errors

More details about QTronic TestWeaver can be found in [6].
Figure 5.6 shows an overview of a TestWeaver project.
The implementation of TestWeaver for the DCT350 TCU testing used around 40

instruments (inputs, outputs, parameters) for cases without faults and a supplement
or around 40 instruments related to fault insertion and fault reaction monitoring.
Typical instruments are for vehicle speed, engine speed, engine torque, actuator
positions, TCU states, etc.

Fig. 5.6 Overview of a TestWeaver project
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5.6 Results

Reports for analysing various properties of the system were established, including

• Coverage of reached gear shifts under various conditions
• Gear shift time analysis, under load and without load
• Clutch temperatures
• A2L variables range monitoring (detects signals that exceed prescribed min/

max)
• A2L coverage for discrete variables
• Gear shift analysis during ‘change mind’ manoeuvre (pedal position changed

during gear shift)

We give some examples below of typical reports obtained after a test run of
around 500 scenarios.

The coverage of reached gear shifts can be displayed as a 2D chart where the
x-axis represents the current gear and the y-axis the target gear. The chart allows a
quick identification of gear shift sequences covered, as shown in Fig. 5.7.

The gear shift coverage can also be displayed as a table with links to corre-
sponding scenarios. The table can also provide additional information, such as the
slope or the gear lever position for the corresponding gear shift sequences. For
instance, Fig. 5.8 shows that gear shift 2 → 1 has been tested for both ‘flat’ slope
and ‘15 %’ slopes.

Fig. 5.7 Example of reached gear shift coverage—chart view
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Apart from gear shift coverage, TestWeaver also reports the A2L coverage for
discrete variables. Figure 5.9 shows an example of A2L discrete variable coverage.

For error and debugging, several analysis reports were set up. Of these, gear shift
oscillation detection was implemented. Gear shifts’ oscillation for target gear is

Fig. 5.8 Example of reached gear shift coverage—table display

Fig. 5.9 Example of A2L discrete variable coverage
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usually a good indicator for gear shifting issues. We set up the detection mechanism
so that repeated up changes/down changes of target gear were reported and put in 2
classes: oscillations faster than 10 ms and oscillations faster than 50 ms.

This ‘filter’ for target gear oscillations shows that the vehicle could be driven in
a state where the gear shifting would fail. This state seems to appear after a change
of accelerator pedal input position during a gear shift from to 2nd to 4th gear. The
TCU goes then in a mode where the target gear and current gear kept changing
every 10 ms and the gearbox failed to achieve a proper shift. This process is
illustrated in the ‘scenario’ report, as shown in Fig. 5.10.

The scenario can be replayed, and the root cause of the issue is analysed. Once
the root cause is found, a modification can be implemented and tested again. In the
above example, modelling errors in the plant model was found to be the cause of
the abnormal gear shifting. This was fixed, and the abnormal gear shift case was
solved. However, TestWeaver showed that under certain particular conditions, the
tested TCU software version could enter a 10 ms upshift/downshift cycle.

5.7 Conclusions

The virtual integration established in this project provides FAW with an increased
confidence in the quality and maturity of the TCU control software. The large
coverage provided by TestWeaver allows finding issues and bugs that would
potentially be missed out by HiL and drive tests.

Fig. 5.10 Example of issue identified by TestWeaver during testing—scenario report
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Chapter 6
Modeling and Analysis of Torsional
Vibration on Engine-generator System
of Hybrid Electric Vehicle

Xiaofeng Ma, Ke Luo, Lijun Zhang, Hongzheng Cheng
and Dejian Meng

Abstract To analyze torsional vibration of the powertrain system for series hybrid
vehicle, which consisted of dynamic vibration absorber (DVA), V12 diesel engine,
speed increaser, and a generator, a lumped parameter model of torsional vibration
and its vibration equation is established. Based on this model, the inherent vibration
characteristic is calculated by using Matlab. And forced vibration analysis
including order and resonance amplitude analysis is carried out considering no-load
and full-load conditions. The results indicate that the working speed chosen is
appropriate.

Keywords Engine-generator system � Torsional vibration � Inherent characteristics �
Forced vibration � Order analysis
6.1 Introduction

Energy saving and environmental protection requirements make all kinds of electric
vehicles at home and abroad an important technology and competition focus in
recent years. Engine-generator system is the core of key parts in the powertrain of
series hybrid vehicles, plug-in hybrid cars, and extended-range electric vehicles,
playing an important role on working with high efficiency and low emissions.
However, it may reduce the ride comfort and lead to structural fatigue damage and
deterioration in vehicle acoustic quality if the engine-generator system is unrea-
sonably designed [1, 2].

The key problem of engine-generator system is torsional vibration and control.
It is usually studied using lumped parameter model, distribution model, and
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multi-body dynamics model and has obtained many results in analyzing engine
crankshaft system, the transmission system, and the drive motor [3–7]. However,
for the electric automobile engine-generator system, there are very few torsional
vibration studies and proven modeling and simulation analysis method. Thus,
establishing the system of the dynamic matching design method for the engine-
generator system to analyze torsional vibration has important engineering value,
guiding the determination of the ideal static working point, as well as the integration
control in dynamic process.

This study began with torsional vibration modeling of V12 engine-generator in
series hybrid vehicle using lumped parameter method. The second step of this study
involved in calculating and analyzing inherent vibration characteristic and transient
forced vibration, putting forward a method of selecting ideal working point. Then,
this study verified the reasonability of selecting the working point by analyzing
vibration characteristic in no-load and actual full-load condition. The results pro-
vide the hybrid electric vehicle with an important reference in engine-generator
matching design and the selection of ideal working point.

6.2 Theoretical Modeling

6.2.1 Simplify and Modeling

The engine-generator system, as shown in Fig. 6.1, consists of a V12 engine, a
speed increaser and a generator. The V12 engine is a supercharged diesel engine
used in special vehicles, and the speeder uses straight tooth meshing transmission,
while the generator is permanent magnet synchronous motor. The basic parameters
are listed in Table 6.1.

Supposing that the each shaft section in the system can be divided into a disk that
has concentrated moment of inertia and an elastic axis with no quality, this study
established lumped parameter model of the engine-generator system with eleven
degrees of freedom, considering external damping and shaft section damping, as is
shown in Fig. 6.2, according to principles of equivalent on the natural frequencies

Fig. 6.1 Engine-generator
structure diagram
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and principles of equivalent on vibration modes of the torsional vibration system
and the actual system.

The vibration differential equations can be expressed as:

J1€h1 þ k1ðh1 � h2Þ þ cr1ð _h1 � _h2Þ ¼ T1
J2€h2 � k1ðh1 � h2Þ þ k2ðh2 � h3Þ � cr2ð _h1 � _h2Þ þ cr2ð _h2 � _h3Þ ¼ T2
Ji€hi � ki�1ðhi�1 � hiÞ þ kiðhi � hiþ1Þ � cri�1ð _hi�1 � _hiÞ þ crið _hi � _hiþ1Þ

þ c0i _hi ¼ Tiði ¼ 3; 4; . . .; 8Þ
J9€h9 � k8ðh8 � h9Þ þ k9ðh9 � h10Þ � cr8ð _h8 � _h9Þ þ cr9ð _h9 � _h10Þ ¼ T9
J10€h10 � k9ðh9 � h10Þ þ k10ðh10 � h11Þ � cr9ð _h9 � _h10Þ þ cr10ð _h10 � _h11Þ ¼ T10
J11€h11=r2 � k10ðh10 � h11Þ � cr10ð _h10 � _h11Þ þ k11h11 þ c011 _h11 ¼ T11

8
>>>>>>>>><

>>>>>>>>>:

ð6:1Þ

It can be rewritten in matrix form as:

J½ � €h
n o

þ C½ � _h
n o

þ K½ � hf g ¼ T½ � ð6:2Þ

Table 6.1 Engine-generator system parameters

V12 engine Ignition order L1→R6→L5→R2→L3→R4→L6→R1→L2→
R5 → L4 → R3, Free end:1

Mass of piston and connecting
rod assembly

3 kg

V-type angle 90° Number of crank 6

Rod length 283 mm Rod radius 55 mm

Increaser Gear ratio 33/64

Generator Rated speed 4,200 rpm Rotor inertia 2.94 kgm2

Rated power 800 kw Rated torque 1,819 Nm

Fig. 6.2 Lumped parameter model of engine-generator system
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where hf g = diag(h1; h2; . . .; h11Þ is the angle vector of each degree of freedom in
torsional vibration in lumped parameter model, J½ � = diag(J1; J2; . . .; J11Þ is the
rotational inertia matrix, C½ � ¼ Cr½ � þ C0½ � is the damping matrix, K½ � is stiffness
matrix, and T½ � ¼ T1; T2; . . .; T11½ �T is the excitation torque vector.

6.2.2 Determination of Model Parameters

6.2.2.1 Rotational Inertia

Rotational inertia of each assembly unit Ji equals to the sum of its moment of inertia
Ji0 and half of the inertia of the connecting shaft. For example, J3 equals to the
inertia of the third crank J30 plus two half inertia of the connecting shaft named by
k2 and k3. More details are given in references [2–5].

The rotational inertia of speed increaser and generator is obtained according to
what is said in above paragraph and the law of conservation of energy. Taking the
speed increaser as an example, its rotational inertia can be obtained as:

J10 ¼ J 010 þ J 0010=r
2þðJk9 þ Jk10Þ=2 ð6:3Þ

The symbols in the Eq. (6.3) are the same as that are shown in Fig. 6.1.

6.2.2.2 Torsional Stiffness

After simplifying, the system consists of 11 lumped rotatory inertias including
dynamic vibration absorber (DVA), six cranks, a flywheel, a speed increaser and a
generator rotor, and ten connecting shafts with no inertia. The stiffness of con-
necting shafts is obtained by using finite elements method.

6.2.2.3 System Damping

Shaft section damping and external damping are determined by empirical formula
which refers to references [1, 5].

crn ¼ crkn=x ð6:4Þ

con ¼ ceJnx ð6:5Þ

where ce and cr are the damping coefficient of the unit, Jn and kn are inertia and
stiffness of certain degree of freedom, and ω is the angle velocity.

The parameters of the system are presented in Table 6.2.
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6.3 Engine-generator System Inherent Characteristic

Setting damping matrix C½ � and T½ � in Eq. (6.2) to be zero, the modal frequency and
mode shape of each order can be obtained by using Matlab.

Table 6.3 illustrates torsional vibration inherent characteristic of engine-gener-
ator system, and it shows that:

Table 6.2 Parameters of lumped parameter model of engine-generator system

Parameters Data

Torsional stiff-
ness (MNm/rad)

k1 ¼ 0:04; k2 ¼ 5:525; k8 ¼ 3:199; k9 ¼ 2:236; k10 ¼ 6:65

k3 ¼ k4 ¼ k5 ¼ k6 ¼ k7 ¼ 4:398

Rotational inertia
(kgm2)

J1 ¼ 0:79; J2 ¼ 0:061; J3 ¼ 0:343; J4 ¼ 0:343; J5 ¼ 0:343;

J6 ¼ 0:343; J7 ¼ 0:343; J8 ¼ 0:343; J9 ¼ 2:603; J10 ¼ 1:042; J11 ¼ 2:94

Damping cr ¼ 0:02; ce ¼ 0:04; co11 ¼ 0:025 Nm rad/s

Table 6.3 Engine-generator system inherent characteristic

Orders Inherent frequencies/Hz Mode shapes

1 35.9

2 112.5

3 198.6

4 392.5

5 620.3

6 645.0

7 828.1

8 993.9

9 1,101.9

10 1,667.3
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1. There are ten inherent frequencies besides rigid body mode. The lowest one is
35.9 Hz, while the highest is 1667.3 Hz; and the first four-order inherent fre-
quencies are less than 400 Hz, which are more likely to resonant in the range of
system speed.

2. The first-order mode shape shows that it is mainly the vibration of the inertial
mass of DVA which indicates its effectiveness in absorbing vibration. But in
other orders, the inertial mass is always in the vicinity of a node, thus the
amplitude is very small, indicating that the DVA does not match actual
requirements.

3. In the second three modes, all degrees of freedom besides inertial mass of the
DVA are in a state of strong vibration. The sixth-order mode is mainly the
vibration of the speed increaser. The fourth-, fifth-, seventh-, eighth-, and ninth-
order modes show that vibration of all the degrees of freedom besides crank
throws is small. The tenth order is mainly the vibration of the shell of absorber.

6.4 Engine-generator System Forced Vibration

6.4.1 Excitation Torque [1]

6.4.1.1 Engine Excitation Torque

The torque, which actuates the crank throws, includes two parts. One is gas load
while the other is the oscillating inertial force. They can be expressed as the
equation:

Mg¼ pD2

4
Pg

sinðaþ bÞ
cos b

R ð6:6Þ

Mj ¼ �mjRx
2ðsin aþ k

2
sin 2aÞ sinðaþ bÞ

cos b
ð6:7Þ

where D is cylinder diameter, α is crankshaft angle, β is the angle between con-
necting rod and the center line of the cylinder, R is the crank shaft radius, mj is the
reciprocating inertial mass, and Pg is the gas pressure obtained by experiment, as
shown in Fig. 6.3.

6.4.1.2 Generator Torque

In the actual working process and simulation, the generator torque is controlled by
certain strategy. Figure 6.4 illustrates the relationship between generator speed and
torque after control.
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6.4.2 Forced Vibration Analysis in No-load Condition

No-load condition refers to a condition when generator does not generate current
during the engine-generator system works and has important guiding significance in
selecting the working point.

To determine the stable working speed range, time history of acceleration and
velocity of each degree of freedom is presented in this section, analyzing vibration
distribution of the system by using Matlab based on vibration equation.

Considering the similarity of the response of each part in the system, the engine
speed and angular acceleration of the second crank throw are shown in Fig. 6.5. The
result indicates that the engine-generator system resonate in speed range of
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1,000–1,500 rpm, near 2,750 rpm, 3,500 rpm, and 4,200 rpm as well as higher
speed, at which the system should avoid working from the view point of vibration.
Hence, speed range of 1,500–2,500 rpm, 3,000–3,300 rpm, and 3,600–4,000 rpm is
preliminary selected as ideal working speed.

6.4.3 Forced Vibration Analysis in Full-load Condition

Knowing that the higher speed the system works at, the more resonance points it
goes through, it is reasonable to select a low speed on basis of both performance
and fuel economy. In this study, in meeting the requirements of this special vehicle,
2,200 rpm is selected as the working speed at which full-load forced vibration
simulation is carried out below.

Fig. 6.5 Angular
acceleration of the second
crank throw and engine speed
curve in no-load condition
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6.4.3.1 Full-load Forced Vibration Time-domain Analysis

Figure 6.6 shows the result of engine speed and angular acceleration of the second
crank throw curve which indicates that the second crank throw has strong vibration
in speed range of 1,100–1,300 rpm, 1,450–1,650 rpm, and 1,800–2,100 rpm. Other
degree of freedom has similar conclusion.

6.4.3.2 Order Contribution Analysis

Since there are many orders in the vibration of engine crankshaft, order analysis of
engine-generator system is carried out, providing a basis for vibration control.
Figures 6.7 and 6.8 are three-dimensional waterfall and main order contrast figure
of angular acceleration of the second crank throw obtained from full-load simula-
tion. The diameter of circles indicated in Fig. 6.8 illustrates vibration amplitude.

Figures 6.7 and 6.8 show that there are 3.5th order, 4.5th order, 5.5th order, 6th
order, and 7.5th order in angular acceleration signal of the second crank throw, and
size of amplitude comparison is: A6 [A4:5 [A3:5 [A7:5 [A5:5.

Fig. 6.6 Angular
acceleration of the second
crank throw and engine speed
curve in full-load condition
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Analogously, Fig. 6.9 presents angular acceleration orders of other degrees of
freedom and the amplitude comparisons are re-expressed in Table 6.4.

The results presented in Table 6.4 indicate that:

(1) Orders: Sensitive order sequence is different between each degree of freedom,
but the main orders are several half orders on the basis of sixth order.
A possible reason for these half orders is deformation of crankshaft.

(2) Resonant frequency and speed range: 35.9, 112, and 198 Hz are the main
resonant frequencies, but different moving parts vary in resonant frequency.
What is more, vibration has high amplitude at some certain speed range due to
different order. 5.5th order and 6th order result in high vibration amplitude at
1,100–1,300 rpm, 1.5th order and 4.5th order result in 1,450–1,650, while first
order, 3.5th order, and 6th order result in 1,800–2,160 rpm.

Fig. 6.7 Angular
acceleration waterfalls of the
second crank throw

Fig. 6.8 Main order contrast
of the second crank throw
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(3) The working point 2,200 rpm which is away from main resonance speed, at
which each degree of freedom has relatively small amplitude of vibration, has
a good performance in avoiding strong torsional vibration.

6.5 Conclusions

In this paper, a lumped parameter model of an engine-generator system used in
hybrid electric vehicle is established and its inherent characteristics and forced
vibration characteristics is calculated. By analyzing vibration mode distribution

Fig. 6.9 Amplitude comparison of main orders of other degrees of freedom. a Main orders of
inertial mass of DVA. b Main orders of flywheel. c Main orders of speed increaser. d Main orders
of generator

Table 6.4 Amplitude
comparison of main orders
of other degrees of freedom

Degree of freedom Amplitude comparison

Inertial mass of DVA A1:5 [A6 [A1 [A4:5 [A3:5

Shell of DVA A6 [A4:5 [A3:5 [A5:5 [A7:5

Flywheel A6 [A4:5 [A7:5 [A3:5 [A5:5

Speed increaser A6 [A4:5 [A3:5 [A25

Generator A6 [A4:5 [A3:5 [A7:5
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under each mode frequency and orders of forced vibration signals as well as
amplitude distribution of each order, a stable working speed that meets vibration
requirements is reasonably selected.

The effectiveness of this dynamic model and reasonability of the working speed
will be studied further combining with prototype test.
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Chapter 7
Pore-forming Technology Development
of Polymer Separators for Power
Lithium-ion Battery

Lina Yu, Dan Wang, Zhongling Zhao, Jian Han, Kejin Zhang,
Xinran Cui and Zhou Xu

Abstract To investigate the impact of the pore-forming agent on the performance of
polymer membranes, four Al2O3/PVDF-HFP separators with different pore-forming
agents, n-butanol, deionized water, ethanol, and isopropanol are prepared by adding
Al2O3 as the filler. The wettability, morphology, mechanism strength, and electro-
chemical properties of above membranes are characterized. Results show that the
membrane prepared with n-butanol as the pore-forming agent has the best property,
with electrolyte uptake rate of 420 %, ion transference number of 0.90, tensile
strength of 14.93 MPa, conductivity of 0.50 ms/cm−1, electrochemical stability
of 5.2 V, and discharging specific capacity of 108 mAh/g at 4C with a LiFePO4

half-cell.

Keywords Lithium-ion power battery � Pore-forming technology � Separators

7.1 Introduction

Porous separator is a critical component of power lithium-ion battery that is used to
separate the positive and the negative electrode, which is one of the highest
high-added value materials, accounted about 15 % of the batteries’ cost. For pre-
paring a qualified separator, the pore-forming technology is of most difficulty [1, 2],
as micropore size and distribution will directly affect the separators porosity, per-
meability, uptaking, etc. To enhance the specific energy and high power dis-
charging of lithium-ion batteries, it needs to further improve the porosity and reduce
the thickness so as to obtain the separators with smaller ionic resistance. However,

L. Yu (&) � D. Wang � Z. Zhao � J. Han � K. Zhang � X. Cui � Z. Xu
R&D Center, China FAW Co. Ltd., Changchun, China
e-mail: yulina@rdc.faw.com.cn

© Springer-Verlag Berlin Heidelberg 2015
Society of Automotive Engineers of China (SAE-China) (ed.),
Proceedings of SAE-China Congress 2014: Selected Papers,
Lecture Notes in Electrical Engineering 328, DOI 10.1007/978-3-662-45043-7_7

71



reducing the thickness will reduce its strength and thus affect the safety of power
lithium battery [3].

In this paper, on the base of Al2O3/PVDF-HFP separator by using the phase
inversion [4], n-butanol, deionized water, ethanol, and isopropanol were selected to
prepare four Al2O3/PVDF-HFP separators, respectively. Then, the influence on the
comprehensive performance of separator was investigated. Results show that
n-butanol is optimized as the best pore-forming agent, on the one hand ensures the
necessary mechanical strength, and on the other hand enhances the uptake of
Al2O3/PVDF-HFP separator, which significantly improves the discharging capacity
at large current. In addition, the Al2O3/PVDF-HFP polymer separator by n-butanol
as pore-forming agent has such advantages as simple preparation process, low cost
of the preparation, and easy to realize batch production. Predictably, inorganic
nanoparticle/PVDF-HFP is a suitable separator for power lithium-ion battery.

7.2 Experimental

7.2.1 Preparation of Polymer Separators

An appropriate amount of PVDF-HFP was dissolved in acetone with refluxing at
60 °C and vigorous stirring for 2 h, then the suitable amounts of nano-Al2O3 were
added into the solution, so mother liquor was obtained by continuously heating and
stirring for 2 h. Then, the mother liquor was divided into four parts, followed by
adding a certain amount of butanol, water, ethanol, and isopropanol by continu-
ously heating and stirring for 2 h. The separator was obtained by casting method,
then dried under vacuum at 65 °C for 5 h, and marked as A, B, C and D,
respectively.

7.2.2 Polymer Separators Characterization

The FT-IR spectra (4,000–400 cm−1, acquisition 32 times, resolution 2 cm−1) were
recorded with a Nicolet 6700 spectrometer.

The surface morphology of the separators was investigated by FE-SEM.
The wettability was tested by dropping a liquid electrolyte (1 M LiPF6 in EC/

DEC, v/v = 1:1) to the sample that was cut to 20 mm diameter.
The tensile properties of the separators were tested using tester (XLW, Lab-

Think, China) according to test procedures provided in ASTM D882-09. The size
was 20 mm × 60 mm (w × l).

The electrochemical stability window was examined in the cell of SS/electrolyte-
soaked separators/Li by linear sweep age (LSV), at a scan rate of 1 mV/s over the
range of 3–7 V, using 1 M LiPF6 in EC/DMC/EMC (v/v/v = 1:1:1), the same below.
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Ionic conductivity was examined by AC impedance with the cell of SS/elec-
trolyte-soaked separators/SS, the frequency was 0.01–106 Hz, and the age ampli-
tude is 5 mV.

The lithium-ion transference number was measured by multi-potential steps with
the cell of Li/electrolyte-soaked separators/Li, and the polarization age was 5 mV.

C-rate and cycle performance were characterized with half-cells of LiFePO4

(LFP)/electrolyte-soaked separators/Li at the charging rate of 0.1C.

7.3 Results and Discussion

7.3.1 Preparation

To verify whether there are any residual solvents and pore-forming agents in the
separator, four separators were analyzed by IR testing, and the results are as shown
in Fig. 7.1. It can be found that the typical peaks of PVDF-HFP are 1,399, 1,178,
1,066, and 873 cm−1. No carbonyl (C=O) stretching vibration peak shows that
acetone solvent had been completely evaporated. In addition, 3,200–3,400 cm−1, no
O–H stretching vibration, shows that pore-forming agent in the process of vacuum
drying had been completely volatilized.

7.3.2 Morphology

SEM morphologies for A, B, C, and D are as shown in Fig. 7.2. The pores in both A
and B separators are extremely abundant, which distributed evenly and staggered
with each layer, pore sizes are about 1 μm for A and 2 μm for B. In addition, there is

Fig. 7.1 The FT-IR spectra
of A, B, C, and D separator
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no three-dimensional hole on the cross section. Figure 7.2 (C1) and (C2) exhibit
many three-dimensional pores with uniform distribution too, but the porosity is less
than A and B on the cross section. As shown in Fig. 7.2 (D1), (D2), and (D3), there
is no pore distributed both on surface and cross section.

7.3.3 Wettability

In order to study the electrolyte-soaked behavior of Al2O3/PVDF-HFP with dif-
ferent pore-forming agents, we cut the separator to 20 mm diameter, and then a drop
of electrolyte was added on the sample, respectively. Pictures of dropping liquid

Fig. 7.2 FE-SEM photographs of: A1, A2—A separator surface; B1, B2—B separator surface; C1,
C2—C separator surface; D1, D2—D separator surface; A3—A separator cross section; B3—B
separator cross section; C3—C separator cross section; D3—D separator cross section
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before and after are as shown in Table 7.1. As shown in Table 7.1, A and B were
quickly wetted and D the slowest. In general, the good or bad wettability is closely
related to the pore structure, combined with Sect. 7.3.2, it may be due to the three-
dimensional interconnected pore in A, B, and C, while there was no pore in D.

To further verify the influence of the pore-forming agent on uptaking of the
separator, the uptake tests have been carried out [5], and its result is as shown in
Fig. 7.3. As shown in Fig. 7.3, the uptake of A and B was the highest and D the worst,
followed by C. It well agrees with the above description. In general, the more
abundant the separator pores, the better uptake/keeping ability, which would promote
the ionic conductivity, further provided enough channels for transmission of Li+.

7.3.4 Mechanical Properties

When the separator contacted with hard positive/negative surface, especially with
the burr, big particulates with sharp corners, even with the dendrite within battery,
and thus, the separator was worn out. Consequently, it may cause micro-short
circuit or short circuit. Therefore, the separator should have proper mechanical
strength. The four separators were cut to adequate size for the tensile strength and
deformation test, and the test curves are as shown in Fig. 7.4. It is shown in Fig. 7.4
that the tensile strength of A was 14.93 MPa, and the deformation rate was

Table 7.1 Picture of wettability test

State Picture

A B C D

dropping before

2 s after dropping

Fig. 7.3 Electrolyte uptaking
of A, B, C, and D
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47.62 %; the tensile strength of C was 17.80 MPa, and the deformation rate was
17.46 %; and the tensile strength of D was 17.92 MPa, the deformation rate was
23.80 %. It suggests that there is no necessary link between the tensile strength and
deformation. We must take account of both tensile strength and toughness; other-
wise, the separator has high tensile strength but is brittle, which cannot meet the
requirements of the use of lithium-ion battery.

7.3.5 Electrochemical Properties

7.3.5.1 Electrochemical Stability Window

In order to evaluate the impact of pore-forming agent on the stability of the sep-
arator in the electrolyte, electrochemical window was analyzed using a linear sweep
voltage (LSV), as shown in Fig. 7.5. It shows that, the four separators has almost
the same change trend in the electrode potential below 5.2 V, but when the elec-
trode potential is greater than 5.2 V, the current of D changes abruptly, which
means that the electrolyte starts to break down. The results show that there is less
effect on the electrochemical stability of the same composition separator when
different pore-forming agents are added.

7.3.5.2 Ionic Conductivity

To verify the effect of different pore-forming agents on the conductivity of polymer
separators in the electrolyte, the AC impedance of the four separators was analyzed,
as shown in Fig. 7.6. As shown in Fig. 7.6a, the body resistance of the electrolyte-
soaked separator could be obtained by intersection of the curves with the horizontal
axis of the coordinate, and therefore, the ionic conductivity could be calculated by
the thickness, area and body resistance of the separator [6]. In this way, as shown in
Fig. 7.6b, the ionic conductivity of A, B, C, and D are 0.47, 0.43, 0.34, and

Fig. 7.4 Tensile-deformation
curves of A, B, C, and D
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0.12 ms/cm−1, respectively. Generally, the level of conductivity is the integrated
effects of both uptake and microstructure. Separator A has the highest conductivity,
and D has the lowest conductivity because of different internal structures combined
with Sect. 7.3.2 and Sect. 7.3.3.

7.3.6 Battery Performance

7.3.6.1 C-rate/Cycle Performance

In order to evaluate the effect of different pore-forming agents on the battery
performance, the four separators were assembled cells for cycle performance test,
and the curve was as shown in Fig. 7.7. It summarizes the discharge capacities of

Fig. 7.5 Electrochemical stability window of SS/electrolyte-soaked separator/Li cells

Fig. 7.6 Ionic conductivity for polymer electrolytes: a AC impedance of A, B, C, and D; b the
calculated ionic conductivity data of A, B, C, and D
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the four separators as a function of cycles. Figure 7.7 shows that the four cells have
similar capacity at low discharge rates, i.e., C/10, C/5, and C/2 C-rates, but A
discharge capacity is slightly higher than that of B, C, and D. However, the dis-
charge capacity of B, C, and D cells declines sharply at high discharge rates, i.e.,
1C, 2C, and 4C rates. D discharge capacity is only 30 mAh/g, while A discharge
capacity is still as high as 109 mAh/g at 4C. It suggests that the lower uptake and
conductivity will reduce the Li+ transmission rate of D and even further reduces the
battery capacity.

7.3.6.2 Electrochemical Impedance

To learn more about the battery impedance changes in circular process, A and D
were selected as the objects, the impedance after different cycles was tested after 0,
1st, 5th, 10th, 20th, and 35th cycles, and the results were shown in Fig. 7.8. In
general, the semicircle of impedance spectra at the high frequency range represents
the resistance of surface films on electrode materials and diagonal lines of
impedance spectra at the medium-to-low frequency range can be ascribed to dif-
fusion resistance of the electrolyte on the electrode materials [7]. Figure 7.8a shows
that with the increasing of cycles, the resistance of electrochemical reaction reduces
drastically, especially after the first cycle, from 1,000–300 Ω, while impedance is
nearly the same after 20 cycles and 35 cycles, about 100 Ω. As shown in Fig. 7.8b,
with the increasing of cycles, the resistance of electrochemical reaction decreases
obviously, from 1,300–900 Ω at the first cycle, and the resistance is around 150 Ω
after both 20 cycles and 35 cycles. Compared with A and D changes after each
cycle of the electrochemical reaction resistance, A has a good interfacial compat-
ibility stability [8, 9], and it can improve the uptake/keeping ability of liquid
electrolyte. Combined with Sect. 7.3.3, it also suggests that the wettability of A is
best. In addition, the change of impedance is closely related to the C-rate, it well
agrees with Sect. 7.3.6.1.

Fig. 7.7 Comparison of
discharge C-rate capability
between A, B, C, and D
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7.4 Conclusions

Comparing the effects of pore-forming agents, n-butanol, deionized water, ethanol,
and isopropanol on properties of Al2O3/PVDF-HFP separator, it is demonstrated
that using n-butanol as pore-forming-agent, uptaking, ion transference number,
tensile strength, ionic conductivity, electrochemical stability window, and C-rate/
cycle is more excellent than the other three. In addition, Al2O3/PVDF-HFP polymer
separator with n-butanol as pore-forming agent has simple preparation process, low
cost, and easy to realize batch production; it is a highly promising separator for
power lithium-ion battery.
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Chapter 8
Studies on the Working Mode
of Hyperbranched New Materials STOBA
in Lithium-ion Battery Cathode Materials

Xinran Cui, Xinyan Mi, Tingting Cao, Tao Jiang, Huiming Chen,
Zhongling Zhao and Kejin Zhang

Abstract Self-terminated oligomers with hyperbranched architecture, also known
as STOBA, are combined with lithium-ion battery cathode materials by two different
ways: mechanical blending and surface coating. The comparative electrochemical
analyses of the assembled coin cells demonstrate that for the materials gained
through mechanical blending, no blocking effects are observed at high-temperature
condition. For the surface coating ones, STOBA has slight impact on the cell
performance at room temperature, but when the ambient temperature exceeds the
cross-linking temperature, large area of cross-linking will occur on the surface of the
electrode materials, which prevents the lithium ion from extracting and inserting.
As a result, the battery totally loses charge–discharge capacity in the high rate
discharge condition to ensure the safety when operating at high temperatures.

Keywords Lithium-ion battery � High temperature safety � Hyperbranch �
Mechanical blending � Surface coating

8.1 Introduction

In the last twenty years, demands for energy were growing rapidly. Lithium-ion
secondary batteries are widely used as energy storage devices in many fields such as
mobile devices, electric vehicles, and large machinery [1, 2], because of their high
energy density, long cycle life, high reliability, etc. [3].

These international uses of lithium-ion batteries are, however, accompanied with
increasing safety concerns. Several fire accidents, such as fire and explosion of
personal computer or electric vehicle caused by overheating of the battery, have
been reported [4]. Besides, the abused use of batteries, such as overcharging and
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short circuit, also restricts its applications [5, 6]. Therefore, some necessary
measures including improving the thermal stability of battery materials, using safer
electrolyte system and adding safety materials upon high temperature, have to be
taken in order to avoid the cells from burning and exploding [7, 8].

Recently, a polymeric material consisting of self-terminated oligomers with
hyperbranched architecture, also known as STOBA, is reported to possess many
superior properties, such as good heat and flame resistance, heat cross-linking, low
smoke and low toxicity, etc. [9]. In this paper, the working modes of this material in
the cathode active material were explored. The materials and lithium-ion battery
cathode material were mechanically blended and surface coated, respectively. Then,
best working mode and working effect were proved through comparing the results
of the electrochemical performance of the assembled button cells.

8.2 Experiments

8.2.1 Synthesis of Hyperbranched New Material STOBA

Firstly, the monomers of N,N′-(4,4′-diphenylmethane) bismaleimide were synthesized
through a dehydration reaction in an organic solvent reflux system, with nickel acetate
as catalysts [10]. Then, the monomers of N,N’-(4,4’-diphenylmethane) bismaleimide
were mixed with barbituric acid according to a proper proportion to carry out poly-
merization reactions. Finally, the oligomers of N,N’-(4,4’-diphenylmethane) bisma-
leimide were got after a series process of washing, filtering, and drying [11].

8.2.2 Mechanical Blending with Cathode Materials

The cathode materials LiFePO4 (BASF) were mechanically blended with hyper-
branched new material STOBA according to a mass ratio of 100:2, using NMP as
solvent. LiFePO4, VGCF (as conductive additives), and PVDF (as binders) were
mixed uniformly with a mass ratio of 8:1:1 to get slurry. After coating and drying
under vacuum, cathode plates were obtained.

8.2.3 Surface Coating on Cathode Materials

Using N-methyl-2-pyrrolidone (NMP) as solvent, the cathode materials LiFePO4,
conductive additives VGCF, and binders (polyvinylidene fluoride; PVDF) were
mixed uniformly with a mass ratio of 8:1:1 to get slurry. The materials were dried
under vacuum after coating. Then, the synthesized hyperbranched new materials
STOBA were dissolved in NMP according to a 2 % weight fraction. The solution
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was coated uniformly on the cathode plates. And then, the materials were dried
under vacuum after coating once again to obtain cathode plates.

8.2.4 High-Temperature Processing of Cathode Electrodes

The electrodes obtained through Sects. 2.2 and 2.3 were heated two hours under
vacuum at 180, 220 and 250 °C, respectively. The button-type battery assembly
was carried out after the electrodes were cooled to room temperature.

8.2.5 The Assembly of 2032 Button Cells

The 2032 button cells were assembled in a glove box filled with high-purity argon
using the electrodes obtained from the un-heated plates from 2.2 to 2.3 and heated
plates from 2.4 as positive electrodes, commercial lithium tablets as negative
electrodes, the EC + DMC + EMC (volume ratio of 1:1:1) solution with 1 mol/L
LiPF6 as electrolyte, and celgard 2,400 membrane as diaphragm.

8.2.6 Electrochemical Measurement

The electrochemical measurements were carried out using LAND cell testing
system at room temperature. Charge–discharge cycles were tested in a potential
range of 2.5–3.8 V. Cyclic voltammograms (CVs) and electrochemical impedance
spectroscopy (EIS) were carried out using electrochemical workstation. And the
CVs were scanned at a rate of 0.1 mV/s.

8.3 The Comparison of Electrochemical Properties

8.3.1 Electrochemical Properties After Mechanical Blending

Figure 8.1a and b show the curves of the discharge capacity versus cycle number
for the mechanical blend electrodes (M-LFP) made from different heating tem-
perature at 0.1 and 1 °C rate, respectively. The initial charge–discharge profiles at
the rate of 0.1 °C are shown in Fig. 8.2.

As shown in Fig. 8.1a and b, the charge–discharge profiles of 30 (0.1 °C) and 50
(1 °C) cycles are presented for all the samples, and the cells generally have almost the
same starting voltage during the first cycles. Therefore, it is reasonable to predict that
the performances of the cathode plates are not affected by heated treatment, resulting
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in no apparent differences in capacity and cycling stability. From Fig. 8.2, it is clear
that first charge discharge plateaus are observed for all the samples within the charge
discharge voltage range of 2–3.8 V, indicating that no structural damage is caused
because of high temperature. Thereby, we believe that temperature has little impact
on the electrodes, and the STOBA materials do not achieve the blocking effects at the
same time when incorporated through mechanical blending.

8.3.2 Electrochemical Properties After Surface Coating

Figures 8.3a and b present the comparison of the initial charge and discharge curves
and CVs curves of the electrodes obtained through surface coating. The charge and
discharge profiles at the rate of 0.1 and 1 °C are shown in Figs. 8.4a and b,
respectively. Figure 8.5 shows the impedance spectra before and after cycling.

Fig. 8.1 Cycling performance of mechanically blended electrodes (J-LFP) at different temperature
(room temperature, 180, 220, 250 °C) at the rate of 0.1 °C (a) and 1 °C (b)

Fig. 8.2 First
charge–discharge potential
profiles of the mechanically
blended electrodes (J-LFP) at
different temperature (room
temperature, 180, 220,
250 °C) at the rate of 0.1 °C
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As shown in Fig. 8.3a, all materials show one voltage plateau at the range of
3.4–3.5 V on charge and discharge, indicating that the incorporation of STOBA has
little effects on the initial charge–discharge performance. The initial CVs curves for
all the electrodes at a scanning rate of 0.1 mV/s are shown in Fig. 8.3b. All the
curves of the electrodes show a similar profile, which indicates that the reaction
mechanism does not change during the lithium extraction/insertion process for the
coated electrode, while all redox peaks, corresponding to the charging and
discharging plateau of the batteries, are shifted after the surface coating and heating
treatment. As shown in Fig. 8.3b, one oxidation peak of the native electrode is
observed at around 3.34 V, coupled with one reduction peaks at 3.57 V. In the case
of surface coated electrode at 220 °C, the oxidation peaks shift down to 3.14 V,
while the reduced peaks shift up to at 3.74 V. As a result, bigger potential

Fig. 8.3 First charge–discharge potential profiles at the rate of 0.1 °C (a) and CVs curves
scanning rate of 0.1 mV/s (b) of the un-coated electrodes (LFP) and surface coated electrodes
(S-LFP) at different temperature (room temperature, 180, 220, 250 °C)

Fig. 8.4 Cycling performance of the un-coated electrodes (LFP) and surface coated electrodes
(S-LFP) at different temperature (room temperature, 180, 220, 250 °C) at the rate of 0.1 °C (a) and
1 °C (b)

8 Studies on the Working Mode of Hyperbranched New … 85



differences between oxidation and reduction peaks are observed, indicating a more
obvious polarization of the electrode material, especially for the coated samples at
higher temperature. At the same time, the weakened sharpness is also observed for
the samples, indicating in a less stable charge and discharge plateau [12]. Due to the
weak conductivity of hyperbranched STOBA materials, a slightly coating on the
surface of the electrode will result in an increase of the polarization of the materials
in a certain extent. And after high-temperature treatment, the coating materials will
cross-link, resulting in more obvious polarization phenomenon, which makes the
cell performance at high magnification decrease dramatically, which achieves the
goal of safe use of the battery at high temperature.

As shown in Fig. 8.4a, the samples show similar discharge capacity
(140–160 mAh/g) at the rate of 0.1 °C. While for the coated sample at 250 °C, the
capacity decreases significantly after 25 cycles compared with that of the un-coated
materials. The electrochemical cycling performance was also tested at the elevated
rate (1 °C). As seen in Fig. 8.4b, all the samples show the decreased discharge
capacity compared with those tested at the rate of 0.1 °C. For the coated samples at
room temperature, the capacity stays stable at 135 mAh/g even after 50 cycles.
While for the coated sample at 180 °C, capacity decreases gradually. After 50
cycles, the discharge capacity of the sample decreases down to 120 mAh/g from
135 mAh/g. Obviously, no capacity is observed for the coated electrodes (220 and
250 °C) after heated at above cross-linking temperature under vacuum condition. It
demonstrates that the surface coating materials will create cross-linking rapidly in
high-temperature environments (220 and 250 °C) caused by the short circuit or
other reasons, which would help to stop the electrochemical reaction from
happening, cut off energy conversion, and prevent further deterioration of danger.

In order to understand the differences in the electrochemical properties caused by
surface coating and different temperatures, the kinetics parameters were measured
in the EIS experiments. The initial EIS spectra of the materials are shown in
Fig. 8.5a. The semicircle in the middle frequency range reflects the charge transfer

Fig. 8.5 Nyquist plots for the initial EIS (a) and EIS after 50 cycles (b) of the un-coated
electrodes (LFP) and surface coated electrodes (S-LFP) at different temperature (room temperature,
180, 220, 250 °C)
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resistance on the interface of cathode/electrolyte (Rct) [13]. Obviously, The Rct of
the materials increases dramatically after surface coating, and it grows gradually
with the increasing of temperature. The EIS curves after 50 cycles at 1 °C rate were
also tested, as shown in Fig. 8.5b. The charge transfer resistance of both S-LFP and
180-S-LFP is very close to that of the un-coated sample. Large increases of Rct may
be caused by surface coating at the temperature over cross-linking temperature,
indicating that the repeated extracting and inserting will penetrate the non-cross-
linked bismaleimide oligomer coating, resulting in a not lasting effect on the
electrochemical properties of the materials. However, lasting blocking cell reactions
will occur once cross-linking is formed to form a protection upon high temperature.

Based on the results above, a possible working process for the coated electrodes
was proposed. As shown in Fig. 8.6, lithium ion will extract and insert through the
STOBA material normally at room temperature. When the temperature of the
battery increases due to some abnormal factors, such as short circuit, large area of
cross-linking will occur after a series of reaction: free radicals will transfer to form
oligomers, and then polymerize with monomers. As a result, this will protect the
lithium ion from extracting and inserting, until the battery disconnects.

8.4 Conclusions

In conclusion, the hyperbranched new materials STOBA have little effects on the
batteries performance in the normal working state of the batteries. However,
under certain conditions, such as diaphragm failure because of a sudden heating
caused by the electrical short circuit or electrical fault, the surface coating of the
lithium-ion battery cathode materials would cause large area of cross-linking,
which prevents the lithium ion from extracting and inserting and effectively
blocks the cell reaction. As a result, the safety of the batteries operated at high
temperatures is substantially improved, especially when operated during large
charge–discharge rate processes.

Fig. 8.6 Proposed schematic representation of working processes of the hyperbranched new
materials STOBA
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Chapter 9
Preparation and Property of High
Heat-Resistant Ceramic Composited
PET Separator

Zhongling Zhao, Dan Wang, Lina Yu, Jian Han, Kejin Zhang,
Xinran Cui, Tingting Cao and Shuli Chen

Abstract Polyethylene terephthalate (PET)–Al2O3 ceramic composited separator
is prepared with organic adhesives PDA, inorganic adhesives, silane-coupling
agent, and colloidal silica. The obtained separator is characterized in different ways.
Morphology characterization by SEM shows that porous separator is obtained, and
Al2O3 is evenly distributed on it. The Gurley number of the separator is 8 s/100 cc.
Thermal behavior investigation and linear sweep voltammetry test show that the
prepared separator has an outstanding thermal performance and electrochemical
stability. Half-cell assembled with the composited separator reveals an outstanding
cycle performance and a good rate performance. Therefore, the separator may be a
suitable and excellent candidate for application in power battery, especially the one
with higher safety.

Keywords Lithium-ion battery � Separator � PET � Al2O3

9.1 Introduction

As the most appropriate candidate for EV/HEV batteries, the further application of
lithium-ion batteries (LIBs) had been limited due to their potential safety problems
for a long time. For practice, many studies have focused on improving the sepa-
rators’ performance, such as modification of polyolefin porous membrane [1, 2],
namely PP or PE, and application of other materials, namely PET, PI, and PSA
[3–5]. Among these materials, novo ceramic composited materials, especially
ceramic composited PET material, have been mostly noted because these ceramic
composites can bring wonderful cycle/rate performance to LIBs. The binders of the
most ceramic composited PET separators as reports were organic binders, such as
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SBR [6] and PVDF-HFP [7], which would melt as temperature elevated because
they often had lower melting point. In serious condition, the battery could not hold
on, even short circuit or explosion.

In this paper, ceramic composited PET separator with inorganic binder was
prepared and characterized, and the results showed that the obtained separator has
wonderful thermal performance and wide electrochemical stable window. Com-
pared with half-cell with polyolefin separator, the one with the composited sepa-
rator exhibited higher cycle/rate performance. So, it may be a suitable candidate for
EV/HEV cells, especially the one with outstanding safety.

9.2 Experiments

9.2.1 Preparation

Polydopamine-modified PET nonwoven was achieved by a self-polymerization of
dopamine in 10 mmol L−1 PET-immersed dopamine solution [2]. After washing
several times with deionized water and drying in vacuum oven, the modified PET
was dipped into a composite solution prepared by mixing moderate colloidal silica
and Al2O3 and silane-coupling agent KH560. Then, the well-wetted PET was dried
at 105 °C for 1 h first and then solidified at 210 °C for 1 h. After compressed with
30 MPa a few seconds, ceramic composited PET separator was obtained.

9.2.2 Morphology

The surface morphology of PET-based composite nonwoven was investigated with
a field-emission scanning electron microscopy (FE-SEM, Hitachi SU-8000).

9.2.3 Thermal Performance

The thermal shrinkage behavior of the separator and polyolefin separator was
determined by placing in an oven and heated at 200 °C for 1 h.

9.2.4 Electrochemical Performance

Electrochemical stability was evaluated by linear sweep voltammetry of Li/elec-
trolyte-soaked separator/SS cell at a scan rate of 1 mV/s over the range of 3–7 V by
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an electrochemical working station (CHI760D, Chenhua, Shanghai), where the Li
was served as a reference and counter electrode and the SS as the working
electrode.

C-rate and cycle performance were characterized by a LiFePO4 (LFP, theoretical
specific capacity 170 mAh/g) 2025 half-cell by a charge and discharge tester
(CT2001A, LAND, Wuhan). C-rate test was carried out by discharging at different
discharging rates, such as 0.1, 0.2, 0.5, 1, and 2 °C, with a charging rate of 0.1 °C.
Cycle test was carried out by discharging at 0.5 °C, with a charging rate of 0.2 °C.
The cutting voltage was set at 2.2 and 3.8 V. The electrolyte used for the former test
was 1 M LiPF6 in a mixing solvent (EC/DMC, v/v = 1:1).

9.3 Results and Discussion

9.3.1 Preparation

The structure of polydopamine is as shown in Fig. 9.1. As described in the reference
[8], the surface layers of polydopamine will be closely cohered with the PET
substrate, on which many hydroxyl groups spread, which could improve the surface
energy sharply and could improve the cohesive force of PET substrate and ceramic
slurry. Furthermore, hydroxyl groups could react with the ceramic as the elevation
of temperature and –O–Si–O-bond generated, so the cohesive force of PET and
ceramic would be dramatically increased.

9.3.2 Morphology

Figure 9.2 shows the SEM image of the obtained composited separator. The larger
particles in Fig. 9.2 are Al2O3 (0.4 μm), and the smaller ones spreading on Al2O3 are
SiO2whichwere dispersed in Si-sol and served as binder after solidification at 210 °C.

*

Ο Ο

HN HN HN

HO OH HO OH HO OH

p ο n m

ΝΗ2

Fig. 9.1 The structure of polydopamine. Reprinted with the permission from Ref. [9]. Copyright
2013 by American Chemical Society
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Besides, a smooth and uniform surface is shown in Fig. 9.2, in which Al2O3 and pore
scatter uniformly. Further test shows that its Gurley number was 8 s/100 cc, lower
than many commercial polyolefin separators. The result means that the separator had
better permeability and would lower the resistance of Li ion which swung between
anode and cathode, and improve the rate performance of LIBs.

9.3.3 Thermal Shrinkage

The result of thermal shrinkage test is shown in Fig. 9.3. A folded vegetable paper
was used to support the testing sample for avoiding the influence of the sample
holder. It can be found that PE and PP lost its original dimension completely
because they were melt at 135 and 165 °C, respectively [10]. On the other hand, the
ceramic composited PET separator kept its original dimension. The result is very
interesting and significant, because the dramatic antithermal shrinkage performance
enables the cell to hold intercircuit broken even temperature elevated to 200 °C or
higher, where the safety of LIBs would be ensured to a higher level. So, it may be a
suitable candidate for EV/HEV cells, especially the one with outstanding safety.

Fig. 9.2 The SEM of composited separator (a ×3,000, b ×20,000)

Fig. 9.3 Photograph of thermal shrinkage of testing samples. a PET–Al2O3− (ambient);
b PET–Al2O3 (200 °C, 1 h); c PE (200 °C, 1 h); and d PP (200 °C, 1 h)
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9.3.4 Electrochemical Performance

9.3.4.1 Electrochemical Stability

Figure 9.4 shows the curve of LSV of the cell Li/electrolyte-soaked ceramic
composited PET separator/SS. Generally, the current would stay at around 0 mA
just as the voltage was scanning from lower to higher. When the voltage is lifted up
to a certain value, the current changes suddenly, the alteration of the trend of current
means that some electrochemical reaction occurs, and thus, the value is the elec-
trochemical stability window [11], which means that when voltage is below the
value, the electrolyte (including the liquid electrolyte and the separator) is stable.
Usually, the liquid electrolyte for LSV test is simple, commercial, and stable one, so
the value could represent the stability of the separator. From Fig. 9.4, it can be
found that the window is 4.5 V, lower than the cutting voltage of many cathode
materials. It could be applied in many cells.

9.3.4.2 Rate/Cycle Performance

The cycle and rate performance of the tested half-cell is shown in Fig. 9.5a and b. As
shown in Fig. 9.5a, it can be found that the specific capacity of the cell is
153.3 mAh/g after 35 cycles, and from Fig. 9.5b, it can be found that the discharging
capacity is 130.6 mAh/g at 1.0 °C and 56.3 mAh/g at 2.0 °C, higher than the
corresponding half-cell with commercial PP separator (Celgard 2500) reported
previously [12]. Besides, it can also be found that the discharging plateau is kept as a
line from Fig. 9.5b, which means that the composited separator has good stability.

Fig. 9.4 The curve of LSV
of Li/separator/SS
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9.4 Conclusions

Al2O3 ceramic composited separator was prepared with organic adhesives PDA,
inorganic adhesives, solidified silane-coupling agent, and solidified colloidal silica.
Then, the morphology, thermal shrinkage, and electrochemical performance were
characterized. Morphology characterization shows that porous separator is obtained
and has a Gurley number of 8 s/100 cc. The Al2O3 particles are distributed evenly
on the separator. Also, the prepared separator exhibits outstanding thermal stable
performance and electrochemical stability. Compared with the half-cell assembled
with commercial PP separator, the one with the composited separator reveals an
outstanding cycle performance and a good rate performance. Therefore, the sepa-
rator may be a suitable and excellent candidate for application in power battery,
especially the one with higher safety. Next, the batch preparation and its engi-
neering technology will be carried out.
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Chapter 10
Analysis of Shifting Quality Based
on AMT of the Electric Vehicle

Bing-li Zhang, Xin-ping Wu, Zhong-wen Hu and De-ming Zhou

Abstract After analyzing the shifting process and the shifting shock of automated
transmission, the shifting process is divided as following five phases: unload, back
gear, synchronization, in-gear, and load. The shifting quality is optimized by
controlling the electric motor and gearbox in a coordinated way. In addition, the
models of automated shift, coordination controller (including logical control model of
the above phases), electric motor, vehicle dynamic, and shock extent are established
based on MATLAB/Simulink. The simulation results show that taking coordination
control can decrease shifting shock extent and optimize shifting quality.

Keywords AMT � Electric vehicle � Shifting shock � Shifting quality � Coordi-
nated control

10.1 Introduction

With the problems of environmental pollution, energy shortage are increasingly
serious, developing zero emission, low noise, and high-efficiency electric vehicle
has become an inevitable trend. To improve the electric vehicle power and econ-
omy, meanwhile reduce the battery and drive motor requirements, 2–3 gear auto-
matic mechanical transmission is selected.

At present, there are some researches about electric vehicles’ AMT, but that of
shifting performance is fewer. Reference [1] matched the transmission parameters
of two-speed electric vehicles and developed a dynamic shifting strategy, but
without studying the shifting process and shock; Ref. [2] introduced the shifting
shock generation mechanism of clutch-less AMT, but did not discuss the coordi-
nated control methods in depth.

This paper analyzed the AMT shifting process and shifting shock generation
mechanism, developed a coordinated control approach to optimize shifting quality,
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and simultaneously verified the effectiveness of coordinated control method depend
on the MATLAB/Simulink simulation.

10.2 Research on Shifting Process and Shifting Quality

10.2.1 Shifting Process Analysis

The drive motor needs to undertake the following functions for the clutch omitted in
the integrated automatic transmission:

1. In order to interrupt the drive line, the output torque of drive motor should be
reduced to zero before shifting to neutral position.

2. Before in gear, the speed of drive motor should be controlled initiatively to
reduce slipping-friction work loss.

3. After in gear, the drive motor torque need change according to the loading curve
to meet the shifting quality standard.

These functions above require the drive motor controller can control the motor
torque and speed accurately. The functions (1) and (3) belong to torque adjustment,
and the function (2) belongs to speed regulation. The motor should switch opera-
tional mode among torque, speed, and free mode during shifting. Therefore,
according to the motor operating mode and shift actuator movement, the shifting
process can be divided into five phases: motor torque unload, back gear to neutral
position, motor speed synchronization, in gear, and motor torque load.

Combining the drive line with the above analysis, it is easy to know that the
differences of dynamic model exist only in the transmission structure. So this paper
can model based on the power transmission mode among the synchronizer, trans-
mission input, and output shaft, and the schematic diagram is shown in Fig. 10.1.

The dynamic mathematical model can be built based on the schematic diagram
of driveline as follows:

Ii�dxm=dt ¼ Mm �Ma=ig
Io�dxo=dt ¼ Mo �Md=io

�
ð10:1Þ

Ii Io

Drive motor Final Drive wheel

Mm

m a

Ma
Mo

o

Md

d

Gear

Fig. 10.1 The schematic diagram of driveline
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Ii; Io represent the inertia of the input and output part of synchronizer separately,
ig; io represent the transmission ratio and the final ratio, respectively, Mm;xm;Md

represent the torque, speed of drive motor, and vehicle resistance torque.
In both unload and load phase, the gear transmission exists in sliding sleeve. The

speed and torque of drive and driven transmission gear is equal, respectively:
Ma ¼ �Mo;xa ¼ xo, the dynamic mathematical model of driveline is definite; but
during in-gear phase, the slipping-friction work replaces gear transmission in
sliding sleeve. The friction torque of the active and driven synchronizer is
Ma ¼ �Mo, and the speed of the drive and driven ring is xa 6¼ xo.

10.2.2 Studies of the Influence Factors of Shifting Quality

There are three shifting quality evaluation indexes: the shifting shock, the shifting
time, and the slipping-friction work [3]. This paper mainly studies the first one.

10.2.2.1 Effects on the Shifting Shock During Torque Unload and Load

The shift shock can be expressed as the gradient of vehicle longitudinal accelera-
tion, known from the analysis of transmission dynamic system [4], in unload and
load phases, the driveline has a definite dynamic relation. Assuming J as the vehicle
equivalent rotational inertia (converted from the translational mass and the rota-
tional part), the shifting shock can be expressed as:

j ¼ da tð Þ
dt

¼ rigi0
J

dMm

dt
� 1
igi0

dMd

dt

� �
ð10:2Þ

where r is the drive wheel radius, and a tð Þ is the vehicle longitudinal acceleration.
According to the equation formula (10.2), in unload and load phases, the shifting

shock is proportional to the gradient of drive torque, and if the gradient of drive
torque is too large, it will create a big shifting shock which affects the vehicle ride
comfort. Therefore, it is necessary to develop a detailed control strategy to control
the gradient of drive torque in unload and load phases.

10.2.2.2 Effects on the Shifting Shock During In-gear
and Synchronization Phases

During the in-gear phase, the transmitted torque of synchronizer Mt is equal to the
motor drive torque Mm in Eq. (10.2). Therefore, Eq. (10.2) can be rewritten as:

j ¼ da tð Þ
dt

¼ rigi0
J

dMt

dt
� 1
igi0

dMd

dt

� �
ð10:3Þ

10 Analysis of Shifting Quality Based on AMT of the Electric Vehicle 99



Due to the requirements of vehicle acceleration performance, shifting time is
very short, the vehicle drag torque can be considered as a constant, therefore
Eq. (10.3) can be simplified as:

j ¼ da tð Þ
dt

¼ rigi0
J

dMt

dt
ð10:4Þ

Since Mt is proportional to gear force F, so if you want to control the extent of
shifting shock within limits, the gradient of axial force on shift fork should be
controlled.

Assuming the synchronous time as DT , the angular velocity difference of the
driving gear and the driven gear as Dx before in-gear phase, therefore, average
torque Mt delivered by the synchronizer during synchronization phase is:

Mt ¼ Ii
Dx
DT

: ð10:5Þ

If the synchronization time is consistent, Mt is proportional to Dx, the gradient
of Mt which increased from 0 increases with Dx within DT , therefore, in order to
reduce the shifting shock, rotational speed difference between the driving and
driven part of the synchronizer must be adjusted by the drive motor.

10.3 Development of AMT Control Strategies

Based on the above analysis, the coordinate control unit (CCU) controls the drive
motor and the shift actuator to work together to make up for omitting of clutch in
the integrated structure. CCU gets into the shift process based on the shift control
signal, while collects drive motor speed, torque, shift actuator position signals to
switch different modes in the process, the shift flowchart throughout the shifting
process is shown in Fig. 10.2.

In load or unload phases, the drive motor output torque curve is determined by
the standards of shift shock, as shown in Fig. 10.3, according to the national
standard, j� 17:64ms�3 and the Eq. (10.2), the maximum gradient of driving
torque is obtained:

dMm

dt
¼ J � j

rigi0
ð10:6Þ

The CCU outputs the torque control signal which meets the requirements of
change rate to the motor controller through CAN bus, controls the motor to
gradually reach the target status, and then determines whether the current phase is
accomplished or not by difference of electromagnetic torque and the target torque.
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In speed control stage, CCU determines the target speed according to the
transmission output shaft speed and target gear ratio, as shown in formula:
nmb ¼ ign1, the end of synchronization is judged by whether the speed difference is
in a certain range or not.

Load: torque mode, 
output target torque

Unload: torque mode, 
output target torque

Synchronization: 
speed mode, calculate  
and output the target 

speed

back gear: free mode, 
output the  actuator 

operation signal  

in gear:  free mode, 
output the  actuator 

operation signal  

Determine whether 
the Synchronization 

mode is complete

Whether received 
the shift  signal

Determine whether 
the unload mode is 

complete

Determine whether 
the back gear mode is 

complete

Begain

Determine whether 
the in gear mode is 

complete

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Fig. 10.2 Shift flowchart

Time

T
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Target torque

Drive torque

Original unload mode
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unload mode
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As the shift shock in back gear phase is little, the back gear speed can be picked
appropriately, but by the foregoing analysis, in-gear phase, the CCU determines

the in-gear force change ratio by the standards of shift shock: j ¼ da tð Þ
dt ¼

rigi0
J
dMt

dt / rigi0
J
dF
dt , then, outputs the actuator drive signals, finally, judge whether

this phase is completed or not according to the position signals.

10.4 Simulation and Analysis

In this paper, the automatic shift model, coordination controller model (including
unloading, loading curves, and logic control model of five automatic shifting
stages), drive motor and its control model, vehicle dynamics model, and the shift
shock models were established based on Simulink/Stateflow. The overall simulation
model is shown in Fig. 10.4.

The main parameters of the model are given in Table 10.1.
The simulation results are as shown in Fig. 10.5, which a and b correspondingly

represent gear and vehicle speed, respectively, the transmission shift in 2/4.8 s,
combined with b and c we can conclude that motor speed decline in upshift and rise

Fig. 10.4 Control system model
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in downshift, moreover decline and rise ratio is equal to the ratio of target gear ratio
and current gear ratio, in line with the principle of active synchronize.

The curve shown in Figures e and f can be obtained from the vehicle speed
simulation. It is easily known that the shift shock has large fluctuations at shift points

Table 10.1 Vehicle parameters

Parameter name Value Parameter name Value

Curb weight 1,325 kg ig2 1.21

Air drag coefficient 0.315 i0 4.3

Auto frontal area 2.87 m2 rated voltage 312 V

Wheel radius 0.291 m rated power 18 KW

ig1 1.92 rated speed 3,000 rpm

Fig. 10.5 The simulation results: a Vehicle speed, b Gear, c Motor speed, d Motor torque, e With
coordinated control, and f Without coordinated control
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2, 4.7 s, and there are also obvious shock at starting and climbing. These obvious
shocks are in accordance with the shock generation mechanism. Comparing the
Figures e and f, under the effect of coordinated control unit, the shock remains
unchanged when car starts at 0 s or and climbs at 2.8 s, but decreases from
�25msð�3Þ to �8msð�3Þ at 2 and 4.7 s, shift quality has been significantly improved.

10.5 Conclusions

By analyzing the transmission shift process and the shift shock generation mech-
anism, this paper proposed the coordinated control method to develop torque curve
which meet the requirements of shift shock, and coordinate the work of the drive
motor and shift actuator. By modeling and simulation in MATLAB/Simulink, the
results show that the transmission can shift according to the developed shift process,
while CCU can reduce the transmission shift shock and compensate for the effects
of a clutch omission in shifting process and to improve shift quality.
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Chapter 11
Electric Vehicle Fault Diagnosis System
Based on CAN-Bus

Bingli Zhang, Wenjie Shi and Andong Ge

Abstract With the advantages of non-pollution, low noise, and high energy
efficiency, electric cars have become an important trend. The vehicle fault diagnostic
protocol ISO15765 is introduced, and a CAN-based (Controller Area Network) fault
diagnosis system and diagnostic trouble codes (DTCs) for electric cars are designed.
The CAN communication networks are tested by CANoe software, and the results
show that the networks meet the requirements.

Keywords EV � CAN-bus � Fault diagnosis system

11.1 Introduction

The CAN-bus (Controller Area Network) is currently one of the world’s most widely
used automotive buses. Germany’s Bosch designed the CAN-bus to solve problems
found in modern vehicles’ electronic control systems, including reducing the number
of wire harnesses, enhancing the ability to process large amounts of communications
data at high speeds and other demands required to accommodate contemporary
information exchange needs [1]. After several decades of development, the
CAN-bus has not only become the standard protocol for automotive networks in
Europe, but is also widely used as a standard by motorcar firms in other countries
throughout the world due to its small data structure, its flexible communication
capabilities, and its nondestructive arbitration field features. The CAN-bus standard
has become one of the underlying standards for contemporary buses.

The purpose of this paper is to tackle the key problems of the pure electric car by
studying and analyzing the automotive CAN-bus protocol and then designing a
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diagnostic system and diagnostic trouble codes (DTCs) for electronic control units
based on this protocol. The system produced by this research and development
conforms to the ISO15765 fault diagnosis standard.

11.2 ISO15765 Protocol

The ISO15765 standard satisfies the UDS diagnostic service requirements and is
used for the CAN-bus. Its architecture is as shown in Fig. 11.1.

The application layer is based on the content of the diagnostic services defined
in the ISO14229 and the ISO15765-3 standards. This layer enables the unified
diagnostic services of ISO15765, including the diagnostic and communication
management functions, the data transmission function, the stored data transmission
function, the input/output control function, the remote activation of routine func-
tions, and the upload/download function [2], and etc.

The network layer is defined in the ISO15765-2 standard. Its main effect is to
provide interfaces for the application layer and to establish data communication
between different nodes in the network layer. The network layer also provides
grouping, flow control, reconstruction, and other functions particularly for long
messages (i.e., more than 8 bytes). The data link layer and the physical layer are
defined in the ISO11898 standard. Its data unit protocol uses a CAN-frame and has
a nondestructive arbitration-domain mechanism. The physical media of the physical
layer uses the CAN-bus with its high communication rate, long transmission
distance, and strong anti-jamming capability, as well as other features.
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Fig. 11.1 The architecture of ISO15765
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11.3 Diagnostic System

At present, the diagnostic techniques for a linear system are relatively mature and
can provide theoretical support for the fault diagnosis of nonlinear systems. The
diagnostic technology for electric cars can use traditional internal combustion
engine cars’ mature fault diagnosis methods as a reference point. Currently, there
are three advanced basic methods for fault diagnosis: modeling analysis, signal
model analysis, and knowledge reasoning. The modeling analysis method is
primarily used on a linear system, which can be described accurately using a
mathematical model. The signal model analysis method uses a signal model
directly, instead of a mathematical model, and thus, the applicable scope is wider.
Knowledge reasoning fault diagnosis is a hot research field with great application
prospects, which includes expert system methods, fuzzy reasoning methods, pattern
recognition methods, and bus network methods and so on.

11.3.1 CAN-Bus network

This paper designs a fault diagnosis system for electric car based on CAN-bus. The
CAN-bus’s network topology structure is as shown in Fig. 11.2.

This paper designs two-way CAN-bus for the CAN-bus network, namely high-
speed CAN and low-speed CAN [3]. Since the power train system of electric car,
such as motor controller, ABS controller, and battery management system, requires
higher real-time performance and reliability, the high-speed CAN-bus communi-
cation is adopted. Nevertheless, other nodes’ real-time requirements are relatively
low; the low-speed CAN-bus communication is adopted.
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Dashboard
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Fig. 11.2 Topology structure

11 Electric Vehicle Fault Diagnosis System Based on CAN-Bus 107



11.3.2 Diagnostic Trouble Code

The DTC is an important part of the fault diagnosis system. For the pure electric car
used for this project, this paper designs standard DTCs that are 2 bytes and 5 bits
[4]; the first bit is the alphabet, followed by four-digit bits, as shown in Table 11.1.

The first letter indicates the system to which a fault belongs. For example, B (1 0)
indicates the vehicle body, P (0 0) indicates the power system, C (0 1) indicates the
chassis, and U (1 1) indicates the network system.

The second digit indicates the type of fault. For example, 0 represents the general
fault codes as defined in the relevant ISO standards, 1 represents the extended fault
codes as defined by the manufacturers, 2 or 3 (which includes letters of different
systems) represents different meanings, and 4 is reserved for future use.

The third digit indicates the faulty subsystem. For example, P10xx represents
motor controller faults, P11xx represents battery management system faults, and
P12xx represents charger controller faults.

The fourth and fifth digits indicate more specific faults and types of faults for a
particular subsystem. The fourth digit may represent different sensors or actuators
within a subsystem, the fifth digit indicates specific electronic information, such as
high or low voltage, fast or slow response, or signal exceeds a limit value.

For example, P1100 indicates that the battery management system module
voltage is low, P1101 indicates that the battery management system module voltage
is too high, P1001 indicates motor controller temperature is too high, P1010
indicates that the motor voltage is too low, and P1021 indicates that the motor
temperature is overhigh.

11.4 Communication Verification

In order to verify the validity of the design, simulation tests are conducted using
CANoe software. CANoe software is a development environment for the CAN-bus
developed by Vector of Germany. CANoe is used to complete the modeling,
simulation, and testing of CAN communication networks, due to its strong func-
tionality and its simple operations. Through the CANoe software, the nodes on the
CAN-bus can be fully virtualized, and then, a simulation can be conducted.

To build a simulation model, first, use the CANdb++ Editor to create the database
files, including bus nodes, each node’s message, the environment variables, and the
signal parameters of the messages. Second, use the panel editor to create a graphical

Table 11.1 Diagnostic trouble code

High byte Low byte

1 0 0 1 0 0 1 0 0 0 1 1 0 1 0 0

B 2 3 4 5
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status display and control panel, enabling developers to easily change the variables.
Third, use the simulation setup window to import the nodes created in the database
one by one, and then, set the baud rate. Finally, use the CAPL programming lan-
guage to design the sending and receiving of messages, edit the environment
variables, and establish the control and communication functions between nodes.
The system simulation model is now set up as shown in Fig. 11.3.

After the simulation model is established, we can simulate and debug the network
by changing the information fed into the simulation model. The functionality of
several aspects was tested for this paper, including the following: whether or not
each node can complete the required requirements; whether or not the work process
of each node is perfect; whether the bus peak load rate and average load rate meet
the requirements; and whether the message sending cycle on the bus and the delay
rate meet the requirements.

The comprehensive test is as shown in Fig. 11.4. By trace window, the messages
on the network can be traced in real time. The bus load rate and the bus peak load
rate can be shown on the Bus Statistics window. The transmitting frequency and the
error frames can be shown on the Frame Histogram window. The results show that
the CAN communication networks created for this paper meet all the requirements
above.

Fig. 11.3 Simulation model

11 Electric Vehicle Fault Diagnosis System Based on CAN-Bus 109



11.5 Conclusions

ISO15765 establishes a unified diagnostic service based on the CAN-bus protocol
standard, which is the development trend of future vehicle onboard diagnostic
protocols. This paper develops CAN-bus network for pure electric car and uses the
CANoe software to complete the development of virtual ECU nodes. These tests
demonstrate that the communication functions of CAN networks can be achieved.
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Chapter 12
Study on the Bending Fatigue of a Diesel
Engine Crankshaft

Shuai Teng, Shufen Wang, Zhangtao Yao, Zhongtai Li, Lei Guo,
Hao Li and Jie Liu

Abstract A finite element model of a diesel engine crankshaft is established with
ANSYS and FE-SAFE softwares. Then, the bending moment and fatigue life of
crankshaft bending are calculated. Finally, the crankshaft bending fatigue test is
carried out on test bench, both the simulation results of the finite element software
and experimental results are consistent, and the results show that the combination
method of simulation software and bench test proves the journal fillet of crankshaft
connecting rod is the weakest part of crankshaft bending fatigue, and it provides an
important significance for the design and production of crankshaft.

Keywords Crankshaft � Bending fatigue � ANSYS/FE-SAFE � Fatigue test

12.1 Introduction

Crankshaft is one of the most important parts of an internal combustion engine, its
main function is to transfer and output power, under the gas pressure inside the
cylinder, reciprocating and rotating inertia force, torque, etc., and it is of great
significance for the reliability and performance of the diesel engine [1]. The actual
analysis of crankshaft fracture has proved that the failure modes of the crankshaft
are mainly bending fatigue damage. In this paper, a diesel engine crankshaft is
studied by using ANSYS/FE-SAFE software, the crankshaft stress and fatigue is
simulated, and then, the crankshaft bending fatigue test is used for verification,
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in order to improve the crankshaft fatigue performance and provide important and
significant guide.

12.2 Finite Element Stress Analysis

In this study, 3D entity design of crankshaft is firstly built by using Pro/E software;
one crank unit of the crankshaft is taken as the analysis object; then, through the
interface between ANSYS and Pro/E, the solid model is imported into ANSYS
software; and finally, the material parameters of crankshaft listed in Table 12.1 are
input simulation software.

12.2.1 Meshing

The finite element model is meshed in the ANSYS software. During the meshing
process, select the solid 186 to provide 20-node hexahedron unit. Crankshaft fillet
and oil hole, oil position is sensitive to local stress concentration; in these local grid
the refinement need to be done [2], as shown in Figs. 12.1 and 12.2, the local grid
refinement of crank fillet, the whole finite element model is composed of a total of
473,839 nodes, and 298,686 units.

12.2.2 Applied Load

Under the gas pressure and the inertial force of piston and connecting rod recip-
rocating motion, the actual operation of crankshaft is extremely complex. In order
to analyze the crankshaft bending moment on the crank shaft force, combined with
the name of the crankshaft bending moment calculation results of the work, to
transform applied load at the other end of the main journal, the given bending
moment is 6 kN m. The freedom constraints in different directions are applied on
the main journal and at the end of the journal of the connecting rod.

Table 12.1 Material
properties

Material 42CrMo

Young’s mod (N/mm2) 210,000

Poisson’s ratio 0.3

Tensile strength/MPa 1,050

Density kg/m3 7,800
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12.2.3 Stress Analysis

As shown in Figs. 12.3 and 12.4, the maximum strain value of static analysis of
crankshaft is 0.707 mm; the maximum Von Mises stress distribution on the journal
fillet of the connecting rod is 605 MPa, which is significantly higher than the other
positions.

12.3 The Calculation of Fatigue Life by ANSYS/FE-SAFE

ANSYS analysis results are imported into the FE-SAFE fatigue life calculation
software [3]. This paper uses the ANSYS/FE-SAFE Seeger material data estimation
method [4].

In the setting of fatigue calculation, according to the manufacturing process, the
crankshaft surface roughness is: 0.6 μm < Ra < l. 6 μm. In FE-SAFE data file
window, import load time history curve, select analyses uniaxial stress–life curve
von Miss–Goodman algorithm, the application of Miner linear cumulative damage
rule, after the input intensity limit and modulus of elasticity, the S–N fatigue life
curve of 42CrMo is displayed (as shown in Fig. 12.5).

Fig. 12.1 Finite element grid of a crank unit
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As shown in Fig. 12.6, through ANSYS post-processing, the crankshaft fatigue
life is shown in the form of cloud pictures. The weakest failure position in
crankshaft bending fatigue is connecting rod’s journal fillet area, and the shortest
fatigue life is N = 104.937 = 86,497 times.

12.4 The Crankshaft Bending Fatigue Test

In the crankshaft fatigue strength of the study, calculation and experiment are two
main methods; fatigue test is an effective method for evaluation of the crankshaft
structural strength [5]. In this paper, fatigue test was done on the crankshaft bending
fatigue test bench (as shown in Fig. 12.7) and the design of bend fatigue test is the
main location of evaluation on crankshaft main bear bending load effect. The test
bench is magnetic resonance vibration table, with dynamic test frequency up to
35–300 Hz, and it features good reliability, high precision, and strong anti-inter-
ference ability.

In this paper, the single crank is used, and thus, you must cut the crankshaft into
a crank unit, including a connecting rod journal and two main journals. Crankshaft

Fig. 12.2 Local grid refinement of a crank fillet
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Fig. 12.3 The strain distribution of crank

Fig. 12.4 The stress distribution of crank
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sample is applied in 6 kN m dynamic load, stress ratio R = −0.2, and under the
action of sinusoidal cyclic loading experiment.

As shown in Fig. 12.8, after 149,000 times of the cyclic test, some cracks
appears on the crankshaft bending test sample and are just located at the journal
fillet of the connecting rod, and the actual fractures are highly consistent with those

Fig. 12.5 The S–N curve of 42CrMo

Fig. 12.6 The distribution of crankshaft bending fatigue life
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ones computed by FE-SAFE. All the actual processing of the crankshaft, main
journal and connecting rod journal are made by induction hardening processing,
tensile strength and fatigue limit equivalent also get bigger, and thus, the actual
service life of the crankshaft will be greater than the compute life.

Fig. 12.7 Test bench
of crankshaft fatigue

Fig. 12.8 Fatigue failure
location of crankshaft
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12.5 Conclusions

In this paper, finite element analysis of crankshaft bending stress and fatigue are
made through joint application of software PROE, ANSYS, and FE-SAFE; the test
bench for crankshaft bending fatigue test is carried out; the following are the
conclusions:

Finite element calculation of the fatigue model established by 3D software is
feasible, reasonable, and proper.

The simulation result is consistent with the actual test result; those prove the
journal fillet of the crankshaft connecting rod is the weakest part of the crankshaft
bending fatigue damage.

The combining methods of numerical simulation and bench fatigue test, espe-
cially in the design stage of the crankshaft, can avoid the consumption of the time
and material in the experimental study, also improve the crankshaft design accu-
racy, and provide the reliable basis for strengthening the crankshaft fatigue life.
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Chapter 13
Simulation and Structural Design
of AMT Switch Valve’s Coil

Ling-ya Lu, Ji-hua Wang, Rong Fan, Yu-sheng Ju
and Yong-ming Zhang

Abstract The effects of the position relationship between work air gap and coil,
the coil wire diameter, and the coil turns on the electromagnetic characteristics are
analyzed by using the software Ansoft Maxwell. The coil parameters are deter-
mined by optimizing the coil design.

Keywords Coil of AMT switch valve � Maxwell � Structural design

13.1 Introduction

In the operation of the automatic transmission of the solenoid valve, the solenoid
valve is driven by the electromagnetic force. Since the excitation current flows into
the coil to create a magnetic potential and generating a suction magnetic flux, the
design of solenoid coil is very important.

In this paper, Ansoft Maxwell is used to simulate electromagnetic properties of
the solenoid valve coil, and the influence of the position relationship between work
air gap and coil, wire diameter and number of turns, and other parameters on the
electromagnetic properties is analyzed so as to guide and validate the structural
design of the solenoid coil.

13.2 Introduction to Solenoid Coil

Solenoid coil is generally divided into framework, no-framework, circles, squares,
and other types of coil structures, and the pattern will largely affects the perfor-
mance of the solenoid valve. No-framework coil means no support wires of the coil
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frame. The coil and core is combined closely with the band, so the part heat of the
coil can be transmitted to the core. The framework coil’s wire is wound on bobbins,
as framework plays a supportive role in the wire.

To ensure that the designed coil has a sufficient electromagnetic force, the
rational design of coil turns, winding thickness, and wire thickness are determined
according to valve structure, so as to fix the dimensions of the coil.

13.3 Simulation of Solenoid Coil

To determine the selected coil’s geometry and parameters are reasonable, it is
necessary to simulate the solenoid valve and its coil. It was calculated by using
Ansoft Maxwell herein.

Since the automatic transmission solenoid valve has axis symmetrical structure
(see Fig. 13.1), the two-dimensional form can reflect the three-dimensional one of
the situation, so we use an idealized treatment [1]:

Fig. 13.1 Schematic diagram of a solenoid valve
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1. To ignore the axial hole in control piston and the groove in core.
2. As the permeability of weak magnetic materials (seals, nylon gaskets, springs,

coil framework, injection molding shape, etc.) is very small, close to the
permeability of air, they are ignored when making the model.

3. Solenoid valve cover, armature sets, core, and other stationary items with
Boolean operations can be regarded as a whole.

4. Smooth processing is done on some of the details in the geometry.

Based on the above assumptions, a static two-dimensional electromagnetic field
was analyzed. Figure 13.2 shows a two-dimensional model, main parts of the
material are shown in Table 13.1, the mesh is shown in Fig. 13.3, and the flux is
shown in Fig. 13.4. When the coil is energized, the magnetic field is generated
around it, so the magnetic field lines can vividly describe the distribution.
Figure 13.4 shows the magnetic lines of force through the electromagnetic valve
member (nut, core, armature, and cover) and the coil member (metal shell, upper

Fig. 13.2 2D model

Table 13.1 Main component
materials

Component Materials

Cover Y15Pb

Armature Y15

Armature sets Stainless steel

Core Y15

Control piston Steel_1010

Coil Copper

Metal shell Steel_1010

Upper plate and lower plate Y15

Nut Steel_1010
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plate, and lower plate), to form a complete loop, which constitute the main magnetic
flux path; a small part of the flux is in the air in the model does not affect the
magnetic properties.

13.3.1 Influence of the Relative Position of the Coil
and the Air Gap

Because of the loss of the air gap flux diffusion, the total loss of the coil and the loss
distribution is largely influenced by the position of the coil and the gap’s size.
According to statistics, the coil is placed within a certain distance from air gap or

Fig. 13.3 Simulation grid
map
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the coil is placed on a certain area with an accurate calculation, the gap diffusion
flux loss can be reduced [2].

Since the other parameters remain constant in the model, coil is moved toward
axial direction, changing the relative position of the coil and the air gap. Electro-
magnetic force is shown in Fig. 13.5. In Fig. 13.5, using the underside of the coil as
zero benchmark coordinates, while the relative position of the coil is 2 mm, and at
this time, the relative position of the air gap is 7.8 mm, coil is moved toward axial
direction 3 mm, to change the relative position of the coil and the air gap. Figure 13.5
shows that with the changing of the relative position of the coil from 2 to 5 mm,
electromagnetic force gets bigger before they are smaller, i.e., the position of the coil
relative to the air gap has an optimum position where the electromagnetic force is
maximal. Therefore, considering the limits of the coil housing structure, the coil
arranged in mid-position with respect to the air gap is appropriate.

Fig. 13.4 Distribution of
magnetic field lines
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13.3.2 Influence of the Wire Diameter

The formula is as follows:

b � h ¼ K � A � N � 10�6 ð13:1Þ

Fig. 13.5 Electromagnetic force changes with the air gap’s relative position
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R ¼ q � L � N=A ð13:2Þ

where b is the width of the coil (m), h is the height of the coil (m), K is a rolling
coefficient of the wire (and generally 1.1–1.2), A is a coil conductor cross section
(mm2), N is the number of turns, R is coil resistance Ω, ρ is the resistivity of the
wire Ω mm2/m, and L is the average length of one turn of the coil wire (m).

According to Eqs. (13.1) and (13.2), remaining parameters are constant, change
the diameter of the wire coil only, as the coil in a fixed width, height and ampere-
turns are proportional to the square of the diameter.

Changing the wire diameter reflects the change of the coil height in the model.
The simulation result of electromagnetic force is shown in Table 13.2.

According to the results, the electromagnetic force becomes larger as the
diameter becomes thicker. During the design process, it is necessary to choose an
appropriate diameter with considering of electromagnetic force and geometry.

13.3.3 Influence of Coil Turns

The influence of the solenoid valve coil turns on electromagnetic properties is the
one of the inductance, essentially. When the other parameters remain the same, to
increase the coil turns can enhance the magnetic potential energy and promote the
conversion of electricity and magnetism, which enhances the electromagnetic force,
thus the armature can obtain bigger acceleration.

Keep the other parameters in the model of constant, only change the coil turns
means change the turns of ampere. The simulation results of the electromagnetic
force are shown in Table 13.3. As shown in Table 13.3, with the increase in the
number of turns of the coil, the electromagnetic force is increased significantly.
However, because of the coil bobbin and the size of the structure, the number of
turns cannot be increased too much; on the other hand, too many turns means a
corresponding increase in the inductance and the resistance, the response time is
lengthened, the solenoid valve is not conducive control.

Table 13.2 Calculated
results in different coil
diameters

Diameter
(mm)

Axial length
of the coil
(mm)

Ampere-
turns
(A N)

Electromagnetic
force (N)

0.18 17.82 890.19 17.10

0.19 19.85 991.85 19.27

0.20 22 1,099 19.09

0.21 24.25 1,211.65 23.06

0.22 26.62 1,329.79 25.17
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13.4 Design of Solenoid Coil

This type of solenoid coil is used to control the work of automatic transmission
solenoid valve, and it is suitable for coil that has a framework. Compared with
no-framework coil, it has no outer insulation, but the cooling becomes worse. A
schematic cross-sectional structure of a solenoid coil is shown in Fig. 13.6.

According to the design principle of the automatic transmission solenoid valve,
the solenoid coil is installed in the outer of the armature, so the inner diameter
slightly larger than the outer diameter of armature sets. The inner surface of the top
cover in framework has a leakproof ring with a raised edge and positioning convex
platform matching with the winding spool. There are two grooves for fitting copper
in framework. Framework’s materials commonly used in ceramic, plastic, bakelite,
and vulcanized fiber for electrical purposes; selection of materials has a certain
impact on the quality and stability of the coil. In this paper, framework choose
nylon with glass fiber which with excellent wear resistance and self-lubricating,
high mechanical strength.

In order to reduce the impact on interference of the external electromagnetic and
coil itself on the external electric circuit, use metal shell in the structure to close the
coil, and it must be grounded firmly to isolate with the external electric circuits, as
well as metal shell enhances magnetic.

Copper is used as the power terminal. As copper is often exposed, if it contacts
with corrosive solvent, even if copper has no active chemical properties, fracture
will be caused by corrosion, so it requires cladding and good solderability on

Table 13.3 Results of
different turns

Turns Electromagnetic force (N)

1,700 17.83

1,750 18.32

1,800 18.62

1,850 19.09

1,900 19.52

1,950 19.98

2,000 20.39

Fig. 13.6 Structural diagram
of the structure of an
electromagnetic coil
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copper’s surface. When coated copper contacts with corrosive solvents, coating acts
as the anode and copper acts as cathode, which protects the copper. It can prolong
the life of copper and save the cost. In this paper, the copper outer has tin plating, as
tin is chemically active than copper, and it has relatively low melting point, and
tinning process is easy to operate.

The coil wrapped by injection in order to seal as well as to ensure the insulation
and heat dissipation.

In this paper, the framework using nylon supports wire wound, metal shell and
upper plate and lower plate use magnetic material, copper outer has tin plating.

13.5 Electromagnetic Force Test

Electromagnetic force testing device is shown in Fig. 13.7. The solenoid valve is
placed on the support, and an electromagnetic force is designed herein after the
solenoid is energized. Since the control piston is in a stationary state, it is subject to
an electromagnetic force acting on the force sensor which displays on the digital
meter. By controlling the voltage or current of the coil, the change of electro-
magnetic force was observed.

Combining with simulation and practical test, 0.2-mm enameled round copper
wire is used and turns from 1,800 to 1,900 is appropriate.

13.6 Conclusions

1. According to Maxwell simulation results, the magnetic of solenoid valve and
coil is complete and effective, which indicates a reasonable structure design of
solenoid coils;

2. Simulation calculations show that the coil assembly position, structure, number
of turns, and wire diameter have an impact on the electromagnetic force;

Fig. 13.7 Electromagnetic force test equipment
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3. By the electromagnetic force test, the simulation results validate the reliability
and effectiveness. Combining with automatic transmission solenoid coil,
the wire diameter and number of turns are preferably selected in order to
improve the electromagnetic properties of valve.
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Chapter 14
Effect of Compression Ratio on Internal
Combustion Rankine Cycle Based
on Simulations

Yang Gao, Liguang Li, Xiao Yu, Jun Deng and Zhijun Wu

Abstract A thermodynamic model of an ideal internal combustion Rankine cycle
(ICRC) is established based on the first law of thermodynamics, and the effect of
compression ratio on the performance of ICRC is studied by simulation. The
injected water absorbs the combustion heat and evaporates into vapor after being
injected at the top dead center. Water vapor becomes part of the working gas,
and calculation results show that the in-cylinder pressure increases. Increasing
compression ratio of ICRC can improve cycle performance more than traditional
cycle. When compression ratio increases from 9.2 to 14 and injection temperature is
120 °C, the thermal efficiency increases from 4.9 % (no water injection) to 22.4 %
(injected water mass = 140 mg).

Keywords Compression ratio � ICRC � Ideal cycle � Thermodynamic model

14.1 Introduction

The rapid development of automobile industry has brought great challenges to
global energy and environment problem. Researchers are exploring new technol-
ogies with lower energy cost and emissions. Oxy–fuel combustion technology uses
oxygen instead of air. Exhaust gas is recycled back into the cylinder to control
combustion temperature as well as to make up the volume of missing N2 to ensure
there is sufficient gas to maintain the temperature and heat flux profiles [1]. The
advantage of this technology is the accommodation for the capture and seques-
tration of carbon dioxide. It can also reduce NOx emissions. Clean Energy System
Inc. combined oxy–fuel combustion technology with Rankine cycle by injecting
water into the gas generator to produce a steam-rich mixture as part of the working
gas. High efficiency was achieved with low cost in power plants [2].
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The internal combustion Rankine cycle (ICRC) [3] engine transplants CES
technology into reciprocating engine with water injection during the combustion
process. The injected water evaporates into vapor after heat absorption. It improves
the expansion work and controls the in-cylinder temperature. The CO2 is separated
from the exhaust gas by condensation to realize ultra-low emission. The simulation
study of the effect of EGR rate on oxy–fuel internal combustion engine was carried
out with a three-dimensional model [4]. In addition, an ICRC engine test bench was
built up [5], and the influence of injection water, injection temperature, and
injection timing on the performance of ICRC engine was studied [6, 7].

In this paper, a thermodynamic model is established to describe the ideal ICRC
process based on the experimental results, and the performance of ICRC under
different compression ratios is calculated and discussed.

14.2 The Ideal ICRC Thermodynamic Model

14.2.1 Ideal Cycle of ICRC

ICRC can be abstracted to an Otto cycle combined with water injection process, as
shown in Fig. 14.1. Experimental results show that the combustion process, water
injection, and water evaporation are relatively fast. Therefore, these processes are
assumed to be instantaneous. The cycle 1–2–3–4 is an Otto cycle. Process 3–5
represents the water injection, and a new cycle with water injection 1–2–5–6 is
obtained. Processes 1–2, 3–4, and 5–6 are adiabatic. Win is the compression work,
Wout is the expansion work, Qin is the combustion heat, and Hwater is the enthalpy of
the injection water.

Fig. 14.1 Ideal ICRC process
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14.2.2 Model Establishment

A thermodynamic model is established based on the ideal process of ICRC. The
STANJAN software of Reynolds is used to calculate the thermodynamic process.
The thermodynamic state of each point is recorded. The software of MATLAB is
also used in solving the energy equation during the water injection process.

The main equation applied in this model is as follows:
The adiabatic processes 1–2, 3–4, and 5–6 could be calculated as follows:

p1v
k
1 ¼ p2v

k
2 ð14:1Þ

The energy conversation with water injection process can be expressed as follows:

mwater hwater ¼ m5u5 � m3u3 ð14:2Þ

m5 ¼ m3 þ mwater ð14:3Þ

u5 ¼ Cv5T5; u3 ¼ Cv3T3 ð14:4Þ

The pump work of injection water is as follows:

Wpump ¼ mwaterðPin j vin j � P0v0Þgpump ð14:5Þ

where Cv is the specific heat capacity. In order to eliminate huge error, Cv is
calculated as the equation followed instead of constant value:

Cv ¼ a0 þ a1T þ a2T
2 þ � � � þ anT

n ð14:6Þ

The suitable temperature range for the coefficient a0–an given by Ref. [8] is no
higher than 1,500 °C. Therefore, extrapolation method [9] is employed, and here,
n is set to 4.

The indicated work Wi, thermal efficiency gi, and indicated mean effective
pressure IMEP can be obtained as:

Wi ¼ W5�6 �W1�2 �Wpump ð14:7Þ

gi ¼ Wi=Qin ¼ Wi=ðmfuel HuÞ ð14:8Þ

IMEP ¼ Wi=Vdisp ð14:9Þ
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14.2.3 Boundary Conditions

The parameters of the test bench engine and the boundary conditions for the
calculation in this model are listed in Table 14.1.

The initial pressure and temperature are 0.05 MPa and 27 °C, respectively. The
intake composition is set as the mixture of O2 and CO2 to simulate EGR. The concept
of “oxy/fuel ratio” is used here because the intake composition is changed. It refers to
the mass ratio of the intake gas and fuel. Compression ratio increases from 9.2 to 14,
and injected water mass increases from 20 mg to maximum for each cycle. The
limitation of injected water mass aims to ensure that the exhaust temperature is
higher than the threshold. Hence, the water remains in gas phase at the bottom dead
center. The threshold changes in different conditions. When injection temperature is
120 °C and compression ratio is 9.2, the threshold is 140 mg; and when compression
ratio is 14, the threshold is 180 mg. The limit of injected water mass is 60 mg in
experiment, because more injected water will lead to poor cycle performance.

14.2.4 Model Verification

Figures 14.2 and 14.3 show the comparison of the in-cylinder pressure between
water injection cycle and no water injection cycle in ICRC engine, respectively.
Water injection process can improve the in-cylinder pressure, and the combustion
phasing is retarded. The calculated peak in-cylinder pressure is higher than the
experimental result. This is due to the hypothesis that the cycle is adiabatic and the
chemical reaction is instantaneous. Meanwhile, the evaporation of water is also
assumed to be instantaneous; thus, the influence of water vapor on in-cylinder
pressure is all reflected at the top dead center. Therefore, the calculated in-cylinder
pressure increment brought by the water injection is also greater than the experi-
mental result. Despite the difference in value, the tendency of the effect of water
injection in calculated result and that in the experimental result match well.

Table 14.1 Engine
parameters and boundary
conditions

Cylinder configuration Single cylinder

Fuel C3H8

Bore × Stroke (mm) 56.5 × 49.5

Displacement (ml) 124

Compression ratio 9.2

Intake composition 45 % O2 + 55 % CO2

Oxy/fuel ratio 20

Injected water temperature (°C) 120

Injected water pressure (MPa) 20

Injected water mass 20 mg maximum

132 Y. Gao et al.



14.3 Calculation Results Analysis

14.3.1 Effect of Water Injection on Cycle Performance

The effect of water injection process on peak in-cylinder temperature and pressure
is shown in Fig. 14.4. On the one hand, the injected water absorbs the heat from the
gas in cylinder, which decreases the in-cylinder temperature and pressure; on
the other hand, the injected water evaporates into gas phase, which increases the
amount of working gas and the in-cylinder pressure. Calculation results indicate
that the latter affects more significant than the former. Therefore, the in-cylinder
pressure increases.

Water vapor begins to act as the major working gas with the increase of injected
water mass. Figure 14.5 shows the work composition for each cycle, and the
injected water mass is 60 mg and theoretical maximum of 140 mg, respectively.
The work generated by the water vapor increases from 49.2 to 68.3 %. Because the
working gas increases, the work output, thermal efficiency, and the IMEP improve.

Fig. 14.3 Calculation results
of the effect of water injection
on in-cylinder pressure

Fig. 14.2 Experimental
results of the effect of water
injection on in-cylinder
pressure
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It is observed from Fig. 14.6 that when injected water mass is 60 mg, thermal
efficiency increases from 34.8 to 43.6 %, and IMEP increases from 0.68 to
0.88 MPa; when injected water mass reaches 140 mg, the thermal efficiency and
IMEP increase to 54 % and 1.1 MPa, respectively.

14.3.2 Effect of Compression Ratio on Cycle Performance

The effect of compression ratio on in-cylinder pressure and temperature under
maximum injected water mass is reported in Figs. 14.7 and 14.8. It is obvious that
the peak in-cylinder pressure increases with larger compression ratio. The in-cyl-
inder pressure decreases rapidly in the expansion stroke and almost remains the
same value at bottom dead center under different compression ratios.

Fig. 14.4 Effect of water injection on peak in-cylinder temperature and pressure

Fig. 14.5 Composition of the cycle work, a injected water mass = 60 mg, b injected water
mass = 140 mg
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Fig. 14.7 Effect of
compression ratio on
in-cylinder pressure

Fig. 14.8 Effect of
compression ratio on
in-cylinder temperature

Fig. 14.6 Effect of water injection on thermal efficiency and IMEP
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It is observed from Fig. 14.8 that the in-cylinder temperature declines sharply
with water injection. The compression ratio has little influence on peak in-cylinder
temperature, when there is no water injection. The in-cylinder temperature
decreases fast during the expansion stroke, and the exhaust temperature under the
compression ratio of 14 is lower than that of 9.2. However, when injected water
mass is 140 mg, both peak in-cylinder temperature and exhaust temperature
increase with the increase of compression ratio.

It is mainly because the heat capacity of gas increases with temperature. When
there is no injection water, the in-cylinder temperature and the gas heat capacity are
relatively high. Therefore, the change in energy reflects more on in-cylinder pressure
rather than on in-cylinder temperature. The in-cylinder temperature decreases obvi-
ously under water injection conditions. Therefore, the gas heat capacity decreases
rapidly. Therefore, the change in energy reflects more on in-cylinder temperature, and
the peak in-cylinder temperature increases obviously with the increase of compres-
sion ratio.

Figure 14.9 shows the effect of compression ratio on IMEP, and the injected
water mass is 0, 60, and 140 mg, respectively. When the compression ratio is 9.2,
IMEP increases from 0.68 to 0.88 MPa and 1.09 MPa with the increased injected
water mass. The increment is 0.41 MPa. When the compression ratio is 14, the
IMEP increases from 0.78 to 1.19 MPa and 1.55 MPa. The increment is 0.77 MPa.

With more expansion work output, the thermal efficiency improves with the
increased compression ratio, as shown in Fig. 14.10. It is commonly known that larger
compression ratio brings higher thermal efficiency. The increment of thermal
efficiency brought by the corresponding increase of compression ratio is even greater
in water injection cycles. When there is no water injection, compression ratio increases
from 9.2 to 14 that can improve the thermal efficiency from 33.8 to 38.7 %. When
injected water mass is 60mg, the same increment of compression ratio can improve the
thermal efficiency from 43.4 to 59 %. When the injected water mass reaches 140 mg,
the thermal efficiency improves from 54 to 76.4 %. The improvement in thermal

Fig. 14.9 Effect of
compression ratio on IMEP
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efficiency increases from 4.9 to 22.4 %. In addition, higher compression ratio can also
increase the theoretical maximum injected water mass. The theoretical boundary of the
injected water mass under different compression ratios is shown in Fig. 14.10.

The combination of higher compression ratio with ICRC achieves higher thermal
efficiency than with no water injection cycle. The injected water increases the
amount of working gas, leading to the increase of in-cylinder pressure and
expansion work output. The expansion work of water vapor increases even larger as
the compression ratio increases, which just reflects the advantage of ICRC.

Moreover, water is injected directly into the cylinder at the top dead center rather
than being mixed with the fuel and oxygen and then sucked into the cylinder during
intake stroke. Vapor, as part of the working gas, does not consume compression
work. The pump work of liquid water is far less than that of pressure equivalent gas.
Therefore, direct water injection improves the thermal efficiency further.

Increasing compression ratio in conventional spark ignition engines is limited by
the knock. ICRC engine introduces water injection process to achieve higher
working output and thermal efficiency. The water injection process will decrease
the in-cylinder temperature. The injected water also results in some inhibition of
combustion and flame propagation. Therefore, the tendency of knock can be
reduced through reasonable water injection strategy, and higher compression ratio
can be employed.

14.4 Conclusions

1. Injected water increases the amount of working gas, and the expansion work
output and thermal efficiency are improved. When injected water temperature is
120 °C, 140 mg injected water increases the thermal efficiency from 33.8 to 54 %.

2. Increasing compression ratio of ICRC improves the expansion work of water
vapor and achieves much higher thermal efficiency than traditional cycle. When
compression ratio increases from 9.2 to 14, 140 mg injected water mass can
increase the thermal efficiency from 4.9 to 22.4 %.

Fig. 14.10 Effect of
compression ratio on thermal
efficiency
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Chapter 15
The Organic Rankine Cycle System
Development for Heavy-Duty
Diesel Engine

Junqi Dong, Jianzhang Wang, Rongyou Zhang and Bin Wang

Abstract Based on the waste heat characteristic of the coolant and exhaust gas in
heavy-duty diesel engine, the organic Rankine cycle (ORC) commercial product
system is developed. The waste heat source is the engine jacket water and exhaust
gas, and the jacket water is used as the heat source media which is used to heat the
evaporator of the ORC system. The working fluid is the R245fa, and the plate-type
condenser and evaporators are used. In the ORC system and 200-kW engine, the
expander and generator can bring 14.5 kW electric energy in the normal working
condition. The efficiency based on the first law of thermodynamics is 7.2 %; the
completely generating efficiency is 6.25 %.

Keywords Diesel engine �Organic rankine cycle �Waste heat �Electricity generation

15.1 Introduction

In the internal combustion (IC) engine, there is about approximately 40%efficiency to
convert the fuel energy to mechanical work. The remaining energy is lost through
waste heat that is predominantly rejected from the engine through the cooling and
exhaust system [1]. To improve the fuel economy in automobiles with IC engine,
various techniques to recover this waste heat energy are being investigated. One of
these technical routes, the organic Rankine cycle (ORC) technology has becomemore
and more attractive in the heavy-duty IC engine. The most important characteristic of
the ORC system is the ability to absorb the low-grade heat source [2–5].

Now, the waste heat recovery technology based on the ORC has been becoming
the standard technology in the next-generation IC [6]. The famous IC company has
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been researching and studying the waste heat recovery in 10 years ago, such as the
Cummins and Caterpillar. At the same time, the vehicle manufacturers and IC
companies had set up the associated R&D project under the government support,
for example the Navistar company and Volvo truck company. However, there is
very little work which had been done about the ORC technology research or
product development in the domestic IC or vehicle company from the public report.
There is only some groundwork that had been done about the ORC in the IC field in
the testing laboratory of the university from the public paper [7].

The authors developed the 15 kW power range ORC commercialization of
prototype based on the ICE waste heat in this paper. The main work is commercial
ORC plant development in the project. The waste heat is from the exhaust gas and
coolant in the ICE engine. The engine’s rated power is 200 kW, with 6 cylinders.

15.2 Organic Rankine Cycle (ORC)

15.2.1 Introduction to ORC Principle

The ORC system is similar to the classic Rankine cycle, including 4 main processes
and 4 main components. They are the pump, evaporator, expander, and condenser,
respectively. Figure 15.1 shows the principle diagram for the ORC system. First,
the pressure of working fluid will be raised by the pump, and then, the organic
working fluid evaporates and overheats in the evaporator by absorbing the heat
from the high-temperature heat source. After the evaporator, the organic working
fluid becomes the high-temperature and high-pressure gaseous fluid. Then, the
working fluid expands and works in the expander. After the expander, the working
fluid enters the condenser, in which the working fluid condenses and becomes the

Heat Source

Cold Source

Pump

Evaporator

Condenser

Expander

Generator

Fig. 15.1 The schematic
diagram of an ORC system
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liquid by releasing heat to the cold source. In the next step, the working fluid is
pumped into the evaporator and the whole cycle is realized.

15.2.2 Thermophysical Property of the Working Fluid

The size of the system components, the design of expansion machine, the system
stability and safety and environmental concerns, and the selection of working fluids
are very important for the ORC system’s performance and economy because they
may affect the efficiency of the system. Table 15.1 gives the thermal physical
properties of some types of working fluids.

Except for the structural point of view and type of atoms in the fluid molecule, the
working fluid can be categorized according to its saturation vapor curve. This sat-
uration vapor curve is one of the most crucial characteristics of the working fluid in
an ORC system. This feature affects the fluid applicability, cycle efficiency, and
arrangement of associated equipment in a power generation system. As shown in
Fig. 15.2, there are three types of vapor saturation curves in the temperature–entropy

Table 15.1 The thermophysical properties of some working fluids

Working
fluid

Molecular
weight
g/mol

Critical
pressure
KPa

Critical
temperature
°C

Global warm-
ing potentia
(GWP)

Ozone-deplet-
ing potential
(ODP)

R245fa 134 3,640 154.1 950 0

R123 153 3,670 183.8 120 0.012

R134a 102 4,066 101.1 290 0

Fig. 15.2 The working fluid’s T–S curve
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(T–S) diagram: a dry fluid with positive slope, a wet fluid with negative slope, and an
isentropic fluid with nearly infinitely large slope [2]. If the working fluid is the dry
fluid, then the working fluid could not enter into the two-phase zone after the
expander. This is very useful for the life of the expander in ORC systems. If the
working fluid becomes the liquid or condenses at the end of the expander, this is an
unfavorable and unacceptable phenomenon for the expander during the working
process of ORC.

As for the working fluid R245fa, it has the good thermophysical property and the
dry fluid characteristic, and thus, it has been accepted widely as one of the working
fluids in the ORC system. In our ORC plant, the R245fa has been selected in the
ORC system as the working fluid.

15.3 ORC System Development for Engine Waste Heat

15.3.1 The ORC Systems for Engine Waste Heat

In the engine, the fuel is the total heat source, one part is used to do work as the
useful part, which is about only 40 % of total heat source from fuel, and the other
part was exhausted to the atmosphere in variety forms of waste heat, such as
exhaust gas, radiation, and coolant heat. To protect the engine, the coolant or water
was used as the cooling media to cool down the engine cylinders during the
ordinary working process. Figure 15.3 shows the ORC system based on the engine
waste heat, which is the high-temperature exhaust gas and coolant heat. For the
engine with 200 kW rated power, there is much waste heat exhausted to the
atmosphere. This part heat can be used as ORC heat source and to generate elec-
tricity by ORC system’s generator. First, the coolant which is used to cool the
engine cylinder is pumped to the exhaust gas heat exchanger and then be cooled in
evaporator and then return to the engine. During recovering, the coolant is heated
by the high-temperature exhaust gas and absorbs the heat energy from the exhaust
gas and then the coolant enters the evaporator and engine in turn. In the ORC
system, the coolant is used as the media of heat source, which absorbs the heat
energy from the engine cylinder and exhaust gas.

15.3.2 Data Reduction and Analysis

The whole ORC system was regarded reaching the steady condition when all the
sensors do not change. The test data are recorded by the data acquisition system, in
which the sampling rate is 0.2 Hz. To clearly analyze the thermodynamic process,
the data reduction is expressed according to the following equations:
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1. The total quantity of engine’s waste heat

Q:Q ¼ Qw þ Qe ð15:3:1Þ

2. The heat quantity absorbed by the working fluid

Q:Q ¼ m� h1 � h4ð Þ ð15:3:2Þ

3. The work of expander

W :W ¼ m� ðh1 � h2Þ ð15:3:3Þ

4. Isentropic efficiency of expander:

gs ¼ h1 � h2
h1 � h2s

ð15:3:4Þ

Pump

Evaporator

 Expander 

 Generator 

 Condenser 

 Engine 

Heat recover

T, Temperature

P, Pressure abs.

m, mass flow rate

Fig. 15.3 Test diagram for ORC systems and engine waste heat.
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5. Heat rejection for the condenser

Qc:Qc ¼ m� h3 � h4 ð15:3:5Þ

6. Generating efficiency of the ORC system:

g ¼ E
Q

ð15:3:6Þ

7. Net generating efficiency of the ORC system:

ge ¼
E � E1

Q
ð15:3:7Þ

In the above equations, the Qw and Qe are the heat quantity of coolant and
exhaust gas, respectively; h1, h2, h3, h4, and hs are the enthalpy of the corresponding
location. As shown in Fig. 15.3, m is the mass flow rate of the working fluid. E and
E1 are the electricity generation and consumption of the ORC system, such as the
pump and control system.

15.4 Engine Parameters

In the test bench, there is a volume meter to get the real water flow rate. And to keep
the ORC system and engine system heat-balanced and to reduce the temperature
variation and frequency control of the ORC pump, the engine water flow should be
no less than 12.5 m3/h. To get more evaporator temperature, the outlet temperature
of water from engine should be close to the warning temperature, the temperature of
which is mostly 85–90 °C. Table 15.2 gives the parameters of the engine.

Table 15.2 Engine
parameters and running
parameters

Description Value

Cylinders 6

Cylinder diameter/stroke 120/145 mm

Rate power 200 kW

Rate speed 1,500 rpm

Compression ratio 17.5: 1

Warning temperature 95 °C

Exhaust gas max. temperature 650 °C

Real exhaust gas temperature 570 °C

Water flow rate testing 3.33 L/s
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15.5 Test Results and Discussion

To clearly descript the test process and working conditions of the ORC system and
engine, Fig. 15.4 shows the real-time working condition of the ORC system and
engine. From the ORC system starting to generate electricity to its steady condition,
the test data recording time is about 2.5 h. From Fig. 15.4, we can see that the
generated electricity power, consumption power, and pump frequency are in a very
stable condition after about 20 min. The steady quantity of electricity generation is
about 14 kW, and the consumption power is about 1.9 kW. In the system, there is a
frequency pump to control the flow rate of the working fluid according to the
overheat degree at the outlet temperature of evaporator. And during 2 h, the
pumping frequency of the working fluid almost remains unchanged, and this shows
that the ORC system based on the engine waste heat using the coolant as the media
heat transfer is very appropriate and effective. From Fig. 15.4, it can also be shown
that the engine coolant temperature in the inlet and exit positions is very stable, and
it can be effectively obtained a very suitable temperature according to the ORC
system, without any frequently control requirement from the control system of the
ORC unit.

Figure 15.5 shows the curves for the generated electricity power and net power
of the ORC system under the different water outlet temperature from the engine
cylinders. According to Fig. 15.5, we can see that the generator power reduces with
the increase of coolant outlet temperature of an engine. However, the net power has
no obvious reduction with the increase of the coolant outlet temperature. The
generated electricity efficiency and net power efficiency are, respectively, 7.4 and
6.4 % under the coolant temperature of 94.4 °C, and both these efficiencies are 6.7
and 6.2 % under the coolant temperature of 100.9 °C.

As shown in Fig. 15.6, there is the variation characteristic between the pressure
ratio of expander and the outside cold water temperature. The cold water

Fig. 15.4 Generator power running curve
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temperature is the inlet temperature of the condenser cool water. From Fig. 15.6,
there is an obvious linear relationship between the expander pressure ratio and the
cold water temperature. The pressure ratio will increase with the decrease of cold
water temperature under the working condition.

15.6 Conclusions

The ORC technology is a very attractive scheme in improving the engine efficiency
and reducing fuel consumption ratio as for the much waste heat in the engine. In the
study, the ORC commercial plant of 15 kW level had been developed.

1. Using the engine cylinder water as the ORC heat source media is a very proper
selection viewing from the technology and economy aspects, which leaves out
other hot media and reduces the power consumption.

Fig. 15.5 Generated energy
and efficiency
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2. The big stable generator power is 15.4 kW, and the net power is 13.6 kW based
on 200 kW engine waste heat. The efficiency of the ORC system is 7.7 %.

3. The overheat degree has no direct effect on the generator power under the same
heat quality

4. The pressure ratio will increase with the decrease of the cold water temperature.
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Chapter 16
Study of Gasoline Engine Sticking

Yong He, Haizhu He, Qin Wang, Haihong Lin, Yunping Pu,
Yang Qiu, Zhangsong Zhan, Long Min, Wei Deng, Qian Xu
and Honggang Gou

Abstract In optimization example of the throttle body sticking and crankcase
ventilation pipes sticking of a gasoline engine, the causes of sticking are analyzed,
and combining with experimental verification, the solutions for sticking removal are
presented.

Keywords Sticking � Throttle body � Crankcase ventilation � EFI enrichment

16.1 Introduction

Sticking in the throttle body affects the opening and closing of the throttle body. In
severe cases, the sticking makes it difficult or even impossible to open the valve of
the throttle body, especially for electronic throttle body. Sticking in the crankcase
ventilation pipes may affect the flow area of blowby gas and even block the
crankcase ventilation pipes, leading to positive pressure in the crankcase and oil
leaks. Sticking in the throttle body and crankcase ventilation pipes may seriously
affect the engine performance (e.g., [1]). This paper focuses on and illustrates the
situation of throttle body sticking and crankcase ventilation pipes sticking as well as
the solutions.

16.2 Phenomenon of Sticking

In this section, we have showed the images about the throttle body and crankcase
ventilation pipes through reliability experiments.
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16.2.1 Sticking in the Throttle Body

As shown in Fig. 16.1, the sticking mainly adheres to the inner wall and valve of the
throttle body.

16.2.2 Sticking in the Crankcase Ventilation Pipes

As shown in Fig. 16.2, the sticking in the crankcase ventilation pipes mainly
adheres to the inner wall of the metal pipeline.

Fig. 16.1 Sticking in the
throttle body

Fig. 16.2 Sticking in the
crankcase ventilation pipes
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16.3 Analysis of the Causes of Sticking

In this section, we investigate sticking and related experimental symptoms, and
reasonably explain the causes of sticking.

16.3.1 Analysis of Sticking

According to the spectral analysis, the elements of sticking all come from inside the
engine. The elements are the cooling deposition of the combination of gases in
engine crankcase which includes gasoline vapor, oil vapor, the waste gas after
burning, and the reaction product of the three gas mixture. In addition, the colloid in
the gasoline will produce sticking after burning, and heavy distillates such as
cyclanes and olefins also make great influence on the formation of sticking. Despite
the high olefin content of octane in gasoline, sticking and carbon deposition are
easily formed.

16.3.2 Experimental Situation and Analyses of Sticking
Generation

Table 16.1 shows the experimental situation of a gasoline engine after reliability
experiment. The oil temperature is detected in the oil pan.

According to experimental situation, the bottom surface of the pistons is black,
which indicates the high temperature of the piston surface, and the high heat load of
engine. Meanwhile, the high oil temperature in the crankcase in the experiment
indicates that the engine crankcase temperature is high, too.

According to the analyses above, the high speed and high load of the engine lead
to high temperature in the piston and crankcase. In this case, the gasoline vapors, oil
vapors, and the waste gas after burning form a kind of sticking in the crankcase at
high temperature.

16.3.3 Formation Mechanism of Sticking in the Throttle
Body and Crankcase Ventilation Pipes

As shown in Fig. 16.3, according to the crankcase’s ventilation structure (e.g., [2]),
the sticking in the crankcase flows through the engine system along with blowby
gas. When it flows through the crankcase ventilation pipe and throttle body, the
sticking is easily condensed on the metal surface of the pipeline and stick to it,
along with the decrease of temperature of the blowby gas.
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Fig. 16.3 The crankcase ventilation structure

Table 16.1 The sticking situation after reliability experiment

Oil temperature ≤139 °C

Sticking in the throttle body

Blacking at the bottom surface
of piston
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16.4 Optimization Measures on Engine Sticking

In the verification of optimization measures on gasoline engine sticking, the EFI
enrichment program implemented in high-load and high-speed region of an engine
is used to reduce the temperature of the piston surface, and thus to lower the
ambient temperature of the crankcase, and finally to prevent engine sticking at high
temperature.

16.4.1 Cooling Effect Verification of EFI Enrichment
Program

As shown in Table 16.2, the temperature changes are detected when the air-fuel
ratio lambda is adjusted and other parameters remain unchanged. It is seen from the
experimental data the 0.1 reduction in lambda is associated with around 50 degrees
decrease in engine exhaust temperature. The cooling effect and rules are obvious.

16.4.2 Reliability Experimental Verification of EFI
Enrichment Program

EFI enrichment program is implemented in high-load and high-speed region of an
engine and decreases lambda value by 0.1, and the reliability experimental verifi-
cation results are given in Table 16.3. The test results show that the crankcase oil

Table 16.2 Effect of lambda adjustment on engine exhaust temperature

Engine speed Lambda Engine exhaust temperature (°C)

6,000 0.8 783

0.75 768

0.7 742

0.65 723

5,200 0.86 807

0.85 811

0.8 778

0.75 754

0.7 730

4,400 0.87 764

0.85 758

0.8 739

0.75 716

0.7 690

16 Study of Gasoline Engine Sticking 153



temperature is lowered, no blacking at the bottom surface of pistons, no sticking at
the surface of engine throttle body, and no sticking at the inner wall of crankcase
ventilation metal pipes.

16.4.3 Effects of EFI Enrichment Program on Engine
Performance

When lambda is excessively enriched, in order to lower the temperature, the
ignition angles cannot be adjusted. Therefore, the burning rate goes down, the
maximum combustion temperature drops, the cycle thermal efficiency decreases,
and the high-speed power is lost. In addition, if the lambda is excessively enriched,
it can also cause the carbon deposition more on the top of the piston and piston
rings side, which easily produces local hot spots. The piston ring being locked and
scuffing of cylinder bore is also possible because of excessive carbon deposition.

Therefore, the lambda must be properly enriched. And as the experiment shows,
it has little effect on the engine performance and carbon deposition on piston. And
for the vehicle fuel consumption, since the lambda enriched is in high-speed and
high-load region, BSFC has slightly increased, which does not affect the vehicle
NEDC cycle fuel consumption (the increase of fuel consumption is basically equal
to the enriched proportions of lambda. For example, if the lambda is enriched from
0.8 to 0.7, BSFC increase is about (0.8/0.7 − 1) × 100 % = 14.3 %. Because lambda
enriched is in high-speed and high-load region, it does not affect the vehicle con-
sumption in the actual driving process. NEDC driving cycle is less than 4,400 rpm,
so lambda enriched does not affect fuel consumption of NEDC driving cycle in
high-speed and high-load region).

Table 16.3 Reliability experimental results of EFI enrichment program

Oil temperature ≤129 °C

No sticking in the throttle body

No blacking at the bottom surface of pistons
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16.5 Conclusions

High temperature of piston and crankcase is caused by engine’s high heat load
designed in high-speed and high-load region, which makes the gasoline vapors, oil
vapors, and the waste gas after burning possible to form a kind of sticking in the
crankcase.

Sticking can condense and adhere to the metal surface in the throttle body and
crankcase ventilation pipes.

With regard to engine sticking because of high heat load, the EFI appropriate
enrichment can effectively reduce the surface temperature of piston and the ambient
temperature of crankcase, and thus effectively solve the engine throttle body
sticking and crankcase ventilation pipes sticking problems.
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Chapter 17
High Temperature Dependence of a Pulse
Tube Engine

Shaowei Zhu

Abstract A pulse tube engine, which has no any moving part at high temperature,
is a new type heat engine to generate power by using heat. It is a reverse of pulse
tube refrigerator that already uses in space as a high-reliable sensor cooler. It is a
potential new method to generate power or cooling power by using car waste heat.
Its temperature dependence is investigated by a numerical simulation, which shows
that its swept volume ratio of displacer over expand, and the phase angle difference
between displacer and expander is almost no change with temperature change,
which is very convenient for controlling the engine when high temperature is
changed, which is common in the car.

Keywords Pulse tube � Regenerator � Engine � Refrigerator � Waste heat �
Linear motor

17.1 Introduction

The car waste heat recover is an old topic. To use the Stirling engine [1] to change
the waste heat as work is one of the old ideas of waste heat recover. Stirling engine
has high efficiency but high cost. Thermal acoustic engine [2, 3] is a heat engine,
which has no any moving part. It is a new concept for car waste heat recovering. It
is simple but low power density. With a long time development, both are still in
laboratory, and it is very difficult to imagine the application in the near future. A
pulse tube engine [4] is a reverse of a pulse tube refrigerator, which already use in
spacer as a high-reliable sensor cooler. There is no any moving part at high tem-
perature in the pulse tube engine. Therefore, it is a potential new method for car
waste heat recovering. The temperature of the waste gas of the car depends on load.
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So, the temperature dependence of the pulse tube engine should be investigated.
The temperature dependence of a pulse tube engine is simulated by a numerical
simulation method, which is developed for the pulse tube refrigerator.

17.2 Structure

Figure 17.1 shows the schematic of a pulse tube engine. An after cooler, a
regenerator, a heater, and a pulse tube are connected one by one. Heat is inputted
from the heater. An expansion piston gets work. A displacer, which is in room
temperature, is the phase shift for the pulse tube.

The reliable and simple method to transfer out the power is to use a linear
generator to generate electricity power. Using crankshaft to drive the piston and
displacer is a difficult method because of oil lubrication. Oil should not flow into the
regenerator and on any hot part. A crankcase and working space should be sepa-
rated. This will increase the cost and decrease the life time. To use the linear
generator is simple. The linear generator generates electricity power. The displacer
is driven by gas pressure.

17.3 Advantages

In the Stirling engine, the displacer must be at high temperature. In the pulse tube
engine, the displacer is at room temperature. So, it can be made by plastic. Plastic is
cheaper comparison with stainless steel or high-temperature alloy. And room
temperature part is more reliable than high temperature parts.

1 

2

3 

4 

5 

7 6

Fig. 17.1 Schematic of a
pulse tube engine. 1 After
cooler, 2 regenerator, 3 heater,
4 pulse tube, 5 gas distributor,
6 displacer, 7 and expander
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One head is not effective to recover the waste heat because the waste gas
temperature decreases gradually when the gas is cooled. Multi-heads are needed for
higher efficiency, as shown in Fig. 17.2, which is much simpler than a multi-head
Stirling engine. In the multi-head Stirling engine, there are several cylinders and
pistons that work at high temperature. In the multi-head pulse tube engine, just
pipes work at high temperature. There is a clear difference of reliability and cost.

17.4 Numerical Simulation

As a first step, the motion of the piston and displacer is assumed as sine wave. The
numerical method is same as that in reference [4].

The volume of the expansion space

Vc ¼ Vcd þ 0:5Vc0 1� cos 2pft � u0ð Þð Þ ð17:1Þ

The volume of the displacer space

VD ¼ VDd þ 0:5VD0 1� cos 2pftð Þð Þ ð17:2Þ

The swept volume ratio

a ¼ Vc0

Vd0
ð17:3Þ

where Vcd is the dead volume of the expansion space, Vc0 is the swept volume of the
expansion space, u0 is the phase angle difference between the expansion space and

Hot gas 
Fig. 17.2 Schematic of
multi-pulse tube engine
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the displacer space. VDd is the dead volume of the displacer space, and VD0 is the
swept volume of the displacer space.

The swept volume ratio and phase angle are two important parameters and
should be optimized to get high efficiency. If the optimum point does not change
with temperature or slightly change with temperature, it is very convenient for the
control of the engine.

17.5 Temperature Dependence

Table 17.1 lists the basic data of the engine. A total of 2 MPa helium gas is charged
to the engine. The high temperature is 900 K, and the room temperature is 300 K.
Working frequency is 100 Hz.

Figure 17.3 shows the output power, input heat, and percentage of Carnot versus
swept volume ratio of the displacer over the expander and phase angle difference
between displacer and expander at 900 K. There is an optimum swept volume ratio
and phase angle difference with which the percentage of Carnot gets highest. In the
calculation range, the heat and power increase with the increase of swept volume
ratio and phase angle difference.

Figure 17.4a shows the equivalent PV diagrams in the pulse tube. Equivalent PV
diagrams in the pulse tube is from the imagine gas piston in the pulse tube. It
indicates that there is sufficient distance between the hot gas and room temperature
gas in the pulse tube. Figure 17.4b shows the PV diagrams the displacer and
expander. It is similar to that in Stirling engine. The gas in the pulse tube can be
considered as part of the displacer.

Figure 17.5 shows the percentage of Carnot at high temperature of 750, 600, and
450 K. It is shown that the peak point of percentage of Carnot is almost unchanged
when high temperature decreases. This means that it is not needed to change the
phase angle difference or swept volume ratio when high temperature is changed.

Table 17.1 Main parameters of the refrigerator

After cooler Gap width 0.785 mm, height 0.33 mm, length 40 mm

Regenerator Φ50 mm × 60 mm, mesh wire diameter 0.1 mm, porosity 0.7

Heater Gap width 0.785 mm, height 0.33 mm, length 40 mm

Pulse tube Φ50 mm × 200 mm

Expander swept volume 200 cm3

Room temperature 300 K

High temperature (Th) 900 K

Charge pressure 2 MPa

Frequency 100 Hz

Working medium Helium
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This is very convenient for controlling of the engine when the high temperature is
changed, which is common in the car.

Figure 17.6 shows the heat, power, and percentage of Carnot versus high tem-
perature at swept volume ratio 0.6 and phase angle difference of 15°. The heat,
power, and percentage of Carnot decreases with the decrease of the high temperature.

At 450 K, the power is very small and percentage of Carnot is also very low. It
does not mean that this type of engine is not good at low-temperature range. A
balance design may be needed.
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17.6 Conclusions

In the pulse tube engine, the optimum value of the swept volume ratio of the
displacer space over the expansion space and the phase angle difference between
the displacer space and the expansion space are almost unchanged with the change
in temperature.
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Chapter 18
Technology Trends in Commercial Vehicle
Base Engine Development

M. Neitz, A. Wiartalla, S. Lauer and P. Methfessel

Abstract Commercial vehicles will have to meet increasing requirements in the
future with regard to further reductions in emissions and fuel consumption.
A holistic view of the subjects, thermodynamics/after treatment of exhaust gases
and base engine design/mechanics, is essentially necessary in order to achieve an
optimum condition with regard to product and operating costs. In the following
report, FEV presents some examples that show, which potentials can still be
exploited in the further development of the basic engines of commercial vehicles,
one of the more progressive examples being the reduction of the number of cylinders
for heavy-duty truck engines from 6 to 4.

Keywords Heavy-duty � Downsizing � Number of cylinders � Cylinder liner �
High-pressure injection � Cylinder head � Peak firing pressure

18.1 Introduction

The limit values for pollutant emissions of commercial vehicle diesel engines have
drastically been reduced during the last two decades. Up to now, this has been an
essential driving force for the development of engine technologies. In the future,
CO2 limit values are sustaining the pressure for further development.

The after treatment of exhaust gases, which to an increasing degree is required
for the achievement of legally defined goals, makes a holistic view of the subjects,
thermodynamics/after treatment of exhaust gases and base engine design/mechanics
essentially necessary, in order to achieve an optimum condition with regard to
product and operating costs. One of the objectives is, for example, to meet the most
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favorable point in the trade-off between the complexity of the base engine—among
others caused by high peak pressure capability, high injection pressure, elaborate
EGR, and charge air cooling—and the complexity of the after treatment of exhaust
gases. The systems required today and in future for after treatment of exhaust gases
may cause costs on a scale approximate to that of the base engine and thus increase
the cost pressure on the engine.

Figure 18.1 shows an impression of the range of measures and technologies,
which—with an individually different degree of maturity each—are available for
handling future requirements. In this paper, exemplary issues are examined and
possible trends for future base engine development are discussed, which helps to
achieve the above described optimization.

18.2 Consideration of Selected Topics of Base Engine
Development

18.2.1 Displacement/Downsizing/Number of Cylinders

For the reduction of the NOx raw emissions, high EGR rates are used today, often
up to full load engine operation. The reduced oxygen content in the charge air has
to be compensated by a higher degree of supercharging. Under these circumstances
dual-stage turbo-charging is required to provide increased boost pressures for
achieving a top specific power output of more than 30 kW/l, which leads to higher
peak pressure requirements on the engine. For an existing engine, this way might be

Fig. 18.1 Potential technologies for the reduction of emissions and CO2
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the most favorable one. For a complete new development, however, the question
arises, if the cost increase due to expensive turbo-charging technology and high peak
pressure capability, should not be countered with a limitation of power density, i.e., a
correspondingly larger displacement. Moreover, downsizing in connection with an
increased peak pressure does not necessarily promise significant friction reduction.
Figure 18.2 shows the comparison of two design variants for a medium-duty truck
engine. In this example, the displacement is reduced through a proportional reduction
of stroke and bore by maintaining the stroke/bore ratio. This downsizing requires
dual-stage turbo-charging leading to a peak pressure increase by approximately
30 bar. Despite of a smaller bore diameter, the gas force remains more or less
constant. Therefore, a reduction of the bearing diameters and with that of the bearing
friction and the oil flow through the bearings is impossible. Only the lower piston
speed caused by the slightly smaller stroke at unchanged engine speed has a friction-
decreasing effect. This positive effect is partially compensated by the additional oil
flow through the second turbocharger, which results in a higher oil pump driving
power. The friction contributions of crank shaft, valve train, water pump, and alter-
nator remain the same. Therefore, the friction estimate shows only a small difference
in the frictional torque, only the thermodynamic fuel consumption advantages via a
shift in the operating point, can be realized. Only a reduction of the number
of cylinders would offer a significant potential for decreasing the engine friction.

Fig. 18.2 Effect of downsizing on the engine friction
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Due to dual-stage turbo-charging and the measures necessary to cope with high peak
pressure and increased thermal load, the cost of the engine will increase significantly.

The cost comparison in Fig. 18.3 clearly shows that downsizing is financially
only attractive, if the number of cylinders is reduced as well. Even the use of mass
balancing shafts for the elimination of the free inertia forces of second order, in
order to optimize the NVH behavior of the 4 cylinder, is more than covered by the
cost advantage compared with a 6 cylinder.

Under the above-mentioned points of view, the introduction of large 4-cylinder
engines instead of the normal 6-cylinder engines would be beneficial. A 4-cylinder
with a cylinder displacement of approximately 2l, common for HD engines, could
successfully enter the performance class of 300 kW, which represents the main
quantity in drive systems for 40 t long-haul trucks and consequently provide a
considerable saving potential. The significantly shorter length of the 4-cylinder
would provide free space in the engine compartment, which could be used for the
increased space requirement regarding exhaust gas after treatment and cooling.
In addition, a weight advantage of approximately 150 kg is to be expected even
under consideration of mass balancing shafts, which can be directly used to increase
the payload of the vehicle. The higher torque fluctuation due to the smaller cylinder
number would probably be in the focus of development, in order to meet customers’
NVH requirements. Basically, there is the question of customer acceptance of such
engines in a rather conservative market. In passenger cars, the trend for a lower
number of cylinders is in full swing. Here, a large number of 6-cylinder engines

Fig. 18.3 Effect of downsizing and reduction of the number of cylinders on engine costs
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have been replaced by 4-cylinder engines with higher power density. The substi-
tution of 4-cylinder by 3-cylinder engines in the middle-class segment is imminent.

18.2.2 Thermal Spray Coatings for Cylinder Liner

The methods for application of thermal spray coatings to the cylinder running surface
[1], which are meanwhile available for series application, offer a potential for
reducing the friction, as shown in Fig. 18.4. This technology—originating from
passenger car engines—has also already been used for commercial vehicles.
Furthermore, it allows the free choice of the running surface material independent of
the basic material of the cylinder liner. Therefore, an argument for the use of separate
cylinder liners becomes invalid. If—as it is common practice at medium-duty
engines already today—crankcases with integrated cylinder liners (“parent bore”)
were used instead of wet cylinder liners, significant potentials regarding production
costs of the crankcase and cylinder spacing could be opened up, as shown in
Fig. 18.5 [2]. In case of an engine overhaul, the worn cylinders would have to be
bored out and a new spray coating be applied, instead of exchanging the separate
cylinder liners. Special overhaul pistons with slightly increased diameter would not
be required for it. However, corresponding production facilities are needed for
carrying out such overhaul work. But at least in technically highly developed markets
with good infrastructure, it should be possible to implement this technology.

18.2.3 High-Pressure Injection

Over the years, the injection pressure of commercial vehicle engines has continu-
ously been increasing [3]. An increased injection pressure leads to a shorter injection
duration and offers the potential for smaller injection holes at the nozzle. Through
this, a better atomization of the injection is achieved, which results in a quicker

Fig. 18.4 Potential of liner
coating for friction reduction
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combustion. This generally leads to reduce the fuel consumption and particle values
at, however, increased NOx emissions, requiring a retarded begin of injection, which
can partially compensate the fuel consumption and particle emission advantage. At
the same time, it has to be considered that an increase in the injection pressure by
means of increased driving power of the high-pressure pump as well as possible
leakages in the injector may have a negative effect on fuel consumption.

Despite of these previously mentioned trade-offs, increased injection pressures up
to 3,000 bar can achieve both improved emissions and improved fuel consumption.
The basis for this are modern injection systems, as described in [3] and [4], which
are statically mostly leakage free and also dynamically achieve significantly reduced
leakages. The change from a conventional to a mostly leakage-free injection system
already results in a reduction of emission-neutral fuel consumption within the range
of 1 % at part load as well as at rated power. An additional increase of the injection
pressure to 3,000 bar then offers further potential for an improvement in the NOx
particle trade-off as well as in fuel consumption in a wide range of the engine map
and in particular also at full load (Fig. 18.6). If the engine design has the potential for
increasing the cylinder peak pressure, the resulting emission advantage can be
turned into a further significant reduction of fuel consumption by an adaptation of
the injection strategy.

The above shows that, on the one hand, there are still considerable potentials for
the improvement of emissions as well as fuel consumption to be realized in the
future regarding combustion development and engine calibration, and on the other
hand, these improvements lead to new requirements on the engine design (e.g.,
regarding the peak pressure resistance).

Fig. 18.5 Advantages of parent bore compared to wet cylinder liners

170 M. Neitz et al.



18.2.4 Cylinder Head Design (Material and Design Features)

Constantly increasing cylinder peak pressures combined with a high power density
create great challenges in particular to the cylinder head. The selection of materials
and the design principle or component geometry are the key issues for the layout.

Increasing the strength of the material is a suitable means to improve the HCF
behavior. Consequently, some manufacturers switch from normal gray cast iron to
cast iron with vermicular graphite. With GJV450, a material is available, which very
well tolerates the high-frequency load from the combustion pressure in the cylinder
and allows peak pressures far beyond 200 bar without the need for detailed
optimization of the geometry in the highly loaded areas as required for normal gray
cast iron (GJL250). The heat conductivity, which is significantly reduced compared
with GJL, causes an essential aggravation regarding thermo-mechanical fatigue
(LCF) in the thermally highly loaded areas, in particular in the valve bridges in the
flame deck. Cracks in the valve bridges can be successfully avoided only by
intensive cooling and drastic reduction of the wall thicknesses in these areas. At the
early design stage of a cylinder head, more attention must be paid to provide a

Fig. 18.6 Potential of
efficient injection systems
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sufficient width for the valve bridges when determining the valve positions and sizes,
in order to meet the requirements on cooling. This may indicate that compromises
regarding the valve diameters and consequently the cross sections available for the
gas exchange shall be made in order to achieve an adequately acceptable number of
thermal load cycles corresponding to the targeted engine lifetime.

The cylinder head height is an essential boundary condition for the achievable
global stiffness of the cylinder head and with that an indicator for the admissible
peak pressure. In Fig. 18.7, a benchmark of the relative height of cylinder heads is
shown for engines with a bore diameter between 90 and 140 mm. The specific value
of the relative height is defined as the ratio of the height of the valve spring support
to the cylinder bore diameter. The relation between durably acceptable peak
pressure and relative cylinder head height is shown on the right side of the diagram.
Under favorable conditions, a peak pressure of well over 200 bar can also be
realized with GJL. The plotted examples for GJV prove that this is much easier with
a material of higher strength.

A further design feature, which positively influences the stiffness of the cylinder
head, is the cast injector dome. In comparison, a separate, inserted injector sleeve
offers more favorable conditions for cooling in the thermally highly loaded area
around the injector and between the valves. Furthermore, it is beneficial for casting
the cylinder head, as the water jacket core is connected to the outside via the central
nozzle area. Therefore, an intermediate deck that can be advantageously used to
guide the coolant to the crucial areas can be easily realized with regard to casting. An
injector sleeve, however, cannot take on a supporting function in the cylinder head
structure. This can, for example, be compensated by a material of higher strength.

The above influences suggest the conclusion that for engines with rather mod-
erate values of power density and consequently also cylinder peak pressure, but

Fig. 18.7 Relation of cylinder head height—peak pressure potential
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high lifetime requirements, the material GJL—possibly in a variant with higher
strength compared with the standard material GJL250—in connection with the cast
injector dome is the most efficient alternative, last but not least also from a cost
point of view. For engines with higher power density and consequently higher
thermal load on the cylinder head, the requirement of creating optimal boundary
conditions for the cooling is gaining in importance. This is a strong indication for
using an injector sleeve. Extreme peak pressure requirements might require the use
of GJV to achieve HCF durability, and the LCF problem increases with increasing
power density at the same time. Figure 18.8 illustrates these dependencies.

18.3 Prospects

Besides many new technology fields, e.g., exhaust gas after treatment and hybrid
drive systems, the base engine also offers substantial development potential in the
future. Here, injection and turbo-charging technologies represent key areas. New
technologies—if not compulsory required by legislation of emissions or fuel
consumption—must offer a cost advantage for the ultimate customer, i.e., in the
sum of purchase and operating costs.

Detailed optimizations will be employed in many areas. A more fundamental
issue is the possible adaptation of the base engine concept to modified boundary
conditions, which are supported by the availability of new technologies. Condensed
down to one question, one could ask: Will in future 40 t long-haul trucks be driven
by 4-cylinder engines with a displacement of approximately 8–9l, dual-stage turbo-
charging, a common rail system with 3,000 bar injection pressure, and a crank case
with parent bore?

Fig. 18.8 Relation of cylinder head material to requirements regarding peak pressure and power
density
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Chapter 19
Line Filter-Based Parking Slot Detection
for Intelligent Parking Assistance System

Mengyang Fan, Zhencheng Hu, Kazukuni Hamada and Hui Chen

Abstract A computer vision-based system is proposed to detect four types of
commonly used parking slots for intelligent parking assistance system (IPAS). It
consists of two submodules, i.e., around view construction and parking slot
detection. A line filter is designed to abstract central points of parking lines. The
designed line filter makes full use of the feature of parking lines that are brighter
than its neighborhood. Geometry constraints of parking slots are used to localize
parking slots. The proposed system has been validated on a model car equipped
with SH7766 embedded platform and a Nissan vehicle. The accurate detection rate
is 87.5 %, and the average position error of four corners of the parking slot is 10 cm.
It is robust to light variation, strong shadow, and partial occlusion of parking lines.

Keywords Intelligent parking assistance system � Parking slot detection �
Computer vision � Line filter � Around view

19.1 Introduction

Intelligent parking assistance system (IPAS) consists of four components, i.e.,
parking space detection, path planning, path tracking, and human–machine inter-
face (HMI) [1]. The detected parking space is the input of other components, and its
accuracy and precision drastically affect the performance of the whole system, and
thus, reliable parking space detection is crucial.

M. Fan � H. Chen (&)
School of Automotive Studies and Clean Energy Automotive Engineering Center,
Tongji University, Shanghai 201804, China
e-mail: hui-chen@tongji.edu.cn

Z. Hu � K. Hamada
Graduate School of Science and Technology, Kumamoto University, Kumamoto, Japan

© Springer-Verlag Berlin Heidelberg 2015
Society of Automotive Engineers of China (SAE-China) (ed.),
Proceedings of SAE-China Congress 2014: Selected Papers,
Lecture Notes in Electrical Engineering 328, DOI 10.1007/978-3-662-45043-7_19

175



Many different approaches of parking space detection have been proposed.
These methods can be divided into three categories: (1) laser scanner-based method;
(2) ultrasonic or short-range radar-based method; and (3) computer vision-based
method [2].

Although the accuracy and recognition rate of laser scanner-based method is high,
the price of scan-type laser is too high to be used in mass production case [3]. Since
the cost of sensors is low, the ultrasonic radar and short-range radar are widely used,
but they have drawback against slanted surface and often fail to find slanted free
space [4]. Camera has merits of low cost, and images provide abundant information
of the environment. Motion stereo-based, monocular vision-based, and optical flow-
based parking space detection methods have been proposed [5–7]. Light variation,
strong shadow, and road texture are challenges for computer vision-based method.

In this paper, we propose a line filter-based approach to detect four types of
commonly used parking slot, as shown in Fig. 19.1. It is robust to light variation,
strong shadow, and occlusion of parking lines.

The proposed system consists of two submodules, i.e., the around view con-
struction and the parking slot detection. The main novelty of the proposed system is
the line filter-based parking line extraction method. The designed line filter could
exclude the edges which do not correspond to parking lines, and it is robust to
lighting variation and shadow. In addition, geometry constraints are used to localize
parking slots.

19.2 Around View Construction

Around view is a kind of virtual image taken from the sky showing the circum-
stance around the vehicle within a certain distance. Proposed system compensates
the fisheye distortion of input images captured by four cameras, transforms the
undistorted images into bird’s-eye view images, and then constructs the around
view of the ego vehicle by matching four bird’s-eye view images [2].

Around view image eliminates the perspective distortion of objects attached onto
the ground surface, so the geometry features of parking slot could be used, which
contributes to the recognition of parking slots painted on the ground surface [2]. In
addition, the surrounding of ego vehicle is provided by around view, which enables
driver to easily monitor the ongoing parking process.

Fig. 19.1 Four types of parking slot
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19.3 Parking Slot Detection

19.3.1 Line Filter Convolution

A line filter is convolved with the gray scale of around view image in horizontal and
vertical directions to abstract central points of parking lines. The designed line filter
makes full use of the feature of parking lines that are brighter than its neighborhood.
Compared with other common used edge detectors, such as Sobel edge detector and
Canny edge detector, the line filter could exclude the edges which do not corre-
spond to parking lines and it is robust to lighting variation and shadow.

Figure 19.2 shows the structure of designed filter. Horizontal and vertical con-
volution results can be calculated according to Eqs. (19.1) and (19.2).

H x; yð Þ ¼ 1
n

Xn

i¼1

L xþ i; yð Þ � L x� i; yð Þð Þ ð19:1Þ

V x; yð Þ ¼ 1
n

Xn

j¼1

L x; yþ jð Þ � L x; y� jð Þð Þ ð19:2Þ

where H(x, y) and V(x, y) are, respectively, horizontal convolution result and ver-
tical convolution result of the pixel whose coordinate is (x, y). L(x, y) is the intensity
value of the pixel (x, y).

Figure 19.3 shows the profile of horizontal and vertical convolution results of the
around view image along scan lines. H(xleft, yleft) (horizontal convolution result of
the left edge point of a parking line) is supposed to be a peak, and H(xright, yright)
(the result of the right edge point) is supposed to be a valley. The center point of a
parking line corresponds to the center of a peak–valley pair.

19.3.2 Line Extraction and Clustering

After center points of parking lines being recognized, lines are abstracted using
Hough transform, which is a popular tool for line detection due to its robustness to
noise and missing data. Thereafter, these lines would be clustered to same group if
they meet the following three conditions.

-1 … -1 -1 1 1 10 … 

n n

Fig. 19.2 The structure of line filter
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1. θ < 6°
2. a < 6 cm
3. b1 < (b/2 + 100) cm

where θ, a, b1, b2, and b are illustrated in Fig. 19.4.

19.3.3 Parking Slot Localization

Various kinds of constraints have been used to enhance the efficiency of parking
slot recognition [8]. In this paper, we make use of geometry constraints of a parking
slot that consists of pairs of parallel lines within a certain distance and pairs of lines
perpendicular to each other. Figure 19.5 shows the flowchart of localization
algorithm.

Two lines whose distance is between 2.0 and 2.5 m and orientation difference is
less than 8° are denoted as Pattern A, and two lines whose distance is between 4.8
and 5.5 m and orientation difference is less than 8° are denoted as Pattern B. Since
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Fig. 19.3 a A 320 × 550 pixel image, with red scan line y = 420 and green scan line x = 255;
b horizontal convolution results along scan line y = 420; and c vertical convolution results along
scan line x = 255

Fig. 19.4 Line clustering parameters
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spurious Pattern A or Pattern B is inevitably included during the searching process,
it is necessary to purify them by excluding spurious Pattern A and Pattern B. A
parking slot could be localized by seeking for Pattern A and Pattern B, purifying
Pattern A and Pattern B, and subsequently searching their potential perpendicular
lines.

19.4 Experiment Results

The proposed system has been validated on a model car equipped with the SH7766
embedded platform developed by Renesas Company, as shown in Fig. 19.6. Black
papers with white parking lines have been printed to simulate different parking
scenarios, and experiment results for different types of parking slots are shown in
Fig. 19.6.

Fig. 19.5 Flow chart of parking slot localization algorithm
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Thereafter, the field experiments have been implemented on a Nissan vehicle
equipped with an industrial personal computer and four cameras. Detection per-
formance was evaluated by applying the proposed system to 40 cases corre-
sponding to the four types of parking space. The accurate detection rate is 87.5 %,
and the average position error of four corners of the parking slot is 10 cm. Some
experiment results are as shown in Fig. 19.7, from which we can know that the
proposed system works well even in the condition that lighting condition greatly
varies, strong shadow and obstacles exist, and parking lines are partially occluded.

Fig. 19.6 Model car equipped with SH7766 platform and the experiment results

Fig. 19.7 Results of detected parking slot

Fig. 19.8 Invalid parking slot
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19.5 Conclusion and Future Work

In this paper, a line filter-based parking slot detection system for IPAS has been
presented. It is valid for four types of parking slots and robust to light variation,
strong shadow, and occlusion of parking lines. The average position error of four
corners of the parking slot is 10 cm.

Future work will focus on excluding parking slots which are occupied by other
vehicles or obstacles. And we intend to optimize the present system to make it valid
for some rare parking slots as shown in Fig. 19.8.
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Chapter 20
A Hierarchical Road Identification
Method for ABS Control

Yue Shi, Hui Lu and Fan Yu

Abstract A hierarchical road identification method is proposed for an anti-lock
braking system (ABS) to enhance the braking performance under complicated
conditions. The identification is firstly achieved on the wheel layer by fusing the
information of wheel slip, wheel acceleration, vehicle acceleration, and pressure
increment error between two consecutive control cycles. Then, the identification on
the full-vehicle layer is implemented, starting with analyzing the wheels’ status
acquired from the wheel layer and ending with a further confirmation via comparing
the modified wheel slip integral and the braking pressure information between the
bilateral wheels. The proposed method is realized in the form of statecharts.
A series of simulation experiments are conducted and the results verify the effec-
tiveness of the designed method.

Keywords Road identification � ABS � Statecharts � Hierarchical control �
Simulation

20.1 Introduction

Among the mainstream of the active electronic safety systems for vehicles nowa-
days, ABS is the most widely equipped one and makes great contribution to
maintain the braking efficiency as well as the drivers’ handling capability during an
emergency brake [1, 2]. A good ABS performance relies greatly on an efficient and
accurate identification of the road condition. For this, many efforts have been
poured into this research field. Fang et al. [3] suggested a method to identify the
split-mu road by comparing the difference of the front wheels’ slip integrals to a
threshold. Hebden et al. [4] used a sliding mode controller to assist a conventional
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ABS to improve the vehicle stability when the vehicle is braking on a split-mu
surface. Aly [5] identified the road condition and the optimal wheel slip for split-mu
road via a fuzzy controller. Wang and Sun [6] introduced a concept of Road
Condition Characterized Factor to identify the mu-jump during the braking
process.

A comprehensive road identification method with a hierarchical structure was
presented in this paper. First, a detection of the road condition under a single wheel
was proposed. Then, the identification on the full-vehicle layer was accomplished
via fusing some essential information, such as the road identification result of the
wheel layer, the wheel slip integral, and the increment and decrement of the braking
pressures in each wheel cylinder. Final, a series of simulation tests were carried out
to validate the effectiveness of the proposed method.

20.2 Road Identification on Wheel Layer

A typical ABS control cycle (control cycle for short) of an individual wheel is
shown in Fig. 20.1 and can be divided into the following four stages via corre-
spondingly defining the value of the Wheel Slip Status, Sij (Note that an offset value
40 is added to Sij for better demonstration):

1. Stable: T0(n) − T1(n), Sij = 1;

2. Slip excessively: T1(n) − T2(n), Sij = 2;

3. Recovering: T2(n) − T3(n), Sij = 3;

4. Recovery assured: T3(n) − T0(n + 1), Sij = 4;

where n represents the nth control cycle. During the given procedure, the charac-
teristics of some vehicle state variables can provide crucial information to reflect the
real-time road conditions, as they possess significantly different characteristics
when the vehicle is braking on different roads. Therefore, it is more than possible to
identify the road condition in real time during the braking process by deliberately
choosing the state variables for observation. In this work, the selected variables
include the wheel acceleration aij, the wheel slip λij, the vehicle acceleration aveh,
and the wheel cylinder pressure increment Pinc,ij and decrement Pdec,ij within a
control cycle.

The real-time surface status under a single wheel, Surfij, can be classified into the
three following categories according to the change of the tire–road friction coeffi-
cient (Table 20.1).where Flh,ij and Fhl,ij are the flags representing the changes of the
surface condition, from low to high and from high to low, respectively. When the
vehicle starts braking with ABS activated, Surfij is initially set to ‘constant’ as
default, and both of the flags are set to 0. Provided that the vehicle is initially
braking on a low-mu road, then under either of the following conditions, we may
confirm that the wheel is undergoing a surface change from low-mu road to high-
mu road, as shown in Fig. 20.2a.
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Condition a: Both DPn
inc;ij and DPn

incr;ij exceed certain boundaries, respectively, if
the wheel is at the stable stage of the nth control cycle (Point A, Sij = 1), where

DPn
inc;ij ¼ Pn

inc;ij � Pn
incref;ij; DPn

incr;ij ¼
DPn

inc;ij

Pn
incref;ij

ð20:1Þ
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Fig. 20.1 Wheel Slip Status

Table 20.1 Definition of Surfij and Fij

Surfij Fij

Flh,ij Fhl,ij

1 Constant 0 Low to high negative 0 High to low negative

2 Low to high 1 Low to high positive 1 High to low positive

3 High to low

1 1.1 1.2 1.3 1.4 1.5 1.6
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Condition b: If the wheel is in the middle of a control cycle (Point B, Sij ≠ 1),
then the excess of awhl over a certain threshold, which suggests that the wheel is
recovering as fast as it does on a high-mu road, is required.

On the contrary, if the vehicle is initially braking on a high-mu surface, it
requires not only a consideration of the Wheel Slip Status (Point C in Fig. 20.2b,
Sij = 2), but also the information of the wheel slip and the pressure reduction to
identify whether the wheel is entering a slippery region during the brake. Define

ktmax;ij ¼ max
s2 Tn

0 ;t½ �
ksij

� �
; kratetmax;ij ¼

ktmax;ij

vRef
� 100 % ð20:2Þ

where vref represents the reference speed of the vehicle. If both kij and kr;ij exceed
their previous maximum values, respectively, with a companion of a large Pdec,ij in
this control cycle, the slump of the tire–road friction coefficient is then detected.

20.3 Road Identification on Full-Vehicle Layer

To establish the structure of the road identifier on the full-vehicle layer, the defi-
nitions of Surfv and its transition state variable Fv are given in Table 20.2.

By synthesizing the identification results from the wheel layer, a general picture
of the road condition can be revealed. If Flh,lf (Fhl,lf) and Flh,rf (Fhl,rf) are raised
simultaneously, then the road condition is recognized as low to high (high to low)
on the full-vehicle layer. However, in order to avoid false identification, the split-
mu and high-to-split road cannot be simply recognized only based on the identi-
fication results from the wheel layer, and a further confirmation is consequently
required.

For the split-mu situation, the wheel on the low-mu road is firstly assumed to be
the wheel which is excessively slipping in the first control cycle. Define the pres-
sure decrement deviation between the front wheels to be (because of the symmetry

Table 20.2 Definition of Surfv and Fv

Surfv Fv

0 Untested 0 No change 5 Left low confirmed

1 Homogeneous 1 Homogeneous confirmed 6 High to right low

2 Right low possible 2 Right low possible 7 High to left low

3 Left low possible 3 Left low possible 8 Low to high

4 Right low confirmed 4 Right low confirmed 9 High to low

5 Left low confirmed
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of the vehicle, the left wheels are assumed to be on the slippery road here as an
example, likewise in the later context)

DP1
dec;f¼P1

dec;lf � P1
dec;rf ð20:3Þ

where the superscript 1 represents the 1st control cycle. And define the modified
wheel slip integral [3, 6]:

Dkint;f ¼ kint;lf � kint;rf ktint;ij ¼
Z t

Tn
0

ksij � ksthr;ij

� �
ds ð20:4Þ

Provided that DP1
dec;f and Dkint;f exceed certain thresholds, respectively, soon

after the establishment of the assumption (generally a delay of couple of milli-
seconds), the identification of the split-mu road can be confirmed within the first
control cycle.

For the high-to-split situation, which is far more dangerous, a direct and timely
confirmation is desirable. Surfij and Sij of the bilateral front wheels are examined;
meanwhile, a cluster of selected variables, as listed below, are observed:

1. atmax;lf ¼ max
s2 0;t½ �

aslf
� �

;

2. Pdec;rf ;
3. kint;rf ;

where atmax;lf represents the maximum deceleration of the left front wheel. Provided
that these variables exceed or within certain preset corresponding ranges, respec-
tively, the identification of the road condition is then confirmed without delay. The
overall scheme of the road identification method on wheel layer and full-vehicle
layer is presented in Fig. 20.3a, b, respectively. The method with such structure can
be implemented in the form of state machine by defining Surfij and Surfv as the
outputs of a Moore machine and Flh,ij, Fhl,ij, and Fv as the outputs of a Mealy
machine [7, 8].

20.4 Simulation Results

The proposed method was separately verified through simulation experiments on
the four aforementioned roads, where the tire–road friction coefficient was set to 0.2
and 0.9 for the low-mu part and high-mu part of the road, respectively. As shown in
Fig. 20.4, the proposed method was capable of identify the road conditions timely
and accurately; thus, the ABS controller adjusted the braking pressure according to
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the road condition. Good ABS performances were consequently achieved in all
simulated cases. Specifically, in the cases of split-mu and high-to-split, the lateral
acceleration and the yaw rate were both restricted within admissible ranges,
respectively, since the right front wheel, which is on the high-mu surface, imme-
diately copies the pressure reduction operation from the left one as soon as the road
identification was completed.

(a)

(b)

Fig. 20.3 Scheme of the road
identification method.
a Wheel layer. b Full-vehicle
layer
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Fig. 20.4 Simulation results on different roads. a–c Low-to-high. d–f High-to-low. g–j Split-mu.
k–n High-to-split
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20.5 Conclusions

A hierarchical road identification method which is capable of recognizing multiple
kinds of road conditions was designed to enhance the ABS performance. The
method was fulfilled in the form of statecharts with the observation and analysis of
a cluster of crucial variables. A series of simulation experiments were carried out in
the conditions of low-to-high, high-to-low, split-mu, and high-to-split, respectively,
and the results verified the effectiveness of the proposed method.
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Chapter 21
NH3 Generator for Enhanced
Low-Temperature SCR Performance;
An Option also for Retrofit

Winfried Steve Doelling, Yuhu Zhang, Sanxia Wang, Jun Li, Jan
Margraf, Marco Mrosek, Thorsten Haake, Christof Luecking
and Wolfgang Frank

Abstract Combustion engine emissions of vehicles under real drive condition
require special attention. Since the implementation of Euro 4 technology for
commercial vehicles in 2005, the SCR technology has been established for NOx
reduction worldwide. Traditionally, the reduction agent NH3 is generated from
aqueous urea solution (AdBlue/DEF) in the exhaust line upstream of the SCR
catalyst. In contrast to the technology described in this paper, this generation
happens within a separate reactor, which is decoupled from the exhaust line. Here,
the thermal energy required is induced via partial exhaust flow and an electrically
heated hydrolysis catalyst. Therefore, the NH3 can be generated widely indepen-
dent from the exhaust temperature and mixed in the main exhaust line with the
exhaust gases short way upstream of the SCR catalyst. As a result, when using low-
temperature active catalysts, this technology yields particularly high NOx conver-
sion rates for new engine developments as well as for retrofit applications and
convinces with an outstanding real drive emission level. Some aspects of the
development of components and systems are described. Furthermore, the verifi-
cation is shown with engine test bench WHTC using a retrofitted four-cylinder
diesel engine.
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Keywords SCR � Urea solution � Low temperature � Ammonia generator � Partial
flow hydrolysis

21.1 Introduction and Background

The SCR technology has been applied in automotive mass production from 2005
[1] and is because of the established diesel NOx reduction technology, for auto-
motive and off-road applications.

New regulations put a strong focus on real-use situations, which as a conse-
quence take the lower exhaust temperature level into account. This becomes part of
the certification procedures with lower temperature emission cycles.

21.2 Technical Challenges

The SCR technology in use today offers its best performance at certain temperature
levels.

Firstly, the energy is needed to release the reduction agent ammonia (NH3) from
the aqueous urea solution (AdBlue/DEF), and secondly, the catalytic process on the
SCR catalyst requires a certain temperature level for operation. For various reasons,
this temperature level in the exhaust gases may not always be available in today’s
daily use of vehicles and NRMM. As a result, the NOx reduction performance may
not always be as it is designed to be.

Technical solutions to improve this situation need to be developed in the fol-
lowing domains:

• Low-temperature active SCR catalysts with high conversion performance,
• Generation of the reduction agent ammonia/NH3 with less dependency of the

exhaust gas temperature level,
• Effective gas–gas mixing of exhaust gas with NH3 short way upstream of the

SCR catalyst.

21.3 The Solution: The On-vehicle Urea to Ammonia
Converter

The technology is based on a NH3 generation in a separate device, the ammonia
generator, which is located in a partial exhaust stream [2]. The basic principle is
described as follows:
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• Incoming: Aqueous urea solution, partial exhaust flow, electric energy,
• Outgoing: Ammonia NH3, partial exhaust stream.

Figure 21.1 illustrates the NH3 reactor setup.

21.3.1 Working Principle of the NH3 Generator

The aqueous urea solution (AdBlue/DEF) is metered by the “standard” urea dosing
system and injected by its “standard injector” into the generator. The generator is
designed to use two heat sources, one by one or both together. Heat source #1 is a
partial exhaust gas flow, which is taken off the exhaust line at preturbo position.
The mass flow rate is up to 5 % of the exhaust mass flow. Heat source #2 is an
electrically heated catalyst (metal substrate). The heating power of the catalyst is
controlled by PWM using a temperature sensor. Downstream of this catalyst, a
second catalyst (not heated) may be placed in order to extend the capacity of the
NH3 formation in the generator. Figures 21.2 and 21.3 show the full SCR exhaust
after-treatment setup using the ammonia generator.

21.3.2 Advantages and Trade-offs

The system is to a great extent independent of load level of the engine with respect
to mass flow, exhaust temperature, and exhaust pressure. It takes comparatively
little time to heat up the system until dosing readiness for AdBlue/DEF is achieved.
Therefore, it enables an early NOx reduction operation and contributes to lower
NOx emissions. It enables an optimized packaging of the exhaust line and requires
no hydrolysis and evaporation path. It requires short mixing lengths from ammonia
gas inlet to the SCR catalyst, and it is as well suitable for close-coupled catalyst and
very compact exhaust after-treatment designs. The gas–gas mixture enables an
intense mixing of the gases and a uniform flow on the catalysts. This system is used

Fig. 21.1 Concept of an ammonia (NH3) reactor
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Fig. 21.2 SCR exhaust after-treatment setup with ammonia generator

Fig. 21.3 Function and details of a SCR exhaust after-treatment setup with ammonia generator
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to prevent the deposits on the catalysts in the main exhaust line and thus reduces
failures of SCR on DPF systems due to the deposit formation.

The superb performance with the ammonia generator is achievable by accepting
the following trade-offs. The ammonia generator is a separate device, which
requires packing space, mounting parts, pipes and connectors, cable, heat shield for
thermal protection, and electric energy.

However, the overall target of reducing NOx emission under operation condition
with lower temperature level can be fully achieved.

21.4 Development and Realization

During the development process, the following aspects require special attention:

• Partial exhaust mass flow preturbo takeoff,
• Spray evaporation chamber,
• Hydrolysis catalysts,
• Temperature-controlled NH3 generation,
• Avoidance of deposits,
• Merging and mixing NH3 within exhaust line,
• Layout design of SCR catalysts in exhaust line.

Some of these major aspects will be explained in detail.

21.4.1 Partial Exhaust Mass Flow Preturbo Takeoff

The partial exhaust mass flow preturbo takeoff is necessary for the reasons to
provide pressure gradient over the generator and to provide thermal energy for the
NH3 generation. The design of the partial flow rate is adjusted in such a way that
there is no remarkable effect on the maximum engine power.

Figure 21.4 shows its mounting on the engine, upstream of the turbocharger.

21.4.2 Layout of Hydrolysis Catalysts

The design of the hydrolysis catalyst is necessary to come to an optimum perfor-
mance of NH3 conversion with respect to packaging.

A base matrix-type metal substrate catalyst is used. The hydrolysis catalyst
contains two consecutive catalysts, the first of which is equipped with electrically
heating function and the second of which is an unheated type. The heated catalyst
had a cell density of 160 cpsi at the heated slice. This catalyst remained unchanged
throughout the variation tests as well as the hydrolysis coating. The target of the
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second hydrolysis catalyst in the consecutive setup is to optimize the impact of the
NH3 performance of the generator.

The conversion tests were carried out on an engine test bench using a diesel
engine with 180 kW rated power. The operation conditions conform to ISO 8178
Type C1. The evaluation demonstrates the impact of the design of the substrate on
the NH3 conversion efficiency, which is set to have an overall value within the
range of 94–98 %.

21.4.3 Avoidance of Deposits

Under normal operating conditions, this is not an issue. However, the formation of
deposits can be intentionally activated for certain operation conditions such as
extreme overdosing for longer period with low exhaust temperatures and mass
flows. However, with a dedicated heating strategy of the hydrolysis catalyst, it is
possible to remove those deposits. Therefore, this technology offers beneficial
technical possibilities opposite to the traditional AdBlue/DEF direct dosing tech-
nology into the exhaust line.

21.4.4 Layout Design of SCR Catalysts in Exhaust Line

In the previous chapters, it is shown that technical aspects have to be considered to
achieve a good NH3 formation performance in the generator even at low exhaust
temperatures. Today’s SCR catalysts do not provide a significant NOx conversion
at low exhaust temperature. They are designed for temperature in the range of
250–550 °C to provide good performance. An adequate low-temperature active

Fig. 21.4 Partial exhaust mass flow takeoff unit and mounting position
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SCR coating is required to take full use of the availability of ammonia gas (NH3).
As a consequence, a low-temperature active SCR coating is preferably applied. In
addition, a state-of-the-art vanadia-based SCR catalyst is used as a slip catalyst.

21.4.5 Performance Verification of the System

For verification of the previously demonstrated development work for individual
components or aspects, several tests with “full systems,” which comprise urea
dosing unit, NH3 generator, and exhaust system, were done on engine test bench,
on chassis dynamometer, and on buses.

21.4.6 Chassis Dynamometer Millbrook Test Procedure

The Millbrook London Transport Bus (MLTB) drive cycle is generated using real-
time data collection from a London bus working on route 159 [3]. The vehicle
speed over time is within the range of 20–45 km/h, includes the idling phases, and
does not exceed 50 km/h. A bus (5.8-L engine, 179 kW, Euro III) is equipped with
an exhaust after-treatment system, as shown in Fig. 21.2, containing DOC, DPF,
and SCR catalyst of which one part had a low-temperature active SCR coating and
the other had a vanadia-type standard coating with a slip catalyst coating at the
outlet of the catalyst unit. A series of urea dosing units feature the setup.
The emissions were measured using Millbrook test procedure. Figure 21.5
illustrates the chassis dynamometer setup.

Fig. 21.5 Chassis dynamometer setup at Millbrook
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The tests were performed with the NH3 generator system at different NH3/NOx
(ALPHA) ratios. ALPHA = 1 means that stoichiometrically, the exact amount of
ammonia is generated for the respective NOx amount. ALPHA > 1 means more NH3
than stoichiometrically necessary, and ALPHA < 1 means less NH3 generation.

The emission reduction that has been achieved with the NH3 generator is shown
in Fig. 21.6. With ALPHA 0.98, a NOx reduction of 94 % is achieved, and with
ALPHA 1.7, even 99 % is achieved. Even with ALPHA 0.9, a NOx reduction of
88 % is obtained.

The transient behavior is easy to handle. State-of-the-art urea injection control
strategies have been used with individual modifications for the NH3 generator
control by flow rates, exhaust temperatures, urea demand, etc. The result was a
well-balanced system with high NOx reduction performance, neglecting the
available ammonia slip and very good transient behavior.

21.4.7 Real Drive School Bus Data

This bus was then observed under real operating conditions of the daily school bus
service in a British city for several months. Figure 21.7 shows the data collected
over the full drive cycle with and without NH3 generator. The readiness of NOx
sensor is set at 130 °C. The data show a NOx conversion with NH3 generator from
150 °C exhaust temperatures with the respective setup of the SCR catalyst including
a low-temperature active SCR catalyst, and the NOx tailpipe outlet data are
recorded to have a reduction rate of approx. 80 % just from the starting and

Engine out 
emissions

5,8 L engine 
176 kW

Tailpipe 
Emission w. NH3 

Generator
ALPHA: 1.7

-99% 
NOx

Tailpipe 
Emissions w. NH3 

Generator
ALPHA: 0.98

Tailpipe 
Emission w. NH3 

Generator
ALPHA: 0.9

-94% 

NOx

-88% 

 NOx

Fig. 21.6 NOx reduction with the NH3 generator with different NH3/NOx ratios
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gradually increasing up to 90 %. The cumulated NOx values are reduced by 92.8 %
over the full morning school service.

21.5 Technical Feasibility Test

The tests are carried out on Yuchai 4D140-30 engine, displacement is 4.2 L, and
rated power is 103 kW/2,800 rpm. The engine was calibrated to CHINA III. The
engine calibration was not changed during the tests. The engine dynamo in the
Alantum test laboratory in Shanghai was an AVL DYNOROAD SL 330 kW/
1,400 Nm. PM measurement system was an AVL 472 smart sampler, Sartorius
MSA2.7S-0CE-DF. FTIR was an AVL SESAM i60 FT. Soot concentration was
measured by AVL 483. China IV-certified fuel with 50 ppm S was used.

A NH3 generator was installed on the Yuchai 4D engine taking an approx. 3 %
exhaust bypass flow from the exhaust manifold before the TC without influencing
the maximum power of the engine.

The exhaust after-treatment system uses a standard D 9.5″ × 6″ DOC, followed
by either the NH3 injection from the ammonia generator with a simple mixer or a
standard urea injection pipe for an airless Bosch urea injector with a mixer at the
outlet (Fig. 21.8). The mixing length for the NH3 injection is 18 cm including the
cone to the SCR catalyst, and the mixing length for the urea injection system setup
is 60 cm. The main investigations have been performed with a standard
vanadia–tungsten oxide–titanium oxide-based SCR catalyst (VWT) with two bricks
of D 9.5″ × 6″. The outlet section of the SCR catalyst includes an ammonia slip
catalyst. A low-temperature active SCR catalyst is investigated alternatively.
A Bosch DEXTRONIC 2.2 dosing system is injected into either the NH3 generator
or the insulated exhaust pipe directly. Urea liquid conforming to SAE-China J2901-
2013 was used.

Fig. 21.7 Temperature and NOx emissions’ course of the full drive cycle
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21.5.1 Test Matrix and Scope

Scope of the test is to compare the NOx reduction potential in the WHTC and ETC
cycles comparing a system setup with the Ammonia generator versus a standard
setup with direct urea injection into the exhaust pipe.

The criteria for proper system operation were defined to achieve a maximum
NOx reduction while having a < 10 ppm NH3 slip (cycle average), and for the urea
injection system, no remarkable urea deposits in the exhaust pipe or on the mixer.

The exhaust system back pressure was set for all configurations and the baseline
measurements to 22 kPa at the TC outlet using an exhaust valve.

The following test matrix was performed (Table 21.1).

21.5.2 Test Results

After taking the baseline raw emission measurements in the ETC and WHTC
cycles, the standard SCR system is installed. The urea injection is adjusted for a
transient operation based on the NOx inlet mass flow considering a minimum urea
injection release temperature of 210 °C. Even with a standardized airless urea
injection pipe with double-wall insulation and mixer, the challenge is the control of
the allowable urea flow at exhaust temperatures below 250 °C upstream of the SCR
catalyst. The urea injection is tuned in a way to target maximum NOx reduction, on

Fig. 21.8 Installation of urea-based system versus system with the ammonia generator

Table 21.1 Test matrix for investigation on Yuchai 4D engine

System DOC Reducing agent SCR Test cycle

Baseline No No No WHTC + ETC

Standard Pt based Urea VWT WHTC + ETC

NH3 generator Pt based Ammonia VWT WHTC + ETC

NH3 generator Pt based Ammonia Low-temp. cat WHTC
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the one hand, and to avoid heavy urea deposits and keep the ammonia slip below
10 ppm average, on the other hand. In Fig. 21.9 and Fig. 21.10, the results from the
tests are summarized.

NOx reductions of 86 % in the ETC and 25 % in the WHTC have been measured
using the vanadia-based SCR catalyst.

With the ammonia generator installed, the urea is injected into the ammonia
generator. Therefore, the NH3 injection release into the exhaust is only limited by
the performance of the SCR catalyst. Deposits in the exhaust system could not
occur any more.

NOx reductions of 91 % in the ETC and 54 % in the WHTC have been measured
using the vanadia-based (VWT) SCR catalyst. The effect of using NH3 instead of
urea became very obvious for the cold WHTC test.

Low-temperature (LT) optimized SCR catalysts are sensitive to sulfur and has
been tested to date with <10 ppm sulfur content, and a suitable engine lubrication
oil is used. With such a LT catalyst—without ammonia slip catalyst—a NOx
reduction of 84 % is achieved in the WHTC test while using the NH3 generator
technology (Figs. 21.9).

Fig. 21.10 NOx reduction
comparison of urea- versus
ammonia generator-based
system in ETC

Fig. 21.9 NOx reduction
comparison of urea- versus
ammonia generator-based
system in the combined
WHTC test cycle
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Besides the effects of injecting ammonia versus urea, there are changes in the
system setup required to comply with the needs of urea injection. For the system
with urea injection, the exhaust pipe length before the urea injection nozzle, the
length to the mixer, and the mixing length are important parameters for a proper
system operation. The guidelines from the urea nozzle manufactures have been used
for the setup, resulting in the lower SCR inlet temperatures (see Figs. 21.11, 21.12).

21.6 Summary and Conclusions

New engine developments are driven by emission regulations and fuel efficiency
improvements. The emission regulations worldwide reflect more and more the real
driving conditions with test cycles, such as the low-load WHTC and MLTB. The
engine out exhaust temperatures during such test cycles are very low and thus not in
favor for a good functionality of advanced catalytic exhaust after-treatment systems.

Fig. 21.11 Temperature
comparison of urea- versus
NH3 generator-based system
in the hot WHTC test cycle

Fig. 21.12 Temperature
comparison of urea- versus
NH3 generator-based system
in the ETC test cycle
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An ammonia generator system located in a partial flow is used for the tests which
decouples the processing of the reduction agent urea from the exhaust line into a
separate reactor.

It is shown that SCR systems can achieve high NOx conversion performance
under low-temperature operation. Bus retrofit projects with the ammonia generator
and a SCR system with a low-temperature active catalyst have shown NOx
reductions >90 % using the MLTB as well as under real driving conditions of a
school bus service.

A SCR system is applied on a standard CHINA III Yuchai 4D engine to
investigate the potential of the ammonia generator technology under Chinese
conditions. The engine calibration is not changed, which means that it is not
optimized for the WHTC. The vanadia-based SCR system with direct urea injection
into the exhaust line shows a NOx conversion of 25 % in the WHTC. With the
ammonia generator, a NOx conversion of 54 % is achieved using the same vanadia-
based SCR catalyst, and with a low-temperature active SCR catalyst, the NOx
conversion increases up to 84 %.

The ammonia generator offers the potential to increase the low-temperature
performance of SCR systems dramatically due to the availability of NH3 in a wide
range of engine operation points while avoiding issues with urea deposits in the
exhaust line. Due to the ease of NH3 injection into the exhaust line and its mixing,
the SCR and exhaust routing design are rather flexible and compact. Extensive
development of specifically designed urea injection and mixing sections can be
avoided.

The ammonia generator can be applied to new engine developments as well as
for retrofits.

The widely used SCR systems need to be developed toward higher performance
at low exhaust temperatures. The ammonia generator offers the potential to increase
the low-temperature performance of SCR systems significantly and thus may
contribute as enabler for future NOx emission targets.
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Chapter 22
Material Data Management During
Product Development for Environment
Protection

Cheng Gao, Conghong Tu, Zhaojun He and Changxia Ma

Abstract In order to meet China’s ‘Requirements for Prohibited Substances on
Automobiles’ and EU ELV 2000/53/EC, OEMs request the suppliers to comply with
the relevant regulation requirements. Considering the regulation, customer, and self-
requirements, the United Automotive Electronic Systems Co., Ltd. develops the
material data management system (MDS). With the system implementation, the
prohibited substancemanagement is fully integrated into the production development
process. In order to attach the goal of high efficiency, accuracy, convenience, and real
time for material management during product development, the system includes
several functions, such as prohibition substance analysis, material report submission,
flexible configuration due to regulations, traceability of material usage, historical
material data storage, and real-time data exchange with International Material Data
System (IMDS) or China AutomotiveMaterial Data System (CAMDS). The working
efficiency and data safety are improved with this system.

Keywords ELV regulation � Forbidden substance � Material data management
system � IMDS/CAMDS report

22.1 Introduction

With the development of vehicle industry, air condition inside vehicle and restricted
substances are paid more and more attention all over the world. Europe issued
ELV (End-of-Life Vehicle) in 2000, which restricts the use of lead, cadmium,
mercury, and hexavalent chromium. China issued the regulation ‘Requirements
for prohibited substances on automobiles’ on February 19, 2014. It will be imple-
mented on June 1, 2014.
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In order to comply with the regulations, the vehicle companies use International
Material Data System (IMDS) or China Automotive Material Data System
(CAMDS) to collect material data from their supply chains. Suppliers also use
IMDS/CAMDS directly to submit material data, in which way brings several
drawbacks as below shown:

1. IMDS/CAMDS is based on Internet. The low rate makes poor efficiency;
2. The difference of IMDS/CAMDS causes double work to make material reports;
3. It is inconvenient to share material reports;
4. It is difficult to fully track the usage of limited substances;
5. It is hard to guarantee the accuracy of material data;
6. There is no 100 % guarantee of safety of data or authority control.

UAES developed a new material data management system (MDS), which is
embedded in current PDM system to avoid these defects.

22.2 Material Data Management System (MDS)

22.2.1 General Train of Thought

The MDS is developed to fulfill the goal of high efficiency, accuracy, convenience,
and real time for material management during product development (Fig. 22.1). The
system includes the prohibition substance analysis and material reports submission,
which also allows flexible configuration due to regulations, traceability of material
usage, historical material data storage, and real-time data exchange with IMDS/
CAMDS.

22.2.2 Technical Solution

MDS is embedded into current Siemens PDM, and thus it does not need additional
devices or networks. The system is also designed as similar Human–Machine
Interface (HMI) as IMDS/CAMDS, and thus it is easy for users to be familiar with
it. Figure 22.2 shows MDS structure and function.

Main functions of MDS:

1. Flexible configuration for regulations and customer requirement. The system
allows customizing the prohibited substances according to regulations and
customer requirements.

2. Reference for environmentally friendly materials. It is possible for users to
search and choose friendly materials in MDS, which helps users to prevent
prohibition substances or high-risk materials during product development.
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3. Bidirectional interface. The MDS transfers real-time data with IMDS/CAMDS
and downloads enterprise data automatically, which makes local management
possible. High efficiency and data safety are improved in this way.

4. Search and share of material data. Material data from suppliers is transferred
to MDS. Users can directly find the corresponding material data with the
developing part. That makes share of data possible.

5. Material data approval. MDS provides a graphical interface and allows cus-
tomizing data approval procedure according to company’s procedure.

6. Material data report submission. Material data report can be created and sub-
mitted automatically according to the current bill of material (BOM) in PDM,
which is totally manual work before.

Fig. 22.1 Material data management during product development
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7. Prohibition substances monitoring. If some user wants to find out which
products use a prohibition substance, he can filter a related list out. This function
let users easier to make analysis.

8. Authority management: The MDS administrator can define different roles and
control the authority.

22.3 Main Innovations

In order to protect the system, UAES applies the software copyright successfully.
The main innovations are as follows:

1. The new material data system is based on the current PDM. Normally, it is
necessary to purchase extra devices for an independent MDS and users will take
a lot of time to learn the new system. The new material data system is based on
the current PDM, and thus additional hardware such as devices is not necessary.
Another advantage is that the interface is similar as IMDS interface, and thus it
helps users familiar with this system quickly. The MDS saves both time and
money.

Fig. 22.2 MDS structure and function
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2. Realization of bidirectional interface with IMDS/CAMDS. When some material
report is needed to submit to customer through IMDS/CAMDS, it is totally
manual work before. Since MDS realizes bidirectional interface with IMDS/
CAMDS, it makes the process automatically, and it makes sure that there is no
difference of reports between IMDS and CAMDS.

3. Intelligent design for the environment. With the search function in MDS, it is
easier for users to check related product regulatory when a new regulation
coming. Users can quickly respond to take necessary measures.

4. Visual material data. Both material data and BOM structure are in the same item
in PDM, so it is convenient for users to view the data and relationship
(Fig. 22.3).

Fig. 22.3 Material data and technical documents are in the same page in PDM
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22.4 Achievement of Implementation

After MDS is implemented, several benefits are achieved as follows:

1. Prohibited substance regulations and customer requirements can be imple-
mented inside company effectively. The material data management is fully
integrated in the product development process with technical tools.

2. The work efficiency is improved. Because material data reports are generated
automatically, a lot of time is saved.

3. Data quality is improved. With this technical tool, approval procedure and report
versions controlling are strengthened.

4. Data security and sharing are enhanced. Material data is established as the
in-housing system. Reasonable authority controlling is implemented.

22.5 Summary

MDS is based on years of experience of material data management and focused on
the user’s actual needs, so it makes material data management modern, intelligent,
and humanized. It creates social benefits and reminds more and more people to pay
attention to environment protection.
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Chapter 23
Profit Path Selection for Passenger Vehicle
Enterprises Under Energy-Saving Target
Constraints—Based on Cost Benefit
Analysis

Renzhi Lv, Jihu Zheng and Peng Zhang

Abstract This paper aims to solve the problem that under the economic situation,
how to deal with the energy-saving objection and profit for enterprises dealing with
passenger vehicle. The research in this paper mainly includes three aspects: firstly, to
elaborate the theoretical basis of cost-benefit analysis and the feasibility of applying
the analysis on this issue; secondly, to sort out the optional ways of pursuing the
maximum self-interest for enterprises dealing with passenger vehicles under the
restriction on energy-saving objection; and thirdly, to make a cost-benefit analysis on
each way and come to a reference conclusion to the business decision. In this paper,
the path choice model under the cost-benefit analysis method is built, which can assist
enterprises in making a scientific choice aiming at their own fund structures, in order
to seek for the highest level of profit. The core conclusion papers can help enterprises
to build routing paradigm and can guide enterprises to make scientific decision.

Keywords Cost-benefit � Maximize profits � Energy-saving objection

23.1 Research Background and Value

Currently, Chinese economic and social development has been in the complex
situation of “three-periods superposition,” namely the shifting period of economic
growth, the agonizing period of structural readjustment, and the digestion period of
initial stimulating policy, so the economic growth is bound to pay certain costs of
slowdown. Meanwhile, governments at all levels have intensified the enterprise
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integration, elimination of backward capacity, and governance of environmental
pollution, and the structural readjustment has been endowed with new connotation.
Along with the tide of economic structural readjustment and industrial upgrading at
the present stage, automobile industry has also entered the crucial stage of trans-
formation and readjustment.

The adjustment of automobile industry involves not only initiative adjustment of
the market, but also national policy control. As the main benefited and performing
party in the industrial adjustment, enterprises play an important role in this round of
readjustment. At present, the restriction on energy-saving objective aims at enter-
prises dealing with passenger vehicles, namely the reflection of national policy
control, while enterprises dealing with passenger vehicles positively push out
energy-saving products and new energy products, namely the expression of
responding to national policies and pursuing the maximum self-interest.

Focusing on the topic of this paper, enterprise production is a profit-seeking
behavior in nature, and then under the current background of economic and social
development, how to maximize the self-interest for enterprises dealing with pas-
senger vehicles becomes a practical issue drawing urgent concern from the industry
and enterprises. The research in this paper mainly includes three aspects: firstly, to
elaborate the theoretical basis of cost-benefit analysis and the feasibility of applying
to the analysis on this issue; secondly, to sort out the optional ways of pursuing the
maximum self-interest for enterprises dealing with passenger vehicles under the
restriction on energy-saving objection; and thirdly, to make a cost-benefit analysis
on each way and come to a reference conclusion to the business decision.

23.2 Theoretical Basis and Innovative Points

In terms of the nature of enterprises, they are organizations seeking for profits. The
profit requires comprehensively considering the cost and benefit as well as input
and output. Microeconomics points out that enterprises need to meet the principle
that the marginal income of output is equal to the marginal cost while taking the
maximum profit; in other words, the benefit obtained from outputting per unit of
product is equal to the cost of outputting per unit of product. When enterprises are
confronted with several paths of operation; that is, the combination of different
production factors leads to the output of different commodities, the cost-benefit
analysis method seems especially critical.

The cost-benefit analysis is a method of evaluating the project value by com-
paring the cost and benefit of the project. As an economic decision-making method,
the cost-benefit analysis method aims to obtain the maximum benefit by right of the
minimum cost based on investment decision, or obtain the maximum benefit by
right of fixed cost.

Thus, it can be seen that it is practical to study how to maximize the profit of
enterprises based on cost-benefit analysis method. In view of the research subject in
this paper, enterprises dealing with passenger vehicles are faced with multiple paths
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under the restriction on national energy-saving objective and driven by their own
profit-seeking behaviors. The issue highlighted in this research to evaluate the cost
and benefit brought by different paths, so as to assist enterprises in conducting
scientific decision-making. It is just the innovative point and value of this research.

23.3 The Path Choice Under the Cost-Benefit Analysis

The Development Planning of Energy-saving and New Energy Automobile Industry
(2012–2020) published by the State Council in 2012 clearly proposed to establish
an improved management system of automobile energy saving and published the
regulation on the fuel consumption of automobile [1]. Ministry of Industry and
Information, together with National Development and Reform Commission, Min-
istry of Commerce, General Administration of Customs, State Administration of
Quality Inspection, and Ministry of Finance and State Administration of Taxation,
organizes the automobile industry to launch the research and formulation on the
Accounting Method of Average Fuel Consumption for Enterprises Dealing With
Passenger Vehicles, and the reporting and accounting management of average fuel
consumption for passenger vehicle enterprises. It is reported that the punishment
regulation on passenger vehicle enterprises failing to meet the average fuel con-
sumption has been positively promoted as well.

The energy-saving management of passenger vehicles considers the reality of
tense energy structure in China practically; moreover, it belongs to national guid-
ance on the transformation of Chinese passenger vehicle industry from the per-
spective of top-level design in nature [2]. The past 10 years is a period experiencing
various types of technical progress for Chinese passenger vehicle products. There is
still space of growth for the passenger vehicle market in the future. However, the
growth interval is relatively stable, while the competition becomes more and more
fierce. In the future, passenger vehicle market should adapt to the upgrade of
consumption structure to greater extent and stretch the product quality vertically,
which has posed a greater challenge on enterprises [3].

According to measurement and calculation, domestic enterprises of passenger
vehicles failing to meet the requirements of energy-saving objective accounted for
about one-third of the total accounting volume in 2012 and 2013. As the market
supply party, enterprises dealing with passenger vehicles have an urgent need to
solve the contradiction between the restriction of national energy-saving objective
and their own output of market-oriented products. Given that enterprises intend to
seek profits, the solution to this contradiction should aim at the maximum profit.

In order to make the research practicable, it requires proposing the following
hypotheses:

Hypothesis 1 Enterprises dealing with passenger vehicles pursue the maximum
profit [4].
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Enterprise production function:

y ¼ f ðx1; x2; . . .; xnÞ ð23:3:1Þ

where the production function can be interpreted through inputting n factors, x1; xn
and combining them, to reach the state of maximum output.

Profit function:

p ¼ p � f x1; x2; . . .; xnð Þ � w1 � x1 � w2 � x2 � � � � � wn � xn ð23:3:2Þ

where π refers to profit and the model aims to solve the rationing levels of
x1; x2; . . .; xn when is n maximized; among them, p refers to the average price of
output products, w1; . . .;wn are corresponding prices to n factors, x1; . . .; xn. Here,
p and w1. . .wn are external decisive values; that is, they are not affected or partially
affected by the interference from behaviors of enterprises; in order to make the
research framework practicable, suppose they are fixed values.

Hypothesis 2 The capitals for operation of enterprises dealing with passenger
vehicles are fixed.

Suppose that the enterprise invests one fixed amount of capitals to improve its
own operation status or seek for self-development. This amount of capitals can be
recorded as M.

In view of the research contents of this paper, ðMÞ is enough to support the
enterprise to meet the requirements of energy-saving objective.

Hypothesis 3 Enterprises dealing with passenger vehicles are faced with the fine
due to substandard situation.

Enterprises dealing with passenger vehicles should pay the bill for their own
behaviors in the form of the fine because they fail to meet the standard. Since the
fine modes and categories are beyond the keynotes discussed in this paper, which
supposes that the enterprises dealing with passenger vehicles should pay the fee
N for their substandard situations according to measurement and calculation, here,
the fine N guided by the government is fixed.

Based on the above hypotheses, enterprises dealing with passenger vehicles
pursue the maximum profit and their operating funds are fixed. Enterprises can
adopt three modes at least when coping with the substandard situation: firstly, to
accept the fine and M requiring to be paid by N without any other use; secondly,
using M to improve the product structure. M is based on the existing product
structure in the enterprise, to optimize the structure, introduce new product lines,
and make them meet the requirements of energy-saving objective; however, the
enterprise should bear the risk of market return decline brought by the structural
readjustment of products while meeting the standard; thirdly, using M to improve
the energy-saving technical storage, introduce new technologies, and upgrade
existing products to energy-saving products, so as to meet the requirement of
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energy-saving objective; however, the enterprise should bear the risk of market
return decline under the premium effect brought by the input of new product
technologies while meeting the standard. It is worth mentioning that there is also a
transboundary circumstance besides the above three contextual models. Taking the
introduction of new energy product for example, the introduction of new energy
product will have an influence on both product structure and energy-saving tech-
nology [5]. Objectively speaking, analyzing the behaviors such as the introduction
of new energy products is more meaningful to enterprises, and two-way influence
accords with the actual situation to greater extent.

For the sake of research, this paper will discuss the optional behaviors for
passenger vehicle enterprises to pursue the maximum profit in the mode of fixed
fund investment from four aspects, and the cost-benefit analysis method is adopted.
Four optional behaviors are as follows:

1. M requiring to be paid by N without any other use.
2. To improve the product structure without changing technical storage.
3. To improve the technical storage without changing product structure.
4. Taking the introduction of new energy product for example, both product

structure and technical storage change.

23.3.1 The Cost-Benefit Analysis Under Payment Behavior

Taking M requiring to be paid by N alone into account without any other use, the
cost-benefit analysis of the enterprises is as shown in Table 23.1.

At this time, the profit function of the enterprise is:

p1 ¼ �p� f ðx1; x2; . . .; xnÞ � w1 � x1 � w2 � x2 � � � � � wn � xnNu ð23:3:3Þ

That is,

p1 ¼ p� N � u ð23:3:4Þ

Table 23.1 Circumstance 1
cost-benefit analysis

Cost

1. To pay the fine N

2. The potential risks of existing competitive position, enter-
prise image, and reputation, etc. resulted from that, the product
technologies fall behind like products are recorded as φ

Benefit

1. To keep the current benefit
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The original π unit profit which has been carved up N þ u due to energy-saving
objective should be made up with M.

23.3.2 Using M to Improve Product Structure and Remain
Technique Reserve

Using M to improve own product structure, optimize the curb weight and vehicle
fuel consumption, and introduce new energy-saving products so as to meet the
requirement of energy-saving objective, under this circumstance, the cost-benefit
analysis of the enterprises is as shown in Table 23.2: M.

At this time, the profit function of the enterprise is

p2 ¼ p0 � f ðx1; x2; . . .; xnÞ0 � w1 � x01 � w2 � x02 � � � � � wn � x0n � A� B� u

ð23:3:5Þ

p2 � p ¼ p0 � f ðx1; x2; . . .; xnÞ0 � p� f x1; x2; . . .; xnð Þ �
Xn

i¼1

wiðx0i � xiÞ � A� B� u

ð23:3:6Þ

That is,

p2 ¼ pþ p0 � f ðx1; x2; . . .; xnÞ0 � p� f x1; x2; . . .; xnð Þ �
Xn

i¼1

wiðx0i � xiÞ � A� B� u

ð23:3:7Þ

The original profit structure is broken, and Aþ Bþ u requires to be paid by M.

Table 23.2 Circumstance 2
cost-benefit analysis

Cost

1. The production cost A from newly added equipment like
product line and labor input

2. The sales cost B from the introduction of new products

3. The loss of potential market interest brought by the change of
product structure is recorded as φ

Benefit

1. The change of output structure and income restructuring
(p′ as the average price of new product structure).
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23.3.3 Using M to Improve Technique Reserve, and Remain
Product Structure

Using M to improve own energy-saving technical storage, introduce new tech-
nology, and upgrade the existing products to energy-saving products, so as to meet
the requirement of energy-saving objective, under this circumstance, the cost-
benefit analysis of the enterprises is shown in Table 23.3.

At this time, the profit function of the enterprise is

p3 ¼ p00 � f x1; x2; . . .; xnð Þ � w1 � x1 � w2 � x2 � � � � � wn � xn � C � D� E � u

ð23:3:8Þ

p3 � p ¼ ðp00 � pÞ � f x1; x2; . . .; xnð Þ � C � D� E � u ð23:3:9Þ

That is,

p3 ¼ pþ ðp00 � pÞ � f x1; x2; . . .; xnð Þ � C � D� E � u ð23:3:10Þ

C + D + E + φ requires to be paid by M.

23.3.4 Taking the Introduction of New Energy Products
for Example, Both Product Structure and Technical
Storage Change

The introduction of new energy product will have an influence on both product
structure and energy-saving technology. The cost-benefit analysis of the enterprises
is as shown in Table 23.4.

Table 23.3 Circumstance 3
cost-benefit analysis

Cost

1. The technology R&D and input cost C

2. In the new technology application, the production cost D for
newly added equipment and labor input

3. In the new technology application, the sales cost E for
updated products

4. Due to technology introduction, the potential risk resulted
from that traditional products is not accepted by consumers is
recorded as φ

Benefit

1. The change of technical composition makes the product price
increase. (p″ as the average price of new technology product)

23 Profit Path Selection for Passenger Vehicle … 217



At this time, the profit function of the enterprise is

p4 ¼ p� f x1; x2; . . .; xnð Þ þ pnew energy � f x1; x2; . . .; xnð Þnew energy

� w1 � x1 � w2 � x2 � � � � � wn � xn � a� b� c� u
ð23:3:11Þ

p4 � p ¼ pnew energy � f x1; x2; . . .; xnð Þnew energy�a� b� c� u ð23:3:12Þ

That is,

p4 ¼ pþ pnew energy � f x1; x2; . . .; xnð Þnew energy�a� b� c� u ð23:3:13Þ

M used for payment α + β + γ + φ.

23.4 Conclusions

To sum up, this paper makes a cost-benefit analysis on four optional plans for
substandard enterprises dealing with passenger vehicles when coping with the dual
issue, namely the requirements of energy-saving objective and the behavior of
pursing the maximum profit, and concludes 4 modes of enterprise profit
ðp1; p2; p3; p4Þ which may change based on the original profit level (π) of the
enterprise.

Compared with theoretical analysis, although the cost-benefit analysis of the first
three models becomes complex gradually, they can bring more market opportunities
for the enterprise. The fourth model (taking the introduction of new energy products
for example) approaches the actual operation of enterprise to the most; besides,
under the background that new energy products can enjoy favorable policies, such
as government subsidy and number-shaking convenience in cities with purchase
limitation, enterprises contending for layout should focus on long-term planning
and current expected revenue.

Table 23.4 Circumstance 4
cost-benefit analysis

Cost

1. The technology R&D and input cost α

2. The production cost from newly added equipment like new
energy product and labor input β

3. The sales cost from new energy products γ

4. The potential risk resulted from the change of product
structure and unfavorable market promotion of new energy
products is recorded as φ

Benefit

1. The income restructuring and pnew energy as the price of new
energy product. Suppose the prices of other products remain
unchanged
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This paper builds the path choice model under the cost-benefit analysis method,
which can assist enterprises in making a scientific choice aiming at their own fund
structures, in order to seek for the highest level of profit.
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Chapter 24
Improvement of Formability of Y-Shaped
Tubular Part of 6016 Aluminium Alloy
by Pulsating Hydroforming

Zhimin Liu, Xialing Wu, Dongsheng Zhang, Yi Ding, Liyan Gao
and Xiang Yan

Abstract The improvement of formability by pulsating hydroforming process of
6016 aluminum alloy tubular part of one car is examined using finite element
simulation. The effects of the amplitude and cycle number of pressure in the pulsating
hydroforming are investigated. It is found that the observation of deformation
behaviors, using different oscillation way of internal pressure, the formability is
improved by preventing local defects. The simulation results reveal that the height of
ramose tube of 6016 aluminum alloy tubular part is improved from 7.10 to 14.31 mm,
by optimizing the pulsating load curves of amplitude and cycle number on the
process of hydroforming.

Keywords Aluminum alloy tubular part � Pulsating hydroforming � Formability �
Pressure oscillation � Load curves of internal pressure

24.1 Introduction

Compared with traditional structure components, the hydroforming technology has
many advantages over conventional stamping processes call save material, decrease
mass, saving of joining, reduction of secondary operations, and increase rigidity as
an advanced plastic forming technology [1]. Recently, it has developed rapidly and
become a hot research subject in plastic processing. A lot of vehicle components
were made of complex hollow tubes with various sections and axial shape; there-
fore, the research of hydroforming technology has great meaning for engineering
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theory and practice. As one of lightest structural material, aluminum alloys have
high potential application in automobile manufacture. However, poor formability at
the room temperature prevented its wide application, so the improvement of the
formability was highly demanded.

Recently, a new hydroforming technology called pulsating hydroforming was
proposed by Mori et al. [2–4]. Through loading the oscillation of internal pressure
in the forming process, the deformation behavior was greatly improved by the
pulsating hydroforming. In this paper, the formability of a 6016 aluminum tubular
part of one car was examined, and several loading curves of internal pressure were
discussed in the pulsating hydroforming process by finite element simulation.
Finally, the mechanism of improvement of formability by the oscillation of internal
pressure was also analyzed.

24.2 The Finite Element Model

Numerical simulation not only acts as a design verification tool, but also becomes
an important method to explore novel processes. In this research, using finite
element simulation, a Y-shaped tubular part of one car was assessed to determine
the formability of 6016/T4 aluminum alloy. In this model, the wall thickness of tube
is 1 mm, the outer diameter of ramose tube is 34.8 mm, and the outer diameter of
left tube is 35 mm, and the outer diameter of the right rube is the same as left tube.

The finite element model of Y-shaped tubular part was established, as shown in
Fig. 24.1. The tube is assumed as a deformed body. The left and right punch,
balance punch, and die are assumed as rigid bodies. The material constitutive
relation curves obtained from the tensile tests are used in this simulation, and the
true stress–strain curve of 6016 aluminum alloy was as shown in Fig. 24.2.

Right Punch    

Die        

Left Punch        
Balance Punch      

Fig. 24.1 Y-shaped tubular part finite element model
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24.3 Load Curves of Internal Pressure

The path of internal pressure for the pulsating hydroforming can be expressed by
Zhang et al. [1],

P ¼ Pt P sin 2pxt ð1Þ

where P is the amplitude of the cycle of the pressure, x is the number of cycles per
unit punch stroke, t is time, and P(t) is a function of load curves of the pressure.

As shown in the Fig. 24.3, four types of load curves of internal pressure are set
to examine the effect of oscillation of pressure during the hydroforming. And the
first type curve that was proposed by Mori is shown in Fig. 24.3a.

24.4 Results and Mechanism Analysis

The effect of four types of load curves of internal pressure was given in Fig. 24.4. It
was found that the height of ramose tube of 6016 aluminum alloy tubular part was
7.10, 9.01, 7.25, and 14.31 mm, respectively. From the Fig. 24.4d, it can be seen
that the formability of aluminum tube is improved obviously by the fourth load
curve of internal pressure. As shown in the Fig. 24.4b, the formability of aluminum
tube is also improved by the second load curve of internal pressure. Moreover, as
seen in the Fig. 24.4a, c, the formability of aluminum using the first load curve is
nearly equal to that using the third load curve.

Some investigators considered that the formability improved by pulsating
hydroforming in which the effect on formability should be understood from two
different aspects of process parameters and material properties [1–4]. The tube is
uniformly expanded by repeating the appearance and disappearance of small
wrinkling, and the contact friction force between the tube and die is reduced under
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Fig. 24.4 Forming limit diagram of four types load curves of internal pressure

Fig. 24.3 Four types of load curve of pressure used in hydroforming
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the pulsating load path condition. Furthermore, in this research, both the second and
fourth load curves of internal pressure exhibit a monotonic increase in the initial
stage, and then arrive at the maximum value. Subsequently, the internal pressure
decreases and drives to a steady value. This type of load curve is similar to the
curve of minimum wrinkles in the stamping process [5]. Therefore, in the pulsating
hydroforming, internal pressure should monotonically increase firstly in order to
avoid the appearance of large wrinkling, and then, the internal pressure arrives at
the peak. Subsequently, the pressure decreases and drives to a steady value, for the
sake of avoiding the brittle fracture occurring near the flat portion of ramose tube
shoulder.

24.5 Conclusions

The pulsating hydroforming is attractive for the improvement of the formability of
tubes. The effects of the amplitude and cycle number of pressure in the pulsating
hydroforming were investigated. It was found from the observation of deformation
behaviors that, using different oscillation way of internal pressure, the formability
was improved by preventing local defects. In the four types of pulsating hydro-
forming, the formability of 6016 aluminum alloy tubular part is largely improved
by one type of load curve of internal pressure, which is similar to the curve of
minimum wrinkles in the stamping process. And the simulation results revealed that
the height of ramose tube of 6016 aluminum alloy tubular part was improved from
7.10 to 14.31 mm, by optimizing the pulsating load curves of amplitude and cycle
number on the process of hydroforming.
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Chapter 25
The New Technique of Servo-Flexible
Stamping Applied in the Al Sheet Forming

Zhimin Liu, Yi Ding, Xialing Wu, Dongsheng Zhang, Wenming Chen
and Bo Gao

Abstract The variable blank holder force (VBHF) deep-drawing process of Al
sheet is studied by the finite element method, and based on the VBHF, a new
technique of variable punch velocity (VPV) is proposed. The simulation indicates
that this new servo-flexible stamping can improve the deep drawability of Al sheet
obviously. The limited drawing ratio (LDR) of Al circular cup is improved from
1.48 to 1.60, and the height Al square cup is improved from 19.8 to 39.8 mm.
Finally, the Al hood of one car of drawing process is simulated by the new tech-
nique, and results show that the deepness of Al hood is improved by about 30 %.

Keywords Al sheet � Variable blank holder force � Servo-flexible stamping �
Variable punch velocity � The limited drawing ratio

25.1 Introduction

As one of lightest structural material, aluminum alloys have high potential appli-
cation in automobile body manufacture [1]. However, poor formability at the room
temperature prevented its wide application, so the improvement of the formability
was highly demanded [2, 3]. The stamping technique of variable blank holder force
(VBHF) was the effective way to improve the formability of sheet, forming pre-
cision and surface quality [4, 5]. Therefore, how to implement the VBHF tech-
nology has become one of the research emphases in the field of sheet metal forming
[6]. Recently, several press builders developed metal forming presses that utilize the
mechanical servo-drive technology. The mechanical servo-drive press offers the
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flexibility of a hydraulic press (infinite slide speed and position control, availability
of press force at any slide position) with the speed accuracy and reliability of a
mechanical press [7]. The new servo-drive presses can satisfy the requirement of
implement VBHF simultaneously with variable punch velocity (VPV) and stepwise
motion of the servo-flexible stamping. And using NURBS curve to control the
servo press slide motion curve makes it possible to optimize the stamping process
characteristic curves.

In this paper, a new technique of VPV based on the VBHF was proposed, and
the deep drawability of the aluminum alloy sheet was discussed using NURBS
curve to optimize the stamping process characteristic curves.

25.2 Cup Finite Element Model

Circular cup and square cup drawing tests were performed to determine the LDR
and formability of 6016/T4 aluminum alloy. In this model, a sheet with a circular
geometry, 96 mm in diameter, and 1 mm in initial thickness, was used in the
simulation. Moreover, a sheet with a square geometry, 332 mm in length and
328 mm in width, and the same initial thickness as above circular geometry, was
also used in the simulation.

In this research, numerical simulation is performed using the commercial explicit
finite element software Dynaform. The finite element model is established, as
shown in Fig. 25.1, according to the dimensions used in the deep drawing
(Table 25.1). The blank is assumed as a deformed body. The punch, die, and blank
holder are assumed as rigid bodies. The material constitutive relation curves
obtained from the above tensile tests are used in this simulation.

Punch    

Die        

Blank Holder        

Blank       

Die        

Blank Holder

Blank

Punch    

(a) (b)

Fig. 25.1 Cup finite element model. a Circular cup. b Square cup
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25.3 Results of Deep Drawing

It was found that 6016 aluminum alloy sheets had poor deep-drawing formability at
room temperature, as shown in Fig. 25.2. From Fig. 25.2a, brittle fracture occurred
near the plat portion of punch shoulder of circular cup when the punch stroke is
13 mm, and the calculated LDR value is 1.48. For the square cup, the punch stroke
is only 19.8 mm.

Table 25.1 Processing parameters of deep drawing

Punch
width

Punch
length

Punch
diameter
(mm)

Tools
clearance
(mm)

Round radius
of punch
(mm)

Round
radius of die
(mm)

Circular
cup

– – 42.5 1.1 9 47

Square
cup

197 200 – 1.2 10 15

Fig. 25.2 Forming limit diagram. a Circular cup. b Square cup
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25.4 Numerical Studies of the VBHF

A lot of experiments proved that the VBHF technique can improve the drawability
of metal sheet. For the VBHF technique, the VBHF engineering equation of the
curve of minimum wrinkles is the most important. Based on the plastic theory and
energy method, the theoretical mathematic models of BHF can be given as [5]:

Q ¼ 1:5K
y0
t
� pr2

4
� 1
n3

ð1� qÞ1þn �
q
m f1n ½ðqmÞn � 1� � ln q

mg2
ðqm � 1Þf1n ½ðqmÞn � 1� � 1

1þn ½ðqmÞn � m
q�g
ð25:1Þ

where K is the strength-hardening coefficient, n is the strain-hardening exponent,
t is the sheet thickness, ρ = Rt/R0 denotes the deep-drawing phase, and m = r/R0

expresses the deep-drawing ratio.
According to the variation rules of BHF in deep drawing, as shown in Fig. 25.3,

a curve of the VBHF is designed for numerical simulation.
According to the variation rules of BHF, the calculated FLD of the VBHF is as

shown in Fig. 25.4. It can be seen that the LDR of circular cup can reach 1.54, and
the height of square cup improved from 19.8 to 28.5 mm.

25.5 Numerical Studies of the VPV Based on VBHF

Many research reports on the approach of VPV indicated that the VPV technology
can improve the drwability of metal sheet [7]. The stamping process characteristic
of curves can be optimized by using NURBS curve in the simulation, as shown in
Fig. 25.5.

The new servo-flexible stamping technique of VBHF combined with VPV was
proposed in our posted research of magnesium sheet stamping [6], which utilized to
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Fig. 25.3 Curve of the VBHF in deep drawing. a Circular cup. b Square cup
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Fig. 25.4 Forming limit diagram. a Circular cup. b Square cup

Fig. 25.5 The stamping process characteristic of VPV curves. a Circular cup. b Square cup
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implement the VBHF simultaneously with VPV and stepwise motion, and the LDR
of magnesium sheet was improved observably. The FLD of aluminum sheet using
the new stamping technique of VBHF combined with VPV, as shown in Fig. 25.6.
It is revealed in Fig. 25.6 that the LDR of circular cup can reach 1.60, and the height
of square cup improved from 19.8 to 39.8 mm.

Furthermore, the Al hood of one car of drawing process was simulated with the
new technique. The FLD of Al hood was as shown in Fig. 25.7. It is revealed that
the deepness of Al hood can be improved by about 30 %, using the new technology.
Therefore, it can be predicted that the new servo-flexible stamping will become a
new potential stamping process in the future.

Fig. 25.6 Forming limit diagram. a Circular cup. b Square cup
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25.6 Conclusions

Based on the VBHF, a new technique of VPV was proposed. The simulation
indicated that the new servo-flexible stamping can improve the deep drawability of
Al sheet obviously. It is revealed that the limited drawing ratio (LDR) of Al circular
cup was improved from 1.48 to 1.60, and the height Al square cup was improved
from 19.8 to 39.8 mm, using the new technique of VBHF combined with VPV.

Finally, the Al hood of one car of drawing process was simulated by the new
technique, and the results revealed that the deepness of Al hood can be improved by
about 30 %.

Fig. 25.7 Forming limit diagram. a Normal stamping. b The new technology
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Chapter 26
Analysis of the Assembly Dimensional
Chain About Automotive Exterior Parts
and Optimization of Tolerance Allocation

Changming Liang

Abstract The assembly effect of automotive exterior parts directly affects the
automobile modeling design, and the gap and flush of automotive exterior parts are
essential to evaluate assembly effect of automotive exterior parts. In the assembly
relation of the machine, the assembly dimensional chain consists of relevant parts
size or mutual position relation. The gap and flush of automotive exterior parts can
be considered as a closing link of assembly dimensional chain, while the size and
position relation of parts do influence the gap and flush, that should be understood
as component link of assembly link. According to the basic principle of the
mathematical statistics, the assembly dimensional chain should be calculated by
statistical tolerance formula. In the four parameters, there are four different opti-
mizing methods of tolerance allocation when three of them are stable. The analysis
of assembly dimensional chain of automotive exterior parts should not be adopted
into earlier designing stage, but also into later producing stage.

Keywords Automotive exterior parts � Gap and flush � Assembly dimensional
chain � Tolerance allocation

26.1 Meaning to Study Automotive Exterior Parts
Assembly Dimensional Chain

The assembly effect of automotive exterior parts directly affects the automobile
modeling design. And the gap and flush of automotive exterior parts are essential to
evaluate assembly effect of automotive exterior parts. Also, it becomes one
important evaluating indicator for automotive quality. Generally, foreign mature
auto-company owns a team responsible for preliminary design and production
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process control of exterior parts. In this paper, in view of assembly dimensional
chain, the gap and flush of exterior parts were analyzed; and according to tolerance
allocation, various solutions to reach the target were proposed.

26.2 Distribution Regularity of Automotive Exterior Parts
Quality and Definition of Assembly Dimensional Chain

26.2.1 Normal Distribution Regularity of Auto Parts Quality

The distribution regularity of parts quality should be understood before researching
the assembly dimensional chain of automotive exterior parts. Five elements should
be considered in the producing process of auto parts; they are individual, machine,
material, regulation, and circumstance. Every factor will affect the quality fluctu-
ation of parts at last, but if it is under the normal fluctuation, as tiny waste, normal
quality fluctuation of original material would not lead the fluctuation of final larger
parts. This is so-called normal fluctuation. The distribution of statistic data
approximately accords with normal distribution, when under the influence of nor-
mal fluctuation. As shown in Fig. 26.1, it features the peak in the middle and valley
at both sides, and the left and the right are balanced and never meet the require-
ments. The parameters of normal distribution can be described by average value
(mean value) and range (standard deviation). According to normal distribution,
approximate 0.27 % of the area lies outside μ ± 3σ, so it can be deemed as a small
probability event. There may be some unusual fluctuations that lead to fluctuation
of quality date, if the area lies within ±3σ.

The parts in statistical process control can be described by a function, as
follows [1]:

f ðxÞ ¼ 1

r
ffiffiffiffiffiffi
2p

p e�
ðx�lÞ2
2r2

68.26% 

95.45%

-3  

99.73%
f(x) 

x

Fig. 26.1 Normal
distribution
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l ¼
PN

i¼1 xi
N

¼ x1 þ x2 þ x3 þ � � � þ xN
N

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 xi � lð Þ2
N

s

Explanation should be taken here, the μ and σ cannot be got at actual measure,
and they are mean to be in its totality. So, the σ used in actual working effectively is
the s of small sample, and the N is the n of small sample. The function afore-
mentioned can be expressed as below.

X ¼
Pn

i¼1 xi
n

¼ x1 þ x2 þ x3 þ � � � þ xn
n

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 xi � �xð Þ2
n� 1ð Þ

s

26.2.2 Evaluating Standard of Assembly Dimensional Chain
Based on Automotive Exterior Parts Gap and Flush

The dimensional chain is close-sized group that consisting of interconnected
dimensions during the machine assembling or parts machining [1]. Every size of
dimensional chain is called link, including closing link and component link [1].
Closing link is the last link during machining or assembly; meanwhile, all the other
links that affect closing links are named component link [1]. Component link
includes increasing link and decreasing link [1]. When the other condition keeps
invariable, increasing link is one component link that will increase the closing link
when its size increase. Decreasing link is one component link that makes the size of
closing link small when its size increases. In the assembly relation of the machine,
the assembly dimensional chain consisted of relevant parts size or mutual position
relation [1]. The closing link of assembly dimensional chain is the requirement of
assembly precision or technical; in other words, it can be depicted with size or
mutual position relation of finally formed parts. The gap and flush of automotive
exterior parts can be considered as a closing link of assembly dimensional chain,
while the size and position relation of parts do influence the gap and flush that
should be understood as component link of assembly link.

26.3 Analysis and Calculation of Automotive Exterior Parts
Assembly Dimensional Chain

The analysis and calculation methods of assembly dimensional chain about
automotive exterior parts should be divided into positive calculation and inverse
calculation [1]. Supposing the basic sizes and deviation of parts which have con-
nections with gap and flush are known, the calculation process, making out the
basic size and deviation of assembly precision, is positive calculation [1].
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Supposing the basic size and deviation of assembly precision (closing link) are
known, the calculation process, making out the basic size and deviation of parts, is
inverse calculation [1]. It is used in the product design process, in order to confirm
the size and the processing precision of parts. The basic size of closing link is the
value of appearance gap and flush. The analysis process in this paper should be
used at the design stage and in the practical production. To analyze and calculate
assembly dimensional chain, there are two methods: One is extremum method and
the other one is probabilistic method [2].

26.3.1 Extremum Method

Component link for assembly dimensional chain can achieve the assembly accu-
racy; this assembly method can be called swap method. The assembly dimension
should be calculated by extremum method. The tolerance of all component links,
which belong to dimensional chain, is equal to or less than the tolerance of closing
link called assembly accuracy [1].

T0 �
Xn
i¼1

nij j Ti

where
T0 the tolerance range of closing link
Ti the tolerance range of component link
ξi the scaling factor of component link
n the number of component links

According to liner dimensional chain: |ξi| = 1, the follow increasing link’s
coefficient is positive; decreasing link’s coefficient is negative.

26.3.2 Probabilistic Method

Probabilistic method: The method permits that most of products will reach the
requirement when assembled, and which save the process of selecting or changing
the size or position during the assembly, is called interchange method. The process
of completely interchangeable method is easy; but it is not easy to build the relation
of closing link and component link, when the relation should be based on both
maximum and minimum. It makes the parts assembling tough when the value of
closing link is given, and each tolerant of component link is too strict. According to
the basic principle of the mathematical statistics, firstly, the chance of extreme value
in machining error is tiny; secondly, the situation that part deviation reaches the
limit at the same time could be less likely to happen. So, the assembly dimensional
chain should be calculated by statistical tolerance formula.
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26.3.2.1 Standard Deviation of Closing Link

The following function will express the dimensional chain, when based on the truth
that the most quality of dimensional chain’s component link conforms to the normal
distribution. Supposing there is a functional relation between closing link A0 and
component link Ai, and A0 is a function of Ai. Referring to the theory of probability
method, the relation of individual random variable (component link) root mean
square deviation σi and the sum of random variable (closing link) σ0’s root mean
square should be expressed as below [2]:

r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oA0

oA1

� �
r21 þ

oA0

oA2

� �
r22 þ � � � þ oA0

oAn�1

� �
r2n�1

s

where
σ0 standard deviation of closing link
σ1 − σn−1 standard deviation of component link
n number of dimensional chain
oA0
oA1

; . . .; oA0
oAn�1

each one is the scaling factor of ξ1,…, ξn−1

This function should be expressed as [2]:

r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn�1

i¼1

n2i r
2
i

vuut

If both component link’s deviation and closing link’s deviation follow normal
distribution, while the distribution is equal to the tolerance range, Ti = 6σi, there is a
relationship between closing link tolerance and component link tolerance. There is a
need to explain here, the tolerance range is the range of finished parts tolerance,
instead of design tolerance [2].

T0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn�1

i¼1

n2i T
2
i

vuut

26.3.2.2 The Average Deviation of Closing Link

When the deviation of component link is in a situation of symmetrical distribution,
the average Δ0 of closing link is as below [2]:

D0 ¼ EI0 þ ES0
2

D0 ¼
Xn�1

i¼1

niDi
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where
Δi is the average of component link
EIi is the lower deviation of component link
ESi is the upper deviation of component link
EI0 is the lower deviation of closing link
ES0 is the upper deviation of closing link

26.3.2.3 The Extreme Deviation of Closing Link

The extreme deviation of component link [2]:

ESi ¼ Di þ Ti
2

EIi ¼ Di � Ti
2

The extreme deviation of closing link [1]:

ES0 ¼ D0 þ T0
2

EI0 ¼ D0 � T0
2

26.4 The Optimized Tolerance Allocation of Automotive
Exterior Parts

The analysis of assembly dimensional chain of automotive exterior parts should not
be adopted into earlier designing stage, but also into later producing stage. In order
to optimize the design, which contains the basic size and deviation of relevant
dimensional chain parts, assembly dimensional chain should be calculated repeat-
edly. Those assembly dimensional chains, which cannot meet the designing
demands, should be taken into analysis during the following producing. To reach
the designing requirements, these steps should be considered: counting quality date,
optimizing the tolerance range, and average of each assembly parts. Redesigning
the assembly dimensional chain should be taken, even there are a few parts that
cannot be adjusted. In conclusion, parameters, which affect the gap and flush
(closing link) of automotive exterior parts, include “n” (the number of assembly
dimensional chains), “Ti” (the range of each component links’ tolerance range), “Δi”
the average of each component links, and “ξi” the scaling factor of each component
links. These parameters together have an effect on “T0” (the tolerance range of
closing link) and “Δ0” (the average of closing link). In the four parameters, there are
four different optimizing methods of tolerance allocation when three of them are
stable. The four methods are collectively called optimization of tolerance, because
they are referring to the point of average and tolerance range.
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26.4.1 The Change of Dimensional Chain Number—Reduce
Component Link and Cut Down the Dimensional
Chain

The tolerance range should be decreased, when some component links have been
reduced or current numerous component links have been taken placed by minority
component links. This kind of optimization scheme for dimensional chain has been
mainly adopted into earlier design stage and should be taken as priority, when it
finds out that fewer links meet the requirement after the analysis of assembly
dimensional chain.

For example, as well known, the tailgate of a two box car has been assembled on
the back of the car, and it comes out that there are two designing schemes for
tailgate locating—one is to make the corresponding installing hole of tailgate hinge
as the locating hole; the other is to locate the gap of tailgate and head cover directly,
according to the tooling plan. There are two scheme tables, as shown in Tables 26.1
and 26.2, and the tolerance of tooling precision could be ignored because it shows a
little high by here. It comes out a result clearly that the scheme has been adopted
below is better, by the reason of the less “n” (the tooling scheme numbers of
dimensional chain links).

26.4.2 Ti (The Tolerance Range of Component Link)—Reduce
the Range of Tolerance Range of Component Link

In order to reduce the fluctuating range of final exterior parts’ gap and flush, when
the number of component link is not allowed to reduce, to diminish the tolerance
range of parts, which changes 6σ (the tolerance range of individual component

Table 26.1 The change of dimensional chain number

Num Dimensional chain component link Ti 6σi Δi ξi
ES0 EI0

1 The tailgate hinge locating hole on body-in-
white

+1.5 −1.5 3.0 0 1

2 The tailgate hinge fix nut hole +0.5 −0.5 1 0 1

3 The nut position on hinge +0.5 −0.5 1 0 0.7

Table 26.2 Scheme tables

Num Dimensional chain component link Ti 6σi Δi ξi
ES0 EI0

1 Body-in-white that matching the tailgate +1.5 −1.5 3.0 0 1

2 The tailgate that matching the body-in-white +0.5 −0.5 1 0 1
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link), could reach the goal. This method is often used for meeting the higher
requirement of parts’ precision. As example mentioned above (Table 26.2),
calculated T0 (final tolerance range of closing link) is 3.16, and Δ0 (average of
closing link) is 0. As ±1.58 (the range of tolerance range) is still too large, the only
way to meet the designing requirement is to cut down the range of component link’s
tolerance range. If the tolerance of component link 1 has been changed into ±0.8,
the tolerance range of closing link then has been increased to ±0.94, and the
designing requirement could be reached at last, as shown in Table 26.3. There are
many situations suit for this kind of scheme, as the situation that when in the earlier
designing stage, as the situation that the tolerance range of produced parts should be
improved. This kind of scheme, as an optimizing measure, asks for higher preci-
sion, strict controlling process and more cost.

26.4.3 Δi (Average of Component)—Tolerance Range’s
Range Matching of Component Link

When Ti (the tolerance range of component link) is unchangeable, and the numbers
of links are unable to reduce, there is a third optimizing scheme. For producing
qualified parts as more as possible, and for making Δ0 (average of closing link)
close to the theoretical value, Δi (average of component link) should be deviated.
During this kind of scheme, every distribution of component links should be
analyzed. This optimizing measure is mainly concentrated on actual producing
process. For example, during assembling, deviation of the cumulative, which
explained as unqualified problem, shows up when qualified parts have been
assembled, should be fixed by optimization of tolerance allocation method. The
specific practice is to calculate the dimensional chain repeatedly by counting up the
quality of every parts of component links. In view of cost, time and process, it
suggests that only one part, which one is easy to modify, should be modified, after
assuring which parts could be revised. For example, Δn is a revisable part, then the
value, average of the part needs to deviate, should be calculated by Δ0 (average of
closing link) subtracting other parts’ deviation of the cumulative value. This scheme
is useful in producing process.

Table 26.3 Scheme tables

Num Dimensional chain component link Ti 6σi Δi ξi
ES0 EI0

1 Body-in-white that matching the tailgate +0.8 −0.8 1.6 0 1

2 The tailgate that matching the body-in-white +0.5 −0.5 1 0 1
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Dn ¼ D0 � D1 þ D2 þ � � � þ Dn�1ð Þ

As shown in Table 26.4, the analysis on the dimensional chain of hatchback car
spoiler and side gap explains the distribution by practicality.

The formula, average of closing link, is like this: Δ0 = 0.5 + 0.5 + 0.15 + 0 + 0.5
+ 0.4 = 2.05. When the average deviation of the gap is 2.05, which cannot meet the
designing requirement ±1.5, some parts should be revised. As the spoiler is easy to
modify, it becomes to an adjustment item at last. The average deviation of revised
spoiler could be worked out 1.55, and scaling factor is −1, by using formula
“Δn = Δ0 − (Δ1 + Δ2 + ⋯ + Δn−1),” when Δn is known as the average of revised
spoiler. It comes out that the spoiler is a decrease link.

26.4.4 ξi (Scaling Factor of Component Link)—Optimization
of Component Link Scaling Factor

In the stage of designing, ξ, the scaling factor of component link should be revised
in most cases. The optimization of ξ involves the revising assembly structure
usually. Take an instance, as shown in Table 26.5.

Table 26.4 The analysis on the dimensional chain

Num Dimensional chain component link Ti 6σi Δi ξi
ES0 EI0

1 Tolerance distribution of spoiler +1.0 0 1.0 0.5 1

2 Tolerance distribution of tailgate’s spoiler base +1.0 0 1.0 0.5 1

3 Tolerance distribution of hinge base +0.3 0 0.3 0.15 0.7

4 Tolerance distribution of tailgate’s spoiler base
(tailgate’s standard, no effect)

0 0 0 0 0

5 Tolerance distribution of white body’s hinge
base

+1.0 0 1.0 0.5 1

6 Tolerance distribution of white body and
spoiler

0.6 0.2 0.4 0.4 1

Table 26.5 Scaling Factor of Component Link

Num Dimensional chain component link Ti 6σi Δi ξi
ES0 EI0

1 The tailgate hinge locating hole on body-in-
white

+1.5 −1.5 3.0 0 1

2 The tailgate hinge fix nut hole +0.5 −0.5 1 0 1

3 The nut position on hinge +0.5 −0.5 1 0 0.7
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The scaling factor of dimensional chain 3 is 0.7, which is calculated by the angle
46° of tailgate hinge, Fig. 26.2. To optimize the scaling factor ξ, increasing the
angle should be done, and then, the tolerance range of closing link gets influenced.

26.5 Conclusions

The gap and flush of automotive exterior parts are essential to measure the quality
of automotive exterior parts. The analysis and calculating of automotive exterior
parts gap and flush should become a piece of systematic work. During the analysis
of assembly dimensional chain, when designing, it has to do well with the tolerance
distribution, as well as to optimize the affected parameters as possible. In practice,
the assembly dimensional chains, which fail to meet the designing requirement,
should be analyzed and calculated. The tolerance optimization is significant and
specific, as parts producing always cannot meet the designing demand. All these
should be done by referring to the factors: time, cost, and so on.

Fig. 26.2 The angle of
tailgate hinge
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Chapter 27
The Research of Dimensional Design
“2MM Project” System and the Key Role
in the Self-owned Vehicle Platform

Zhihan Zhou, Peng Tan, Changming Liang and Xiangfei Wang

Abstract The related concepts of dimensional design “2MM” engineering of the
automotive products are introduced. The dimensional design “2MM” engineering is
the foundation of vehicle dimensional manufacturing “2MM” project. This paper
introduces the route and method of vehicle dimensional manufacturing “2MM”
project in the auto product design process under the current developmental model of
Chang An company and the functional attributes of vehicle dimension; it also
emphasizes the key role that played by vehicle dimensional design “2MM” engi-
neering in the own brand car company for building the car platform, finally through
a series of problems, cause the related thinking, for example system construction,
personnel training, in the field of vehicle dimensional development in the own
brand car company.

Keywords 2MM � Vehicle � Car dimension � Dimensional engineering � Platform

27.1 Introduction

27.1.1 Introduce Automobile Products About 2MM Project

The automobile product’s 2MM project is used for automobile product’s continu-
ous improvement indicator (CII), also six times variance “6σ” to control body-
manufacturing quality, to use the most economic cost of manufacture, improving
the overall quality of automobile products. We should pay attention to CII as this is
not the measurement data actual deviation of body-manufacturing quality but the
comprehensive evaluation about the body-manufacturing size stability index.
The automobile industry 2MM project must take the enterprise other aspects of
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management under advisement systemically, From product development design to
manufacturing and from the enterprise internal management to enterprise external
environment Must form a kind to 2MM project as the main body size products
quality management system. At present, foreign automobile industry is involved not
only in the application of vehicle manufacturing about 2MM project, but also in
parts manufacturing application of 2MM project. To sum up, The automobile
products 2MM project is an important content of the quality management system,
So how to form complete accurate evaluation index about finish car and body and
parts take the enterprise other aspects of management under advisement systemi-
cally used to effectively guide the auto product size manufacturing 2MM project
development and this is what 2MM project to solve the problems also is the key
introduced in this paper.

27.1.2 The Importance of Dimensional Design 2MM Project

Long-term since, the product design process to the dimension of the relevant design is
based on the experience to develop. In order to validate the rationality of the design,
we must put in more time, energy and money at the trial production process. Because
the rationality of the design of dimensional tolerance design in the design stage is
without effective guarantee of verification, the trial production process will expose a
lot of manufacturing size deviation problem and die; fixture and check fixture were
repeated. It is difficult to meet the delicate process level about the joint venture. In
order to obtain better dimension quality, we introduce the various improvement
measures during the put into production stage such as parts coordinate fixture (PCF)
and unit checking fixture (UCF), but price expensive fixture can barely find problems
and not prevent problems. This is the importance of the scientific and rationality about
dimensional design. For this, today in domestic projects, dimensional engineering
being recognized as the development of the majestic, we put forward the concept of
dimensional engineering to reduce and avoid design flaws and is used to effectively
support the development of 2MM project.

27.1.3 The Development of Dimensional Design 2MM
Project to Promote Established the Automobile
Platform

At present, domestic self-owned vehicle is in the stage of establishing a platform of
the automobile companies that want to establish core competitiveness; the one
important part is to establish automobile platform. About automobile platform, the
domestic automobile enterprise pay more attention to the finish car performance or
function, less consider manufacturing process. This is due to the objective envi-
ronment and traditional knowledge. For example as long as the investment fund,
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who can be made little imagine, foreign car companies who have hundred years of
experience in making cars now have lean accumulation process. Especially
domestic machinery-manufacturing industry level was nowhere foreign counter-
parts, how can we catch up? So in the objective environment, the better dimension
of a car is only accidental, because we cannot copy and be in accordance with the
same standard globalization put into production. Based on the delicate process, this
paper will expound evaluation automobile of good platform, and how to establish
good automobile platform. We must abandon the old ideas about technology that
can solve all dimensional quality problems, from the design phase to dimensional
engineering design company, to establish good automobile platform.

27.2 The Understanding of the System Car Dimensional
Attributes

If we stand in the user’s angle, he can perceive about gap, leaking, technics rough,
buckling of ring or perceived quality and so on; If we stand in professional
designer’s angle, he is concerned about whether we can reach the system perfor-
mance indicators and functions; if we stand in the finish car angle, the object will
develop to a finish car dimensional integration design and control of the category.
Though we will do the finish car dimensional integration design and control well,
we need to understand that the finish car dimensional integration design and control
attribute first. At present, dimensional engineering team about CA has obtained a
better effect in the dimension of the finish car and research aspects of knowledge
attribute.

According to the function of finish car, dimension can be divided into the
appearance dimensional attributes, the function dimensional attributes and
the assembling dimension; according to the object category, it can be divided into
the finish car dimensional attributes, the body in white attributes, the systematic of
dimensional attributes and the parts of dimensional attributes. According to the
manufacturing process, this can be divided into the finish car-link dimensional
attributes of OEM (for example welding assembly and general assembly) and
supplier-link dimensional attributes. The purport of research for the finish car
attributes is that we will do the size of the finish car attribute classification analysis
and Select the key dimension, the important dimension, the usual dimension and
find out the most basic way to deal with to differentiated designs and controls.

This is a continuous process about researching and meeting the finish car
dimensional attributes; at the same time, this is a cross subject similar quality
perception. The work’s development can help us establish manufacture dimensional
goal about each finish car platform. The goals of finish car dimensional engineering
are used in the process of research and manufacturing. The goals of finish car
dimensional engineering are constant as a whole and balance of the process; we
need to consider about modelling, construction, costing, function, assign, process
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and so on. The development of the dimensional design 2MM project is to complete
target about decomposition finish car dimension at model design process. It can be
output dimensional engineering design material and target file of systematic,
complete and scientific at the phase of put into production start-up. It can promote
the development of dimension manufacturing 2MM project.

27.3 The Development of Dimensional Design 2MM

27.3.1 The Dimensional Engineering in Styling
and Programme Phase

When it comes to the factors that influence automobile styling, mechanical engi-
neering, aerodynamics, ergonomics and fashion aesthetics are usually considered to
be the primary research object all the time. But with the increasingly high demand
for automotive products and increasing attention to the appearance details, the
delicate process is gradually becoming an important factor of the vehicle shape.
Owing to the growing contradictions between styling, manufacturing processes,
cost and structural design, the styling work faces a serious challenge. How to get a
higher appearance quality with lowest cost, the simplest process and general
structural design becomes a new subject of automobile styling design. The
achievement of delicate process is a prerequisite to raise appearance aesthetic
quality, while the development of systematized dimensional engineering ensures
the delicate process.

We can move the dimensional engineering feasibility analysis and dimensional
tolerance analysis forward to the modelling phase and pre-assess the deviation of
manufacturing segment in modelling conceptual, rendering and phase main sectional
plane phase. The main work of dimensional engineering in model stage is to evaluate
the appearance of aesthetic quality and the susceptibility of internal–external gap and
offset dimension. At the same time, with the platform design theory, the development
of the familial and standardized design can promote the own brand automotive
enterprises to gradually form the familial style. Compared to the mature companies in
the automotive products, they all have adopted a familial model and series of gap and
offset section to ensure the appearance of aesthetic quality, reduce the visual sus-
ceptibility and weaken the poor aesthetic quality caused by model and potential
manufacture dimensional deviation. Especially to the middle- and low-grade car, it
must proceed from the low-cost perspective, give consideration to aesthetics and
manufacturability and get a good manufacturability in appearance in order to reduce
the difficulty in moulding and assembly of the parts, reduce the difficulty and com-
plexity of process control, reduce the accumulated error caused by the manufacturing
segment and avoid the foozle caused bymismanagement in the large-scale production
stage.
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27.3.2 The Development of Dimensional Engineering
in Engineering Design Phase

The development of dimensional engineering in our country almost started with
engineering design phase. Increasingly, enterprises begin to place a great deal of
importance on dimensional engineering design in engineering design phase.
Dimensional engineering in engineering design phase include three parts: set up an
objective of vehicle dimensional engineering, dimensional tolerance design of each
component and dimensional tolerance-integrated control of vehicle dimensional
engineering. The accurate definition of the objective of vehicle dimensional engi-
neering is a systematic project which also represents the level of awareness of
OMEs and dimensional engineering developing personnel of vehicle dimensional
property. The objective of vehicle dimensional engineering is the final objective of
vehicle dimensional development, as mention above, which is composed of the
target of vehicle appearance dimension, vehicle performance dimension, vehicle
assemble dimension and vehicle evaluate dimension.

The definition of the objective of vehicle dimension, for own brand automotive
enterprise, is a continuous process that needs refinement and improvement all the
time. Vehicle dimensional development in engineering design stage is a process of
effective decomposition to the objective of vehicle dimension. How to verify the
accuracy of the objective formulated, and how to evaluate the rationality of product
structure design, process plan, the parts datum and tolerance strategies, in addition to
recurring to the existing mature design experience, dimension chain calculation
verification is also adopted more often. Dimensional engineering design verification
tools have been widely used in automobile design and development process. Toler-
ance analysis of one-dimensional chain has been widely used in mature auto com-
panies in North America for a long time. As we all know, automobile manufacturing
is a complex process, from single piece to unit assemblage, eachmanufacturing link is
likely to lead to tolerance accumulation. Tolerance analysis of one-dimensional chain
also has limitations, especially for the automobile body that has complex surface and
sub-block. There are two reasons: the first reason is that this analysis can only
decompose the dimensional chain in one direction; but automobile parts are almost
irregular so that the discrepancy in one direction may be caused by several directions.
The second reason is that tolerance analysis of one-dimensional chain requires
engineers to master the mature experience and skills. With the application of com-
puter, more and more enterprises begin to use the computer-aided method, apply
Monto Kano algorithm and introduce three-dimensional tolerance analysis methods
to verify the dimensional chain. This method is more intuitive, and make up for the
disadvantages of one-dimensional tolerance analysis, such software, for example,
3DCS, VIS VSA, and CETOL, has been widely applied. With the development of
technology, the solutions for flexible assembly deformation and welding assembly
deformation are gradually formed, which also lay a good foundation for “2MM”
project of dimensional design.
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The complete vehicle dimensional evaluation system has not yet been estab-
lished in the product design stage, so that the domestic own brand automotive
enterprise does not have the vehicle dimension-integrated development capabilities,
and the vehicle dimensional evaluation is usually put into the start-up phase and the
mass production stage. With the mastery of one-dimensional chain analysis and
three-dimensional tolerance simulation analysis capability, Chang An has basically
established the vehicle dimensional evaluation system in product engineering stage,
namely vehicle dimension-integrated control capability. In order to make vehicle
dimensional development to be a closed loop in design phase, the evaluation of
vehicle appearance dimension, vehicle performance dimension and vehicle
assemble dimension must be finished before design data are congealed. The
following files that form the database and deviation model of vehicle dimensional
tolerance can be outputted through the systematized design and integrated devel-
opment of dimensional project; these include the complete dimensional control
strategy, product structure strategy and linchpin process strategy of each system, the
tolerance objective of BIW dimensional control point, the datum, and dimensional
and GD&T tolerance of parts. This series of documents direct the structure design
and technology development of body, while they can also direct the frock devel-
opment and dimensional development. If we bring the evaluation targets of vehicle
dimensional manufacture “2MM” project into the design phase, such is vehicle
dimensional design “2MM” project. The development of vehicle dimensional
design can help us to realize the difficult and focal point in manufacture process
more accurately; this also can make the manufacturing process more pointed and
guiding and have a definite target. The concrete method is as follows.

27.3.3 The Development Measure of Automobile
Dimensional Design “2MM” Project

The all-process dimensional engineering analysis relies on the dimensional devia-
tion 3-D dimensional simulation analysis and dimensional SE means. In modelling
stage, we can use dimensional chain method to promote the perception quality.

In engineering design phase, this can be used to direct the locating datum
strategy design of the parts, raise the level of precision of dimensional and GD&T
design; we can also evaluate and control vehicle and BIW dimensional deviation
design. This can be used to raise the level of precision vehicle and white body
dimension continually in start-up phase and the mass production stage (Fig. 27.1).

The internal and external offset size tolerance simulation analysis, base on the
externality style, the dimension defect sensitivity and perceptive quality, combined
with the industry delicate craft level, the internal and external offset size tolerance
design and size deviation 3-D simulation work can verify the feasibility of body
structure design, assembly benchmark of part, the rationality of tolerance and the
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assembly process strategy, and identify the key structure. Key parts and the key
feature sizes can influence the stability of internal and external broken size
(Fig. 27.2).

The automobile assembly performance dimensional tolerance simulation anal-
ysis is based on the key assembly size, which can ensure the main vehicle per-
formance, such as sealing size, engine assembly size, chassis control points size,
four-wheel location parameters, important man–machine and regulations such as,
dimensional deviation 3-D simulation technology can be used to develop the top-
down assembly dimensional analysis of vehicle, BIW and parts, verify the feasi-
bility of body structure design, assembly benchmark of part, the rationality of
tolerance and the assembly process strategy, develop the fine design work of size
tolerance of BIW and parts and identify the key structure, the key parts and the key
feature sizes which can influence the stability of the automobile assembly perfor-
mance dimensional tolerance (Fig. 27.3).

Simulation analysis of BIW dimensional tolerance, BIW is the carrier of vehicle
assembling and the foundation of vehicle delicate technology and vehicle function;
BIW multi-operation are composed by hundreds of impulse welding parts, which are
assembled and welded by many processes. Simulation analysis of BIW dimensional

Fig. 27.1 The implementation street map of vehicle dimensional design “2MM” project

Fig. 27.2 The internal and external offset size tolerance simulation analysis

27 The Research of Dimensional Design “2MM Project” System … 253



tolerance can effectively direct the design of BIW dimensional tolerance and guar-
antee the realization of assembling function in design phase. Dimensional deviation
3-D simulation technology can be used to develop the top-down assembly dimen-
sional analysis of vehicle, BIW and parts, verify the feasibility of body structure
design, assembly benchmark of part, the rationality of tolerance and the assembly
process strategy, develop the fine design work of size tolerance of BIW and parts, and
identify the key structure. Key parts and the key feature sizes can influence the
stability of internal and external broken size (Fig. 27.4).

Fig. 27.3 Vehicle performance dimensional tolerance simulation analysis

Fig. 27.4 Simulation analysis of BIW dimensional tolerance control points
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Chang An has already basically established the deviation simulation analysis
system of vehicle internal–external gap and offset dimension and vehicle main
function dimension, mastered the deviation simulation analysis capability of BIW
assemble dimension that has been already used in the projects and mastered the
capability of vehicle dimensional design “2MM” project which can be used to
direct the development of vehicle and parts dimension manufacture “2MM” project.

27.3.4 The 3-D Simulation of Dimensional Deviation
Analysis Example

Chang An makes use of the 3-D simulation tolerance analysis software of USA DCS
Inc, which is based on the CATIA software environment (hereinafter referred to as
3DCS). 3DCS can simulate the process of the spare part welding and assembling. By
giving the spare part tolerance and the number of welding and assembling, we can get
the tolerance of the measure point, distance, angle and so on.

Below, we use the 3DCS analysis of the engine parameter as an example, and
introduce the process of the 3DCS analysis.

The input of the 3DCS analysis needed is as follows: (1) 3-D data, (2) the main
location point of the spare part, (3) the particular tolerance of the spare part, (4) the
process of the welding technological process and the gripping device information
and (5) the measuring point of the BIW (Fig. 27.5).

The output of the 3DCS analysis included is as follows: (1) the measuring point
tolerance distribution map, (2) the measuring point mid-value offset, (3) the mea-
suring point tolerance impact factor and their percentage, (4) the geometrical factor
of the tolerance and so on. According to the output, we can analyse the reason for
the measuring point tolerance overproof, by means of optimizing the assemble
sequence, technological process, product structure, the main location point of the
spare part, tolerance grade, and so on, reduce the susceptibility and the geometrical

Fig. 27.5 Sketch map of the 3DCS modelling
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factor of the tolerance source or decrease the number of the dimensional chain. To
make the tolerance achieve the designing requirement simultaneously, request the
product engineers and the process engineers to execute the optimized programmes
(Fig. 27.6).

27.3.5 The Programme and Implementation of Dimensional
Measurement System

In the process of dimensional design and production of vehicle and parts, the
systematic dimensional measurement planning is a support of dimensional devia-
tion evaluation of parts. The final and primary temporary lodging of vehicle
dimensional measure system is the measuring points of vehicle, BIW and parts. The
rich experience of measuring system programme is essential to the dimension
measuring points design, and this can guarantee the dimension of vehicle, BIW and
parts to be evaluated effectively and confirm the measuring point quantity and
position rationally; at the same time, the cost also should be considered. The
classification, progressive and step-by-step design philosophy of dimension mea-
suring point corresponds to each dimension and development and management
phase, such as full dimension measuring point in mould debugging phase,
dimension measuring point in production phase and dimension evaluating mea-
suring points of process control. And in the second, it is the application of
dimension testing instrument, the checker is applied prominently to dimension
measuring of body parts, while CMM is not commonly used at this stage, but with
the innovation of detection technology, more and more advanced measuring
equipments continue to be applied in the automotive industry, for example laser
rang finder, white light scanner, open checker, synthetical matching sample holder
and function primary model, etc.

Fig. 27.6 Sketch map of the 3DCS output
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27.3.6 Establish the Effective Feedback Mechanism
of Manufacture Dimensional Deviation Data
and Design Dimensional Tolerance Model

It is helpful to advance the systematized implementation of manufacturing “2MM”
project by gradually establishing the database management system of dimensional
discrepancy of OMEs and supplier and change the situation to make the paper as a
carrier to manage the dimensional measurement date. The daily control and
prewarning system of the dimensional discrepancy, which is concerned with
dimensional tolerance database and tolerance capability model, can quickly and
effectively solve the dimensional quality questions in the production process, get
feedback of the design, promote the development of dimensional design “2MM”
project and assure the first design is the right one (Figs. 27.7 and 27.8).

Fig. 27.7 CM4D dimensional management platform
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27.3.7 Chapter 3: The Key Role of Models Platform Building
Process Dimensional Design “2MM”

In earlier years, some enterprise started car manufacturing industry, completely
copy matured overseas models, but out of manufacture vehicle size quality is
acceptable, the reasons for the size of the vehicle is not relevant design all-round
development, from the deep analysis, reading for only good structure scheme (data),
with no corresponding system of the technology strategy, spare parts benchmark
and tolerance strategy, dimension check strategy, produce “don’t change the little
wrong, change the big mistake” phenomenon, from which we can see that system to
carry out the size of the importance of engineering design. At present, the domestic-
independent brand automobile enterprise is mainly divided into three categories: the
first kind is the former, the second is vehicle design and produce depend on
overseas company, temporary does not have the size integrated design ability.
Relegated to the various types of the manufacturers have relatively typical repre-
sentative models, from the delicate process up evaluation, has its distinct charac-
teristics. To be sure that the individual models of the car to world-class large force
levels, this is just from the user angle to evaluate, but from automakers level,
whether you can do it the global production, remote replication, this model can
provide a full range of models for subsequent reference for design of, or can rise to
the height of the platform vehicles, suspect.

At this stage of the new models manufacturing investment accounts for manu-
facturers of relatively high phenomenon in the independent auto enterprise are
relatively stability, most of the manufacturing defects and size have cost the rectifi-
cation of the no responsibility to design in the link with. Application size design
“2MM” engineering scientific means the size, the performance level, the appearance
of the size and the effective assembly size design verification and evaluation, and
carry out the effective size deviation white body design verification and evaluation.

Fig. 27.8 The implementation map of vehicle dimensional manufacture “2MM” project
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Good models platform, to the maximum extent is required to meet manufacturing
requirements and reduce manufacturing cost, can more easily achieve exquisite craft,
can realize structure strategy and technology strategy that embraces the more general
standard module, such as deputy frame module, glass lift module and front-end
appearance structure module.

The independent brand automobile enterprise in modelling platform building
stage, need to carry out a large number of engineering precompetitive research
work, will be package, engineering, performance, process development, develop-
ment work moved forward, make modelling platform itself also enough to support
platform of development system, modular design gradually realize. Establish
modelling platform, the vehicle platform, the structure modular design system, and
formed the platform development system, package, engineering development,
performance, process development, development of all aspects of investment
amount. Modelling of genes (platform), and the platform of the structure is modular
development system, can significantly reduce the new car model development,
engineering design, performance, process development, development effort and
time period; all kinds of verifying test amount can effectively avoid the happening
of the common problems. At the same time, the new models of project development
cycle, project staff investment, project cost inputs are significantly reduced. The
development mode of the platform fundamentally lifts up car by the overall
efficiency of product research and development system, especially the efficiency of
engineering development, research and development are shifted from the platform
to make the change in advanced technology research, vehicle integration devel-
opment, delicate process up development; making the independent brand auto-
mobile enterprises development system in a short time can catch up with the world
first-class enterprise research and development system of the car.

In the process of platform building models, the level of integration design is one
of the key size, one of the size of the integrated design process, is also gradually
formed the size of platform, modular design process. Body structure in which the
platform, modular design concept and the universal, in the process manufacture
aspect also realization generalization and modular, in the aspect of design and
controlling the gap and flush, advanced enterprises have been in appearance on
dimensional chain form the generalization.

Last word: The independent brand automobile enterprises need to think prob-
lems or suggestions

1. Some size problem in the design state, not size closed-loop design, manufac-
turing stage in put forward the quality requirements of the very demanding is not
reasonable, is also difficult to reach.

2. Why joint venture in vehicle size development (design) ability is very mature
(foreign complete design) under the configuration have large-size quality control
team, it is the domestic auto parts suppliers and the reality of working staff.
Extensions thinking, the independent brand enterprise vehicle size design
ability, there are insufficient, and put into production start-up phase of the
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development and the size of the size administration shows do not improve, will
lead to the vehicle craftsmanship difficult to ascend, for the cost of measurement
size cannot improve.

3. Setting up internal dimensional expert team, through the dimensional expert
team, to form the covers research and development, manufacturers process,
quality, production control, purchasing every link the size of the complete
development system.

4. Accurate positioning dimension engineers work functions. Dimension engi-
neers, product engineers, process engineer, quality engineer, supplier technical
support engineer, the core function of dimension engineer should be the inte-
gration design and controlling of vehicle.
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Chapter 28
Optimization Design Method of School
Bus Structure Lightweight on the Rollover
Safety

Ye Yu, Liang Ying, Ping Hu, Yang Yu, Xianda Li and Rong Fan

Abstract Based on the ECE R66 standard, a FEM model of a school bus was
established and the rollover crash was simulated by LS-DYNA. According to the
inbreak criterion of living space and the deformation level of side vertical beams,
the side vertical beams and top arch beams were redesigned to make them light and
safe. It was proved that the redesign can guarantee the safety of rollover crash and
reduce the weight of whole bus simultaneously.

Keywords School bus � Rollover crash � Lightweight � Numerical optimization

28.1 Introduction

In recent years, the accidents of school bus have happened frequently, mostly in the
form of rollover crash [1]. Thus, in regard to the rollover standard, on the basis of
ECE R66, this paper established a CAE model of a school bus and examined its
rollover crash safety by using LS-Dyna for numerical simulation. Besides, the
lightweight structure design of school bus body and component were conducted and
its liability was also studied which provided important design data and basis of
school bus [2–4].
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28.2 Rollover Test

Rollover experiment: At the beginning of experiment, school bus was held on a
platform which could roll, as shown in Fig. 28.1. Then, the platform started to roll
at the speed of 5°/s to the stage that school bus was instable. After that, gravity
would drag school bus till it finally touched ground and stopped deforming process
[5, 6]. In this paper, simulation was conducted when school bus first hit the ground
and ended while the deformation was over. The angular velocity of school bus was
obtained by law of conservation of energy presented as

x ¼ v
l
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2g 1� sin arctan Bþt

h0
� arcsin h

H

� �h ir

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ tð Þ2þh02

q ð28:1Þ

where v, ω are the linear and angular velocity of CG′′, respectively, m is the mass of
school bus, and g is acceleration of gravity.

Relative parameters of school bus in this paper is show in Table 28.1, substituted
into Eq. (28.1) get ω = 2.387 rad/s.

Fig. 28.1 Position change of bus’s centroid

Table 28.1 Relative parameters of school bus (unit mm)

Name Height
(H)

Height of
centroid (h0)

Centroid
offset (t)

Half
width
(B)

Height of
platform (h)

Length of
bus (L)

Value 3,100 1,216 16 1,200 800 10,040
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According to ECE R66, surviving room cannot be invaded during the rollover
test and at the end of crash. Surviving room’s cross section is shown in Fig. 28.2
(left) [7]. The deflection of side vertical beams is another rollover crash safety
index, which is smaller, the safer.

28.3 Finite Element Numerical Simulation of Rollover
Crash

28.3.1 A Finite Element Mesh Model of School Bus Based
on Rollover Crash Safety

A finite element mesh model of a school bus was built based on the CAD model in
this paper, which accord with the real school bus, including the unitized frame,
chassis, skin, and some other parts like electrical machine and battery built as rigid
body with exact mass (as shown in Fig. 28.3). The center of mass of both element
model and real bus is nearly same. There are almost 186,000 elements and 192,000
nodes in this finite element mesh model.

Most parts of the mesh model are modeled as deformable body, which are meshed
with quadrilateral shell elements and a few of triangular shell elements. To make
sure whether simulation is accurate enough, the length–width ratio of quadrilateral
shell elements should be less than 3, warp degree should be less than 20°, Bely-
tschko–Tsay shell element type should be used, and the one-dimensional rigid body
should be used as the connection of parts. The material model should be Cow-
per–Symonds strain rate model which fits the mild steel materials, so C = 30(1/s),

Fig. 28.2 Cross section of surviving room (left) and deflection of side vertical beams (right)
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P = 5. And surviving room is built as rigid body and fastened on floor, based on
some related standards, and has no contact with other parts so the result could show
whether survive room was invaded by other parts, as shown in Fig. 28.4.

28.3.2 Numerical Simulation of School Bus Rollover Crash

Numerical simulation of rollover crash is performed using LS-Dyna software.
Figure 28.5 shows that the simulation result at time 0.12 s by using LS-Dyna and
the relative position of survive room and side vertical beams at time 0.8 s.

28.3.3 Rollover Crash Numerical Simulation Results
Analysis

As shown in Fig. 28.5, though the right-side beam is very close to surviving room,
surviving room is not invaded by side vertical beams. As shown in Table 28.2, the
front-side vertical beams’ deflection is bigger than the rear ones, because at the

Fig. 28.4 Surviving room finite element model

Fig. 28.3 Finite element mesh model of whole school bus (left) and the moment of the initial
crash (right)
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initial crash time, the skin and frame of battery located on the rear hit the ground
first and absorb some crash energy, most of which should have been absorbed by
the rear-side vertical beams.

From the results of rollover crash numerical simulation, side vertical beams and
top arch beams absorb the most crash energy and are most liable to get deflection.
However, the maximum deflection of side vertical beams can directly decide
whether side vertical beams invade surviving room and harm passengers or not. So
side vertical beams and top arch beams are very worthy to optimal design.

28.4 Lightweight Structure Optimization Design Based
on Rollover Crash Safety

28.4.1 New Structure Design

According to the analysis of origin school bus rollover crash numerical simulation
results, side vertical beams and top arch beams mainly have bending deformation
during the crash. Therefore, increase in the flexural rigidity of those beams which is
determined by second moment of area could decrease bending deflection effectively

Fig. 28.5 Numerical simulation result at time 0.12 s in LS-Dyna and relative position of survive
room and side vertical beams at time 0.8 s

Table 28.2 Deflection of origin school bus’s right-side vertical beams (numbered from school bus
head to rear) (unit: mm)

1 2 3 4 5 6 7 8 9 AVG

943 933 913 894 878 864 841 823 781 874.9

28 Optimization Design Method of School Bus … 265



during rollover crash. In the meantime, to reduce the mass of school bus, a new
high-strength and lightweight structure of side vertical beams and top arch beams is
designed in this paper. As shown in Fig. 28.6 and Table 28.3, its cross-sectional
shape has changed from rectangle to C type, and also its material use DP980;
instead, the details of DP980 property are shown in Table 28.4.

28.4.2 Results Analysis

The rollover crash numerical simulation results of the new design school bus model
are as shown in Fig. 28.7 and Table 28.5. Side vertical beams don’t invade survive
room and are further from the survive room than the origin, and also deflection of
side beams are smaller than the original ones. At last, the new design school bus
reduces 94.5 kg in total.

Fig. 28.6 Cross-sectional
optimization of side vertical
beams and top arch beams

Table 28.3 Size of cross section of side vertical beams and top arch beams

B1
(mm)

B2
(mm)

Thickness
(mm)

Second moment of area
(kg mm2)

Mass
(%)

Rectangle 50 40 2.0 86690.67 100

C type 58 40 1.6 87589.24 71.07

Table 28.4 Mechanical property of DP980

0.2 % Yield strength Tensile strength eu (%) et (%) n r

552 MPa 972 MPa 9.9 13.9 0.13 0.76

266 Y. Yu et al.



28.5 Conclusions

Through the rollover crash numerical simulation of a school bus by using LS-Dyna
software and its results, which shows that surviving room has not been invaded, the
origin school bus researched in this paper is safe enough for rollover crash. A new
high-strength lightweight structure is applied to side vertical beams and top arch
beams, and it proves that this new structure can provide rollover crash safety
effectively and reduce structure weight at the mean time by rollover crash numerical
simulation. This structure can provide two advantages to electric school bus: One is
rollover crash safety, and the other is to reduced energy consumption and improved
range by reducing weight.

The new high-strength lightweight structure introduced in this paper has good
effect in rollover crash safety; however, it does not prove to be good in other aspect
of safety, which needs further research.
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Fig. 28.7 Relative position
of surviving room and side
vertical beams at time 0.8 s

Table 28.5 Comparison between the side vertical beam deflection of the origin and the new
design (unit: mm)

Numbers 1 2 3 4 5 6 7 8 9 AVG

Origin 943 933 913 894 878 864 841 823 781 874.9

New 911 899 879 862 849 840 824 820 796 853
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Chapter 29
Parameters Design of Dynamic Vibration
Absorbers for Vehicle Half-shafts

Yang Wang, Hui Wang, Liang Dong, Bowen Dong
and Hongwei Wang

Abstract It is effective method to reduce resonance of shaft to installs an absorber
on it. And the performance of the absorber is due to its design parameters. The
model parameters are identified by component analysis approach in this work.
Based on the mechanics models to build mathematics modals, the computer
program for calculating optimal parameters of absorber is written with MATLAB.
The design of program is accuracy and credibility and verified by the vehicle test.

Keywords Dynamic vibration absorber (DVA) � Modal identification � Matlab

29.1 Introduction

People’s requirements of vehicle driving comfort keep increasing, which makes
local brand companies attach great importance to vehicle NVH performance. As an
important NVH optimum technique, dynamic vibration absorber is often applied on
vehicle half-shafts to control the resonance problems of running vehicles. The
validity and performance of DVA are determined by the calculation and design of
its parameters. If the DVA is not well designed, vehicle NVH performance will be
worsened. Based on dynamic vibration theories, this work developed an optimal
parameter calculation procedure, which applies the amplitude amplification factor
as the evaluation index, for the DVA design.

29.2 Basic Theories of DVA

The basic principle of DVA is that, an additional spring-mass system is added on
the primary system, which will produce a vibration, the phase of which is 180°
away from the primary system, thereby the vibration of the primary system under
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certain frequency will be decreased [1]. When the exciting force is under single
frequency or low frequency, the effect of DVA is very obvious [2]. To reduce the
modal peak of SDOF system, the single-stage or multi-stage mass-spring-damper
system is introduced into the multi-degree of freedom system, which is shown in
Fig. 29.1. The modal peaks of primary system can be effectively decreased through
reasonable allocation of the mass, stiffness, and damping of DVA.

29.2.1 Dynamic Model of Half-shaft DVA

The first bending mode of half-shaft will cause resonance problems. Due to the low
modal density of half-shaft, it can be treated as a single-DOF system [3]. In
addition, considering single-stage DVA is often applied for half-shaft resonance
problems, the DVA of half-shaft is equivalent to a 2-DOF model, as shown in
Fig. 29.2.

According to Newton’s Laws, the vibration equation of this system is as follows:

m1€x1 þ c1 _x1 þ c2ð _x1 � _x2Þ þ k1x1 þ k2ðx1 � x2Þ ¼ f ðtÞ ð29:1Þ

m2€x2 þ c2ð _x2 � _x1Þ þ k2ðx2 � x1Þ ¼ 0 ð29:2Þ

where m1 is the mass of half-shaft, c1 is the damping ratio of half-shaft, k1 is the
stiffness of half-shaft, x1 is the displacement of half-shaft, m2 is the mass of DVA,

Fig. 29.1 Multi-DOF mass-
spring-damping system

Fig. 29.2 Single-stage DVA
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c2 is the damping ratio of DVA, k2 is the stiffness of DVA, and x2 is the dis-
placement of DVA.

The equations above can be expressed in matrix as

m1 0
0 m2

� �
€x1
€x2

� �
þ c1 þ c2 �c2

�c2 c2

� �
_x1
_x2

� �
þ k1 þ k2 �k2

�k2 k2

� �
x1
x2

� �

¼ f ðtÞ
0

� �

ð29:3Þ

or

M€X þ C _X þ KX ¼ F ð29:4Þ

29.2.2 Evaluation Function

The amplitude amplification factor (AAF) is defined as the ratio of exciting force
and the response displacement. So the AAF of single-DOF system is [4]

b1 ¼
X
X0

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� k2Þ2 þ ð2nkÞ2

q ð29:5Þ

where λ is the ratio between exciting frequency and nature frequency, and ξ is the
damping ratio. This work takes AAF as the evaluation function, which means the
smaller of AAF, the better the system is. Equation (29.4) can be converted into
frequency domain, that is

XðwÞ ¼ ð�w2M þ jwC þ KÞ�1FðwÞ

¼ fk0 � ð�w2M þ jwC þ KÞ�1gFðwÞ
k0

ð29:6Þ

where FðwÞ is the amplitude of exciting force, XðwÞ is the amplitude of response
displacement, FðwÞ=k0 is the static vector of displacement, and k0 is the equivalent
stiffness of primary system.

According Eq. (29.5), one can get

X1

X2

� �
¼ fk0 � ð�w2M þ jwC þ KÞ�1g B1

0

� �
ð29:7Þ
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and

b1
b2

� �
¼ k1

m1

�w2 1 0

0 u1

� �
þ

w2
n1

1þ u1k
2
1 �u1k

2
1

�u1k
2
1 u1k

2
1

" #
þ

jwwn1
2n1 þ 2n2u1k1 �2n2u1k1
�2n2u1k1 2n2u1k1

� �

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

�1

ð29:8Þ

where X1 is the displacement of primary system, X2 is the DOF of DVA, B1 is the
static displacement, k1 is the stiffness of primary system, m1 is the mass of primary
system, w is the exciting frequency, u1 is the ratio of m2=m1; k1 is the ratio of
w2=w1; n1 is the damping ratio of primary system, n2 is the damping ratio of DVA.
The element in the first line of the first column is the AAF of the primary system.

29.3 Calculation of the Optimal Parameters

29.3.1 Modal Identification

According to Eq. (29.7), the optimal parameter can be obtained is the ratio of mass,
damping, and frequency between the primary system and DVA are known.
Therefore, the modal of primary system needs to be identified to obtain such
parameters. Due to the low modal density of half-shaft, the component analysis
method could be applied for modal identification as follows [3]

ne ¼
Dw
w0

ð29:9Þ

Ke ¼ 1
2neHm

ð29:10Þ

Me ¼ Ke

w2
0

ð29:11Þ

where ne is the damping ratio, w0 is the angular resonance frequency, Dw is the half
power band, Ke is the equivalent modal frequency, Hm is the peak of mobility,Me is
the equivalent modal mass.
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29.3.2 Calculation Results

After input the local mobility of half-shaft into the program, the least squares
method [5] was used to fit the design in order to reduce errors caused by experi-
mental error. The fitting results are shown in Fig. 29.3. Based on the fitting results,
the component analysis method was used for parameter identification. The optimal
parameter of AAF and its values were the output. Subject to space limitations, the
maximum mass absorber can reach 0.5 kg, the natural frequency of which is 84 Hz,
and the damping ratio is 0.05. Figure 29.4 shows the comparison results with and
without DVA on half-shaft. From the result, we can find that the peak of primary
system was effectively decreased.
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29.4 Experimental Verification

Following the calculated parameters of DVA, a prototype was made for the real test
on vehicle. The prototype of DVA is shown in Fig. 29.5. The measured SPL of the
noise at driver’s inner ear under acceleration condition is shown in Fig. 29.6. From
the figure, we can find that the peak at 3,000 rpm is completely eliminated.

The measured vibration of the acceleration pedal is shown in Fig. 29.7. The
figure shows that the peak at 3,000 rpm is totally removed. Through the experi-
mental verification, the validity of the designed DVA was proved.

Fig. 29.5 Prototype of
designed DVA

Fig. 29.6 Measured SPL at
driver inner ear
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29.5 Conclusions

The component analysis method proposed in this work was proved effective for
modal parameter identification. And the optimization process which takes AAF as
the evaluation function was also feasible for the first-order bending mode of half-
shaft control. The accuracy of the calculation process was confirmed by the test
results.
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Chapter 30
Simulation and Validation of Engine
Valvetrains System Dynamics

Wenbo Niu, Lechao Tang, Wenhu Jiang and Tiancheng Li

Abstract The dynamic behavior of the valvetrains for a gasoline engine is simu-
lated using a multi-valvetrain dynamic model, of which the stiff parameters are
calculated by finite element method. Then, the simulation results of camshaft tor-
ques and valve forces are validated by experiments, and the calculated data are
consistent with the test data. Based on the correct model, the sensitivities of
dynamic loads influencing NVH of the engine directly are analyzed, and the pri-
mary influencing factors of the fluctuation of camshaft force, torque, and spring
force have been found, and further, dynamic force optimization direction for NVH
performance of valvetrain has been pointed out.

Keywords Valvetrains � Dynamic analysis � Dynamic force � NVH

30.1 Introduction

The noise and vibration performance is an important target in the engine development
process. Along with the engine rotating, the noise and vibration could be generated by
many excitations including cylinder pressures, inertia forces of crankshaft system,
dynamic forces of belt-chain system, and the valvetrains. The dynamic forces of the
valvetrains are critical for simulation of the engine radiated noise.

Valvetrains dynamics characteristics are considered to be a major area for
valvetrains researching in many documents. In the experimental aspect [1–3],
a method for measuring valve lift and velocity was introduced using a high-speed
laser vibrometer, and the measurement results are highly accurate [1]. Sometimes,
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the noise and vibration could be measured directly to analyze the noise source and
critical factor [2]. But in the product development stage, effective simulation should
be performed to analyze the valvetrains dynamic behaviors and optimize the
designs. In the simulation aspect, valve motion and the components stress have
been simulated widely [4–7]. But the valvetrain dynamic forces on the engine when
valvetrains operating are more important to the noise and vibration performance of
the engine.

In this paper, the results of camshaft torques, bearing forces, spring forces, and
valve forces are discussed based on the valvetrains dynamics model of a 4-cylinder
gasoline engine. The camshaft torque and valve forces were measured to validate
the simulated data. Finally, the sensitivities of dynamic loads influencing NVH of
the engine directly are analyzed to find the primary factors.

30.2 Valvetrians Dynamic Model

Valvetrain dynamic model is established according to a 4-cylinder gasoline engine
valvetrains, and Fig. 30.1 shows the frame. Four valves in each cylinder are derived
by two camshafts directly, and intake camshaft with VVT or exhaust camshaft is
supported by five bearings, respectively.

The valvetrain is modeled by software EXCITE TD. Valves, springs, and tappets
are modeled by mechanics elements, and the important parameters such as cam
profile, valve timing, and oil prosperities are considered, Fig. 30.2 shows the single-
valvetrain model. Based on the single-valvetrain model, a multi-valvetrains
dynamic model is established to simulate the camshaft torque and bearing forces. In
the multi-valvetrains model (Fig. 30.3), camshaft is modeled by elastic beams

Fig. 30.1 Valvetrains of a gasoline engine
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assembly, and the stiffness parameters of valvetrains are calculated by finite element
method, and the damping ratio of the components is estimated.

30.2.1 Flexical Camshaft Model

Camshaft is modeled by elastic beams assembly, and this method is verified by
comparison of the shaft modes with the mode results calculated by FEM.
Table 30.1 lists the results calculated by the two methods, and the differences of the
same mode order in 3,000 Hz are lower than 1 %, so the elastic beam method is
feasible.

30.2.2 Components Stiffness

The stiffness of components is critical to the valvetrains dynamics characteristics,
and FEM is used to calculate the stiffness of components exactly. When the
camshaft is assembled on the cylinder head, the stiffness of all bearings is differ-
ential, and Table 30.2 lists the equivalent stiffness values of components. Because
the tappet stiffness is variable with the contacting position of the cam and tappet, the
stiffness values of different positions are calculated (Fig. 30.3 and Table 30.3).

Fig. 30.2 Single-valvetrain
model
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30.3 Simulation Analysis

30.3.1 Camshaft Torque Analysis

Figure 30.4 shows the intake camshaft torque curves in the engine speed 1,000 and
3,000 r/min. Camshaft torque fluctuates four times in a rotating period according to
the fire order. In the high engine speed operation, high-frequency fluctuation of

Fig. 30.3 Multi-valvetrains model

Table 30.1 Modes of camshaft models

Orders Mode of intake camshaft (Hz) Mode shape

Elastic beam method FEM Ratio of differences (%)

1 604.9 607.9 −0.49 Bending

2 605.5 609.1 −0.59 Bending

3 1,653 1,641 0.73 Bending

4 1,654 1,646 0.49 Bending

5 2,579 2,583 −0.15 Torsional
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camshaft torque exists. The curve of torque in engine speed 3,000 r/min is analyzed
by FFT, and the frequency of fluctuation is about 1,440 Hz. The camshaft torsional
mode is calculated using FEM in this assembly condition, and the torsional
frequency is 1,442 Hz (Fig. 30.5), so the high-frequency fluctuation is correlated
with the camshaft torsional mode.

Table 30.2 Stiffness of exhaust valvetrain

Stiffness (N/mm)

Bearings Direction Y Direction Z

1st bearing 7.98e4 1.20e5

2nd bearing 8.53e4 1.82e5

3rd bearing 8.54e4 1.94e5

4th bearing 8.56e4 1.95e5

5th bearing 7.94e4 1.85e5

Valve bottom part 1.01e5

Valve upper part 9.13e4

*Direction Y Perpendicular to center line of camshaft and center line of cylinder, Direction Z
Center line of cylinder

Table 30.3 Stiffness of
tappet

Contacting Position Eccentricity (mm) Stiffness (N/mm)

0 5.22e4

4.67 3.75e4

9.33 1.55e4
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30.3.2 Bearing Force Analysis

Figure 30.6 shows the 2nd bearing vertical force of the exhaust camshaft. The curve
is associated with the bearing layout, because the adjacent valvetrain forces mainly
act on this bearing. In the engine speed 1,000 r/min, the maximum force is found in
the maximum lift moment. As a contrast, the maximum force exists in the valve-
opening or valve-closing phase in the engine speed 5,000 r/min, so the effect of the
valvetrain inertia force increases along with the engine speed.

30.3.3 Spring and Valve Force Analysis

Figure 30.7 shows the exhaust valve spring force curve of the first cylinder, and the
force is corresponding to the valve lift. In the high-speed operation, the fluctuation
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magnitude of the force increases, and the fluctuation frequency is correlated with
the spring natural frequency in the assembly condition.

In the valvetrain model, the valve is divided into two parts, and Fig. 30.8 shows
the internal force of the exhaust valve in the first cylinder. As same as the spring
force, the valve force fluctuates in high-speed operation, and it is related to valve
inertia force in opening phase and spring force in closing phase.

30.4 Experimental Validations

For validating the simulation results, the camshaft torques and valve forces were
measured. The test rig was builded based on engine cylinder head, and it was driven
by a motor. The strains of camshaft and valve were measured in the all operations,
and the camshaft torque from the chain pulley and the force in the middle of valve
were calibrated according to the strain data.
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30.4.1 Camshaft Torque Validation

Figures 30.9 and 30.10 show the contrast of simulation results and experimental
results in engine speed 1,000 and 3,000 r/min, respectively. The simulation results
are basically consistent with the experimental results. The average torque of test was
1.3 N m in engine speed 1,000 r/min and 3.3 N m in engine speed 3,000 r/min. The
average torques represent the losses of power in the actual operation. Subsequently,
the frictional parameters in the multi-valvetrains model were modified to make the
simulated average torques consistent with the tests.
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30.4.2 Valve Force Validation

Figure 30.11 shows the exhaust valve forces of the third cylinder in the engine
speed 3,000 r/min. The simulation results of valve forces are basically consistent
with the experimental results.

30.5 Sensitivity Analysis of Dynamical Forces

30.5.1 Valvetrain Mass Influence Analysis

In the engine operation, valvetrains dynamical forces are influenced by theirselves
masses. Figure 30.12 shows when the mass of valvetrains is reduced by 30 %, the
maximum of bearing forces is reduced by 10.9 or 25.2 % in the engine speed 3,000
or 5,000 r/min, respectively.
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The mass of valvetrains mainly influences the high-frequency characteristics of
camshaft torques. For researching the influences, the curves of camshaft torques are
high-pass filtered with the cutoff frequency 1,000 Hz (Fig. 30.13). Figure 30.14
shows when the mass of valvetrains is reduced by 30 %, the peak–peak value of
high-frequency parts of camshaft torque is reduced by 36.4 or 49.1 % in the engine
speed 3,000 or 5,000 r/min, respectively.

30.5.2 Spring Stiffness Influence Analysis

When the stiffness is reduced by 30 %, the camshaft torque is reduced by 29.8 or
27.7 % in the engine speed 1,000 or 3,000 r/min, respectively (Fig. 30.15). But in
the engine speed 5,000 r/min, there are no obvious rules because of high-frequency
component influenced by valvetrains dynamics.
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30.5.3 Cam Profile Influence Analysis

In theory, the valvetrain moves according to the cam profile, but in the high engine
speed condition, the valvetrain dynamic characteristics are critical. In the cam
profile design processing, valvetrain dynamics should be considered as important as
the volumetric efficiency [8, 9]. In the engine speed 3,000 r/min, the sharp fluc-
tuation of camshaft torque is found in the valve-opening stage (Fig. 30.4), and it is
corresponding with the cam profile. Profile 1 and profile 2 are designed in the base
of the original profile (Fig. 30.16), and the acceleration amplitudes of profile 1 and
profile 2 are all lower than original, so the volumetric efficiency is affected by the
profiles. Figure 30.17 shows the camshaft torques using those three profiles in the
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engine speed 3,000 r/min, and the camshaft torque with profile 1 also has a slight
sharp fluctuation, while there is no sharp fluctuation with profile 2.

30.6 Conclusions

In this paper, a simulation method of valvetrains dynamics was discussed, and the
simulated results were validated by the experimental data. The following trends
were observed from the valvetrains dynamic model:

1. The fluctuations of camshaft torques are related to valve motion periodically,
and the period is correlated with the cylinder numbers. In the high engine speed,
high-frequency fluctuations are obvious, and the frequency is correlated with the
torsional mode of camshaft in assembly.

2. The bearing forces are influenced by the valve spring forces and the inertia
forces of valvetrain, and in the high engine speed, the maximum of bearing force
is determined by the mass and acceleration of valvetrains.

3. In the valve-closed stage, the valve and spring forces are influenced by the
spring natural frequency.

4. The weight reduction of valvetrains is an important role to the camshaft torque
and bearing forces. In the low engine speed, the camshaft torque is reduced
proportionally to the valve spring stiffness. The reasonable cams profile will
improve the fluctuation of camshaft torque.
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Chapter 31
The Vehicle NVH Development
and Engineering Application
of the Lightweight Sound Package

Jun Zhang, Guanni Zhu, Xiaoxuan Zhang, Hongyu Liu
and Congguang Liu

Abstract Although automobile lightweight technology is the R&D focus of
automotive engineering at current, it brings little attention in automotive industry
for the lightweight technology of the interior trim and sound package material.
Furthermore, there are less research and engineering application on it. This paper
presents a control process and mechanism of sound package lightweight develop-
ment, which is aimed at NVH performance and explains the specific methods in
used. The paper illustrates a new feasible scheme of lightweight project, with a case
of 2,500 g/mm2 dash insulator. Considering the actual engineering factors of dash
leakage effect, etc., the statistic energy analysis (SEA) simulation and experiment
results show the improvement of the sound quality performance of interior auto-
mobile with approximately 55 % decrease of the weight. This paper contributes to
improve the understanding level and engineering application for sound package
lightweight development in automotive industry.

Keywords Sound package � Dash insulator � Lightweight � NVH � Sound quality

31.1 Introduction

The automotive industry is currently facing several major problems, such as energy
crisis, environmental protection, and safety and comfort requirements. One effective
solution is to design the lighter weight vehicle. For traditional ICE engine vehicle,
the 60 % fuel is consumed to itself weight rolling and aerodynamic resistance. If the
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vehicle weight is reduced by 10 %, it can save 10–15 % fuel. Especially for HEV
and EV vehicles, the lightweight vehicle will improve driving mileage and dynamic
performance. Therefore, the lightweight vehicle design has become an important
trend in the current automotive industry. Usually, the main way of lightweight car is
the use of alternative light metal and nonmetal materials. Another is the optimal
design of vehicle structure. In general, the body is accounted for about 1/3 of the
total car weight. Usually, lightweight measures for the body will weaken the whole
body dynamic performance, such as stiffness, strength, crashworthiness, reliability,
and NVH. Therefore, it is a tough challenge for metal part lightweight development
to achieve both the desired body functional performances and weight targets. The
skeleton body lightweight design is more complex and comprehensive process to
find the best compromises between various disciplines.

But for the body interior sound package components, such as dash insulator,
carpet, headliner, package tray, and other sound-absorbing trims, the developed
functions of acoustic material are relatively independent, which is not too much
trade-offs with various vehicle performances. Sound package is mainly used to
block sound from entering the passenger compartment and to absorb the noise
energy inside the cabin.

Usually, the lightweight design for acoustic packaging components is feasible in
automobile development. If we only change the sound package product, there is
relatively few engineering modification work involved to other body products.
Therefore, the lightweight sound package research has become one of the focuses
of automobile industry in recent years. Zhang et al. [1] presented a unique process
to set an acoustical component target as a combined effect of sound transmission
Loss (STL) and absorption. This process utilizes a statistical energy analysis (SEA)
vehicle level model to create a spreadsheet based response surface model. Duval
et al. [2] described an alternative treatment, which consists of a micro-perforated
film top layer and fibrous decoupler layer. Prototype dash mats were constructed
after performing SEA and FEA vehicle level assessments of constructions, using
flat stock insertion loss and absorption data. Ernster et al. [3] presented the
acoustical evaluation of a cotton fiber absorbing material, which was done using
measurements of material properties along with sound pressure level from road
testing of a fully assembled vehicle. The improvement was approximately 1.5 dB
over the frequency range of 1,000–6,300 Hz. The acoustic material weight is
reduced by 30 %, but there are still few systematic research and engineering
application for acoustic lightweight sound package.

This paper presented a procedure of sound package lightweight development.
A new feasible scheme of lightweight project is provided by the 2,500 g/mm2 dash
insulator case. Considering the dash leakage effect, the SEA simulation and
experiment measurement results are proved to improve the sound quality perfor-
mance of interior automobile with approximately 55 % decrease of the weight. This
paper is benefited for improving the understanding level and engineering applica-
tion for sound package lightweight development in automotive industry.
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31.2 Lightweight Sound Package Engineering Development
and Strategy

For the vehicle NVH control, there are three key elements of source, path, and
response, respectively. Sound package is mainly used to control the noise propa-
gation path and noise leakage, which can not only reduce the noise level, but also
can improve the sound quality to meet the expectations of driver and passengers.
Vehicle sound package designers have the goal to design vehicle parts that is to
attenuate power train, wind and road/tire noise from entering the vehicle while
complying with cost, weight, and packaging constraints. Figure 31.1 shows a
typical arrangement of sound package.

The metal-based and plastic material application replaced for steel has been the
focus of lightweight vehicle development. But for vehicle sound package light-
weight technology, there are four main categories in general: (1) the application
technology of lightweight materials, such as low density, high ratio foam, and
porous fiber materials; (2) application of a new type of acoustic structure assemble,
such as micro-perforated composite, multilayer wool felt or foam layer combina-
tion; (3) lightweight application technology based on multi-attribute optimization
design, such as a test or simulation analysis method is used to identify the noise
transfer characteristics and guide the design layout of acoustic material; (4) new
vehicle manufacturing and installment technology can reduce the trim relevant
components in used, such as trim adhesive process instead of welding studs.

Noise reduction (NR) of interior sound packages depends on two factors: one is
STL of insulation material, which is a property of insulation materials itself, and the
other is the absorption of the interior, which is a property of the interior environ-
ment. Thus, there are some new lightweight design concepts to use a low STL
insulation material with a high absorption interior system to achieve equivalent NR.
By the way, the lightweight development of sound package should be combined
with a variety of means test and simulation analysis.

31.3 Lightweight Dash Insulator Development
and Engineering Application

31.3.1 The Lightweight Dash Insulator Concept

The dash insulator is installed between engine and the driver side, which can effec-
tively attenuate noise transmitted from the power train and the front tires to the inside
of the vehicle. Always, the dash insulator is considered as the most important acoustic
piece to control the noise level and sound quality in passenger compartment.

At present, the conventional construction of sound insulator is two-layer struc-
ture form, as shown in Fig. 31.2a. The commonly used “heavy layer” material is
EVA, EPDM, or PVC. And the “soft layer” includes the cotton felt, PU foam, or
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other thermoplastic fiber materials. The main effect of heavy layer is to insulate the
noise transmission as the sound barrier. Otherwise, the soft layer is mainly to absorb
the sound energy.

Because of the weight reduction need for the traditional heavy layers material, the
paper illustrates a kind of new lightweight insulator design concept (see Fig. 31.2).
High density of soft material is used to replace the traditional “heavy layer.”

In addition, the intermediate film such as such as PE materials is often inserted
between the two soft layers. The three-layer dash insulator can improve the sound
insulation performance at low-frequency range and reduce the sound absorption
performance at high-frequency range. A dual density product can be considered a
hybrid. It is absorptive, but also acts as a barrier. The basic acoustic mechanism is
shown in Fig. 31.3. With respect to the traditional dash insulator, the lightweight
scheme concept solves the problem of sound absorption performance at

Fig. 31.1 Typical sound package arrangement

Heavy Layer EVA/EPDM/PVC..

Light Layer Felt/Form..
Dash

Light Layer High Density

Light Layer Low Density 
Dash

(a) (b)

Fig. 31.2 The two-layer acoustic structure of dash insulator. a Traditional dash insulator.
b Lightweight dash insulator

Dash

Incident noise

Reflected noise

Noise radiated 

Absorb noise 

Low Density Layer High Density Layer

by the engine 

Fig. 31.3 The acoustic
mechanism of the two-layer
acoustic dash insulator
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high-frequency range and can reduce 30–60 % in weight, which can significantly
enhance the sound quality in the passenger compartment.

In this paper, combined with a small passenger car project case, a new feasible
scheme of lightweight concept is presented by the 2,500 g/mm2 dash insulator (see
Fig. 31.4). Compared with the used dash acoustic assembly, the sample piece is
produced and the weight is reduced by 55 %. Barring the pass through and aperture,
the total surface is 1.2 m2.

31.3.2 SEA Simulation of the Lightweight Dash Insulator
Design

SEA simulation tool is a well-established technique, commonly used in the car
industry vehicle development process to provide design recommendations. SEA is
most specifically implemented in early stages for weak path analysis, target setting,
concept evaluation, or even design sensitivity analysis and can be easily combined
with other measurement procedures.

The sound package lightweight technologies can be developed at first by SEA
simulation taking into account both insulation and absorption properties of the dash
mat. It is a feasible method to use the coupled reverberant room equation to
evaluate the acoustic performance, instead of the reference SEA model (33.1).
Noise attenuation level NR index is used to quantify its acoustic performance level.

NR ¼ SPL1 � SPL2 ¼ TL� 10 logðS=AÞ; with A ¼
X
i

ai � Si ð33:1Þ

where:
NR noise reduction (dB), subtraction in dB of the SPL1 in the emission cavity

and of the SPL2 in the reception cavity
TL transmission loss (dB)
Si The component surface of the dash metal sheet coupling the cavities
A equivalent absorption area of the reception cavity
αi the component absorption coefficient

For the simulation of dash insulator and dashboard leakage, the composite
transmission loss between trimmed and bare steel metal is obtained by Eq. (33.2).

EVA 6000  g/m2 2.5 mm Felt 1500  g/m2 15 mm

32.5 mm
Felt 1000  g/m 2 35mm

g/

19.5 mmFelt 1000  g/m2

0.5mm PE
35mm

(a) (b)

Fig. 31.4 The engineering application of the lightweight dash insulator design. a The dash
insulator used before. b The design of lightweight dash insulator
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TLcomp ¼ 10 log
ST

SWsW þ SHsH

� �
ð33:2Þ

where:
τW transmission coefficient without leakage;
τW transmission coefficient with leakage;
TLcomp composite transmission loss (dB);
ST total surface of the trimmed metal sheet coupling the cavities;
ST the surface without leakage; and
ST the surface with leakage

In the dash insulator SEA simplified model (see Fig. 31.5), dash metal thickness
is assumed to be 1 mm. The leakage area is defined according to the actual situ-
ation. Sound excitation source is defined as a white noise in the engine bay, and the
sound absorption characteristics of instrument panel cavity is obtained by the
material surface acoustic measurement data.

Through the multiple design optimizations, the acoustic behavior of the light-
weight dash mat is achieved at a similar level, which can allow a weight reduction
of 43 % compared to the traditional insulation reference (see Fig. 31.6a). But it is
still important that the vehicle firewall must be designed to minimize holes and
gaps, such as the steer lower shaft t, the HVAC pipe, the brake pump, and other
wiring garments, which can degrade acoustic isolation.

The leakages of the pass-troughs are represented as equivalent trim uncovered
areas. With 1 % of uncovered areas as shown in Fig. 31.6b, the noise attenuation
performance for the leakage effect has low sensitivity compared with the traditional
dash insulator. The surface absorption performance of lightweight dash insulator is
better especially between the middle- and high-frequency ranges.

Fig. 31.5 The SEA model
and mechanism for
lightweight dash insulator.
a Reference SEA model.
b Sound transmission
schematic diagram through
dash
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31.3.3 Test and Analysis for Lightweight Insulator

31.3.3.1 Acoustic Test and Analysis in Impedance Tubes

Acoustic characteristics of lightweight insulator material, such as absorption
coefficient and transmission loss, can be tested and compared in impedance tubes.
As shown in Fig. 31.7, the sound absorption performance of dual felt is far superior
to the traditional “Felt-EVA” dash insulator material with the same thickness.
What’s more, in the frequency range of 1,000–2,500 Hz, the sound absorption
coefficient of double felt increased more than 3 times, which will observably
improve the interior sound quality. However, according to the principle of sound
insulation by mass, double felt has a lower transmission loss performance level as
its surface density is only 1/4 of the EVA material (5,900 g/cm2). The vehicle
acoustic performance measurements are needed to validate the effect of the two
acoustic parameters.

Fig. 31.6 The SEA results and comparison for dash insulator. a NR comparison (without
leakage). b NR comparison (1 % uncovered area)

Fig. 31.7 Acoustic test result in impedance tubes. a Result comparison of the absorption
coefficient. b Result comparison of the transmission loss
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31.3.3.2 Test and Analysis of the Acoustic Transfer Function
of a Vehicle

As an acoustic test in impedance tubes only simply reflect the performance of the
material in itself, test and comparison of the NVH performance of a vehicle are
required to weight the value of the lightweight double felt dash insulator through
replacing the “Felt-EVA” insulator in a small passenger vehicles. The acoustic
transfer function test of the engine compartment to the interior compartment is just
such a way to evaluate the effect of absorption and insulation in a vehicle, as well as
to be used for acoustic material design and optimization of different noise transfer
paths. The test generated engine noise reduction (ENR) data using the reciprocal
point source method (RPSM) in a semi-anechoic room, which is set up by placing a
high-frequency sound source (HFSS) at the desired interior positions and placing
microphones in the vehicle engine compartment (see Fig. 31.8). After average
processed data, the overall effect of the dash insulator on the noise from the engine
compartment to the interior compartment is attained.

As shown in Fig. 31.9, acoustic performance after 600 Hz frequency range has
improved when the double felt insulator is fitted, especially in the range of
2,000–4,000 Hz acoustic transfer function is reduced by about 2.5 dB, which has a
great impact on improving the interior sound quality in the passenger compartment.

Fig. 31.8 Layout of acoustic
transfer function test

Fig. 31.9 Result of acoustic
transfer function test
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31.3.4 Test and Analysis of the NVH Performance
of a Vehicle on Road

Considering the attenuation of the noise from the power train and the chassis is the
main impact on the NVH performance of a vehicle by the lightweight dash insu-
lator, and test is taken under the driving conditions at full throttle acceleration in
second gear and 60 km/h.

As shown inFig. 31.10, driving in second gear, the car thatwasfittedwith the double
felt insulator did not lead to an increase in the sound pressure level of the car. What’s
more, it reduced about 2.3 dB(A) in the 3,800–5,000 rpm of engine speed, while the
open articulation index increased by about 7%, as well as the subjective evaluation can
feel the proportion of high-frequency component in the interior noise reduced.

Similar result appeared when driving in 60 km/h, which also showed a decrease
of the interior noise pressure level and an evident increase of the open articulation
index to approximately 10 %. In addition, the sharpness index is reduced 10 % as
well. All of these objective indexes reflect significant improvement in the sound
quality when the lightweight double felt dash insulator is used (Fig. 31.11).

Fig. 31.10 Result of interior noise at full throttle acceleration in second gear. a Result of the
sound pressure level. b Result of the open articulation index

Fig. 31.11 Result of interior noise in 60 km/h uniform. a Result of the sound pressure level.
b Result of the open articulation index. c Result of the sharpness index
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31.4 Conclusions

This paper presented a procedure of sound package lightweight development.
A new feasible scheme of lightweight project is provided by the 2,500 g/mm2 dash
insulator case. Considering the dash leakage effect, the SEA simulation and
experiment measurement results are proved to improve the sound quality perfor-
mance of interior automobile with approximately 55 % decrease of the weight. This
paper is benefited for improving the understanding level and engineering applica-
tion for sound package lightweight development in automotive industry.
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Chapter 32
Exhaust Hook Model Prediction of Vehicle
Condition Based on Frequency Response
Method

Zhangming Su, Chao Ren, Zhongbiao Gou and Yanghui Xu

Abstract Exhaust model prediction based on local modeling method usually
produces great error. To better predict hook model of vehicle condition, basic hook
model of vehicle condition is established, and important corrections of hemming
and baffle finite element (FE) models are carried out, as the real hook stiffness is the
combination of hook body stiffness and its boundary stiffness. Model frequency
response analysis is done on three hook examples which are directly connected to
an exhaust muffler. Prediction results are in good agreement with the experiment
results, and error is less than 0.6 %. The improved method is much more efficient in
predicting the hook model of vehicle condition.

Keywords Frequency response method � Exhaust hook � Vehicle condition �
NVH

32.1 Introduction

Hooks play an important role in the automobile exhaust system structure, which
generally consists of five parts: flexi-pipe, silencers, pipes, hooks, and isolators.
Usually, hooks are fastened on pipes or mufflers by soldering seam [1]. As the hot
end of exhaust system is directly connected to an engine, structural loads in
correspondence with ignition frequency are easily transmitted to the vehicle body
through hooks. In extreme condition, the transmitted load may be greatly magnified
when natural frequency of hook is consistent with that of excitation force. As a
result, vehicle interior vibration and noise can be increased significantly [2, 3]. The
prior way to avoid such situation is improving the first-order mode of exhaust hook.
For a four-cylinder and four-stroke engine, the main ignition order is second order.
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Thus, the first-order hook mode of vehicle condition should be greater than 200 Hz
as corresponds to 6,000 rpm.

Establishing accurate boundary conditions in finite element (FE) model is the
major difficulty when predicting hook model of vehicle condition. The real hook
stiffness characteristics are the combination of hook body stiffness and its boundary
stiffness. The FE model of the pipes and mufflers which the hooks fastened to have
a great effect on the prediction result. The traditional method, also called local
modeling method, usually introduces a new boundary by cutting off the model
200 mm beyond the hooks. This method is considered to be simple and efficient,
but the result is usually overestimated. In many cases, natural frequency of hooks
predicted by local modeling method can be 10–50 Hz greater than that of experi-
mental result of vehicle condition. The FE model of hooks using local modeling
method is shown in Fig. 32.1.

The present method here gives better accuracy in predicting hook model of
vehicle condition. Basic hook model of vehicle condition is firstly established in a
FE code. Detail FE model corrections of hemming and baffler inside the muffler are
carried out, as the real hook stiffness of vehicle condition is the combination of
hook body stiffness and its boundary stiffness. Modal frequency response analysis
is used to predict hook model.

32.2 Theory of Modal Frequency Response

Modal frequency response analysis is an alternate approach to computing the
frequency response of a structure. This method uses the mode shapes of the
structure to reduce the size, uncouple the equations of motion (when modal or no
damping is used), and make the numerical solution more efficient. Since the mode
shapes are typically computed as part of the characterization of the structure, modal
frequency response is a natural extension of a normal mode analysis [4–7].

Fig. 32.1 FE model of hooks using local modeling method
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To proceed, temporarily ignore all damping, which results in the undamped
equation for harmonic motion at forcing frequency.

�x2½M�fxg þ ½K�fxg ¼ fPðxÞg ð32:1Þ

where [M] is modal mass matrix, [K] is modal stiffness matrix, and P modal force
vector. In uncoupled form, the equations of motion are written as a set of uncoupled
single degree-of-freedom systems as

�x2miniðxÞ þ kinfxg ¼ piðxÞ ð32:2Þ

where mi is the ith modal mass, ki is the ith modal stiffness, and pi is the ith modal
force.

Once the individual modal responses niðxÞ are computed, physical responses are
recovered as the summation of the modal responses using

fxg ¼ ½/�fnðxÞgeixt ð32:3Þ

where the mode shapes ½/� are used to transform physical coordinates into modal
coordinates.

32.3 Basic Model and Corrections

Basic hook model of vehicle condition is established in a FE code. Detail FE model
corrections of hemming and baffler are carried out, as the real hook stiffness is the
combination of hook body stiffness and its boundary stiffness.

32.3.1 Basic Hook Model of Vehicle Condition

The real boundary condition of hook of vehicle condition is complicated. The basic
part of exhaust hook is usually fastened on muffler or pipe by soldering seam, while
the head is connected to a rubber isolator. Both the soldering seam and rubber
isolator have great effect on the hook model prediction, which the local modeling
method mentioned previous is not taken into consideration. Soldering seam is
modeled with three-dimensional (3D) solid element. Rubber isolator is modeled
with 1D spring element (CBUSH) and defined with three-directional dynamic
stiffness. All six degrees of freedom (DOF) of the isolator on the car body side are
set zero, as is shown in Fig. 32.2. Exhaust hook FE model of vehicle condition is
shown in Fig. 32.3.
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32.3.2 Hemming Corrections

Hemming structure has significant effect on hook model prediction. Further
corrections must be carried out to establish accurate hemming model, as additional
stiffness caused by friction between two faces inside the hemming structure is not
considered in a conventional FE code, as is shown in Fig. 32.4a. As a result, the
local hemming stiffness in FE model is usually weaker than that of a trial sample.
One simple way to strengthen the local hemming stiffness is adding some 1D rigid
elements between hemming shells in circumferential direction of the muffler, as
shown in Fig. 32.4b.

As is shown in Fig. 32.5a and b, frequency response curve of hook changes
significantly after hemming corrections. The first-order frequency increases by
12 Hz after correction. More importantly, the interference peaks disappear after
hemming corrections, and the hook modes become more obvious. Thus, hemming
correction is very necessary when predicting hook model with FE method.

Fig. 32.2 Boundary conditions of hooks. Soldering seam is modeled with 3D solid element.
Rubber isolator is modeled with 1D spring element (CBUSH)

Fig. 32.3 Exhaust hook FE model of vehicle condition. All six degrees of freedom of the isolator
on the car body side are set zero
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Fig. 32.4 Hemming structure of actual sample (a); strengthened FE model of hemming (b)

Fig. 32.5 Frequency response of hook before correction (a); frequency response of hook after
correction (b)
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32.3.3 Baffle Corrections

Baffle structure inside muffler also has significant effect on hook model prediction,
as false modes of hook caused by abnormal vibration of baffle and pipe may appear.
In a trial sample, friction between baffle edge and muffler shell usually produces
additional frictional stiffness, which is not taken into consideration in FE models.
Thus, baffle model correction is necessary to strengthen the local stiffness of baffles.
One simple way to strengthen baffle structure is adding some 1D rigid element in
circumferential direction of the baffle, as shown in Fig. 32.6b. Baffle structure of a
trial sample is shown in Fig. 32.6a.

The effect of baffler stiffness on hook model is clearly explained by comparing
Fig. 32.7a with b. Abnormal vibration of baffles and pipes disappears after
correction, and hook modes become more obvious.

32.4 Result and Validation

Three hooks (5#, 6#, 7#) directly connected to a rear muffler are selected as
examples, as is shown in Figs. 32.8 and 32.9. Important corrections of hemming
and baffle are carried out after the basic hook model of vehicle condition is finished.
Unit force is applied to the hooks, and modal frequency response analysis is done
with a conventional FE code. Prediction results of the three hooks are shown in
Figs. 32.10a, 32.11a, and 32.12a, respectively.

To verify the prediction results, experiment is carried out on the hook samples,
which are also carried out on vehicle condition. Frequency response test is done
with the help of a famous vibration test system. Experimental results of the three
hooks are shown in Figs. 32.10b, 32.11b, and 32.12b, respectively. Difference
between prediction results and experimental results is shown in Table 32.1.

Fig. 32.6 Baffle edge of a trial sample (a); baffle FE model after correction (b)
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Fig. 32.7 Modal shape of hook before correction (a); modal shape of hook after correction (b)
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Prediction results are in good agreement with the experiment results, and the error is
less than 0.6 %. More importantly, besides the first peak, the other peaks in the
frequency response curves are also in good agreement with each other. The main
reason is that almost all interference peaks are eliminated after hemming and baffler
corrections as discussed in Sects. 32.3.2 and 32.3.3.

Fig. 32.8 FE model of three hook examples (5#, 6#, 7#) directly connected to a rear muffler

Fig. 32.9 The 5th hook trial sample (a); the 6th and 7th hook trial samples (b)
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Fig. 32.10 Prediction result of the 5th hook (a); experimental result of the 5th hook (b)
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Fig. 32.11 Prediction result of the 6th hook (a); experimental result of the 6th hook (b)
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Fig. 32.12 Prediction result of the 7th hook (a); experimental result of the 7th hook (b)

Table 32.1 Comparison of prediction results and experimental results. The first-order mode of
hook examples (5#, 6#, 7#)

Hooks Prediction result (Hz) Experimental result (Hz) Error (%)

5th 181 182 0.5

6th 452 452 0

7th 448 445 0.6
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32.5 Conclusions

This article mainly investigates the hook model prediction of vehicle condition.
Basic hook model of vehicle condition is firstly established, and important
corrections of hemming and baffle models are carried out, as the real hook stiffness
is the combine of hook body stiffness and its boundary stiffness. Modal frequency
response analysis is done on three hook examples (5#, 6#, 7#) directly connected to
a rear muffler. Prediction results are in good agreement with the experiment results,
and error is less than 0.6 %. More importantly, besides the first peak (the first-order
mode of hook), the other peaks of the prediction curves are also in good agreement
with those of experimental curves. The main reason is that almost all interference
peaks are eliminated after hemming and baffler corrections. The presented method
gives better result in predicting hook model of vehicle condition.
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Chapter 33
An Investigation on Turbocharger Whine
Noise

Zhang Song Zhan, Jin Yang, Jin Cai Yang, Jun Lan, Gang Liu,
Yong Jiang Xu, Jin Cai and Liang Zhang

Abstract There are two main reasons for turbocharger whine noise in vehicle,
unbalance and pressure pulsation, and they have the same characteristic but
different mechanism. The different methods are studied in this paper to improve the
different whine noise. Nonlinear order pick-up method is applied in analysis of
whine noise contribution and the objective evaluation standard about turbocharger
whine noise is established.

Keywords Engine NVH � Turbo charger whine � Unbalance � Pressure pulsation �
Nonlinear

33.1 Introduction

In general, the turbocharger for passenger car runs at the speed from 60,000 to
250,000 rpm (vs. rotor shaft). In run-up operating condition, there is whistle noise
called turbocharger whine noise or TC whine noise that is caused by the vibration
of rotor or pulsation of airflow. The whine noise is synchronous to turbocharger
shaft speed, and its main center frequency is typical in the range of 1,200–4,000 Hz
[1] for the passenger car. There are two kinds of whine noise, unbalance whine and
pulsation whine. The unbalance whine is caused by rotor of unbalance, and the
other one is caused by pressure pulsation from the compressor. The whine noise
transfers to the cabin by the structure borne and airborne path. The whine is easy to
be identified and it affects the acoustic quality in the cabin [5]. For investigation of
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TC whine noise and the application of main transmissions analysis technique and
improvement methods, signals of unbalance vibration and pressure pulsation noise
are tested.

33.2 The Investigation on the TC Whine Noise

33.2.1 The Different Mechanisms of the TC Whine

33.2.1.1 The Mechanism of the Unbalance Whine

The turbocharger rotor generates centrifugal force that cannot keep the balance
when the turbocharger unbalance mass exists. The centrifugal force is an additional
force to the rotor that also is called unbalance force that shows as F, F ¼ mx2e, the
force is linearly proportional to the frequency of the rotor speed [2].

In Fig. 33.1, the rotor shaft bends and vibrates because of the excitation that
comes from the radial force. At the same time, the large unbalancing forces act on
gas airflow and the bearings, and therefore it causes a whine noise called unbalance
whine. Because the frequency of unbalance whine is equal to the rotor speed (rev/s),
it is also called the first-order unbalance whine. Figure 33.2a shows the graduate
level of first-order vibration rise with increasing unbalance value. The smaller
unbalance value, the lower vibration level.

Axial force

Radial force Force due to unbalance

Fig. 33.1 The analysis of the centrifugal force on the rotor system
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33.2.1.2 The Mechanism of the Pulsation Whine

The compressor inner airflow is uneven airflow described by Lagrange equations

as, p = p (a, b, c, t), v*ða; b; c; tÞ ¼ o r*ða;b;c;tÞ
ot . The pressure pulsation caused by

unsteady airflow acts on medium in the compressor which changes over time [3].
The noise is called pulsation whine noise, and its frequency f = i*n/60, where
i represents the order, i = 1, 2, 3 …, the n represents the rotor speed, rev/min. When
i = 1, the first-order pulsation whine is strong enough to be heard. Figure 33.2b
indicates that the graduate level of first-order pressure pulsation rises with
increasing pulsation level.

33.2.2 The Characteristic of TC Whine Noise

The characteristic of the TC whine noise is nonlinear order that is different to
engine’s order noise because of turbocharger shaft speed is not synchronous to
engine speed.

Figure 33.3 shows the curves of the first-order whine, the first pressure pulsation
and the first-order unbalance vibration. These curves look identical. Their frequency
is in the range of 1,250–2,000 Hz and is increasing with engine speed. This noise
sounds like whistle and it is easy to be perceived by people.

Fig. 33.2 The influence on vibration and pulsation of TC due to unbalance and pulsation level
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33.2.3 The Transmission Path Analysis (TPA) of TC Whine
Noise

33.2.3.1 The TPA of Unbalance Whine Noise

The unbalance whine noise is classed as structure borne noise that transmits by
structure mostly, as show in Fig. 33.4.

33.2.3.2 The TPA of Pulsation Whine Noise

The pressure pulsation of airflow occurs at the end of compressor blade, the wall of
compressor, and the pipe of compressor’s outlet. The wrap method is applied for
the identification of the main transmissions of pulsation whine. Figure 33.5b shows
a slight decrease on the amplitude of pulsation whine by wrapping surface of
compressor. Figure 33.5c shows a significant decrease on the amplitude of pulsation
whine in range of 2,600–2,800 Hz by wrapping the pipe of compressor’s outlet.

Fig. 33.3 The colormap about pulsation, unbalance, and whine noise

Bearing

Rotor System
Mid-Body Turbocharger 

Surface
Exhaust 
System

Mount
System

Automobile 
Chassis and Cabin

Source Path

Fig. 33.4 The TPA of the unbalance noise
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The result indicates that the most of pulsation whine noise goes with the high
pressure airflow and radiates from the pipe of compressor’s outlet. The main
transmissions are as shown in Fig. 33.6.

Fig. 33.5 The comparison of whine noise

High pressure  
Air
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System

Inlet

Turbo

Compressor
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Air 
Cooler

Fig. 33.6 The TPA of
pulsation whine
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33.2.4 The Analysis Methods of TC Whine Noise

In order to improve the acoustic quality and reduce the cost on the vehicle, it is
needed to analyze the contribution of TC whine noise to the overall noise, to
evaluate and reduce the possibility of TC whine in the phase of NVH development
of powertrain. The analysis process includes signal testing, contribution analysis of
TC whine noise to the overall noise, root cause analysis of first-order whine, and the
optimization validation.

33.2.4.1 Signal Testing

For representing the level of unbalance vibration and the pressure pulsation exactly,
the sensors are installed onto the especial location. In Fig. 33.7, an acceleration
sensor is installed at the middle of the turbocharger, and a pressure pulsation sensor
is installed at the pipe of compressor’s outlet. In the measurement, two vibration
signals and an acoustic signal are tested in run-up operating condition.

33.2.4.2 The Contribution Analysis of the First-order Whine Noise
to the Overall Noise

The first-order whine curve is nonlinear, and it can be obtained by the nonlinear
order pick-up method [4]. The frequency of the first-order whine is equal to the
rotor speed (rev/s). The rotor speed m can be calculated by the formula,
m = f/z × 60, where z = 1. Therefore, the nonlinear whine curve is changed to linear
whine curve in the colormap [4].

Figure 33.8a shows the nonlinear characteristic of the first-order whine curve,
x-axis is the frequency (Hz) and y-axis is the TC rotor speed (rpm). In the engine
speed of 3,250–3,680 rpm, and the frequency of 2,600–2,700 Hz, the first-order
whine becomes much larger, which can be perceived as the TC whine noise.
Figure 33.8b shows the colormap changing from Fig. 33.8a after applying the

Acceleration Sensor Pressure Pulsation Sensor

Fig. 33.7 The test location on turbocharger
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nonlinear order pick-up method, and then the first-order whine noise curve turned to
straight from bent. As shown in Fig. 33.9, the overall noise level increases smoothly
and linearly when the engine runs up, while in the range of 156,000–162,000 rpm,
there is a clear peak on the first-order whine curve of the TC noise. In the whole
run-up operating condition, the average difference between the overall level curve

Fig. 33.8 The nonlinear curve turns to linear by transferring the reference speed from engine to
TC rotor

Overall noise curve
First order whining noise 
curve

P
a

dB
(A

)

rpm
Rotor speed

3250~3650rpm 152000~162000rpm

Engine rpm-Time Rotor rpm-Time

Fig. 33.9 Difference between first whine noise and overall noise

33 An Investigation on Turbocharger Whine Noise 319



and the first-order curve is 7.4 dB (A). But at the peak area, it is much small as
4.8 dB (A). Based on the objective evaluating standard of the order whine noise, it
will cause TC first-order whine at the peak area. In the subjective evaluating result,
people can clearly perceive the TC first-order whine in engine speed range of
3,250–3,680 rpm under the same load condition. Both the subjective and the
objective evaluation method show good correlation. This result shows that we can
correctly evaluate the whine noise by making use of the contribution analysis
method and make it possible to evaluate the TC whine in an objective way.

33.2.4.3 The Root Cause Analysis of the TC First-order Whine

The recent research has indicated that the characteristic of two kinds of the TC first-
order whine noise is the same, and we cannot directly recognize the kind of the
whine from the colormap. In this paper, we analyze the first-order vibration and
pulsation, and then figure out the reason of the whine noise by an actual case.

A subjective evaluation result shows the first-order whine noise is clearly
perceived when the engine speed runs in the range of 2,300–2,600 rpm on vehicle.
Figure 33.10 shows in engine speed range of 2,300–2,600 rpm, the whine char-
acteristic, whose frequency is around 1,783–1,833 Hz, can be obviously observed
in the cabin noise test data. We cannot identify the kind of the TC first-order whine,
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Fig. 33.10 Acoustic, pulsation, and acceleration
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because both the first pressure pulsation and the unbalance vibration have a big
value at this moment.

Applying the nonlinear order pick-up method, we obtain the first whine, first
pressure pulsation, and the first vibration accelerate separately. Figure 33.11a shows
in the rotor speed of 107,000–110,000 rpm, the overall curve characteristic and the
first whine curve have the same, they all exist many peaks in the focus speed range.
The smallest difference value between the overall curve and the first whine curve is
only 3.3 dB (A). The Fig. 33.11a also indicates that the peaks of the overall noise
curve are contributed by the first whine noise. Figure 33.11b shows in the pressure
pulsation curve, there are many peaks in rotor speed range of 107,000–110,000 rpm
that like the first whine noise curve and the biggest pressure pulsation reach at
200 Pa. Figure 33.11c shows in the same rotor speed range, the first vibration curve
is smooth. Besides, with the same type turbocharger, there is no whine noise when
the first pressure pulsation smaller than 150 Pa and the first vibration accelerate
smaller than 1 g on the vehicle. According the above analysis results, the TC first-
order whine is caused by the pressure pulsation.

33.2.5 The Optimizing for the First Whine Noise of TC

Generally, we will control the whine noise from both excitation source and the
transfer path. And in this paper, mostly research the transfer path control strategy,
we optimize the TC whine noise by reducing the power of noise that radial to the
air. Figure 33.12a shows engine noise spectrum map, in engine speed range of
2,000–2,700 rpm, the TC first-order whine, whose centered frequency is 1,950 Hz
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and bandwidth is 100 Hz, can be obviously observed. Based on the centered
frequency, we design a muffler to optimize the whine. The design detail sees in
Table 33.1 [6]. Figure 33.13 shows in range of 1,800–2,400 Hz, the attenuation of

Fig. 33.12 Effect of the designed muffler

Table 33.1 The design parameter of noise muffler

The design parameter of noise muffler

Parameter Value Source of value

Center frequency f (Hz) 1,950 Acoustic measure

Temperature of air T (k) 390 Temperature measure

Location acoustic velocity C (m/s) 410.9 C = 340 + 0.60 * (T − 273)

Length of muffler L (m) 0.053 L = 1/4 * C/f

Diameter of muffler d (m) 0.015 Experience

Modify length La (m) 0.046 La = L – 4 * d/(3 * 3.14)

Fig. 33.13 The transfer loss
curve of muffler
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noise is 35 dB which meets the design requirement. Figure 33.12b depicts the first-
order whine noise level decrease significantly in range of 1,900–2,000 Hz by
applying the designed muffler and achieves the noise goal.

33.3 Conclusions

1. The first-order whine of turbocharger includes unbalance whine and pulsation
whine. The unbalance whine is the structure born noise that transmits to the
cabin via engine mount system. Whereas the pulsation whine is the airborne
noise most of which transmits to the cabin by radiating from the pipe of com-
pressor outlet and exhaust system. The level of first-order vibration rises with
increasing unbalance value, and the level of first-order pressure pulsation
enhances with increasing pulsation level.

2. The contribution of the first-order whine noise to overall noise can be calculated
when using the nonlinear order pick-up method. In this way, we can correctly
evaluate the whine noise and make it is possible to evaluate the TC whine in an
objective data compared to the subjective way.

3. The research results show that the primary selection is to decrease the power of
whine noise on the transmissions.
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Chapter 34
Phenomenon and Analysis
of Low-Frequency Standing Wave
Inside Exhaust System

Shuo Zhang, Jian Pang, Haiyan Zhang, Liang Yang and Wei Qing

Abstract Based on theoretical analysis and numerical simulation, the paper
analyzes standing wave mechanism in exhaust system. The standing waves are
founded in the exhaust orifice noise from a vehicle testing. An acoustic model for
the exhaust system is established, and orders’ acoustic characteristics for the
tailpipe noise are analyzed where a resonant peak is caused by the standing wave.
A method is proposed to eliminate the standing wave noise by inserting a perforated
resonator on the tailpipe. Three resonators with different volumes are compared,
and the best one is chosen to control the low-frequency standing wave noise.

Keywords Exhaust system � Standing wave � Acoustic analysis � Muffler

34.1 Introduction

NVH is a major index to decide a vehicle’s comfort ability, while exhaust noise is
one of the major vehicle noise sources. The exhaust low-frequency noise impacts
the subjective auditory cognitive features, such as sound strength, booming, and
annoyance. It is extremely important to control low-frequency noise in order to
suppress the booming and annoying sound at exhaust orifice.

Domestic and foreign scholars carried out extensive research and experimental
analysis on the exhaust low-frequency noise problems and provided control
methods from two aspects. One method is to increase muffler volume and modify
muffler internal structure. The other method is to adjust the tailpipe length. Selamet
and Ji [1] analyzed sound characteristics of special mufflers with extended inlets
and outlets or offset inlets and outlets using 2D and 3D analytical methods. Selamet
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and Ji [2] and Wu et al. [3] analyzed sound characteristics of a muffler with single
inlet and dual outlets and a muffler with dual inlets and single outlet by modal grid
method. Zhao [4] studied the influence of tailpipe length and diameter on engine
performance and tailpipe orifice noise.

The paper analyzes low-frequency standing wave characteristics of an exhaust
orifice noise and provides the control methods. The test results show that the
methods can effectively solve the low-frequency standing wave problem.

34.2 Mechanism of Standing Wave in Exhaust System

34.2.1 Mechanism of Standing Wave in Pipe

Sound inside a pipe is assumed as plane-wave propagation. There exist incident
wave and reflective wave when sound propagates inside the pipe, as shown in
Fig. 34.1.

The sound pressure at any point inside the pipe is summation of incident sound
pressure pi and reflective sound pressure pr, and expressed as follows

p x; tð Þ ¼ Piej xt�kxð Þ þ Prej xtþkxð Þ ð34:1Þ

Assume that the incident wave magnitude and reflective wave magnitude are
equal, i.e., pi ¼ pr ¼ p; then,

p x; tð Þ ¼ 2P cosxt cos
2pf
c

x ð34:2Þ

The summed pressure is a function of time and space, as shown in Fig. 34.2.
Magnitude of the summed pressure varies with locations. Some location where the

Fig. 34.1 Sound wave in a pipe

Fig. 34.2 Standing wave in a
pipe
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magnitude is zero is called node points. Some location where the magnitude reaches
a maximum value is called antinode points.

34.2.2 Standing Wave in Exhaust System

Standing wave could appear in two sections inside an exhaust pipe. One section is
the middle pipe, and the other one is the tailpipe, as shown in Fig. 34.3.

The standing wave inside the middle pipe: There exist incident wave and
reflective wave at interactions between manifold and pipe, and between pipe and
muffler due to difference in the section areas, which causes the standing wave.
Assume the mufflers’ volume is enough big; the two ends of the pipe can be
regarded as “end open” boundary conditions [5].

The standing wave inside the tailpipe: There exist incident wave and reflective
wave inside the tailpipe because the impedance between the tailpipe and the
atmosphere does not match, which causes the standing wave. When the muffler has
enough volume, the tailpipe can be regarded as “end open” boundary conditions.

The standing wave in the exhaust system can be calculated using the “end open”
boundary conditions, and corresponding frequencies are expressed as follows:

f ¼ 2n� 1ð Þc
2L

ð34:3Þ

where n = 1, 2, 3…; c is sound speed; L is pipe length.

Fig. 34.3 Standing wave in an exhaust system
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34.3 Phenomenon and Analysis of Low-Frequency
Standing Wave in the Tailpipe

34.3.1 Description of Low-Frequency Standing Wave

During a vehicle development, a special sound phenomenon for the four-cylinder
engine is found as follows: There exist three big peaks for tailpipe noise for WOT
condition at 1,400; 2,100; and 4,000 rpm, respectively, as shown in Fig. 34.4. The
contributions for the three peaks come from 6th order, 4th order, and 2nd order,
respectively, but they correspond to one frequency at 130 Hz [5], as shown in
Fig. 34.5.

Fig. 34.4 Overall and order components of the exhaust orifice noise

Fig. 34.5 Colormap for the orifice noise
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Figure 34.6 shows the exhaust dimension layout. The tailpipe length is
1,391 mm. Assume the tailpipe temperature is 230 °C; corresponding sound
is 450 m/s. According to Eq. (34.3), the standing wave frequency inside the tailpipe
is 130 Hz which is consistent with above test results.

In order to confirm that the standing wave is caused by the tailpipe, the tailpipe is
extended to 2,500 mm. The test results show that the resonant frequency of the
orifice noise reduces from 130 to 68 Hz as shown in Fig. 34.7. The 68-Hz standing
wave corresponded with the 2,500-mm length pipe; thus, the 130 Hz noise can be
confirmed from the original tailpipe.

Fig. 34.6 The exhaust dimension layout

Fig. 34.7 Orifice noise for two tailpipes with different lengths
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34.3.2 Simulation Analysis of the Exhaust System Standing
Wave

There are three ways to solve the standing wave. The first method is to insert
additional 130 Hz Helmholtz resonator. The second one is to adjust the tailpipe
length in order to shift the standing wave frequency. The third method is to insert a
muffler to break the standing wave. For the first method, in order to tune Helmholtz

resonator to reach 130 Hz at 230 °C, according to the formula f ¼ c
2p

ffiffiffi
S
Vl

q
, resonator

neck diameter and length are chosen as 35 and 30 mm, respectively, and the volume
has to be 5 L [6]. Since the volume is too big to package in the vehicle, the method
is gave up. For second method, the tailpipe length is limited by the vehicle’s
dimension and package, so the method is impossible for engineering practice. For
the third method, an additional smaller resonator is inserted on the tailpipe, so the
tailpipe is divided into two parts, which means the tailpipe length is shortened. The
smaller resonator also reduces the resonant noise, as shown in Fig. 34.8.

A 1-D acoustic model for the engine and the exhaust system is built using
GT-power. Three perforated mufflers with diameters 75 mm (option 1), 104 mm
(option 2), and 120 mm (option 3), respectively, are designed within the possible
package space. The exhaust orifice noise for the three cases is calculated and
compared (Figs. 34.9 and 34.10; Table 34.1).

The noise peaks at low and middle rpm reduce with the increase in the pipe
diameters. The option 3 has the best result, and the low-frequency standing wave is
eliminated for the orifice noise. The peaks at 4,000 rpm for 2nd order, at 2,100 rpm
for 4th order, and at 1,400 rpm for 6th order are significantly reduced compared
with the original design, as shown in Figs. 34.11, 34.12, and 34.13.

Inserting the additional perforated resonator brings a lot of benefits, such as the
standing wave is eliminated, the linearity for over sound pressure is improved, and
the order noise peaks are significantly reduced (Fig. 34.14).

Fig. 34.8 An additional smaller resonator is inserted on the tailpipe
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34.3.3 Verification of the Improved Case

According to the simulation results for above cases, option case 3 has the best
results. The hardware for option 3 is manufactured and installed on the exhaust
system. The test results show that the optimized case reduces the peaks of the
overall noise and the standing wave is eliminated.

Fig. 34.9 1-D acoustic model for the engine and the exhaust system

Fig. 34.10 Comparison of
orifice noise for different
structures
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Fig. 34.11 Comparison of
second-order noise for
different structures

Fig. 34.12 Comparison of
fourth-order noise for
different structures

Fig. 34.13 Compare of sixth-
order noise for different
structures
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34.4 Conclusions

1. The long tailpipe easily causes low-frequency standing wave. If there exist
several peaks in the overall tailpipe noise, the standing wave formula can be
used to judge whether there exists standing wave.

2. There are three methods to control standing wave inside tailpipe: inserting an
additional resonator, adjusting the tailpipe length, and breaking the standing
wave. In this paper, the first method is used and good results are achieved.

3. The bigger the volume of the additional resonator, the better the results for
eliminating the standing wave. The volume of a resonator can be chosen by a
project requirement and possibility.
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Chapter 35
Crack Identification of Vehicle Drive Axle
Half Shaft Rotor System

Daogao Wei, Bo Wang and Meiling Hu

Abstract Driveaxlehalf shaft system is simplified to a single-spananddouble-cantilever
rotor system, taking slant crack, bearing and tire sine excitation into consideration,
8-DOF dynamic equations are founded. Based on this model, the cracked half axle
rotor system under high-speed drive condition is investigated by numerical simulation.
The results indicate that: compared with uncracked half shaft system, cracked half
shaft lateral vibration shows second harmonic generation, quadruplicated frequency and
their combined frequencies with VC vibration frequency, and their corresponding
amplitudes increasewith the increase of crack depth. Therefore, slant crack information of
axle shaft can be gained from the above three nonlinear factors.

Keywords Axle shaft � Slant crack � Rotor � Bearing � Harmonic frequency

35.1 Introduction

Vehicle axle shaft is a solid shaft to transmit power between differential and drive
wheel. The half axle system that includes axle shaft and wheel is a functional part as
well as safety part in high speed.

If crack occurs between half axle and hub, the cracked position may break under
multiple forces. The break could lead to interruption of power or car slipping with
handbrake on. In 2013, Beijing Hyundai recalled some SantaFe Automobiles
because forging process quality problems in the drive axle joints might lead to crack
occurring on the right of the drive axle. In 2014, GM recalled 170,000 CRUZE
2013–2014 models in the USA because the right front axle might crack and fall off,
giving consumers and the company some economic losses.

D. Wei (&) � B. Wang � M. Hu
School of Mechanical and Automotive Engineering, Hefei University of Technology,
Hefei, China
e-mail: weidaogao@huft.edu.cn

© Springer-Verlag Berlin Heidelberg 2015
Society of Automotive Engineers of China (SAE-China) (ed.),
Proceedings of SAE-China Congress 2014: Selected Papers,
Lecture Notes in Electrical Engineering 328, DOI 10.1007/978-3-662-45043-7_35

335



Crack, as one of the axle shaft major failures, is a very big danger. Therefore, it
is necessary to find crack failure to prevent accidents and catastrophic economic
losses.

Since the 1970s, there are extensive and in-depth studies on domestic and
international recognition on the cracked rotor dynamics and cracks [1–8], but the
research on crack identification of vehicle drive axle shaft rotor system are rarely
reported. Most studied [9–11] on the axle materials, processing and fatigue failure,
but ignoring the establishment of rotor dynamics model and studying the dynamic
characteristics with numerical calculation method. This aspect of literature is also
rarely reported.

Therefore, this paper established a multidimensional dynamic model of the
cracked axle rotor system and analysed dynamic characteristics of the system
influenced by three nonlinear factors including the crack, the bearing force and road
excitation. Slant crack information is identified from three nonlinear factors and can
also provide theoretical reference for crack dynamic monitoring of axle systems.

35.2 Dynamic Model of Vehicle Half Axle System

35.2.1 Mechanics Model of Cracked Half Axle

This paper taking a domestic commercial vehicle as a reference model, the
simplified mechanics model of the vehicle half axle system is as shown in Fig. 35.1.
The meanings of the symbols shown in Fig. 35.1 are as follows: oxyz is the fixed
coordinate system for the system, xoz is the tire rotation plane, x is the forward
direction of the car in which the tire rotates clockwise, y is the axial direction of the
axle, z is the direction perpendicular to the ground, m1 is the quality of half axle
gear, m2, m3 are the equivalent qualities of half shaft on the bearings, m4 is the
equivalent mass of the brake and wheel assembly (hereinafter referred to as wheel),
li (i = 1, 2, 3) is equivalent distance between the discs, d is the diameter of the shaft,
R is the rolling radius of the tire, Ω is the angular velocity of axle system, Fx2, Fz2,

Y
X

Z

m1
m2 m3 m4

l1 l2 l3

R

d
X

Z

slant crack

FN

Ft

Fz2
Fx2

Fz3 Fx3

T

1 2 3 4 5(a) (b)

1-half axle gear 2- inside gear of half axle 3- half axle 4-Outside gear of half axle
5- equivalent disc of wheel and brake

Fig. 35.1 Mechanics model of cracked axle system. aMain view of half shaft system. b Left view
of differential equation of system
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Fx3, Fz3 are the supporting forces for the two rolling bearings and T is the drive
torque. The following assumptions are made to build mechanical model: (1)
assuming the car is travelling straight, the wheel does not bear lateral force; (2)
assuming that the crack is 45° open slant crack on the axle, and the crack locates at
the junction of axle hub and a half shaft; (3) assuming axle support bearings are the
same rolling bearing at both ends.

35.2.2 Differential Equation of System

Based on the mechanics model of drive axle shaft system with cracked shaft as
shown in Fig. 35.1, 8-DOF differential equation of the rotor system can be derived
by using Lagrange’s equation.

m1€x1 þ c1x _x1 þ k1xðx1 � x2Þ ¼ 0
m1€z1 þ c1z€z1 þ k1zðz1 � z2Þ ¼ 0
m2€x2 þ c2x _x2 þ k1xðx2 � x1Þ þ k2xðx2 � x3Þ þ kbx2 ¼ Fx2

m2€z2 þ c2z€z2 þ k1zðz2 � z1Þ þ k2zðz2 � z3Þ þ kbz2 ¼ Fz2 � m2g
m3€x3 þ c3x _x3 þ k2xðx3 � x2Þ þ k3xðx3 � x4Þ þ kbx3 ¼ Fx3

m3€z3 þ c3z _z3 þ k2zðz3 � z2Þ þ k3zðz3 � z4Þ þ kbz3 ¼ Fz3 � m3g
m4€x4 þ c4x _x4 þ k3xðx4 � x3Þ þ kxyðz4 � z3Þ ¼ m4eX2 cos Xtð Þ þ Ft

m4€z4 þ c4z _z4 þ k3zðz4 � z3Þ þ kzxðx4 � x3Þ ¼ m4eX2 sin Xtð Þ � m4gþ FN

8>>>>>>>>>><
>>>>>>>>>>:

ð35:1Þ

where mj is the mass of the jth disc, j = 1, 2, 3, 4; xj, zj are the horizontal and vertical
displacements of the jth disc centroid; cjx, cjz are the horizontal and vertical
damping; kix, kiz are the horizontal and vertical stiffness of ith shaft, i = 1, 2, 3;

k½ �g¼
kx kxz
kzx kz

" #
is the 3rd shaft coupled stiffness matrix with slant crack, kxz, kzx

define coupled stiffness between horizontal and vertical, and the values are equal to
0 when no crack appears, Ft is the driving force, Ft = T/R; e is eccentricity of the 4th
disc; g is the gravitational acceleration; FN is the sinusoidal excitation force from
ground, FN = G + m4 Aw2sin(2πft), where A is the amplitude of the sinusoidal
excitation, G is the wheel load, w = 2πf = πV/S (V is the speed of car, S is the half-
wavelength of ground) and f is the frequency of road excitation force to tire.

35.2.3 Selection of Rolling Bearing Model

The model of rolling bearing, as shown in Fig. 35.1, is that of JIS6308, the bearing
is simplified as two degrees-of-freedom system with radial clearance and Hertz
contact between race and rolling elements [12, 13] and its mechanical model is
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shown in Fig. 35.2. The outer race of the ball bearing is assumed to be fixed to the
rigid support, and the inner race is assumed to be fixed to the shaft in this study.
Rolling bearing subjects to forced vibrations generated from the rotor unbalance
excitation, the vibration frequency is the rotation frequency of the rotor, while
rolling bearings will also produce varying compliance (VC) vibration frequency
xVC which is excited by the overall stiffness of the bearing continuously changing
because of periodical variety of the bearing parameters [12, 14, 15]. Therefore, it is
a parameter excited frequency.

Assuming the motion between the roller and the races is pure rolling, and then,
the angular velocity of the rolling bearing cage is ωcage, the varying compliance
frequency is

xVC ¼ xcageNb ¼ X
Ri

Ri þ Ro

� �
Nb ¼ XBN ð35:2Þ

where Ri and Ro are the inner and outer race radius, Nb is the number of rolling
elements for the rolling bearing, and BN is the ratio of the varying compliance
vibration frequency and the rotational frequency. By considering that the angular
spacing of the rolling elements is constant, the angular space between two balls is
equal to Δθ = 2π/Νb. Each angular position of the ball is θk, the deformation of the
normal contact between the kth roller and race is

Dk ¼ x cos hkð Þ þ z sin hkð Þ � d

¼ x cos
2p
Nb

k � 1ð Þ þ xcaget

� �
þ z sin

2p
Nb

k � 1ð Þ þ xcaget

� �
� d ð35:3Þ

where k = 1, 2, 3, …, Nb, x, z are the horizontal and vertical displacements of the
centroid of inner race, and is the radial clearance between races and rolling
element.

Considering the Hertzian contact theory, the restoring force between the kth
roller and race can be estimated

Ä

X

ZO1

O

RI

RO

roller

ÈK

Fig. 35.2 Mechanics model
of drive axle bearing
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Fk ¼ KH Dkð Þ3=2; Dk � 0
0; Dk\0

�
ð35:4Þ

where KH is the stiffness of Hertzian contact. Then, the total restoring force com-
ponents Fz and Fx in z- and x-directions are expressed as Fz ¼

PNb

i¼1 Fk coshk,
Fx ¼

PNb

i¼1 Fk sinhk, so the restoring force components of half shaft’s two rolling
bearing in the horizontal and vertical direction can be obtained by using the
Eqs. (35.2)–(35.4)

Fx2 ¼ Fx;Fz2 ¼ Fz; x ¼ x2; z ¼ z2
Fx2 ¼ Fx;Fz3 ¼ Fz; x ¼ x3; z ¼ z3

(
ð35:5Þ

35.2.4 Selection of Crack Model

According to authors’ knowledge, there are mainly two models calculating the
stiffness of the cracked shaft: the open crack model and response-dependent
breathing crack model. In this paper, the crack on shaft is assumed to be open crack,
and there are basically three methods for this form of crack, which are equivalent
method, numerical method, and Dimarogonas method [2, 3]. Compared to the other
two methods, Dimarogonas method has many advantages such as high precision
and convenience. The method can be used to derive the bending stiffness matrix of
cracked-rotor vibration when coupling between z- and x- directions be considered.
So it’s helpful in discussing cracked-rotor coupled vibration problem.

Dimarogonas method uses stress intensity factor and energy release rate to
calculate the stiffness. In order to find the additional flexibility of cracked half shaft,
the relationships among the additional flexibility, energy release rate and stress
intensity factor should be introduced. The relation between energy release rate and
stress intensity factor is

W ¼
ZZ

1
E0 K

2
I

� �
d#dY ¼

ZZ
1�l2

E
K2
I

� �
d#dY ð35:6Þ

where ϑ is the depth of the crack section, Y is the width of the crack section, and KI

is the stress intensity factor of opening type.
Since the support stiffness of the rolling bearing is large enough, the additional

local flexibility of uncracked shaft is [4]

cs½ � ¼ diag l33
�
3EI l33

�
3EI

� � ð35:7Þ

where I is the inertia of shaft and l3 is the length of shaft. The flexibility of cracked
shaft is the sum of additional flexibility and the flexibility of the uncracked shaft
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c½ � ¼ G1½ � Dc½ � G2½ � þ cs½ � ð35:8Þ

Dc½ � ¼ o2W
oqioqj

ð35:9Þ

where [G1], [G2] define the transfer matrix, [Δc] is the additional local flexibility
matrix and qi, qj define the corresponding load in each direction.

Under the rotating reference coordinates, the stiffness matrix of cracked shaft [k]l
is the reciprocal of flexibility matrix [c]

k½ �l¼ c½ ��1 ð35:10Þ

The stiffness matrix under fixed coordinate can be found by

k½ �g¼ H½ ��1 k½ �l H½ � ð35:11Þ

where [H] is the coordinate conversion matrix.

35.3 Simulation and Analysis of System’s Dynamic
Characteristics

Taking a domestic light vehicle as sample, the differential equations of drive axle
half shaft system are established based on the car. Combining the selected bearing
and crack model, the dynamic characteristics of the system are calculated with
fourth-order Runge–Kutta method. Then, the wheel vibration characteristics, which
are obtained from uncracked and cracked under different depths in high speed, can
provide crack recognition information of half shaft and provide theory reference for
finding and diagnosing crack fault. The needed parameters for calculation are listed
in Table 35.1, and the results are as shown in Figs. 35.3 and 35.4 and Table 35.2.

The specific value of the multi-frequency response diagram shown in Figs. 35.3
and 35.4 are summarized and listed in Table 35.2, where f is the frequency com-
ponent of road excitation force to tire, 1x, 2x, 4x define the main frequency and
harmonic generations, fVC ¼ xVC

X is the ratio of VC vibration frequency and the
angular velocity of tire, it can be seen that the vibration of wheel centroid in
x-direction appear four frequency components, respectively, 1x, fvc − 1x, fvc, 2fvc,
and the vibration amplitude corresponding to 1x, fvc − 1x is much less than the
amplitude corresponding to the VC vibration frequency which are consistent with
the results appear in the literature [12, 14, 15] when no crack appears. Compared to
uncracked system, more frequency components appeared in the cracked system at
the same direction that are, respectively, 2x, 4x, 2fvc, fvc + 2x, fvc − 2x, 2fvc − 2x, and
all the amplitudes corresponding to 1x, 2x, 4x, fvc + 2x, fvc − 2x, 2fvc − 2x increase
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Table 35.1 Calculating parameters

Parameter Unit Value

m1 kg 3

m2 kg 3.5

m3 kg 3.5

m4 kg 50

E pa 2.1 × 1011

l1 m 0.12

l2 m 0.58

l3 m 0.057

d m 0.04

e m 0.03

T N m 900

S m 6

A m 0.05

Ri m 0.02

Ro m 0.045

Nb 10

KH N/m3/2 13.34 × 109

δ μm 40

R m 0.5

c1x, c1z N s/m 3,000

c2x, c2z N s/m 2,000

c3x, c3z N s/m 5,000

kb N/m 1.4 × 106

G N 50,000

Fig. 35.3 Spectrum of wheel in x-direction with different crack depths when V = 30 m/s. a S = 0d,
b S = 0.1d, c S = 0.3d d S = 0.4d

Fig. 35.4 Spectrum of wheel in z-direction with different crack depths when V = 30 m/s.
a S = 0d b S = 0.1d c S = 0.3d d S = 0.4d
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with the increasing of crack depth, instead the corresponding amplitude of fvc, 2fvc
decrease with increasing depth of the crack.

The vibration of wheel centroid in z-direction appears four frequency compo-
nents, respectively, f, 1x, fvc, 2fvc, and the corresponding amplitudes are small, when
no crack appears. And compared to uncracked system, more frequency components
appeared in the cracked system at the same direction which are, respectively, 2x, 4x,
fvc + 2x, fvc − 2x, 2fvc − 2x, and the amplitudes corresponding to 1x, 2x, 4x,
fvc + 2x increase with the increasing of crack depth, instead the corresponding
amplitude of 2fvc decrease with increasing depth of the crack, fvc corresponding
amplitude shows the tendency of decrease at first and then increase with the
increasing of the depth of crack.

In conclusion, the second and fourth harmonic frequency and the frequencies
they combined with the VC vibration frequency formed by the sum and difference
do not appear in uncracked system; the emergence of them and the corresponding
amplitudes increase with the increasing of the depth of crack are important symbol
of crack existence and extension.

Table 35.2 Amplitude–frequency distribution characteristics of x-direction vibration corresponding
with the change of crack depth s when V = 30 m/s

Frequency
ratio γ

Crack depth

S = 0d S = 0.1d S = 0.3d S = 0.4d

Amplitudes
of x- direction

1x 9.37e−5 1.12e−4 2.51e−4 8.19e−4

fvc − 1x 1.97e–5 No prominent No
prominent

No
prominent

2x No prominent 5.69e−3 4.81e−2 1.41e−1

fvc 2.68e−2 3.09e−3 1.82e−3 8.90e−4

fvc + 1x No prominent No prominent No
prominent

No
prominent

4x No prominent 5.96e−5 1.89e−3 3.21e−3

2fvc – 2x No prominent 1.88e−4 3.59e−4 No
prominent

fvc + 2x No prominent 5.81e−4 2.71e−3 2.71e−3

2fvc 1.47e−3 1.26e−3 1.22e−4 5.70e−4

f 2.06e−6 2.55e−5 9.62e−5 No
prominent

1x 1.38e−6 9.23e−5 1.46e−4 5.99e−4

fvc − 1x No prominent No prominent No
prominent

No
prominent

2x No prominent 3.42e−3 3.37e−2 1.21e−1

fvc 2.65e−6 5.83e−4 5.90e−4 5.37e−4

4x No prominent 3.03e−5 7.71e−4 1.76e−3

2fvc − 2x No prominent No prominent 9.12e−5 No
prominent

fvc + 2x No prominent 3.19e−5 2.25e−4 4.07e−4

2fvc 3.65e−7 1.21e−4 7.60e−5 2.80e−5
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35.4 Conclusions

Based on a certain type of vehicle drive axle shaft system with slant crack as the
research content, established the mechanics model of the system, and taking slant
crack, bearing and tire sine excitation into consideration, 8-DOF dynamic equations
were founded. Considering the three nonlinear factors, the cracked half axle rotor
system under high-speed drive condition was investigated by numerical simulation.
Analysis of the vibration characteristics of the wheel is helpful to gain slant crack
information of axle from the above three nonlinear factors.
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Chapter 36
Study on Second-Order Vibration Caused
by Secondary Couple of Cardan Joint
for a 4WD Driveline

Yuanfeng Xia, Jian Pang, Chengtai Hu, Cui Zhou and Zhijun Zhang

Abstract Based on the mechanism of secondary couple caused by cardan joint,
this paper analyzes the reasons for the secondary couple and second-order vibration
of a 4WD driveline resulting from cardan joint excitation. According to test results,
the paper analyzes the influence parameters, including variation of propeller shafts’
angle, selection of joint type, input torque of propeller shaft, and rigid body modes
of rear axle, on the second-order vibration. Finally, the paper provides the control
methods to reduce the second-order vibration caused by the cardan joints.

Keywords Cardan joint � Second-order vibration � 4WD � Rigid body mode of
axle � ODS

36.1 Introduction

Currently, the four-wheel drive (4WD) system is widely used in sports utility
vehicle (SUV) due to the increasing demand of fuel efficiency and dynamic per-
formance by customers. Generally, there are two kinds of 4WD systems, one based
on the front wheel drive (FWD) system and the other based on the rear wheel drive
(RWD) system. The FWD system has been more and more popular. The customers
and manufacturers have already paid more and more attention to the noise, vibra-
tion, and harshness (NVH) problems caused by the driveline of 4WD vehicle.

The universal joints, which are commonly used in the automotive driveline, are
divided into two categories: One is the constant-velocity universal joint, and the
other is the inconstant-velocity universal joint. The cardan joint, which belongs to
inconstant-velocity universal joint, is widely applied in automotive driveline due to
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its simplicity and low cost. The cardan joint produces torque and velocity fluctu-
ation during torque transmission [1]. Specifically, for a constant driveshaft speed,
the driveshaft’s speed fluctuates with a frequency corresponding to twice the
rotational speed of the driveshafts. The propeller shafts with multi-cardan joints are
commonly applied to commercial vehicles and trucks to transmit torque. The
driveline torsional vibration correlates with the phase arrangement of multi-uni-
versal joints [2]. The shudder vibration of vehicle body [3] and cabin’s low-fre-
quency booming [4] are easily excited by cardan joint with a secondary couple for
RWD and 4WD vehicles, especially the driveline running at the low-gear and high-
torque conditions.

Based on the single cardan joint, this paper analyzes the theory and phenomenon
of secondary couple and second-order vibration caused by the cardan joint. Some
controlling methods for second-order vibration caused by the cardan joint are
provided according to theoretical analysis and test results. Firstly, the test results
validate the influence of propeller shaft’s angle variation and arrangement on
second-order vibration. Secondly, the flexible coupling, which presents an excellent
NVH property in the solution of second-order vibration, is analyzed by NVH test.
Thirdly, the influence of propeller shaft’s input torque on second-order vibration is
validated. Finally, the second-order vibration transfer path is found by static model
analysis and operational deflection shape analysis of rear axle.

36.2 Mechanism of Second-Order Excitation Force

The 4WD driveline system based on FWD system consists of power plant, power
takeoff unit (PTU), propeller shaft, independent axle, front half shaft, rear half shaft,
and four wheels, as shown in Fig. 36.1. The cardan joint is the source of second-
order vibration.

Figure 36.2 shows that the cardan joint is operated under a nonzero driveline
angle. The relationship between the velocity of the driving yoke and driven yoke is
presented as follows:

Power Plant
PTU Propeller shaft

Independent axle

Rear half shaftFront half shaft

Wheel
Cardan joint Constant velocity joint

Cardan joint

Fig. 36.1 The 4WD driveline layout
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x2

x1
¼ cosa

1� sin2a sin2u1
ð36:1Þ

where x1 is the velocity of the driving yoke, x2 is the velocity of the driven yoke,
u1 is the rotational angle of the driving yoke, and a is the angle between driving
yoke and driven yoke. If the driving yoke rotates with a constant speed
(x1 ¼ 360�=s), the velocity of the driven yoke fluctuates twice per rotation, as
shown in Fig. 36.3. The larger the cardan joint angle, the greater the velocity
fluctuation.

When the angle a is not equal to zero, the cardan joint not only produces velocity
fluctuation, but also produces an oscillating secondary couple which is a function of
driveline angle and transmitted torque. Generally, the secondary couple produced
by driving yoke is [5]

C1 ¼ T1 tana cos2u1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2a sin2u1

q
ð36:2Þ

and the secondary couple caused by driven yoke is [6]

C2 ¼ T1 sina sin2u1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2a cos2u1

p
ð36:3Þ

where T1 is the input torque transmitted by driving yoke.
As shown in Eqs. (36.2) and (36.3), the secondary couple of driving yoke and

driven yoke is a function of rotational angle (u1) of the driving yoke. The

1ϕ

Driving yoke
Driven yoke

α

2ω

1ω

Fig. 36.2 Rotational movement of a cardan joint
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secondary couple C1 and C2 fluctuates with ð period when a ¼ 2� and
T1 ¼ 100Nm, as shown in Fig. 36.4. The secondary couple is supported by bearing
and produces second-order force on bearing, which is the reason for second-order
vibration driveline.

36.3 The Phenomenon of Second-Order Vibration Caused
by Cardan Joint

The vibration and noise of driveline are measured by tracking propeller shaft’s
rotational speed, arranging microphone at driver’s seat and passenger’s seat, and
fixing acceleration sensors at PTU, central bearing support, rear axle, and floor of
vehicle body. Figures 36.5 and 36.6 show the noise and vibration color maps of key
points at inside and outside of the vehicle, and the overall value of second-order
noise and vibration. The second-order vibration at axle caused by cardan joint
presents two peaks around 760 rpm (25 Hz) and 1,200 rpm (40 Hz), respectively.
The cabin noise and body floor vibration present similar feature that the vehicle
body has a shudder vibration with great acceleration around 760 rpm, and the cabin
has a low-frequency boom with great second-order noise around 1,200 rpm.
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Fig. 36.4 The secondary couple of driving yoke and driven yoke

Fig. 36.5 The noise and vibration color maps of key points at inside and outside of the vehicle
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36.4 The Test Analysis and Control Methods for Second-
Order Vibration

According to the theoretical analysis and test results, the driveline second-order
vibration is produced by second-order force caused by the cardan joint and relates
to propeller shaft’s angle and input torque. The major control factors to reduce the
second-order vibration include propeller shaft’s angle, optimizing joint types,
decreasing input torque, and increasing decouple of axle mode from excitation
source and transfer path.

36.4.1 Propeller Shaft’s Angle and Driveline Layout

As shown in Eqs. (36.2) and (36.3), the second couple is proportional to propeller
shaft’s angle. Therefore, it is effective to reduce second-order vibration by
decreasing propeller shaft’s angle. At the low-gear and high-torque conditions,
rolling back the power plant induces PTU output shaft downward and increases the
front cardan joint angle, while rolling back the axle makes the torque transfer device
position up and increases the rear cardan joint angle, as shown in Fig. 36.7. Both
cases worsen the secondary vibration.

The power plant’s output torque and axle input torque determine the propeller
shaft’s angle in case of constant driveline layout. Therefore, it is very important to
reasonably arrange the propeller shaft’s angle, especially for the cardan joint angle.
Table 36.1 shows the subjective evaluation results for two propeller shaft’s layouts.
The layout 1 increases the propeller shaft’s angle, but the layout 2 decreases the
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Fig. 36.7 The angle variation of driveline at low-gear and high-torque conditions
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propeller shaft’s angle, though the layout 2 has better driveline NVH properties than
layout 1.

36.4.2 The Universal Joint Types

Generally, it is effective to cancel the second-order vibration caused by cardan joint by
the application of constant-velocity joint instead of cardan joint [7]. Figure 36.8 shows
the measured vibration on the axle for application offlexible coupling (near constant-
velocity universal joint). Although flexible coupling with Y-type yoke cancels the
second-order vibration caused by cardan joint, the third-order vibration is presented
clearly under running condition. Since flexible coupling has a good damping per-
formance, the third-order vibration is far less than second-order vibration.

36.4.3 Input Torque of Propeller Shaft

According to Eqs. (36.2) and (36.3), the secondary couple is proportional to input
torque. Therefore, it is effective to decrease second-order vibration by reducing
input torque. The torque transfer device (TTD) modulates axle input torque by
controlling the pressing force of friction plates. The torque at AUTO mode is much
smaller than LOCK mode. Figure 36.9 shows the measured vibration on the axle
under AUTO mode.

36.4.4 Decouple of Axle Rigid Mode

The axle rigid modes are easily excited by second-order force caused by cardan
joint and produce modal resonances which are transferred to vehicle body.
Decoupling of axle rigid modes is very important to reduce noise and vibration
caused by second-order force. The axle bounce modal frequency and lateral modal
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Fig. 36.8 The axle vibration with flexible coupling. a Flexible coupling, b vibration of axle, and
c second-order vibration of axle
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frequency are 25 Hz, and pitch modal frequency is 40 Hz, as shown in Fig. 36.10,
which are consistent with the frequencies for the vibration problem.

Generally, not all axle rigid modes can be excited under running conditions. The
operational deflection shape (ODS) is used to analyze the key modes which amplify
the second-order vibration at operating conditions. Figure 36.11 shows the axle
ODS results at low-gear and high-torque conditions. The axle lateral mode couples
with vertical mode around 25 Hz and produces a coupling resonance. Similarly, a
pitch modal resonance is generated around 40 Hz, which coincides with problem
frequency.
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Fig. 36.10 The rigid mode of axle under static condition. a Bounce mode (22 Hz), b lateral mode
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Fig. 36.11 The ODS results of axle. a Couple mode (25 Hz) and b pitch mode (40 Hz)
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36.5 Conclusions

Based on the theory of secondary couple caused by cardan joint, this paper analyzes
the reasons for the secondary couple and second-order vibration of a 4WD driveline
resulted by cardan joint. According to the theoretical analysis, the test results
validate the influence of parameters, including variation of propeller shafts’ angle,
selection of joint type, input torque of propeller shaft, and rigid body modes of rear
axle, on the second-order vibration. The following conclusions can be drawn
according to the theoretical analysis and test results.

(1) The driveline second-order vibration results from the secondary couple and
second-order force caused by cardan joint.

(2) The value of second-order force is related to propeller shaft’s angle and
driveline layout, and the second-order vibration can be reduced by reasonable
arrangement of driveline layout.

(3) The flexible coupling can cancel the second-order vibration caused by cardan
joint effectively. But the flexible coupling produces a third-order vibration
under the large propeller shaft’s angle.

(4) The second-order vibration can be reduced effectively by decreasing input
torque of propeller shaft.

(5) The second-order force caused by cardan joint easily excites the axle lateral
mode and vertical mode and produces a coupled resonance.
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Chapter 37
Optimization of Front Windshield Lower
Beam Welding Assembly Based on NVH
Performance

Cheng Yanan, Deng Feng, Ping Zhang and Haoliu

Abstract To meet the need of pedestrian protection and ensure the vehicle has good
energy absorption when the head hit the windshield, the front windshield lower
beam welding assembly was required to be designed open section. As a result, the
vibration of the front windshield and firewall became strong, and the interior
booming noise problem could be caused. In order to solve this problem, the simu-
lation method was carried out to optimize the booming noise in this paper, the
vibration of the front windshield and firewall was reduced by enhancing the wind-
shield support structure, and meanwhile, the noise transfer function was improved.
The improved solution was validated in real vehicle. The test also shows that
enhancing windshield support structure can effectively improve the high-speed
booming noise.

Keywords Lower beam welding assembly � Booming noise � Stiffness � Transfer
function

37.1 Introduction

When the car impacts the pedestrian unfortunately during the traffic accident,
usually the front of the car hits the pedestrian, and in the process of crash, the legs
and head of the pedestrian are the most frequent part of injury. The damage of head
is more severe than the legs because it may lead to people’s direct death when the
head hits the engine hood or the windshield.

To meet the increasingly stringent requirements of regulatory for pedestrian
protection, almost all of well-known car factories make corresponding car body
changes at the early design stage. For example, engine hood being changed energy
absorption, front windshield lower beam welding assembly being changed weak,
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and so on. In this paper, the NVH problems induced by soften windshield support
structure and the improvement ideas were introduced.

The front windshield support structure consists of A-pillar, front roof beam, and
lower beam welding assembly. In tradition, the windshield supporting structure was
made closed section to provide strong support for windshield, but in order to meet
the pedestrian protection requirement, the lower support stiffness cannot be
designed too high, and the open-section front windshield lower beam welding
assembly was widely used in car body design (as showed in Fig. 37.1), but the open
section which has the character of lower stiffness often brings NVH problems.
Adding local bracket in the middle of lower beam welding assembly to improve the
low-speed booming problem was researched by Tonge [1].

The windshield with the open-section lower beam welding assembly has lower
global and more local modes. If these vibration modes couple with that in cab
cavity mode, it will bring about booming problem which has serious influence on
vehicle NVH performance. On the premise of pedestrian protection, the high-speed
booming noise was improved by optimizing the local mode of front windshield on
the basis of the original middle support bracket in this paper, and the object of
booming noise in whole speed range was finally achieved.

37.2 Mechanism of Booming Induced by Engine Vibration

The basic principle of vibration and noise can be summarized as source, transfer
path, and response. The phenomenon of engine vibration-induced booming noise is
described, as shown in Fig. 37.2: Due to the action of combustion pressure, the
engine will vibrate, the vibration will transfer to body connecting point via engine
mount and then transfer to body, which will lead to body panel vibration, and if the
vibration mode coupled with the in cab cavity mode, high-pressure pulsation will
occur, and this is the mechanism of booming.

Lower beam welding assembly

Front windshield
Local bracket in middle

Closed section Open section Adding bracket in middle 

Fig. 37.1 Design evolution of front windshield lower beam section
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In real automotive engineering, according to document [2], it is difficult to
change engine-side vibration and stiffness of mount rubber, and optimization of
noise transfer function of trimmed body is usually the most effective and efficient
method. In car body structure design, front windshield, which is a large flat and
smooth panel, is mostly the main contribution panel for booming noise.

37.3 Problem Description of Developed Vehicle

The engine-side vibration of a sport utility vehicle without balance shaft module is
obviously larger than the benchmark vehicle with balance shaft module [3], but the
target of interior booming noise cannot be worse than the benchmark vehicle in
performance definition. So it is a challenge for design engineers. After the NVH
tuning in mule (self-owned chassis and power train with benchmark vehicle’s body)
phase, the target of interior booming noise was achieved. But when the real physical
prototype came out, the booming noise at a specific high speed was also felt by
subjective evaluation engineer. According to objective test for vehicle three-gear
wide-open throttle, the 2nd booming noise at the specific high speed was 4 dB
exceeding the target, as the dotted line shown in Figs. 37.3 and 37.4.

37.4 Root Cause Analysis

The targets of intake and exhaust system were achieved in the mule car phase, and
the only difference between mule car and real physical prototype is the trimmed
body, and thus, the question focuses on the trimmed body. According to transfer

Fig. 37.2 Schematic of booming induced by engine vibration
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path analysis in test, there is an obvious peak value in the noise transfer function of
front shock absorber Y direction at the frequency of booming noise, as the dotted
lines shown in Fig. 37.5.

Fig. 37.3 3D Map of interior noise

10dB 500rpm

Speed rpm

SPL
dB

Fig. 37.4 Booming noise
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The simulation results show the same with the results of test problems, as shown
in Fig. 37.6. As the advantage of high efficiency, low cost, and the operating
deformation shape (ODS) and panel contribution could be rapidly and vividly shown
in computer, the ODS and panel contribution analysis was carried out (as shown in
Fig. 37.7). In order to see the contribution of local area panel, the windshield was
divided into 9 areas (panel divided as shown in Fig. 37.8), the results show that the
front windshield area 6, front windshield area 3, and the firewall were the main
contribution panel to the NTF peak value.

As the last response system, it is difficult to modify the front windshield, so the
optimization focuses on the boundary component of windshield. We checked the
design of local structure (Fig. 37.9) and fond that there are one bracket in the middle
of lower beam assembly and one small bracket in the right (dotted line), but no
support in the left as the restriction of wiper motor’s mounting and DMU. It is also
shown that the left lower area was the most contribution panel in simulation
above. As shown in the section (Fig. 37.10), the vibration in direction of firewall

20Hz10dB

Frequency Hz

SPL
dB

Fig. 37.5 Test result of
absorber Y direction NTF

20Hz10dB

Frequency Hz

SPL
dB

Fig. 37.6 Simulation result
of absorber Y direction NTF
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fore-and-aft and windshield up–down can be easily excited, which leads to the final
booming noise. Therefore, we decide to optimize the local structure of lower beam
welding assembly and shift the natural frequency away from the exciting frequency.

Area6 3 firewall

In-Phase

Out-of-Phase

Fig. 37.7 Panel contribution analysis

7 8 9

6

3

5

2

4

1

Fig. 37.8 Divisions of front windshield

Fig. 37.9 Sketch of front windshield lower beam
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37.5 Optimization Solution and Verification

It is the most valid method to add supporting bracket in the left lower of front
windshield (verified by simulation), but there is no space. Thinking the principle of
seesaw, adding support in the right may also have effects. After communication
with the body design engineer, the final solution was shown in Fig. 37.11: The right
bracket was new added, and the middle bracket was optimized by topography
optimization method. The effect verified by NTF simulation was as shown in
Fig. 37.12. It is obviously shown that 3 dB was reduced in peak value. In the same
time, the contribution of windshield area 3 was also reduced, as shown in
Fig. 37.13.

Front Windshield

Firewal

Fig. 37.10 Section sketch of front windshield lower beam

Fig. 37.11 Sketch of enhancing lower beam
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The improved vehicle with newly welding bracket (Fig. 37.14) was verified:
Fig. 37.15 was the NTF’s test contrast, and Fig. 37.16 shows the comparison of
interior booming.

It is shown that about 10 dB can be reduced in NTF, 3 dB was reduced in
booming noise, and the object target was achieved.

By virtue of local modification of front windshield lower welding beam
assembly, there is no dramatic effect for pedestrian protection. Due to the paper’s
length limit, the result of pedestrian protection simulation in detail was not shown
here.

20Hz
10dB

Frequency Hz

SPL
dB

Fig. 37.12 NTF simulation contrast of enhancing

AREA6, Firewall

AREA3 

Out-of-Phase

In-Phase

Fig. 37.13 Panel contribution after front beam enhanced
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Fig. 37.14 Physical vehicle welding new bracket
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10dB

Frequency Hz
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Fig. 37.15 NTF contrast with
new bracket

500rpm
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Fig. 37.16 Booming contrast
with new bracket
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37.6 Conclusions

To meet the need of pedestrian protection, the front windshield lower beam welding
assembly was required to be designed open section. As a result, the stiffness of the
front windshield and firewall was dramatically reduced, which will lead to NVH
problems. In order to solve this problem, the simulation method was to optimize the
booming noise in this paper, and the vibration of the front windshield and firewall
was reduced by stiffing the windshield mounting structure. The improved structure
was validated in real vehicle. The test also showed that enhancing windshield
support structure can effectively improve the high-speed booming noise, and it may
provide basis for vehicle body design.
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Chapter 38
Optimization Design Method of 4 × 4 Bus
Power Train Layout

Qing Chen, Ying Fu and Yongkun Hou

Abstract It takes a lot time to find the most optimized program of 4 × 4 bus power
train layout, using original 2D or 3D design method. The mathematic modeling of a
4 × 4 bus power train layout’s mathematic modeling can be built by using space
vector method, and then, the most optimized method can be calculated by
MATLAB program. This method is proved effectively by field test.

Keywords 4 × 4 bus � Power train layout � Space vector method � Optimization
design

38.1 Introduction

A 4 × 4 bus is 7 m in length, with 4WD mechanism. It is used for transportation
from cities and towns to mining area or oil field, which needs high trafficability. In
the process of new product development, the power train layout is with front-
mounted engine, front and rear rigid drive axle, transfer case which is located
between front and rear axle (Fig. 38.1). This technical scheme is a low cost way to
achieve 4WD, but the problem is that the angle of power train and the position of
transfer case may cause great change of driveshaft angle acceleration that has a
great influence on the vibration of power train. The trafficability is also be affected
by power train layout. The difficulty is how to find an optimization method to meet
the requirements of trafficability and low vibration of power train. The original
CAD draw method will take a lot time to acquire the length and angle of driveshaft
and then check the design meet requirements or not. The article uses space vector
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method [1] to build 4 × 4 bus power train layout’s mathematic modeling and
program in MATLAB. And then, the most optimized method can be calculated by
this MATLAB program.

38.2 Power Train Layout’s Mathematic Modeling

38.2.1 Coordinate System and Point Definition

The vehicle coordinate system definition can be found in references [2] (Fig. 38.2),
and other assembly coordinates and coordinate points refer to the vehicle coordinate
system. Pe, Pr, Pf, and Ptc are the coordinate origins of assembly coordinates. P1,
P2, P3, P4, P7, and P8 are the middle points of the universal joint. P5, P6, and P9 are
the middle points of flange surface.

38.2.2 Parameterization of Coordinate Points

The coordinate origin and coordinate conversion are given in Table 38.1.
The coordinate values of P1–P9 can be expressed by coordinate origin value and

Eulerian angles as given in Table 38.1. There are three methods to express values of
these points according to the position of these points.

Fig. 38.1 Power train layout diagrammatic sketch

Fig. 38.2 Coordinate system and point definition

366 Q. Chen et al.



38.2.2.1 MiddlePoints ofUniversal JointCoordinate (P1,P2,P3,P4,P7,P8)

Taking P1 as an example, P1 can be presented by Pe, according to geometrical
relationship (Fig. 38.3).

x1 ¼ xe þ De cos je
y1 ¼ ye
z1 ¼ ze � De sin je

8<
:

where De is the distance, which is from engine coordinate origin to the middle point
of the universal joint coordinate in the transmission end.

P2, P3, P4, P7, P8 can be expressed in same method by using the similar geo-
metrical relationship.

38.2.2.2 Geometrical Relationship of Front or Rear Axle (P5, P9)

Taking P9 as an example, P9 can be presented by Pf, according to geometrical
relationship (Fig. 38.4).

x9 ¼ xf þ ðdfx cos jf � dfz sin jf Þ
y9 ¼ yf þ dfy
z9 ¼ zf þ ðdfx sin jf þ dfz cos jf Þ

8<
:

where (dfx, dfy, and dfz) is the relative coordinate of P9 in front axle coordinate.
P5 can be expressed in same method by using the similar geometrical relation-

ship in rear axle coordinate.

Table 38.1 The coordinate origin and coordinate conversion

No. Coordinate Coordinate origin value Eulerian angle

1 Vehicle (0, 0, 0) (0, 0, 0)

2 Engine Pe (xe, ye, ze) (0, je, 0)

3 Front axle Pr (0, 0, zf) (0, jf, 0)

4 Rear axle Pf (xr, 0, zr) (0, jr, 0)

5 Transfer case Ptc (xtc, ytc, ztc) (itc, jtc, 0)

Fig. 38.3 Geometrical relationship of P1 and Pe
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38.2.2.3 Geometrical Relationship of Front or Rear Axle (P6)

Taking P6 as an example, P6 can be presented by Ptc, according to geometrical
relationship (Fig. 38.5).

x6 ¼ xtc � Dtc1 cos itc sin jtc
y6 ¼ ytc � Dtc1 sin itc
z6 ¼ ztc � Dtc1 cos itc cos jtc

8<
:

where Dtc1 is the distance, which is from power input flange of transfer case to
power input flange of front axle.

38.2.3 Applying Space Vector Method to Operate Driveshaft
Angle and Length

The length of driveshaft from transmission to transfer case is L3 ¼ P7P8

�� ��, the
length of driveshaft from transfer case to rear axle is L2 ¼ P3P4

�� ��, and the length of
driveshaft from transfer case to front axle is L3 ¼ P7P8

�� ��.

Fig. 38.4 Geometrical relationship of P9 and Pf

Fig. 38.5 Geometrical relationship of P6 and Ptc
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As shown in the Fig. 38.5, θ1 is the angle of vector P8P9 and vector P1P2, θ2 is
the angle of vector P1P2 and vector P2Ptc, θ3 is the angle of vector PtcP3 and vector
P3P4, θ4 is the angle of vector P3P4 and vector P4P5, θ5 is the angle of vector P6P7

and vector P7P8, and θ6 is the angle of vector P7P8 and vector P8P9.

38.3 Constraint Condition and Objective Function
Modeling

38.3.1 Constraint Condition Based on Vehicle Construction

There are several constraint conditions of assemblies’ position.

• Engine angle, which is between engine crankshaft axis and vehicle Z0 plane [2],
is 0–7°.

• Rear axle angle, which is between main reducer of rear axle and vehicle Z0
plane [2], is 0–7°.

• Front axle angle, which is between main reducer of front axle and vehicle Z0
plane [2], is 0–7°.

• The values of engine, front axle, and rear axle coordinate origin come from
definition of vehicle.

• The variation range of transfer case coordinate origin is xtc 2 1600 1900½ �,
ytc 2 ½�30 30�, and ztc 2 ½�240 � 180�.

• The variation range of transfer case angle is itc 2 0; 90�½ � and jtc 2 0; 7�½ �.
• Double universal joint can have constant velocity in W-type layout or Z-type

layout. In Fig. 38.6, α1 = α2, Z-type layout is easier to achieve than W type,
where je = jr = jtc.

• The ground clearance of transfer case is more than 300 mm.

38.3.2 Constraint Condition Based on Vehicle Performance

Driveshaft layout is critical factor, which affect vehicle vibration. According
reference [3–5], each order vibration in driveshaft has several reasons.

• First-order vibration mainly is caused by the driveshaft residual unbalance.
• Second-order vibration is caused by there reasons.

– The vibration is caused by variable-speed motion of unequal input and
output driveshaft angle.

– When the driveshaft has a vertical vibration, there is vertical displacement,
which causes unequal input and output driveshaft angle and generates
additional incentive, in intermediate support of driveshaft.
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– The variable-speed motion of driveshaft causes vibration of drive axle gear.

According to the above conclusion, the first-order vibration of driveshaft is
related to its own state, and the second-order vibration is related to power train
layout. There are three constraint conditions that are imported to mathematics
modeling so as to control second-order vibration of driveshaft.

38.3.2.1 The Design Scope Length of Driveshaft Ensured by Critical
Speed

The maximum length of driveshaft ensured by critical speed:

Lmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:2� 108 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2 þ d2
p

nk

s

where D is outer diameter of driveshaft; d is inter diameter of driveshaft;
nk = nmax/S (nmax is the top working speed; and S is the calculation of coefficient,
usually is 0.7).

The driveshaft design requirement of front engine rear drive vehicle L is between
500 mm to Lmax.

38.3.2.2 The Design Requirement of Angular Acceleration
(the Formula is in Reference [2])

In general conditions, the angular acceleration a� 600 rad/s2, it is appropriated to
relax in special conditions.

38.3.2.3 The Safety Coefficient

The driveshaft can equal to uniform hollow shaft so as to do approximate calcu-
lation of strength:

Fig. 38.6 Left figure is Z-type layout, and right figure is W-type layout
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nc ¼ 60p
2L2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E � I � 106

A � q

s

where nc is dangerous speed (rpm), L() is the length of driveshaft (mm), E is Young’s
modulus (GPa), I is the area moment of inertia, I ¼ pðD4 � d4Þ=64 (mm4), and
where D is driveshaft outer diameter (mm), d is driveshaft inner diameter (mm), A is
cross section, A ¼ pðD2 � d2Þ=4 (mm2); and ρ is material density (kg/mm3).

38.3.3 Objective Function Modeling

The objective function of this mathematical model is: in all independent variables
that satisfied the constraint conditions, search a group of solution that the sum of
angular acceleration value is minimal. It is

Pn
i¼1 ai, and there are there reasons:

• The sum of angular acceleration value is the function of constraint conditions.
• The second-order vibration of driveshaft is related to angular acceleration.
• The extension ability of the model is enhanced, if the model introduces phase

coefficient of driveshaft, it will suit multi-driveshaft drive system.

38.4 Computer Programs of Mathematical Model

Optimization design of power train layout belongs to constraint optimization
problem.

The mathematical model of constraint optimization problem is

min f ðxÞ; s:t: hiðxÞ ¼ 0; i ¼ 1; 2; . . .; k
gjðxÞ� 0; j ¼ 1; 2; . . .;m

�

where f(x) is objective function, hi(x) is equality constraint conditions, and gj(x) is
inequality constraints.

Coordinate rotation method can solve this function. Coordinate rotation method
is based on pattern search method, which belongs to unconstrained optimization
algorithm. Every search is restricted by constraint function, and the result is in
feasible region. The search process is as shown in Fig. 38.7, where x0 is initial
feasible point and x1 can be got through the pattern search. In next pattern search,
the feasible point is x2. Every search can get a feasible point in feasible region until
the loop is ended. This algorithm of computer program flow diagram is as shown in
Fig. 38.8. In this computer program, independent variable, x = [ie., jtc, if, xtc, ytc, ztc].
Constraint function, g = [limit of driveshaft angle, limit of independent variable
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bound, limit of safety factor, limit of driveshaft design length, limit of ground
clearance]. Objective function f(x) equals minimum value of sum of all driveshaft
angular acceleration.

38.5 Program Optimization Results

There are three results calculated by program, according to use conditions and
design requirements, as shown in Table 38.2. It allowed angular acceleration value
exceed standard in all-wheel-drive condition because all-wheel-drive condition is
less than 20 % in this vehicle and larger transfer case ground clearance is desired.
The main reference value is group 3 given in Table 38.2. The group 4 is the final
result of layout because of two factors:

• Equal length of front and rear axle driveshaft design for parts commonality.
• Round several angles for support parts design and processing.

38.6 Field Test

The vibration field test is executed in 4 × 4 bus prototype. Figures 38.9 38.10 and
38.11 show the part of results. Figures 38.9 and 38.10 show that the main vibration
order of seat rail and transfer case comes from 1.35 and 2 vibration order of engine,
in the condition of rapidly speeding-up in 5th speed. 1 and 2 vibration order of
driveshaft come from 1.35 and 2.7 vibration order of engine, because 5th speed is
overdrive. Figure 38.11 shows that the main vibration order of seat rail and transfer
case is first-order engine, in the condition of rapidly speeding-up in 4th speed. The
driveshaft vibration order is the same as the engine vibration order because the 4th

Fig. 38.7 Coordinate rotation
method [6]
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Fig. 38.8 Computer program flow diagram
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speed is the direct gear. It is acceptable in slow speed of revolution that the large
amplitude of monitoring point appears in second order of driveshaft.

Table 38.2 Program optimization result

Group 1 Group 2 Group 3 Group 4

Target Minimizing
the sum of
the angular
acceleration
value in 4 × 2

Minimizing
the sum of
the angular
acceleration
value in 4 × 4

Larger transfer
case ground
clearance

Design value

Angle of engine/
TC/Rear axle

6.8 6.70 6.53 6.5

Angle of front axle 0.6 −0.29 4.5 5

X-axis rotation
angle of TC

25.2 23.9 47.8 50

xtc 1,999.9 2,000 1,877.1 1,883.5

ytc 13.2 11.1 15.3 15

ztc −228 −232.1 −203 −206.414

TC ground
clearance

257.7 251.9 340 343

Sum of the angular
acceleration value
in 4 × 2

148.7 171.6 239.4 227

Sum of the angular
acceleration value
in 4 × 4

698 663.6 1,386.5 1,458

θ1/θ2/θ3/θ4/θ5/θ6 0.72/0.72/
0.91/0.91/
5.67/2.02

0.74/0.74/
1.00/1.00/
5.53/1.39

0.94/0.94/1.13/
1.13/7.70/4.06

0.92/0.92/
1.10/1.10/
7.75/4.6

L1/L2/L3 1,057.7/
1,363.2/
1,587.7

1,058.3/
1,362.8/
1,587.6

932/1,488.3/
1,475.7

940/1,482/
1,484

Safety coefficient
of driveshaft

4.1/2.47/1.38 4.1/2.47/1.38 5.28/2.07/1.60 5.2/2.1/1.58
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Fig. 38.9 Speed tracking map of Z vibration in seat rail (rapidly speeding-up in 5th speed).
a 4 × 2 mode b 4 × 4 mode
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Fig. 38.10 Speed tracking map of Z vibration in transfer case (rapidly speeding-up in 5th speed).
a 4 × 2 mode b 4 × 4 mode
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38.7 Conclusions

This article focuses on difficulty of optimization method of 4 × 4 bus power train
layout. The optimal solution is obtained by MATLAB program of mathematical
model, which includes engine angle, front and rear axle angle, and transfer angle
and position. This solution can achieve design demands, which need smaller sum of

Fig. 38.11 Speed tracking map of Z vibration in transfer case (rapidly speeding-up in 4th speed).
a 4 × 2 mode b 4 × 4 mode
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all driveshaft angular acceleration and larger ground clearance. The field test
demonstrates the effectiveness of this method. This method can improve other
vehicle power train layout, and the convenience and accuracy of this method need
to be tested in more vehicles in future design works.
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Chapter 39
A Study on the Noise Capability of Center
Air Vents System

Liqiong Mo, Liangda Li and Zhong Yang

Abstract The conventional design methods of duct structure are summarized, and
the structure designing of how to reduce its working noise and of layout drawing is
simply described. The main task of this study is to generally discuss the connec-
tions’ structure between ducts and outlets via the CFD analysis, geometric structure
analysis, and the comparison of how to find suitable locations to fix them. This
essay will finally introduce a solution of how to optimize a structure of ducts and
outlets, based on their results of the CFD analysis, the geometric data analysis, and
the noise test.

Keywords Air ducts � Air outlets � CFD � Noise

39.1 Introduction

With the development of the automotive industry in China, GB 11555-2009 Motor
vehicles-windshield demisting and defrosting systems’ performance requirements
and test methods has the regulations of the windshield defrosting and defogging,
while modern auto manufacturers can generally achieve or even exceed these
requirements, but Chinese government does not have the law of the vehicle interior
noise caused by automotive air conditioning system. However, customers’ demands
now for cars are becoming higher and higher. Automotive companies are com-
petitive to optimize their products in order to attract more customers to buy their
cars, while NVH is one of the major points that customers focus on. This essay will
present some possible strategies of how to reduce the noise of the automotive air
conditioning system.
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39.2 Comparisons Analysis for Cars’ Central Air Ducts
and Central Outlets

39.2.1 Geometric Comparison

There are two different designs of the central air ducts and central outlets with same
boundary conditions, as shown in Fig. 39.1. The differences between two schemes
indicated in Fig. 39.1 are that for scheme 1, it is hunched around the corner of the
inlet of the central air ducts and the shape of the central outlets is not smooth, while
for scheme 2, the shape of the both central air ducts and central outlets is very
smooth.

39.2.2 CFD Comparison

39.2.2.1 The Total Pressure Distribution

Figure 39.2 shows the results of the total pressure distribution for the two designs
through CFD analysis. It is obvious that air pressure is very low near the connecting
area for scheme 2, especially in the inner corner, which is illustrated in the red
rectangular boxes, but this indicated in scheme 1 shows much better. According to
the result, the air pressure generally looses heavily if there is a sharp corner on the
ducts. Therefore, the shape of the ducts and the outlets should be designed smoother
for avoiding the loss of the air pressure.

Fig. 39.1 Geometric comparison
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39.2.2.2 Section of the Vector Distribution

Figure 39.3 shows the section of the vector distribution of the CFD analysis results.
The results show that the turbulence is very obvious in the sharp turn area of
scheme 2, while this in scheme 1 shows much better because of its smoother shape.

According to the comparisons of section of the vector distribution on the side
view in Fig. 39.4, there is more turbulence around the corner of the inlet of the
central air ducts for scheme 2, compared with scheme 1, as shown in the two red
circles. In addition, narrowing the dimensions of the ducts can effectively reduce the
turbulence, which is illustrated in the red rectangular boxes. Furthermore, moving
the connections between ducts and outlets, a suitable distance to the front can
reduce the high-frequency noise which is caused by concussion from high-speed
airflow.

Fig. 39.2 The total pressure distribution

Fig. 39.3 Section of the vector distribution (vertical view)

Fig. 39.4 Section of the vector distribution (side view)

39 A Study on the Noise Capability of Center Air Vents System 381



Fig. 39.5 Curl surface acoustic power distribution

Fig. 39.6 Curl surface acoustic pressure distribution at the different frequencies
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39.2.2.3 Curl Surface Acoustic Power Distribution

According to Fig. 39.5, it is clear that the curl surface acoustic power distribution in
scheme 1 is very different from scheme 2 in the red rectangular boxes, because of its
hunched shape design in this area that causes more turbulence.

Figure 39.6 shows the results of the curl surface acoustic pressure distribution
for the different frequencies. Obviously, there is some high pressure distributed on
scheme 1 where the surface shape is not smooth. With the comparison of the results
at different frequencies, the results of scheme 2 show much better than the results in
scheme 1.

39.2.2.4 Noise Test

For the noise test, the frequencies from 4,000 to 6,000 Hz are basically considered
in this study. According to the results as shown in Fig. 39.7, the acoustic power
from scheme 2 generally shows higher than it from scheme 1.

39.2.2.5 Brief Summary of Comparison of the CFD Analysis Results

See Table 39.1.

Fig. 39.7 Results of the noise test (color figure online)
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39.2.3 Possible Suggested Optimization

According to the results from CAE analysis, there are some possible suggestions of
how to optimize the design of the ducts and the outlets, as shown in Fig. 39.8:

• Keep the hunched shape design like scheme 1 and narrow the ducts dimensions
like scheme 2

• Narrowing the distance between two outlets is to extend the outlets’ dimensions.

39.3 Structure Analysis of the Central Air Ducts
and Central Outlets

39.3.1 Connecting Structure Analyzing Between the Central
Air Ducts and Central Outlets

The both connecting structures between the central air ducts and central outlets are
very similar, with 4-mm gap and there is no step of their inner face, as shown in
Fig. 39.9. Moreover, the outlets will sag after a long time use, because of no fixed

Table 39.1 Brief summary of comparisons of the CFD analysis results

Scheme 1 Scheme 2

Advantages Less pressure loss Well-distributed airflow

Smooth shape in inner side Lower noise on the high frequencies

Less acoustic pressure Lower acoustic power

Disadvantages Unevenly distributed airflow Smaller pressure loss

Easier to have high-frequency noise Sharp corner in inner side

Higher acoustic power Higher acoustic pressure

Fig. 39.8 Diagrammatic sketch of the optimization
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point between these two components and gravity, which will cause the air impact
and further reduce the air pressure.

39.3.2 Possible Suggested Optimization

According to the data analysis, there are some possible suggested optimizations, as
shown in Fig. 39.10:

• Set 2 mm steps and reduce the gap from 4 to 3 mm.
• Smooth the outlets edge to avoid burr and flashing.
• Design a support structure in the bottom of the outlets.

Fig. 39.9 Section of connecting structure

Fig. 39.10 Proposed scheme of the outlets
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39.4 Design Improvements

Figure 39.11 shows the 3D data of the ducts and the outlets improved via CAE
analysis and geometric structure studying.

39.5 Prioritization Scheme Comparison of 2 Comparisons
Analysis for Cars’ Central Air Ducts and Central
Outlets

39.5.1 Comparison of Curl Surface Acoustic Pressure

According to the computational analysis, it is obvious that the prioritization
schemes are very well, compared with the original design, as shown in Fig. 39.12.

39.5.2 Noise Test

After a noise testing for the prioritization sample, the noise peak volume averagely
reduces 8 dB within the range of 4,000–6,000 Hz, compared with the original
schemes, as shown in Figs. 39.13 and 39.14.

Fig. 39.11 Final data
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Fig. 39.12 Curl surface acoustic pressure distribution for the different frequencies

Fig. 39.13 The result of noise test (1) (color figure online)
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39.6 Conclusions

In summary, there are some main points, for designing ducts and outlets, that
automotive engineer should basically consider after above CAE analysis and
geometric structure discussion:

1. The inner face of the ducts and the outlets should be as smoother as possible and
the pipeline dimensions should not be dramatically changed.

2. High-speed airflow should be avoided around the connecting section.
3. The connecting area should not have a relative movement, and thus, finding

suitable fixed points is very crucial for the ducts and the outlets.

Fig. 39.14 The result of noise test (2) (color figure online)
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Chapter 40
Design and Development of Pop-up Engine
Hood System with Dual Elastic Buffer
and Evaluation of Performance
of Pedestrian Protection

Xinxian Li, Jiqing Chen and Fengchong Lan

Abstract Based on the purpose of pedestrian protection, a new Pop-up Engine
Hood System (PEHS) with an effect of elastic butter is developed to reduce the
injury of pedestrians in unavoidable human–car collision situation. Using the fusion
of computer vision and laser scanner technology is the best way to tackle the
problem of both responsiveness and robustness. Critical parameter of the device is
determined. And a reusable PEHS using mechanical spring is designed by using
optimization method. After setting up the 3-dimensional model and physical model,
the performance of bouncing and injury protection of the system has been proved
by kinematics simulation and prototype experiment.

Keywords Automobile active safety � Pedestrian protection � Pop-up engine hood
system

40.1 Introduction

According to statistics in case of human–car collision, 62 % pedestrians died of head
injuries. Therefore, reducing the pedestrian head injuries is an important part of
pedestrian protection.Currently, the primaryway to reduce head injuries is to optimize
the engine hood stiffness and the interior lining panel structure. Although it is easy to
use, this methodmay lead to the attendant change in vehicle NVH performance, while
the reduction of the rigidity of the engine hood will also bring out the occurrence of
secondary collisionswithhardobjects below,which can increase the collisiondamage.
Pop-up Engine Hood System (PEHS) technology, because of its significant change in
head protection performance and smaller change of cars original design, has become a
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research trend. This technology is a new way to reduce the degree of injury to
pedestrianhead.Before the contact betweenpedestrianheadand enginehood, it allows
the hood to rise to a certain height in order to increase the space below the hood, so the
collision of the head below the hard point can be avoided.

PEHS comprises a pedestrian detection system and a pop-up device. In the
current active bonnet that, in general use of passive detection of crash acceleration
sensors, is less affected by weather and other outside interferences, but the
requirements of system response time are extreme, and the collisions and alerts
cannot be predicable. Pop-up device sorted by the lifting actuator can be divided
into: gas generator device and mechanical device. The main feature of gas generator
device is the speed of action. The actuator is easy to control, but its obvious
disadvantages are the non-repeatability, high utilization costs and the lock mech-
anism while the pedestrian collided with the hood (e.g. the cases given in the
literature [1]). This will increase the degree of damage, while additional supporting
device with cushioning performance is required. Mechanical devices such as SMA
spring served as an actuator can be crushed with the hood hinge connection. But the
hinge mechanism will be destroyed and changed after each collision [2].

Based on the active pedestrian detection technology, by using a camera and laser
radar joint decision-making to detect pedestrian and to avoid collision anticipation,
while meeting the real-time control systems and robustness requirements, the
research of reusable PEHS with dual elastic buffer can improve the unfeasibility and
lack of elastic buffer in existing active. Meanwhile, the physical model of PEHS
with mechanical actuator and flexible support is developed to promote an evalua-
tion experiments. The performance of bouncing and injury protection of the system
has been proved by kinematics simulation and prototype experiment.

40.2 Control Technology of PEHS

40.2.1 Active Pedestrian Detection

The environment of control system, such as light, weather, varies greatly, which
requires high system robustness; and in the state of motion, the real-time system is
necessary, which requires the algorithm cannot be very complicated. How to
simultaneously meet the requirements of both the robustness and real-time detection
is a problem in the system development.

The active pedestrian detection techniques can be divided into machine vision
sensors, laser radar, microwave radar and infrared sensors. Computer vision methods
are the most widely used in pedestrian detection because of its long distance, large-
scale, abundant information etc., but it is greatly depended on the weather and light.
So the most successful systems on visual inspection at present are just for good
weather conditions [3]. Laser radar has an absolute advantage on the distance, speed,
processing speed, anti-jamming capability, but as its narrow detection beam, it can
search only within a smaller range [4]. In 2004 Chrysler PROTECTOR project [5],
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the laser radar detection has been successfully used to distinguish the pedestrian
motion estimation, track and classify pedestrian. Compared with the laser radar, the
microwave radar is affected smaller by exceptional weather conditions, but it is
expensive. Infrared sensor with its outstanding sensing principle behaves well in the
dark with excellent detection performance [6]. Each sensor has advantages and
disadvantages, but the use of sensor fusion approach in decision-making level can
complement each sensor performance and achieve low false-alarm rate and high-
robustness performance requirements (Fig. 40.1).

Compared with full map detection sliding window method, this paper presents a
method that can greatly reduce the computation time. With the computer visual and
lidar joint pedestrian detection, the front obstacle is obtained by the laser radar.
After converted into a coordinate system, the pedestrian features are only extracted
in the region of interest (ROI). As for the detection system, a more accurate
pedestrian and classifier training methods can be used to identify pedestrians. The
fusion of two sensors can also improve the accuracy of whether the pedestrian is on
the hazardous area and whether bouncing device should be activated (Fig. 40.2).

40.2.2 Control Process

The control system consists of visual modules, laser radar module, sensor data
converters, final processing subsystem and actuator (as shown in Fig. 40.3). When
the vehicle speed exceeds its set threshold, the system is in normal working
condition without causing false detection. When the speed is greater than the set
threshold, the system will start to work. Firstly, the obstacles or the pedestrian is
located by laser radar to get the depth information of obstacle, through which ROI
is determined. Using Haar features and support vector machine (SVM) classifier
training methods with high precision extract features and recognize pedestrian in a
classifier. Based on the identification strategy, Haar features combined with SVM
classifier are used as part of the body’s posture to solve problems, with false
detection rate of 90 % and the false-alarm rate of 1:10,000 (see [7]). In addition,

Laser scanning radar

Pop-up 

camera

Control system

Fig. 40.1 Installation
rendering of PEHS
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using a camera and laser radar joint decision-making can improve the robustness of
the detection system, and reducing the number of false positives. Compared with a
single visual inspection and laser radar, the number of false positives can be reduced
by 74 and 80.6 % (see [8]).

40.3 Design of Key Parameters of PEHS

40.3.1 Bouncing Time

According to China adult body size standard, the height of 50 ‰ male is 167.8 cm,
and female 150.7 cm. At a speed of 40 km/h, the duration time from the contact to the
head and the hood automotive collision is 97 ms (the height of pedestrian is 152 cm);

Distance showsStatus display Operation buttons

Postprocessing imageOriginal image

Fig. 40.2 Active pedestrian detection system interface
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Fig. 40.3 All parts in PEHS
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the time is 140 ms (177 cm) (see [9]). Set the smallest collision time 120 ms. The
maximum detection range of laser scanning is 20 m, but reflectance is less than 10 %
in 18−20 m. So the ROI area is only 10 m or less, 10 m for warning the driver, 5 m for
judgment of dangerous situation and control of actuators. Therefore, the whole time
for the sensor detection from pedestrian to pedestrian and vehicle collision lasted
T0 = 450ms. Laser radar response time T1 = 30ms; trigger mechanism execution time
T2 = 100 ms; and the systemmovement time Ts = 50 ms. The system should finish the
pop-up process before the beginning of the leg of pedestrian collides with the car. So
the bouncing time is Tp ¼ T0 � T1 � T2 � Ts ¼ 270ms. With a certain safety time,
set Tp as 100 ms (Fig. 40.4).

40.3.2 Bouncing Height

Bouncing height is the key parameters in PEHS design. It directly related to the
pedestrian protection performance of actuator. Small bounce height cannot provide
enough space for the deformation of engine hood, and the absorption of collision,
while large bouncing height make it difficult to design the device. For HIC less than
1,000, requirements of the height of the head of the child and adult head models to
the hood are at least 70 and 50 mm, comparatively (refer to the result given in [10]).
This paper will set the rear engine design bouncing height as 100 mm, to ensure that
the central and front hood also have sufficient free deformation space.

40.4 Structure Selection and Parameter Design for Pop-up
Device

40.4.1 Structure Design

Several common structures in PEHS are double wishbone structure: multi-link
structure and the rocker structure, as shown in Fig. 40.5. Compared with the rocker
mechanism, the first two bodies are more complicated. They need large space and
are hard to layout and difficult to actuate. Considering that in single power source, it

t s-270 0 

Detection Pop-up 

Pop-up complete 

Lower limbs collision 

100 

Head collision

120 

Collision complete 

-450 

Fig. 40.4 Timeline of each part in PEHS
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is difficult to drive the actuation within required response time, the spring stiffness
values tend to be set large, and the buffer performance deteriorated. Therefore, the
final selection is the rocker structure. Actuating force is provided by two springs on
both hinge joint, which are applied to solve the problem of the spring stiffness of the
one spring-driven, while the dual buffer ability during a collision is achieved.

40.4.2 Parameterized Model of Pop-up Device

After determination of the form of the structure, the parameters can be designed.
For ease of calculation, the assembly of device and hood is simplified as four-bar
linkage model, as shown in Fig. 40.6. At this time, method and matrix method can
be used to establish the parametric model, with plural vector method used in this
paper. The length of rocker 1 and a connecting rod 2 is l1 and l2 namely. Rocker A
rotates about the hinge. Rocker covers 3 to simplify the engine length l3 and is fixed
to the latch D. And define the X axis are positive angle counterclockwise metric.

Time response active bonnet is the primary problem in meeting the bounce
height and layout requirements of the premise, the shorter the time bounce hood
means reaches a predetermined position in a timely manner before the pedestrian
collision with hood, avoiding collisions simultaneously with the additional damage

hinge hinge 

hood

hinge
(a) (c)(b)

Fig. 40.5 Three common structure of actuator in PEHS. a Double wishbone. b Multi-link rods.
c Double rocker
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X 
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θ2
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D 
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θ4

θ3

Fig. 40.6 Simplified four-bar linkage
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caused by the bounce. This paper will change the speed of the engine hood bounce
as the objective function.

In the simplified closed vector polygon of four-bar linkage, the closed vector
equation is expressed as the plural form.

l1
!
þ l2

!
¼ l4

!
þ l3

!
ð40:1Þ

l1eih1 þ l2eih2 ¼ l4eih4 þ l3eih3 ð40:2Þ

Derivation for t

l1x1eih1 þ l2x2eih2 ¼ l3x3eih3 ð40:3Þ

Using Euler’s formula

l1x1 cos h1 þ l2x2 cos h2 ¼ l3x3 cos h3
l1x1 sin h1 þ l2x2 sin h2 ¼ l3x3 sin h3

�
ð40:4Þ

The function of angular velocity x3 is an objective one.

x3 ¼ x1l1 sinðh1 � h2Þ= l3 sin h3 � h2ð Þ½ � ð40:5Þ

Set the main structure and location parameters: the length of rocker 1 is l1
connecting rod 2 l2 and makes abscissa x of hinge A as variable.

X ¼ l1 l2 x½ �T ð40:6Þ

In this equation, the range of l1 is [50, 80], the range of l2 [70, 100] and the
abscissa of hinge A [965, 976].

In the design of PEHS, the main limiting factors are arrangement of space. The
experimental method is used to determine the length of the rockers 1 and 2. After
analysing whether the size and the other parts will interference, the constraint
functions can be finally determined. After several tests of the length of the lever in
certain space position, the differential length of the rocker and the link is determined
to be less than 45 mm.

l1 � l2j j\45 ð40:7Þ

It is required that bouncing height is more than 100 mm, and the angle between
the rocker and the connecting rod should be more than 85°, so that the locking does
not occur to provide a buffering when it reaches the highest position. The length of
stick and rod should be greater than 145 mm.
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l1 þ l2 [ 145 ð40:8Þ

To sum up, the mathematical model for the four-bar linkage is

X ¼ l1 l2 x½ �T
max xð Þ ¼ x3 ¼ x1l1 sinðh1 � h2Þ= l3 sin h3 � h2ð Þ½ �
l1 � l2j j\45; l1 þ l2 [ 145

8><
>:

ð40:9Þ

The result of optimization in mathematical model shows that when l1 = 62,
l2 = 85, x = 962, bouncing velocity reaches a climax with average velocity as
−181°/s. Putting this result as a basic size for designing can achieve the optimal
speed in mechanism (Fig. 40.7).

40.5 Establishment of 3-dimensional Model and Dynamic
Simulation

40.5.1 Establishment of 3-dimensional Model

The above optimization is used to get the basic dimensions of the 3-D model of the
organization of bouncing. During establishing the model, consider the following
factors:

1. The driving force of the device provided by a torsion spring and compression
spring is applied on the rocker at the same time, and at the time of collision, both
springs provide elastic cushion. With torsion spring directly connected to rocker
and compression spring fixed inside the sleeve, the force of telescopic rod
imposes on the rocker. To facilitate the installation of telescopic rod, rocker arm
is designed with a triangular structure. Given in the lowest position device can
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Fig. 40.7 The graph shows the height of hinge C and angle velocity of hood according to the
change in time in optimized four-bar linkage model. a Graph of the height of hinge C. b Graph of
angle velocity of hood
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be self-locked, the torsional spring at this time should also be in the greatest
extent. So under the normal state, the lower side of the triangle is designed to be
parallel to the base.

2. Under normal conditions, in order to reduce vibration noise from engine or the
road excitation, the noise reduction measures must be set in the actuator of
PEHS. Convex is set at the back of the base to restrict connecting rod to move
and to provide support for normal closed hood; and the edge of rocker has
convex to make rubber and convex as interference fit, which can form the
rotation torque in anticlockwise turning around the spindle in connecting rod.

3. The device is equipped with a trigger mechanism, with the function of locking
and trigger. This trigger mechanism should have feature such as compact
structure, timely response and action quickly. So an electromagnet with a cone
pillar is chosen as the trigger mechanism. When electrified, the cone pillar pulls
out the lock pin and restores it by the spring when power-off, which guarantees
the deformation space of hood.

Considering all the above factors, the 3-D model of pop-up device is established
as shown in Fig. 40.8. Its working process is as follows: when device is activated, 9
electric, electromagnetic switches are electrified while the lock pin 7 moves out of
its locking hole. Rocker 5 in the effect of torsion spring rotates around to provide
greater thrust force through storage sleeve 3. Therefore, the hood begins to
pop-up. After pop-up, the device is not locked up and allows the hood the
whereabouts of a certain degree, which makes it possible for double buffering effect
from spring and deformation of hood (Fig. 40.9).

1

2 3 4 5

7 , 8 9 

11
12

10

10

,

, ,

Fig. 40.8 3-D model of the device. 1 Base, 2 expansion rod, 3 telescopic tube, 4 compression
spring, 5 rocker, 6 torsion spring, 7 lock pin, 8 electromagnet, 9 rebound spring, 10 melt, 11
connecting rod, 12 hinge
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40.5.2 Dynamic Simulation and Determination of Stiffness
of Two Springs

The bouncing bodies are assembled with hood in ADAMS (the assembly model is
as shown in Fig. 40.10). The model is placed in vertically downwards gravitational
field. Add the rotation constraints between rocker, storage sleeve, hood latch and
fixed ground, telescopic rod, rocker, connecting rod and hood hinges. The weight of
simulation model is defined as 15.8 kg, and its material is steel. Taking the spring
stiffness parameters into account if the stiffness is low, the driving force is not
sufficient enough to pop-up the hood or the bouncing time becomes too long; if the
stiffness is high, it is not conducive for assembly and makes the device be in poor
performance of buffer. Therefore, the stiffness of the spring is determined in the
optimized dynamic simulation. The size of the space constrains the pre-rotation
angle to be 60° and the pre-compression stroke to be 30 mm. Making the com-
pression spring stiffness to be constant, while changing the torsion spring stiffness,
analyses the torsion spring stiffness variation. After determining the stiffness of the
torsion spring, analyse the variation of stiffness when changing the stiffness of
compression spring stiffness.

Figures 40.11 and 40.12 reflect the influence of the stiffness on two springs for
pop-up performance. According to the figures, the torsion spring stiffness mainly
affects hood bouncing start time. When the stiffness is 120 N/mm, the time is
approaching to 100 ms; while the compression spring has a greater effect on the
bouncing rate. Therefore, taking into account the time and buffer performance, the
stiffness of the torsion spring is selected as 120 N/mm. According to Fig. 40.11,
when the stiffness of the compression spring is 120 N/mm, the bouncing time can

Fig. 40.9 Structural section of an expansion rod

device

locking hasphinge

Fig. 40.10 Motion simulation model after assembled
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meet the requirement of 100 ms, with the time of bouncing process of 97.4 ms and
bouncing height of 112.6 mm (larger than the designed height of 100 mm).
Therefore, the stiffness of both the compression spring and torsion spring is
determined to 120 N/mm.

40.6 Prototype Experiments and Performance Evaluation
of PEHS

40.6.1 Actual Pop-up Experiment

An experimental platform is established to install engine hood and PEHS. When a
pedestrian enters the default danger zone, the system quickly triggers the hood to
pop-up. The whole process is shot by a video device (video screenshot as shown in
Fig. 40.13). The analysis shows that the hood reaches its highest position in the
90 ms and begins to fall. The vertical height of the hood hinge from the stable
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Fig. 40.11 Graph of the height of hood in the change of stiffness of torsion spring
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Fig. 40.12 Graph of the height of hood in the change of stiffness of compression spring
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position to its initial position is 105.3 mm, which means the bouncing height and
time reach the designed requirements. The experimental results show a great sim-
ilarity with the simulation results in every point-in-time, which verify the effec-
tiveness and performance of the actual performance of the bouncing body
simulation model.

40.6.2 Protection Performance Evaluation of PEHS

The collision point is selected according to the following scheme. One is the
comparison between two states (e.g. 1st, 7th and 2nd, 6th points), and the other is
comparison between experimental study and simulation study (all the selected test
point has a corresponding impact simulation for comparison). All the points must
be selected equispacedly and dispersedly in the hood to reduce the deviation caused
by the hood deformation between two collision points. The result of the experiment
is as shown in Fig. 40.14.

In two cases, the results of head injury valued as HIC are given in Table 40.1.
The hood pop, the HIC value of each point of collision head injury, has a great

Fig. 40.13 Pop-up experiment process. a 0 ms. b 40 ms. c 90 ms

Fig. 40.14 The layout of the
collision point

400 X. Li et al.



decline with the most evident decrease of 81.6 % in engine hood hinge. Results
show that PEHS significantly improves pedestrian protection performance of the
hood. HIC values at all points are below the collision point 1,000. The average of
all points is only 368.0, decreased by 60.5 %, compared with the non-bouncing
state.

The mean value is 368.0 in simulation and 350.6 in experiment, the deviation of
which is 5.5 %. Considering the influence in the transient response of acceleration
and impact resistance, the deviation is still in the acceptable range. The simulation
and experiment prove that PEHS has good performance in pedestrian head
protection (Fig. 40.15).

40.7 Conclusions

1. The study of this paper has designed a PEHS with dual elastic buffer, including
control system and pop-up actuator. In comparison with the performance of
different sensors, the use of camera and laser radar as sensor proves to be
effective. With the help of the distance information from the laser radar, the ROI
area is determined to detect the pedestrian, through the fusion of target identi-
fication method of Haar pedestrian characteristics and the SVM classifier
method. Joint decision-making by pedestrian image information and the

Table 40.1 Comparison of HIC value between state of pop-up and non-pop-up

1 2 3 4 5 6 7 Average

Pop-up 434.3 442.2 308.1 349.4 304.8 357.1 380.0 368.0

Non-pop-up 1010.0 1538.0 474.2 1054.0 650.2 870.2 2065.0 1094.5

Reduction (%) 57.0 71.2 35.0 66.9 53.1 59.0 81.6 60.5

Text result 403.9 520.3 315.4 281.0 252.6 334.1 347.2 350.6

Deviation(%) −7.0 17.7 2.4 −19.6 −17.1 −6.4 −8.6 −5.5

Fig. 40.15 Impact test for
protection performance
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distance information can effectively meet the requirement of real-time perfor-
mance and robustness of detection system.

2. Based on mechanism design theory, design and develop a reusable PEHS that
can provide dual elastic actuation and dual elastic support. Plural vector method
is used to establish the mathematical model of optimized design. Determine the
basic dimension under the optimal parameters of the bouncing rate. 3-D model
of PEHS is established to simulate the kinematics performance to determine the
spring stiffness for goal of bouncing time requirements. Build experiment
platform to carry out the actual pop-up experiment and head impact experiment,
the results of which prove that the design meet the design requirements.

3. Compared with gas generator device, the device designed in this paper has better
using repeatability and elastic buffer performance and can reduce the size and
stiffness of the spring relatively. This device can be used as a reference for
development of PHES, which is of important in practical application value to
reduce pedestrian head injuries and protect the pedestrian safety.
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Chapter 41
Estimation of Vehicle Sideslip Angle
with Adaptation to Road Bank Angle
and Roll Angle

Jie Ling, Hui Chen and Fan Xu

Abstract The road bank angle and roll angle have direct influence on the vehicle’s
lateral motion. As a result, the accuracy of sideslip angle estimation can be
improved through estimation of road bank angle and roll angle. In this paper,
estimation of vehicle sideslip angle with adaptation to road bank angle and roll
angle is achieved through a proposed Kalman filter at low cost based on the
combination of dynamic model and kinematic model, which is developed from a
three freedom model of lateral, yaw, and roll motion. Promising is the simulation
results displayed in this paper.

Keywords Sideslip angle �Road bank angle �Roll angle �Kalman filter � Low-cost
sensors

41.1 Introduction

Nowadays with automobile wide spreading and the higher level of vehicle use,
requirements with respect to safety and comfort play increasingly significant role in
auto design from the view of both customers and hence designers. As results of this
fact, active safety and driving assistance systems, such as ESP, ABS, are developed.
In order to ensure the operation of these systems, unignorable is the necessity of
obtaining the sideslip angle accurately and instantaneously [1]. However, the
sideslip angle cannot be measured directly by a common sensor, and hence, its
estimation is always a prior yet difficult problem in the field of vehicle state
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estimation. Furthermore, for accurately obtaining of the sideslip angle, essential are
the parameters [2] and road information, among which the road bank angle [3] and
the roll angle has the direct influence on the automotive lateral motion. The lateral
acceleration sensor, specifically, measures the derivative of lateral velocity and the
product of longitudinal velocity, and yaw rate and the acceleration caused by the
road bank angle and roll angle. Furthermore, the road bank angle and roll angle
cannot be directly measured with common sensors.

Some studies on the sideslip angle estimation with adaptation to road bank angle
and roll angle have been undertaken. Wenzel [4] estimates the roll angle using
dynamic model for the automotive roll motion, improving the accuracy of the
sideslip angle while the road bank angle has not been considered. The unknown
input observer [5] is used to estimate the vehicle state and road bank angle while the
roll angle is roughly estimated by a static equation [6]. Tseng [7] and Mammar et al.
[8] estimate sideslip angle only with consideration to road bank angle whereas the
Refs. [9–11] estimate sideslip angle with adaptation to road bank angle and roll
angle. In the paper, [9–11] the Ref. [9] adds extra sensor to achieve this goal.
Method of the Refs. [10, 11] gets the result without adding sensors, but the ability
of noise filtering performance has not been specified.

In this paper, an algorithm based on Kalman filter is designed to improve the
accuracy of estimation of sideslip angle based on instantaneous observation of road
bank angle and roll angle with low-cost sensors which can be found in cars
equipped with an ESP system. The value of road bank angle and the roll angle can
also be used to the rollover prevention system and prevent unnecessary activation of
ESP. The remainder of this paper is organized as follows: Vehicle and tyre model
are built in Sect. 41.2, then the algorithm based on the Kalman filter is proposed; the
performance of the algorithm is validated using simulation in Sect. 41.4; finally, the
conclusion is presented.

41.2 Vehicle and Tyre Model

41.2.1 The Relationship Among the Three Lateral
Accelerations

The value of actual lateral acceleration, the acceleration caused by the wheel force,
and the acceleration measured by sensor is different; their relationship is described
in Eq. (41.2.1)

ay ¼ ayr � gw

ayr ¼ aym � g/

ay ¼ aym � g/� gw

ð41:2:1Þ

where w is the road bank angle, / is the roll angle, and g represents gravity
acceleration.
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41.2.2 Vehicle Lateral Model

Given the research content of the paper, a three degree of freedom double-track
model is chosen to express the lateral, yaw, and roll motion. Here, the double-track
means considering lateral weight transfer on the normal load of the tyres. A typical
layout is shown in Fig. 41.1. In this paper, it does not involve the research on
longitudinal velocity and the inclination angle is assumed to be 0°. Equation (41.2.2)
describes the lateral kinematic model.

_vy ¼ �vxxþ ay: ð41:2:2Þ

The actual acceleration ay is given by

ay ¼ aym � gw� g/

where vy is lateral velocity, vx is longitudinal velocity, and x is yaw rate.
Equation (41.2.3) describes the lateral dynamic model.

aym ¼ ayr þ g/: ð41:2:3Þ

The acceleration ayr caused by lateral force is given as follows:

ayr ¼ Fyf cos dþ Fyr

m
; Fyf ¼ Fl

yf þ Fr
yf ; Fyr ¼ Fl

yr þ Fr
yr

where Fyf is lateral force of front axle, Fyr is lateral force of rear axle, Fl
yf is lateral

force of left front wheel, Fr
yf is lateral force of right front wheel, F

l
yr is lateral force

of left rear wheel, and Fr
yr is lateral force of right rear wheel.

In this paper, we assume that the road bank angle varies slowly compared with
the dynamics of the system to be modeled as constants in Eq. (41.2.4).
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Fig. 41.1 Three degree of freedom model
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_w ¼ 0: ð41:2:4Þ

Roll motion [4] can be obtained from

€/ ¼ 1
Jsx

ðmshsay þ /ðmsghs � KÞ þ B/
_/Þ ð41:2:5Þ

where ms is sprung mass, hs is height of gravity center of sprung mass, Jsx is the
moment of inertia around the longitudinal axis, K is roll stiffness, and B/ represents
roll damping.

41.2.3 Tyre Model

The Magic Formula tyre model is chosen. Its basic formation is as follows:

Fy ¼ Dsin Carctan B 1� Eð Þaþ Earctan Bað Þð Þð Þ ð41:2:6Þ

where B;C;D;E is tyre model parameter, which is related to vertical load of tyres,
a is tyre slip angle, and Fy is lateral force.

Taking into consideration lateral load transfer, the tyre vertical load is given by

Fz;fl ¼ mgb
2ðaþ bÞ �

krs
krs þ 1

� mayhg
Bf

; Fz;fr ¼ mgb
2ðaþ bÞ þ

krs
krs þ 1

� mayhg
Bf

Fz;rl ¼ mga
2ðaþ bÞ �

krs
krs þ 1

� mayhg
Br

; Fz;fr ¼ mga
2ðaþ bÞ þ

krs
krs þ 1

� mayhg
Br

where m is vehicle mass, Krs is ratio of roll stiffness of front axle to roll stiffness of
rear axle, a; b is distance from center of gravity to front/rear axle, Bf ;Br is
wheelbase of front/rear axle, and hg represents the height of center of gravity.

Sideslip angle and tyre slip angles are defined by

b ¼ arctan
vy
vx
; af ¼ arctan

vy þ ax
vx

� d

� �
; ar ¼ arctan

vy � bx
vx

� �
:

41.3 Kalman Filter Design

A Kalman filter is designed to estimate the lateral velocity, road bank angle, and roll
angle. The inputs of observer are the steering angle, yaw rate, and lateral acceler-
ation. The Kalman filter based only on dynamic model cannot reflect the influence
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of road bank angle on the lateral velocity because the road bank angle is assumed to
be changing at a slow rate in this paper. As a result, a Kalman filer based on the
combination of dynamic and kinematic model is designed to solve this problem.
The state and measure equations are as follows. Using the Euler formula, according
to the Eqs. (41.2.2), (41.2.3), (41.2.4) and (41.2.5), the Eq. (41.3.1) describes the
discrete time version of state-space equation:

xk ¼ xk�1 þ Ts � _xk�1 þ wk�1 ¼ f ðxk�1Þ þ wk�1

yk ¼ hðxk; ukÞ þ vk
ð41:3:1Þ

where,

x ¼
vy;
w
/
_/

2
664

3
775; _x ¼

�vxwþ aym � gw� g/
0
_/

mshs
Jsx

ay þ ðmsghs�KÞ
Jsx

/þ B/

Jsx
_/

2
664

3
775

y ¼ aym
� �

; hðxk; ukÞ ¼ ayr þ g/
� � ¼ Fyf cos dþ Fyr

m
þ g/

� �

The random signals wk�1, vk represent the process noise and measurement noise,
respectively. It is assumed that they are white noise independent of each other and
conform to normal distribution, and their covariance matrix is Q and R, respectively.

The working process of Extended Kalman filter is given in the Ref. [12]. The
covariance matrix of measurement noise means the noise of the sensor which can be
obtained from off-line test. And the process noise can be considered as the differ-
ence between the estimation model and the actual model. The process noise is
difficult to determine because we cannot directly obtain the process state. Therefore,
this value is manually selected to be a reasonable one in this paper.

41.4 Simulations

Simulations were performed in MATLAB/Simulink environment with TESIS
veDYNA to test the effectiveness of the proposed algorithm. During the test, the
inclination angle is set to 0° and the peak road friction is set to 1. Since this paper
focuses on lateral velocity estimation, the estimation of longitudinal velocity is not
included. In this paper it is assumed that the longitudinal velocity is known.
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In this section, slalom and double lane change maneuvers will be involved.
Figures 41.2 and 41.3 show the simulation results of road bank angle and roll angle
along with sideslip angle with adaptation to these two parameters. Red line
represents the estimated values and blue line represents reference values in
Figs. 41.2 and 41.3.

Simulation result shows that the proposed algorithm can accurately estimate the
sideslip angle, road bank angle, and roll angle. The graph of roll angle estimation
shows that at 33–43 s, the estimation is not very accurate which is due to the
ignorance of roll angle caused by the existing of road bank angle.

The proposed algorithm was compared with the algorithm which did not take
the road bank angle and road bank angle into account. The maximum absolute
error of sideslip angle and its mean squared error (MSE) are given in Table 41.1. It
indicates that compared with the algorithm without adaptation, the proposed
algorithm not only obtained the value of road bank angle and roll angle, but also
improved the accuracy of sideslip angle estimation in slalom and double lane
change maneuvers.
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41.5 Conclusions

Based on the combination of dynamics and kinematic models, a sideslip angle
estimator with adaptation to road bank angle and roll angle at low cost is proposed.
The performance is verified by the comparison between proposed algorithm and the
one without adaptation. The simulation results show that the maximum absolute
error of sideslip angle estimation is about two times reduced and the MSE of
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Fig. 41.3 Double lane
change maneuver

Table 41.1 Maximum absolute error and mean squared error of sideslip angle estimation

Without adaptation With adaptation

Max. absolute error MSE
(6–26 s)

Max. absolute error MSE
(6–26 s)

Slalom 0.8010 0.0821 0.3969 0.0240

Double lane change 0.9407 0.0592 0.4424 0.0218
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sideslip angle estimation is about three times decreased. In the future, the longi-
tudinal velocity estimation and adaptation to more parameters combined with road
bank angle will be investigated.
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Chapter 42
Vehicle Guiding System Through Image
Processing in Crash and Misuse Tests

Eloi Boix, Adrià Ferrer, Sandra Fernandez and Xavier Sellart

Abstract As newer active and passive safety systems are developed, new testing
requirements have appeared along with constraints and requirements that must be
overcome while at the same time maintaining higher safety and quality standards.
This paper presents a modular system that makes it possible to automate hazardous
tests for drivers by using path following by means of a low-cost camera or defined
GPS trajectories. This project provides a solution to tests where the driver cannot be
inside the vehicle due to the inherent risk and complex methodology that must be
followed. The developed system, which can be installed in any vehicle, is mounted
on a small pickup truck, which is used as a test vehicle. Once this control archi-
tecture has been implemented, installed and tuned, the resulting steering manoeu-
vring allows tests required for recently developed and future safety systems to be
performed. The experimental results show that the combination of artificial vision
algorithms and steering wheel controller are capable of managing the lateral
guidance of a vehicle as a human driver would do.
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42.1 Introduction

Safety requirements in European vehicles have increased dramatically over recent
decades. The introduction of safety evaluation and awareness programmes such as
Euro NCAP have contributed to the fact that safety is one of the most important
criteria when acquiring a new vehicle. The success of Euro NCAP is reflected in its
ability to stimulate the interest of vehicle manufacturers for safety [7]. This interest
led to the development of new and innovative safety systems.

In the field of passive safety, Applus+ IDIADA perform global development
projects for all types of vehicles. These projects include design, computer simu-
lation, testing, integration of restraint systems and assessment and improvement of
pedestrian and cyclist protection systems.

The main tool used to perform most of these tests is a vehicle guidance system
which consists of a steel wire embedded in the floor and a truck which makes the
vehicle follow a straight path. It is a very robust system in tests in which the vehicle
follows a straight path resulting in a reliable system which allows testing with a
high level of repeatability.

However, new and innovative systems occasionally require new test configu-
rations and currently, these kinds of tests are carried out by specific methods which
are not cost effective and can even affect the accuracy of the results. These methods
solve a very limited range of test configurations, so that in some of the tests remains
no solution because the trajectory that the vehicle must follow is not straight or the
test configuration is extremely complex.

A new vehicle guiding system based on the movement of a pulley system which
rotates the vehicle steering wheel is designed and developed to provide a solution
for these tests. The system is based on the concept of autonomous driving for
particular configurations, but can be implemented in any vehicle without interfering
with the performance in any way. The particular requirements are the following:

• High reliability and robustness: to guarantee repeatability and durability in
crashes.

• In-vehicle system: to avoid the modification of the structure and without
interfering in the mass distribution.

• Electrically compatible: no electrical interference should be introduced in the
vehicle.

In order to fully comply with these requirements, an in-loop processing of the
images filmed by a camera enables the vehicle to follow a path marked on the floor.
The steering wheel is rotated by an electric motor which receives the input of the
electronic software.

The vehicle guiding system allows the tested vehicle to follow any path, which
makes it a perfect tool for performing different kinds of crash test, especially car-to-
car crash tests. Furthermore, the system transmission allows high-speed predefined
rotation of the steering wheel, so dynamic and rollover test series can be carried out
with high levels of accuracy, repeatability and safety.
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The main aim of designing and developing a vehicle guidance system is to
obtain a device which permits performing both complete vehicle crash and misuse
tests without the vehicle being physically driven by a person. These tests are
specifically as follows:

• High and very high containment tests according to EN 1317-1,2:

– Test description: the vehicle (truck or coach) is launched against a road
barrier at a certain angle

– Impact angle: 8°, 15° or 20°
– Speed angle: 70 or 80 km/h
– Vehicle weight: 10,000, 13,000, 16,000, 30,000 or 38,000 kg (Fig. 42.1).

• Car-to-car tests:

– Test description: two vehicles impact each other in order to reproduce a
known accident scenario

– Impact speed: from 30 to 90 km/h
– Impact angle: from 0 to 90°
– Path: any path
– Vehicles involved: passenger vehicles, trucks or coaches (Fig. 42.2).

• Rollover tests:

– Test description: a vehicle is launched into an embankment of 30° or 40° tilt
in order to overturn the vehicle

– Test speed: from 16 to 22 km/h
– Vehicle embankment angle: 15°
– Path: straight path. When the vehicle reaches the embankment, the steering

wheel has to rotate at maximum speed to the highest side.
– Vehicle involved: passenger cars (Fig. 42.3).

Fig. 42.1 Test according to EN 1317-1,2
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• Misuse tests:

– Test description: the vehicle is launched against a small obstacle in order to
reproduce slight accidents that do not cause damage or minor damage to
either the vehicle or occupants

– Test speed: from 40 to 100 km/h
– Test angle: 0°
– Path: straight path with the possibility of performing a big radius curve at the

end of the path
– Vehicle involved: passenger vehicles (Fig. 42.4).

Fig. 42.2 Car-to-car test

Fig. 42.3 Rollover test
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All these tests can now be performed with the automatic steering control
architecture, based on a combination of artificial vision and steering wheel control
that was designed and is described in this paper.

42.2 Architecture

A modular and scalable architecture [4–6] is developed in order to be able to adapt
the system composition according to the test that needs to be performed. For
example, in some tests, the input data needed for the artificial intelligence control
and guidance system may be acquired from low-cost cameras or from GPS posi-
tions. Low-cost, off-the-shelf cameras are very appropriate for those tests that
involve a crash as they provide sufficient accuracy, and since the equipment will
probably be damaged or destroyed, the resulting financial loss will be lower.

Two modules are designed in order to develop the control architecture that
manages the steering of the vehicle.

The detection and processing module is in charge of acquiring the image of the
test track and comparing it with the reference trajectory to generate a target steering
wheel turning command. It includes the artificial intelligence unit (AIU) as an
embedded computer where the vision algorithm is performed.

The motor control module is in charge of the communication with the detection
and processing module and performing some additional functions such as high-
voltage batteries monitoring (due to safety requirements).

It includes the guidance control unit (GCU), the driver, the encoder and the DC
motor. This module is responsible for mechanizing the movement of the electric
motor to specific positions which guarantee the angular turn of the steering wheel to
be able to change the direction of the vehicle.

Fig. 42.4 Misuse test
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Figure 42.5 also shows the expansion of the WiFi module, which will be done as
the next step of the project. This module allows the system to be controlled
remotely by a base station where a user interface is running. The user interface will
allow the engineers to define the test and configure the parameters of the system that
need to be checked by an operator, such us speed of the vehicle in the probe, kind of
test (misuse, fatigue, etc.), and start button.

Also, in the near future, this system will be able to control the acceleration and
brake pedals of automatic vehicles, by having power over the potentiometers reg-
ulated by the pedals.

42.2.1 Artificial Intelligence Unit (AIU)

It consists of an embedded computer with CAN module which works as the
thinking unit of the system as it processes the image and generates the new direction
data and turning speed of the steering wheel. It is able to communicate by CAN
with the GCU to send the trajectory parameters of the vehicle. The image
processing is based on identifying the colour (colour tracking technique) and shapes
(shapes tracking technique) to be able to determine the rectangular figure of the line
on the floor by using a trapezoidal conversion (because of the perspective in the
image) detecting the rectangular forms in known XY coordinates.

Fig. 42.5 System diagram
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42.2.2 Guidance Control Unit (GCU)

Printed circuit board (PCB) is designed to facilitate the communication and data
exchange between the AIU and the motor driver. It allows sending the exact
position of the motor through the serial communication with the driver, which is
capable of reading the encoder information attached to the motor. This electronic
board also allows the connection of new signals originated by sensors making this
project scalable to different applications depending on the sensors or devices which
get connected: GPS, distance, speed, etc.

42.2.3 Driver

It is a specialized driver which deals directly with the encoder to fix specific
positions on the electric motor. This driver uses the encoder signal as a feedback
loop to verify whether the motor is in the desired position or not. The driver powers
the motor until it reaches the required position and stops and puts the revolutions to
0 rpm when it reaches the position. It has its own software which allows different
parameters of the motor, such as current, speed response, and turn speed, to be
known.

42.2.4 Encoder

Incremental optical encoder is attached to the motor which sends the signal position
to the driver. It can reach 6,000 rpm and has a resolution of 500 imp/turn.

All the electronic control units (AIU, GCU and driver) have been inserted into a
shield box to perform the crash tests. Therefore, this project can be implemented to
any required vehicle. In the designed box, a refrigeration system has been included
by installing two fans.

From this shield box, the internal devices are accessible through the external
connectors, which are designed to be flexible and can be adapted to different
requirements. This provides mobility to the prototype, as it enlarges the function-
alities and the implementation possibilities into multiplatform vehicles.

Figure 42.6 shows the flow data between the different devices of this project.
The AIU is an embedded computer which runs with Linux (Ubuntu) operating

system and has auxiliary ports to connect external peripherals which allow its
programming and offline configuration. It receives as a main feedback the captured
images from the webcam in real time. Once this information is in the AIU, through
the designed line detection algorithm and image processing, it is able to send the
position and desired speed of the DC motor to the next system block, the GCU.
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The AIU communicates with the GCU by using a CAN communication pro-
tocol. In particular, it sends a message with the 0x300 identifier with the motor
desired speed and position. This information is sent in one data frame of 8 bytes
size by using the first 4 bytes for the position and the next ones for the speed data.

After receiving the data frame from the AIU, the GCU answers with an
acknowledge message indicating if the data retrieval was successful. Also, it pro-
vides the AIU the information about the real degrees turned by the DC motor and
the coupled steering wheel, by using an internal calculation of the relation between
the rotations of the motor and the rotations of the steering wheel.

Once the GCU has successfully received the position and speed data, it transmits
this information to the motor driver by using RS232 protocol for converting the
data. The driver answers with an acknowledgement message and provides
the information about the motor current consumption and the response time of the
desired position and speed.

The driver uses the digital feedback signal which is sent by the encoder to know
whether the motor has arrived or not at the desired position. The driver uses an
encoder as a feedback to verify if the motor has arrived to the desired position. The
encoder used has a resolution of 500 impulses for each rpm. The signals A and B
give the position and turn direction of the motor, while the Z signal generates 500
impulses each motor spin and allows the speed of the DC motor in revolutions per
minute (rpm) to be determined.

42.2.5 Image Processing Architecture

The code implemented in the AIU is based on the image processing [4, 10],
communicating by CAN with the GCU to send the trajectory information and also

GCU DRIVERAIU

ENCODER

TARGET 

TRAJECTORY

MOTORCAN SERIAL PWM

DIGITAL SIGNAL

USB

CAN

SERIAL

KEYBOARD 
MOUSE

SCREENVGA

PERIPHERAL SUPPORT

Fig. 42.6 Data flow chart
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receive parameters of the motor. This program accesses the camera and analyses
each capture in real time.

Figure 42.7 shows the image processing architecture in the AIU.
The objective is to detect red and green trapezoidal rectangles and their position

in the captured image [2] to determine the command to be sent to the DC motor and
move the steering wheel changing the direction of the vehicle.

Depending on the position of the squares (horizontal or vertical), the command
to the motor will be “to continue moving” (green vertical rectangle) or “stop the
movement” (red horizontal rectangle) whether the desired configuration has been
achieved or not. That means the code is not only able to detect shapes but also their
position in the image to calculate the centroid (point which determines the trajectory
that has to be followed) and puts it in the top middle of the rectangle.

After calculating the conversion of the centroid into a value able to define the
command to be sent, the information of the motor position and speed is sent by
CAN protocol to the GCU, which will adapt the data frame and convert it into serial
to communicate with the driver.

The code (Forsyth, s.f.) in the AIU is always listening to the CAN channel input
to detect whether new messages arrive. These messages may contain acknowl-
edgements of the GCU and also information of the motor.

42.2.6 Steering Wheel Controller

The low-level layer is composed of an electronic control unit (ECU), a driver and a
DC motor. The purpose of this module is to receive the turning command from the
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Fig. 42.7 Image processing architecture
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high-level layer and to manage the motor attached to the steering wheel to take it to
the reference position.

In Fig. 42.8, the complete steering wheel controller [1, 9, 11] is shown.
One of the main requirements of the developed system was that it had to be

adjustable to any car keeping the original steering system. For this reason, a pulley
system between the motor and the steering wheel was designed and developed.
Before the selection of the components, the expected requirements were set. One of
the goals of the project was to have a system which allows following different paths
with minimum error. Furthermore, the system had to be able to move the steering
wheel when the vehicle is stopped and the four wheels of the vehicle are in contact
with the ground (due to some testing requirements).

Based on these premises, the time needed to turn the steering wheel from the
leftmost position to the rightmost position was determined with a minimum of 5 s
(see Eq. 42.1).

3 revolutions
5 s

¼ 36 rpm ð42:1Þ

Another important parameter with the selection of the motor was the torque, and
it was set to 10 nm, which is enough to move the steering wheel of a stopped heavy-
duty truck.

According to these requirements, a DCM 3F 30/06 DC motor was selected with
a reduction stage of 25:2 to allow a reduction in the angular speed of the motor
(from 3,000 to 240 rpm) and increase the nominal torque (from 1.5 to 18 nm).
Considering the pulley system (diameter of the driving wheel = 13 cm and driven
wheel = 36 cm) and the limitation of the high-voltage batteries to 48 V, the angular
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speed and the torque were finally fixed to 55 rpm and 50 nm, respectively, fulfilling
the conditions of design.

Once the motor was set, a flexible and highly efficient power stage driver was
selected (EPOS2 70/10) which was able to manage the movement of the DC motor.
Additionally, it was equipped with a valuable auto-tuning tool and can be controlled
by various communication protocols.

The next step in the design is the development of an ECU [3] fulfilling the
following requirements:

• Establishing the communication with the artificial vision unit in order to decode
the target position and also send information regarding the EPOS2 driver and
motor state.

• Allow the monitoring and disconnection of the high-voltage batteries which are
supplying the system, avoiding the damage danger to testing engineers.

• Capability to communicate with the EPOS2 driver.
• Be ready to allow the possibility of adding new sensors to increase the flexibility

of the system to future requirements.

42.3 Testing

The following three parts were tested:

• Steering wheel controller
• Image processing
• Complete system architecture.

42.3.1 Steering Wheel Controller

The objective of this test is to validate the GCU (ECU responsible for the control of
the steering wheel). To do this, a HIL bench was developed (Fig. 42.9).

The HIL was done using National Instruments technology. A CompactRIO 9002
RT controller is used to simulate the inputs and read the outputs of the system and
Test Stand software in order to automate the test cases that were defined according
to the requirements’ specifications. Using this technology, we were able to verify
that the steering wheel controller was able to follow the control signals that were
going to be sent by the AIU in the real system.

42.3.2 Image Processing

The testing of this module was done inside the laboratory. Different colours and
shapes were tested in order to check whether the AIU was able to detect them
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correctly. The image below shows an example of the green colour detection test
(Fig. 42.10).

In the image, it is shown how the system is able to detect green rectangles and
then place the centroid (green point) between the upper corners of the green rect-
angle. The white dot indicates the average area of green in the image.

42.3.3 Complete System Architecture

Once the two modules had been individually tested, the system was integrated in a
pickup truck in order to run some calibration and validation tests. Various trajec-
tories were tested at low speed in order to calibrate the system and increase the
response speed and sensitivity.

Finally, as shown in Fig. 42.11, a validation test was successfully carried out at
low speed with a curve trajectory.

Fig. 42.9 Video frame of the trajectory tested in the validation test

Fig. 42.10 Video frame of the trajectory tested in the validation test
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42.4 Conclusions

The development of new and more innovative safety systems generates the need for
different and new testing procedures and configurations that are not currently
covered. These new configurations mainly respond to high and very high con-
tainment tests, rollover tests, misuse tests and car-to-car tests. Solutions are being
developed to solve the issues these new configurations present.

This paper summarizes the development of a new system based on autonomous
driving that can offer solutions for a wide variety of tests enabling new configu-
rations and guaranteeing a high level of test repeatability and safety.

The modular system described can be implemented in any car, using artificial
vision algorithms and a DC motor which drives the steering wheel.

The designed system not only enables all the tests required at present to be
carried out but also allows future test configurations that are not currently being
tested, but which will undoubtedly be required to be implemented in the future. The
system developed is modular and scalable, allowing us to set up a technological
platform to develop future automated driving tests and research projects.

The control architecture gave good results for the different paths tested on a
pickup truck. A prototype system was tested at low speed, and the steering control
architecture implemented had a very good performance and response to the artificial
intelligence module inputs, which is particularly important to follow correctly the
defined paths. The system is currently under fine-tuning developments in order to
carry out high-speed tests to fully validate the system and implement its use.

In future work, other kinds of input sensors may be added to the control
architecture to enlarge the variety of tests that can be carried out with the
system.

Fig. 42.11 Video frame of the trajectory tested in the validation test
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Chapter 43
Vibration Isolation Performance Research
of Commercial Truck’s Cab Suspension
System Based on Road Load Data

Xin Yan, Di Jiang, Zhongxiao Wang and Maolin Guo

Abstract Based on road load data of commercial truck’s cab suspension system,
extreme value and standard deviation of acceleration signals are statistically
analyzed. And then, pseudo-damage analysis is done to get the damage attenuation
level of the shock absorber. According to the theory of shock absorber vibration
isolation, amplitude frequency response characteristics of the cab suspension
system are acquired. Significance of the study is to find a way to evaluate the
performance of commercial truck’s cab suspension system. It is very useful to guide
the forward design of cab suspension system from the perspective of passenger
comfort and component fatigue life so that it can provide data support and
improvement suggestions for the development of commercial truck cab suspension
system.

Keywords Road load data· � Pseudo-damage· � Vibration isolation performance

43.1 Introduction

For the development of commercial truck cab, the design of suspension system is of
great importance. Cab suspension design of modern commercial truck [1] mainly
includes the elastic damping components selection and layout, mount bracket
design, etc. The designers control the parameters of the spring and its performance
requirements, including spring stiffness and maximum overall diameter, air tight-
ness, requirement of strength, and service life. And they control its damping
characteristics of shock absorber, such as the strength of lug, upper and lower limit
travel requirements, etc. But they could not access to obtain vibration isolation
performance of suspension in the condition of random road load, and are not able to
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compare different suspensions so as to get the optimal cab mount system. It is
necessary to do road load spectrum measurement for the key parts of suspension
system, including acceleration signal and suspension relative displacement signals.
And test analysis personnel can do processing analysis for the signal data to acquire
relevant information with regard to vibration isolation performance of the
suspension. Therefore, the suspension system can be designed in forward direction.

43.2 Vibration Isolation Theory of Suspension Shock
Absorber

Vibration isolation ability of suspension shock absorber is measured by vibration
transmissibility which is defined as the ratio of response signal amplitude X0 and
input signal amplitude Xi. The standard model of shock absorber is a linear
vibration system composing of a spring with rigidity coefficient K and a damper
with damping coefficient C [2], as shown in Fig. 43.1.

Under steady-state sine excitation, transmissibility T of the shock absorber is
expressed as follows:

T ¼ X0=Xi ¼ f½1þ ð2fkÞ2�=½ð1� k2Þ2 þ ð2fkÞ2�g1
2 ð43:1Þ

where k ¼ f =fn is frequency ratio and f ¼ C=Cc is damping ratio. For mass system
M, natural frequency fn and critical damping CC are calculated as follows:

CC ¼ 2
ffiffiffiffiffiffiffiffi
KM

p
ð43:2Þ

fn ¼ 1
2p

ffiffiffiffiffi
K
M

r
ð43:3Þ

Fig. 43.1 Single degree of
freedom vibration system
simplified model
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The variation between transmissibility T and frequency ratio k is shown in
Fig. 43.2.

When k[
ffiffiffi
2

p
, T < 1, the shock absorber has played an important role in vibration

attenuation which is entering the workspace as follows: When k\
ffiffiffi
2

p
, T > 1, the

shock absorbers have played an important role in vibration amplification, namely in
shock isolation; especially when k ¼ 1, excitation frequency is equal to the natural
frequency when resonance occurs at this time. It means that the increasing damping
can reduce T; however, it can reduce the vibration isolation performance in the high
frequencies (k[

ffiffiffi
2

p
:)

Therefore, in order to achieve the purpose of vibration isolation, we should make
the natural frequency of the system away from excitation frequency when the
frequency ratio should be increased as far as possible in the permitted range [3–5].
So the suspension performance requirements can be summed up in: In the low
frequency phase, it should have characteristic of large damping and stiffness; when
in the high-frequency phase, the property of small damping and stiffness is
necessary. In other words, the ideal vibration isolator should possess the dynamic
characteristics with variable frequency.

43.3 Road Load Acquisition and Data Processing

In this paper, road spectrum load tests were for trucks A and B. The test models
were both full floating heavy trucks that adopted spiral spring with shock absorber.
The signal data were acquired with the regulation of speed in XX proving ground.
The acceleration sensors were mounted up and down of the suspension (Fig. 43.3)
which was mainly used for investigating the vibration condition close to suspension
in the rough road so as to evaluate the performance of spring damper.
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After measurement and preliminary check for signals by test personnel, it was
necessary to do further post-processing jobs; the main work included burrs
removed, elimination of offset, drift correction, cutting for typical sections, etc., as
shown in Fig. 43.4.

43.4 Analysis on Road Load Data and Vibration Isolation
Performance of Suspension System

43.4.1 Road Load Data Analysis

After the completion of signal processing, we analyzed the road signals firstly both
for trucks A and B in motivating input end (frame) and the response output end
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upper mounting part
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Fig. 43.3 Test sensors layout
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Fig. 43.4 Signal data post-processing
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(cab) to compare vibration condition for signals. The main analysis items for
acceleration signals included extreme value and standard deviation analysis, as well
as pseudo-damage analysis. And the vibration trend could be found in transmission
path from the frame to cab in the perspective of statistical investigation.

43.4.1.1 Extreme Value and Standard Deviation Analysis
for Acceleration Signals

The role of extreme value analysis is to find out the largest amplitude during
instantaneous impact in complex load condition. The extreme vibration situation of
the measured parts could be reflected from one side, but it could not represent the
typical characteristic of the road for its contingency. And acceleration standard
deviation analysis can be carried out on the vibration amplitude of the signal average
statistics to reflect condition of vibration for measured parts throughout the load.

As shown in Fig. 43.5, extreme acceleration amplitude value of lower mounting
part (frame) for the signals which were transmitted from vehicle chassis to frame
showed lager in front suspension both for trucks A and B. In the meanwhile the
extreme acceleration amplitude value of upper mounting part (cabin) for the signals
which were transmitted from frame to cab show different: front suspension was
greater than the rear one in truck A when it was opposite for truck B. There was
some phenomenon that the extreme value of response output end was greater than
the one in input excitation, which meant the rear suspension of truck B went
through an abnormal vibration amplification process instantaneously.

For lower mounting part, the standard deviation showed the same trend as the
extreme value; the standard deviation value of truck B was 0.33, 50 % more than
truck A which proved there were more severe vibration in the rear of cab, and the
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Fig. 43.5 Acceleration signal extreme value and standard deviation analysis of the typical
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standard deviation value of lower part of the rear suspension was 0.37 with the ratio
of lower part and upper part being only 1.12. It meant that the overall amplitude
attenuation of vibration signal was not so well.

43.4.1.2 Pseudo-Damage Analysis

‘Pseudo-damage’ is put forward according to the linear fatigue cumulative damage
theory which is used to describe the load quantity of parts damage strength, and the
damage value is calculated by fatigue life estimation method in order to compare the
load, but not to get the actual damage value of the parts. The rain-flow count method
is used to calculate the amplitude of the signals in different frequency distribution.
And then, it is possible to calculate the fatigue life for different amplitudes according
to the S-N curve. At last, the pseudo-damage value could be calculated by the theory
‘Miner linear cumulative damage’ which is as shown in Fig. 43.6.

According to the theory of pseudo-damage evaluation, we analyzed the pseudo-
damage of the acceleration signal for the two trucks so as to get the pseudo-damage
attenuation level (multiple), as shown in Fig. 43.7; pseudo-damage attenuation level
(multiple) of front suspension in truck A was slightly higher than truck B. However,
there was much difference for the signals of rear suspension; the pseudo-damage
attenuation level (multiple) of truck A was 80.4 when it was only 3.5 for truck B.

Time Series

Rainflow
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Damage

Nominal 
S-N  Curve

Rainflow
Matrix

Fig. 43.6 Theory of pseudo-damage evaluation
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We did the level-crossing count analysis according to this situation, as shown in
Fig. 43.8; the acceleration signal’s amplitude of the upper mounting part in rear
suspension of truck A was greatly reduced by the effect of shock absorber when it
had become small value signal with high cycle numbers. It meant that level-
crossing count contour of input signals enveloped those of output signals which was
in line with the typical characteristics of vibration isolation system [2]; with regard
to truck B, the output signal under the condition of high amplitude did not meet the
typical characteristics of vibration isolation system, while the shock absorber did
not have ideal job performance in the compression stroke, and signal amplitude
difference between the input and output was not obvious for the negative accel-
eration signal.

43.4.2 Performance of Suspension Vibration Isolation

For the vibration isolation performance of the suspension, we focus on the ampli-
tude–frequency response characteristics of the suspension to do the comparative
analysis (vibration transmissibility), as shown in Fig. 43.9. Known by the theory of
suspension shock absorber vibration isolation, the starting point of the working area
is the starting frequency when vibration transmissibility T < 1, and the frequency
value is just the natural frequency of the suspension itself. The lower this value is, the
sooner it can enter the work state. The exclusion zone before working frequency
band is amplified on the amplitude value and energy. Starting frequency of the
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working area in front suspension for truck A was slightly lower than truck B, but the
value in rear suspension was much lower than truck B which meant that the energy
and amplitude in low frequency band could be greatly reduced. In terms of vibration
transmissibility, the vibration isolation performance of front suspension for trucks A
and B was similar within the scope of 3–8 Hz; for rear suspension of truck B in the
range of 5–20 Hz, not only the vibration transmissibility value was too high, but also
a second resonance region appeared around 16 Hz which proved that the second-
order natural frequency of suspension system was forced to appear in conventional
excitation frequency of the proving ground (0–25 Hz). And this was the main reason
why the vibration isolation performance of rear suspension was so weak.

43.5 Conclusions

Road load data of cab suspension system were analyzed for trucks A and B in this
paper. First, we did statistical analysis on extreme value and standard deviation of
the acceleration signals, and then analyzed the signal’s pseudo-damage to get
pseudo-damage attenuation level. At the same time, we researched data from the
point of level-crossing count and studied the amplitude–frequency response char-
acteristics in the frequency domain according to the theory of shock absorber
vibration isolation. Finally, we found the problem of vibration isolation perfor-
mance in the rear suspension of truck B. The main purpose is to analyze the
working status and performance of suspension shock absorber from the data
objectively so as to avoid mistakes by the subjective experience and the design
concept ‘black box.’ It is very useful to guide the forward design of cab suspension
system from the perspective of passenger comfort and component fatigue life so
that it can provide data support and improvement suggestions for the development
of commercial truck cab suspension system.
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Chapter 44
A Normalized Approach for Evaluating
Driving Styles Based on Personalized
Driver Modeling

Bin Shi, Wuqiang Meng, Hui Liu, Jie Hu and Li Xu

Abstract Driving style may affect fuel economy and driving ability, and therefore,
its evaluation becomes an important research topic for vehicle calibration and
control. In this work, we propose to evaluate the driving style by normalizing
driving operations in a standard test procedure. Firstly, a personalized driver model
is established for each driver by learning his/her driving operations during real-
world driving. This is accomplished by using the locally designed neural network,
i.e., CMAC in this work, and the real-world vehicle test data (VTD). Secondly, the
established driver model is applied to speed control as required by standard test
procedure, i.e., FTP-75, thus the driving operations may be normalized. Finally, the
energy spectral density (ESD) is computed on normalized driving data to obtain a
quantitative index for evaluating the driving style of each driver. Simulations are
conducted to verify the effectiveness of the proposed scheme.

Keywords Cerebellar model articulation controller (CMAC) � Throttle position
(TP) � Driver model � Fuel economy � Evaluation index � Vehicle test data (VTD) �
Energy spectral density (ESD)

44.1 Introduction

Research has shown that driving style has various impacts on fuel consumption and
emissions [1, 2]. Drivers who are less prone to sudden maneuvers will tend to have
tight distributions of throttle position (TP) opening, and thus, the consumption of fuel
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will decrease. The differences in the driving behaviors could be due to the
subconscious, as well as vehicle itself and environment [2–4]. There is a great need to
develop several automatic evaluation indexes, which take account of driver charac-
teristics by suitably modeling driver performance. It had been widely studied during
the last few years. Kedar-Dongarkar and Das[5] developed a new method for driver
classification for optimization of energy usage. The vehicle’s power train signals were
used to classify the drivers into three categories: aggressive, moderate, and conser-
vative.Murphey et al. [6] applied an online driver classifying system by analyzing the
jerk profile of the driver. Jerk is defined as the rate of change in acceleration or
deceleration. The algorithm extracts jerk features from the current vehicle speed
within a short window and classifies the drivers into three classes: calm, normal, and
aggressive. Canale and Malan [7] presented human-driving behavior in an urban
environment. They used the stop and go signals to assess the driver’s behaviors.

Although the above researches attempted to characterize a driver in one way or
another, there still exist three main issues: (a) data obtained by the simulator cannot
fully represent the actual situation, (b) the raw driving data cannot be obtained
under exactly the same environment and road conditions, and (c) there is no
quantified evaluation index of driving style for practical use. Evaluation results may
differ from person to person even if they may be classified into the same style.

In this research, firstly, a locally designed neural network, i.e., CMAC in this
work, is employed to train the raw driving data. We established a personalized
driver model based on the real-world driving data. Here, we take the VTD as the
original training data for CMAC learning process [8]; secondly, the established
driver model is normalized under the standard speed driving cycle, FTP-75 here, for
example; at last, a performance index, namely, the energy spectral density (ESD)
combined with the error between FTP-75 and normalized data, is suggested to
evaluate the driving style. Without loss of generality, only three categories of
drivers: “Aggressive,” “Moderate,” and “Mild.” The approach is verified later by
K-means clustering algorithm and one-way ANOVA.

The remainder of the paper is organized as follows. The next section discusses
the selection of driving data. Section 44.3 includes the modeling process of
personalized driver modeling. In Sect. 44.4, we introduce a normalization process
under the standard driving cycle. Section 44.5 describes the evaluation index of
driver behavior. Experiment results are presented in Sect. 44.6. Finally, concluding
remarks are in Sect. 44.7.

44.2 Selection of Raw Data

Driving style could be measured by accelerates and decelerates. It is reflected
directly by the changes of TP and brake pressure (BP). A total of 18 classified
drivers are chosen for modeling and testing, namely, No. 1 to No. 6 stand for
“Aggressive” drivers, No. 7 to No. 12 for “Moderate” drivers, and No. 13 to No. 18
for “Mild” drivers.
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Raw BP’s distribution is shown in Fig. 44.1a. It shows that despite the larger
BP’s of “Aggressive” drivers, there is no significant difference between drivers of
“Moderate” and “Mild.” Take drivers 4 and 5, for example, they both belong to the
style of “Aggressive”; however, BP’s are mostly close to that of “Moderate” and
“Mild,” only few are larger than 400; on the other hand, “Moderate” drivers have
almost the same BP operations as “Mild” drivers.

Figure 44.1b shows that TP’s are evidently different for different drivers. The
“Aggressive” drivers tend to have sharp TP changes, “Mild” drivers have the mini-
mumchanges, and “Moderate” drivers are in themiddle. So, TP is taken as the driver’s
feature to evaluate the driving styles in the following research.

Fig. 44.1 Distribution of a BP and b TP
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44.3 Personalized Driver Modeling

Neural network makes possible the personalized driver modeling. Even though the
driver model is unknown and nonlinear, the driver behaviors could be presented
through a supervised learning process. Therefore, we only need to know the inputs
and outputs of the model.

By using the neural network, the raw TP data were converted into the person-
alized driver model. The cerebellar model articulation controller (CMAC) offers a
practical modeling method as well as simple network architecture. It provides the
advantages of fast learning and a high convergence rate [9]. CMAC learning is a
competitive learning process and follows self-organizing feature map (SOFM)
learning rules [10]. This makes CMAC neural network a powerful candidate tool in
many traffic modeling studies. The CMAC learning rule can be represented by Eqs.
(44.1)–(44.3).

Yi ¼
XNL

j¼1

wjajðxÞ i ¼ 1; . . .;m ð44:1Þ

DEi ¼ ys �
XNL

j¼1

wjajðxÞ i ¼ 1; . . .;m ð44:2Þ

wjðtÞ ¼ wjðt � 1Þ þ a
NL

aj ys �
XNL

j¼1

wjajðxÞwjðt � 1Þ
 !

ð44:3Þ

wherewj is the weight of jth memory cell. If activated, the value is 1; otherwise, it is 0.
yi is the output of CMAC, IEi is the error between yi and expectations, ys is the state of
the desired output, and α is the learning constant.

As shown in Fig. 44.2, assuming VS[t] is the speed output of time t, and the
corresponding throttling operation is TP[t]. We chose the differential of VS[t] and
VS[t + 1] as the input of the network, and TP[t] as the output. After training the raw
VTD, personalized driver model could be obtained. In order to implement with the
established drive model, a simple car model is required. The multi-layered
perceptron neural network [11] is used to train the raw TP and BP data.

FTP
Driver Model

(CMAC)
Vehicle 
Model

VS[t+1]
TP[t]

BP[t]
VS*[t]

Fig. 44.2 The process of normalization
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44.4 Driver Behavior Normalization

The VTD data were collected under several conditions, different driving styles
(aggressive, moderate, and mild), road situations (city and highway), cities (Boston,
Denver, etc.), and vehicle types (Escort, Fiesta) by Ford Motor Company. There-
fore, different conditions, i.e., different cities, vehicle types, etc., may lead to
different evaluation results, the research of driving personalities should proceed
under the same conditions. For example, driver A drives a car on an urban road,
which has speed limit of 60 km/h, and driver B on the other road has speed limit of
40 km/h. Even though A is a so-called mild driver and B is aggressive, it is difficult,
due to the inconsistent speed range, to evaluate the two drivers.

Before performance analysis, driver operations shall first be normalized. US
Environmental Protection Agency provides a practical FTP-75 normalized speed
profile for vehicle test. FTP-75 standard driving cycle is selected as it includes
various driving situations, such as straight road, right and left turn corners, etc.
Then, the model’s VS and TP outputs are available for driving style analyzing.
Figure 44.3 shows an example for one of the drivers’ performance.

In Fig. 44.3a, “Actual” means the FTP-75 speed curve, and “Model” means the
personalized driver model’s speed output. Figure 44.3b is the error between the two
speed curves.

In summary, the normalization procedures are as follows:

1. VS and the first-order differential of VS as the input, TP as the output of network,
Raw TP and VS data are trained by neural network to obtain the driver model.

2. Vehicle model is required through a simple error back propagation algorithm.
We select TP, BP, and VS as the input, and the next time, VS as the output of
the car model.

3. Load the established two models and execute under standard speed driving
cycle. Here, we select FTP-75 as the standard speed driving cycle.

Fig. 44.3 a FTP-75 speed driving cycle and the personalized model curve. b Error between
“Model” and “Actual”
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This approach converts the VTD data into the personalized driver model and
normalizes the driver operations under FTP-75 standard driving cycle.

44.5 Evaluation Index

In order to verify with the final classification results later, the raw time series require
a non-time domain evaluation index because initially the driving data had not
normalized yet. This part will be discussed in the data normalization chapter. ESD
gives the energy carried by the time series of per unit frequency [12]. It describes
how the energy of a time series is distributed with frequency. Assuming f ðtÞ is a
finite energy signal, and the spectral density of f ðtÞ is the square of signal amplitude
of the continuous Fourier transform [13].

UðxÞ ¼ 1ffiffiffiffiffiffi
2p

p
Z1

�1
f ðtÞe�ixtdt

������

������
2

¼ FðxÞF0ðxÞ
2p

ð44:4Þ

where x is the angular frequency, FðxÞ is the continuous Fourier transform of f ðtÞ,
and F0ðxÞ is a conjugate function of FðxÞ. If the signal is discrete, after finite
element, still we can get the ESD:

UðxÞ ¼ 1ffiffiffiffiffiffi
2p

p
X1

n¼�1
fne

�ixn

�����
�����
2

¼ FðxÞF0ðxÞ
2p

ð44:5Þ

where FðxÞ is the discrete time Fourier transform (DTFT) of XXX.
By this way, the raw signal is converted from a time domain signal into a

frequency domain signal.
The error between FTP-75 and normalized data is an important parameter that

reflects the degree of normalization. When considering the evaluation index of
different drivers, this parameter is included to classify the driving style. An error-
based energy spectral density (EESD) evaluation index can be developed to evaluate
the driver’s style. It can be described as follows:

Ei ¼ AveðESDðTPÞÞ
Std(Err)

ð44:6Þ

where Ei means the evaluation index of driving style; ESD is the ESD distribution;
“Ave” is the average value of ESD; and “Std” is the standard deviation of error.
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44.6 Experiments

Totally, 18 drivers’ raw data, which are classified evenly into 3 groups by artificial
classification in advance, were analyzed and compared first.

Due to the time series of TP are not directly comparable, an evaluation index is
needed. Not only TP, raw VS could also affect the driver’s style [14]. Thus, the
following typical parameters are chosen to evaluate the driving styles:

• Var. of TP rTP
• Var. of ESD rESD
• Ave. of TP/Vehicle Speed ATP

VS

• Var. of TP/Vehicle Speed rTP
VS

From the comparison of Table 44.1 and Fig. 44.1, it can be seen that XXX, rESD,
and rTP

VS
can distinguish among three types of driving styles. While from the extent

of corresponding to the distribution of raw data, rESD is the optimum index for its
stronger capability than the others. For example, in Table 44.1, driver “Agg4” and
driver “Agg1” had the largest evaluation indexes, while driver “Mode4” and
“Mode5” were closer to the style of “Aggressive.” These features were very much
in line with the distribution as shown in Fig. 44.1b. It should be pointed out that this
raw data analysis was not aimed to evaluate any statistical results, as the data were

Table 44.1 Raw data evaluation index

Driving style Evaluation index

rTP rESD ATP
VS

rTP
VS

Agg1 172.61 597,940 0.30 1.01

Agg2 163.47 68,353 0.20 0.24

Agg3 108.50 63,433 0.24 0.37

Agg4 130.58 847,400 0.46 1.48

Agg5 164.49 256,380 0.25 0.45

Agg6 124.71 174,280 0.29 0.72

Mode1 106.21 10,679 0.20 0.19

Mode2 145.74 10,133 0.23 0.23

Mode3 135.59 30,584 0.25 0.26

Mode4 208.42 74,159 0.23 0.28

Mode5 108.54 90,839 0.30 0.44

Mode6 89.12 8,739 0.25 0.26

Mild1 85.62 2,191 0.23 0.18

Mild2 86.29 1,699 0.16 0.16

Mild3 78.49 1,565 0.17 0.14

Mild4 134.27 1,415 0.16 0.09

Mild5 87.54 2,035 0.18 0.13

Mild6 79.64 445 0.18 0.09
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obtained under different conditions. The aim was to show that the acquired raw data
(TP and VS) had quite different values. Therefore, it is confirmed that it was a good
choice, and the variables were sufficient to identify different driving styles.

For the normalized data, TP and VS can be chosen for analyzing. The following
parameters are explored to evaluate the driving style (Table 44.2):

• Var. of TP rSTP
• Ave. of ESD ASESD

• Probability Density Distribution of TP PSTP

• Var. of TP based on Error r0STP
• Ave. of ESD based on Error A0

SESD

From the above evaluation indexes, compared with the raw data classification
result, r0STP and A0

SESD had a better classification result. Taking the “Aggressive”
drivers, for example, the maximum values of 18 drivers were “Agg4” and “Agg1.”
Obviously, rSTP has an unreasonable maximum value of “Agg3.” For “Moderate”
drivers, both PSTP and rSESD performed not quite good to distinguish between
“Aggressive” and “Moderate.” As it comes to r0STP and A0

SESD, r
0
STP varied between

nearly 40–120 and had a good classification result for three driving styles. A0
SESD has

a strong ability to reflect the distribution of raw data. Therefore, the two evaluation
indexes would be compared by the real distribution of TP time series further.

Table 44.2 Convered data evaluation index

Driving style Evaluation index

rSTP ASESD PSTP r0STP A0
SESD

Agg1 126.0 211.33 9.6 99.6 178.14

Agg2 86.8 117.68 6.8 83.6 137.16

Agg3 606.4 81.44 6.1 63.8 117.54

Agg4 140.4 213.84 9.0 113.3 181.91

Agg5 69.8 121.36 6.9 82.3 134.04

Agg6 141.9 141.71 7.5 89.7 149.13

Mode1 70.3 128.96 7.2 63.2 105.90

Mode2 68.5 130.97 7.8 55.6 104.11

Mode3 86.5 151.29 8.0 62.8 106.62

Mode4 93.3 140.00 7.6 64.0 108.46

Mode5 74.8 139.78 7.6 63.9 108.34

Mode6 57.3 114.84 7.0 56.8 100.04

Mild1 40.2 86.53 6.5 40.2 79.18

Mild2 41.5 89.96 6.6 45.0 86.31

Mild3 71.9 82.01 6.2 40.5 75.55

Mild4 42.2 105.53 6.3 41.2 90.26

Mild5 81.70 20,520 6.1 46.2 85.21

Mild6 80.00 22,722 6.1 44.1 83.25
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Figure 44.4 shows the actual distributions of 18 groups of normalized TP. From
these figures, it can be clearly seen that A0

SESD can reflect the TP time series more
accurately. For example, for drivers “Agg1” and “Agg4,” the evaluation indexes
were bigger than other “Aggressive” drivers, which is more in line with the raw TP
data distribution. Driver “Mode3,” “Mode4,” and “Mode5” had a relatively larger
TP’s than other “Moderate” drivers. And further, through the correlation analysis
between the above evaluation indexes and raw data index, the correlation coeffi-
cients of r0STP and A0

SESD are 0.837167 and 0.895211, respectively. Pearson’s
correlation coefficient is defined as follows:

Therefore, from the result presented in Table 44.3, the correlation between the
raw data and normalized data is quite correlated.

In order to verify the accuracy of evaluation indexes, take the two evaluation
indexes as examples, k-means clustering algorithm was used to classify the driving
styles.

Figure 44.5 shows the clustering results using the r0STP and A0
SESD evaluation

indexes. Here, “Ei1” and “Ei2” are used to represent the evaluation indexes of r0STP
and A0

SESD, respectively. Three dotted lines from top to bottom represent the arti-
ficial classification of “Aggressive,” “Moderate,” and “Mild” drivers’ driving styles,
respectively. “X” represents the clustering center of three driving styles, and the
cluster centers are 93.74, 61.47, and 42.86 for Ei1, and 156.08, 107.60, and 83.29
for Ei2. “*”, “○”, and “●” are the final clustering results of three styles. It can be
noted in Fig. 44.5 that both the final clustering results are almost the same as the
original artificial classification. Though driver “Agg3” was classified into “Mod-
erate” style, from the raw data distribution, we could find that its TP distribution is
more similar to the “Moderate” style.

Fig. 44.4 Distributions of normalized TP for 3 different driving styles: aggressive, moderate, and
mild

Table 44.3 Pearson’s
correlation coefficient Pearson’s correlation coefficient

0.8–1.0 Perfect correlation

0.6–0.8 Strong correlation

0.4–0.6 Moderate correlation

0.2–0.4 Weak correlation

0.0–0.2 No correlation
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In short, both Ei1 and Ei2 have an effective classification result among three
groups of different driving styles. But the discrimination is not obvious within
groups, especially for “Mild” and “Moderate” driving styles of Ei1. And to some
extent, Ei2 can better reflect the real distribution of TP.

Finally, we use the above EESD evaluation index (Ei2) to classify two groups of
drivers’ data, by which data were obtained from different vehicles, “Fiesta” and
“Escort.”

Figure 44.6 shows that for different cars, the evaluation index will be obviously
different for driving styles. For example, the cluster centers of “Fiesta” are 135.45,
96.24, and 61.23, respectively, and 218.50, 150.49, and 111.78 for “Escort.”

Fig. 44.5 K-means clustering results for two different evaluation indexes: a r0STP b r0SESD

Fig. 44.6 Classifications of a Fiesta and b Escort
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44.7 Conclusions

In this paper, classifying and evaluating driver performance had been studied, and it
has been shown that driving styles can be identified by the operations on TP. We
first presented a CMAC neural network-related algorithm to model a personalized
driver model. Then, the model was normalized under FTP-75 standard speed
driving cycle. The normalized data were used to build an innovative evaluation
index. The evaluation index, error-based ESD, is not only able to classify the
driving styles into three classes: “Aggressive,” “Moderate,” and “Mild,” but also
realize a reasonable driving style evaluation for each driver. It was obtained by
comparing the extracted TP feature from vehicle test data (VTD).

Results show that more “Aggressive” drivers tend to have greater evaluation
index, most likely because their actions are more consistent than “Mild” and
“Moderate” drivers.’Moreover, the error-based ESD evaluation index has shown to
be effective in evaluating the driving style. We find that “Mild” drivers have a
smaller change of TP range, and this may lead to the improvement of fuel economy.
In the future, driver’s operations evaluation index will be studied to achieve better
fuel economy based on the evaluator that is currently under investigation.
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Chapter 45
Research on Performance Test Method
of Lane Departure Warning System
with PreScan

Qiang Zhang, Daxing Chen, Yusheng Li and Keqiang Li

Abstract A performance test method of lane departure warning system (LDWS)
with PreScan software is proposed. In the process of virtual integration, the LDWS
camera is located in the front of a computer monitor displaying virtual environment
so as to capture pictures including lane marks and other information. Vehicle
dynamic model and maneuver model run on a real-time computer, which represents
a virtual vehicle and communicates with LDWS controller with CAN bus. The
results show that the method will make it easier to create various test scenarios,
which can save time and cost by transferring complex testing catalogues to the
laboratory. The dangers presented in vehicle experiments in some critical scenarios
can also be reduced. The repeatable model-based method makes it more convenient
to locate the problem, which would make it easier to compare and assess the
performance of LDWS produced by different companies objectively.

Keywords Lane departure warning system (LDWS) � Test scenario � Real-time
simulation
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45.1 Introduction

Lane departure warning system (LDWS) is a driver assistant system to reduce traffic
accidents caused by lateral drifting with alert. The key performance of this system
mainly consists of two parts: One is the lane marker recognition ability, and the
other is the warning performance. Currently, the major evaluation methods for
LDWS include field operational test and real road test. Field operational test
procedures are defined in ISO 17361, even the scenarios are limited [1]. To perform
the operational test, the DGPS like VBOX from RACELOGIC or RT-Range from
Oxford is required to precisely measure the offset between front corner of vehicle
and lane edge. The measured offsets in each scenario are used to evaluate the
warning performance. After the warning performance is validated in proving
ground, more than 5,000 km real road test is performed to get the statistical results
of lane maker recognition ability, false alarm, and false non-alarm. In a word, the
field operational test and real road test are both involved with real vehicle. A lot of
resources, such as test fields, devices, and professional drivers, are required. Long
test period and the sensitivity to weather also impose restrictions on it.

To solve this problem, Changan Automobile has developed a test rig based on
NI software and hardware platform in 2010 [2]. The first step is to simultaneously
collect the video and CAN data in typical scenarios to establish a database of
LDWS scenarios. And then, these typical scenarios are used to evaluate the LDWS
performance off-line. This method is time-saving; however, it would also take a lot
of time to establish the database. BMW and Ford once developed camera-based
active safety system test rigs based on TESIS DYNA4 [3, 4]. These test rigs are
characterized by using virtual reality software to simulate the real world which will
be captured by the camera. Nevertheless, due to the fact that TESIS cannot simulate
the complicated weather and lighting conditions, the test scenarios are limited.

PreScan is a leading software tool which can be used for designing and evalu-
ating ADAS and IV systems that are based on sensor technologies such as radar,
laser, camera, ultrasonic, GPS, and C2C/C2I communications. Based on PreScan,
one can create all kinds of traffic scenarios and cosimulate with MATLAB/Simulink
easily [5]. For this reason, in this study, a virtual test system was developed to
evaluate LDWS warning performance in laboratory based on PreScan. With this
system, it is not required to test or collect data in real vehicle. The animation of the
test scenarios is created in the virtual reality software and updated in real time. The
camera of the LDWS to be evaluated is calibrated to capture the animation so as to
simulate the capture actions in real vehicle test. The system communicates with
LDWS controller via CAN bus, sending vehicle-related information and receiving
LDWS status and warning signals. Therefore, this system can easily simulate all
segments of the real vehicle test. It becomes much easier to create various scenarios
and reduce workload and cost. The repeatable model-based system makes it easier
to locate and reproduce problems, and it provides more objectives to compare and
assess systems of different companies. The dangers presented in experiments in
some critical scenarios can also be avoided.
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45.2 Virtual Test System Development

Figure 45.1 illustrates the development scheme of LDWS virtual test system,
including three main parts: virtual reality system, real-time simulation platform, and
LDWS to be evaluated.

As shown in Fig. 45.1, the virtual reality system consists of a monitor and a
graphic workstation installed with PreScan. The graphic workstation creates scenes
in PreScan and displays them on the monitor. The LDWS camera aims at the
monitor and then is calibrated to capture the forward scenes with lane markers. The
real-time simulation platform is based on NI PXI, on which vehicle dynamic model
and maneuver model run to simulate the vehicle motion in real vehicle test. The
real-time simulation platform communicates with LDWS controller with CAN bus,
sending signals needed for LDWS controller, such as vehicle speed, yaw rate,
turning indicator, and the main switch, and receiving LDWS working status and
warning signals. The positions and orientations of the host vehicle and other traffic
objects are transferred through Ethernet data stream to update images on graphic
workstation. A program in MATLAB can be used to process data and generate
report automatically after the test completed.

virtual reality system

scenes

graphic workstation 

Ethernet
vehicle positions, 
orientations, object 
informations 

LDWS to be 
evaluated

real-time simulation platform 

real-time controller 

MATLAB, to simulate 
driving maneuverreal-time vehicle dynamic model ,

to simulate real vehicle and objects 

PreScan , to design scenes and  update the 
animation according to positions and orientations 

CAN bus
vehicle speed, turning 
indicators, brake signal
LDW warning status 

Fig. 45.1 LDWS test rig scheme
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45.3 Scenario Design

The scenarios of LDWS test rig are realized by virtual reality software PreScan. In
order to evaluate the lane marker recognition ability more sufficiently, the designed
scenarios shall cover these typical driving conditions as much as possible. There-
fore, in the process of the scenario design, the factors such as road types, weather
conditions, and traffic conditions shall be considered. Table 45.1 lists these specific
factors important for LDWS performance evaluation.

Combining the standard scenarios in ideal environment conditions with these
factors listed in Table 45.1, the sort tree method can be used to design the test cases
of LDWS. This will, on the one hand, guarantee the coverage of these cases, and on
the other hand, this will reduce the quantities of these cases and then improve the
efficiency of the test. Figure 45.2 shows the typical scenarios created with PreScan.

45.4 Real-Time Vehicle Model

During the test, the LDWS controller will receive signals, such as vehicle speed,
yaw rate, turning indicator, and system switch, and meanwhile, it will send signals
such as operational status and warning status to vehicle; therefore, a real-time
vehicle model like TESIS veDYNA is needed to replace a real vehicle so as to form
a whole test loop.

During the process of vehicle maneuver design, the factors such as longitudinal
speed, departure direction, departure speed, and depression signals (such as turning
indicator) should be considered. A demonstration of lane departure maneuver is as

Table 45.1 The factors considered for LDWS performance evaluation

Main factors Subfactors Description

Road
conditions

Lane marking
types

Include single white continuous line, dual yellow
continuous line, and one-side line

Road types Include curvature and slope

Ambiguity of
lane marking

Include newly paved concrete road, newly paved asphalt
road, used concrete road, and used asphalt road

Lane markers Include arrows, words, and pedestrian crossing

Facilities Include guard rail, tunnel, over bridge, and building
blocks

Weather
conditions

Fog Include no fog, middle fog, and heavy fog

Rain Include no rain, middle rain, and heavy rain

Lighting
conditions

Include against sunshine, and entering or exiting the
tunnel

Traffic
conditions

Vehicle types Include motor vehicle, truck, motorcycle, and pedestrian

Busyness Include free driving and busy driving
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shown in Fig. 45.3. During each test, the vehicle first drifts to one direction and then
is corrected to its original lane, and after a while, it moves to the adjacent lane.

In this project, vehicle maneuver is programmed in MATLAB/Simulink and
then integrated with vehicle dynamics of TESIS veDYNA. The longitudinal and
lateral control interface is as shown in Fig. 45.4. The longitudinal motion is con-
trolled by target speed, and the lateral motion is controlled by target lateral offset to
the path center.

Fig. 45.2 Typical LDWS test scenes. a Foggy, straight (visibility = 500 m), b rainy, straight,
c sunny, curve (R = 500 m), d busy traffic

(a) (b)

Fig. 45.3 Lane departure maneuver. a Departure in straight and b departure in curve
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45.5 Test Application

The integrated LDWS test rig is as shown in Fig. 45.5. The monitor is covered by a
dark box to prevent disturbance by the external light.

The assessment of LDWS consists of two parts: the capability to identify lane
markings and the feasibility of warning mechanism. Vehicle orientation and vehicle
position in relation to the lane markings should be taken into account for assessment.
Figure 45.6 illustrates the classification of LDWS warning zone; the earliest warning
line that varied with lateral drift velocity is located inside of lane boundary, while the
latest warning line is located outside of lane boundary. If the outer edge of the
corresponding front wheel locates in the warning zone when LDWS is active and
there are no suppression conditions, LDWS warning is said to be reasonable. The
area between two earliest warning lines is a no warning zone, and thus, the warning is
not allowed. The missing warning means that no warning is triggered when the

Fig. 45.4 The longitudinal and lateral control interface of TESIS

Fig. 45.5 LDWS performance test rig. a Virtual reality system and b real-time simulation
platform
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outer edge of the corresponding front wheel has already run cross the latest warning
line. Warning should be suppressed when vehicle is corrected to its original lane.

The test is performed by using the scenarios defined in Sect. 45.2, and the virtual
test system is developed as shown in Fig. 45.5. Figure 45.7 illustrates the test results
of one supplier’s LDWS in two typical scenarios. Scenario 1 is with straight road,
continuous lane markings, the weather is little rainy, vehicle maintains a constant
speed at 65 km/h, and the lateral velocity is 0.2 m/s when drifting to left and
changing lanes. Scenario 2 is with curve road, the curvature radius is 250 m, with
discontinuous lane markings, the weather is sunny, vehicle maintains a constant
speed at 65 km/h, and the lateral velocity is 0.2 m/s when drifting to left and
changing lanes. For the warning status signal, 1 represents lane markings are
detected and 3 indicates warning is generated. The outer edge of left front wheel
relative to the central line of the road is the lateral offset, and the space between the
earliest and latest warning lines is the warning trigger zone. Figure 45.7a shows that

L
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Fig. 45.6 LDWS warning
zone demonstration
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a normal warning is triggered in scenario 1, and Fig. 45.7b indicates that the LDWS
does not suppress warning when the vehicle is corrected to its original lane.

The same tests are performed for LDWS of another two suppliers, and the results
are given in Table 45.2. The percentage of the lane marking recognition of supplier
A is 99.1 %, the false non-alarm rate is 2 %, and the false alarm rate is 0, which will
reduce the complaint from the driver. All these suppliers do not consider warning in
one-side line conditions.

45.6 Conclusions

This paper developed a LDWS performance test rig based on real-time simulation
and virtual reality technologies to solve the problems of the LDWS real vehicle test
such as time- and cost-consuming. The key performance of LDWS is evaluated by
various scenarios carefully designed for this purpose. The feasibility has been
validated by testing several LDWS controllers of different companies. PreScan is a
powerful tool for scene simulation, so this test rig can cover the test of any user-
defined road geometry, lane marking type, lane marking color, road color,
maneuver, and traffic object, it will also cover the various weather conditions such
as sunny, rainy, foggy, and against the sunshine. What is more, it can also contain
these complex road and traffic conditions such as shadow, tunnel, over bridge,
hanging sign, and traffic flow. Besides LDWS, the test rig can be used for evalu-
ating other camera-based active safety systems such as forward collision warning
(FCW), lane-keeping assistant (LKA), pedestrian detection (PD), traffic sign
recognition (TSR), parking assistant (PA), and blind spot detection (BSD).
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Chapter 46
Research of Distributed Vehicle Electronic
and Electrical Architecture

Libo Zhang, Dongfeng Zhao and Junting He

Abstract Two development trends (integrated and distributed) of the vehicle
electronic and electrical architecture as well as their advantage and disadvantage are
analyzed. Based on the detail research to the distributed vehicle electronic and
electrical architecture, the criteria of electronic and electrical function distribution
and network design are defined. The criteria are applied to the electronic and
electrical architecture development of a luxury car. The pilot car travels smoothly
for approximately 5,000 km.

Keywords Electronic and electrical architecture � Distributed � Vehicle network

46.1 Introduction

46.1.1 Overview of the Vehicle Electronic and Electrical
Architecture

To meet the ever-increasing demands of energy conservation, environmental
protection, safety, comfort, convenience, entertainment, and luxury, more and more
electronic and electrical equipment has been applied in automobiles, and as a result,
the vehicle comprehensive performance has been improved greatly.

According to the analysis of the current market situation of China’s automobile
electronic industry from <Business information network>, the cost proportion of
electronic and electrical equipment in the global vehicles cost has been increasing
continuously. The data are 2 % in 1970, 5 % in 1980, 15 % in 1990, 20 % in 2000,
and 25 % in 2012, and it is expected to rise to 50 % by 2015 (see the literature [1]).
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The growing complexity of electronic and electrical system brings challenge for
the design of vehicle electronic and electrical architecture. To meet the require-
ments of low cost and high reliability, domestic and foreign automobile manu-
facturers have put up their own development platform of vehicle electronic and
electrical architecture.

There are two development trends of the vehicle electronic and electrical
architecture. One is integrated and the other is distributed.

46.1.2 Overview of the Integrated Vehicle Electronic
and Electrical Architecture

The advantage of integrated vehicle electronic and electrical architecture is that all
the functions are realized only by a few ECUs (electronic control units). The total
cost of electronic and electrical equipments is lower because of the simple archi-
tecture and low number of ECUs.

However, the integrated vehicle electronic and electrical architecture has some
disadvantages too.

1. The layout of each ECU in the car is more difficult because of the larger ECU
size.

2. There are many pins in each ECU and more wiring harness connected to ECU
which make the layout and check of wiring harness difficult.

3. ECU replacement or repair cost is higher when it is damaged because the ECU
cost is high.

4. The ECU functions in different cars are not the same, which make the ECU
cannot be used in different cars.

46.1.3 Overview of the Distributed Vehicle Electronic
and Electrical Architecture

Further decrease in ECU integration level is a distinctive feature of distributed
vehicle electronic and electrical architecture. Take the electronic and electrical
architecture of comfort systems as an example. It is impossible to meet the ever-
increasing control requirements related to comfort systems using only one body
control module (BCM). Therefore, the multiple BCM are needed. The BCMs share
information through the controller area network (CAN) or local interconnect
network (LIN) communication, as shown in Fig. 46.1.
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The distributed vehicle electronic and electrical architecture has many advan-
tages. First, ECU is easy to reuse in different cars because they have the same
function. Second, the layout for vehicle is easy as smaller ECU size, and some ECU
can even be integrated into the actuator. Finally, the length, quantity, and weight of
wiring harness are reduced greatly as the ECU is near the actuator. It not only
makes car maintenance easier but also reduces the car weight. However, the
distributed vehicle electronic and electrical architecture has two disadvantages too.
One is the higher total ECU cost and the other is the ever-increasing difficulty of
electronic and electrical architecture design.

46.2 The Criteria of Distributed Vehicle Electronic
and Electrical Architecture

Most functions are performed through the coordinated control of several ECUs in
the distributed vehicle electronic and electrical architecture, which increase the
difficulty of electronic and electrical architecture design in two aspects. One is
the function distribution of vehicle electronic and electrical system and the other is
the network design of vehicle electronic and electrical function.

Fig. 46.1 An example of distributed vehicle electronic and electrical architecture of comfort
systems
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46.2.1 The Criteria of the Function Distribution
of Distributed Vehicle Electronic and Electrical
Architecture

The function distribution criteria of the distributed vehicle electronic and electrical
architecture are to distribute the three major function, switch and sensor signal
collecting, and control logic performing and actuator driving to different ECU as far
as possible.

For example, the direction flashing function of left turn signal lamp has two
input parameters and four output parameters. The input parameters are ignition
switch signal and turn switch signal, while the output parameters are the four turn
signal lamp driving signal, that is, the left front turn signal lamp, left-side turn
signal lamp, left rear turn signal lamp, and turn signal lamp indicator. Based on the
above-mentioned criteria, the function distribution of the direction flashing function
is shown in Fig. 46.2. The passive entry and push start (PEPS) system is responsible
for the ignition switch signal collecting; the driver front panel controller (DFPC) is
responsible for the turn switch signal collecting; the left front controller (LFC) is
responsible for driving the left front turn signal lamp; the driver door control unit
(DDCU) is responsible for driving the left-side turn signal lamp; the rear combi-
nation light controller (RCLC) is responsible for driving the left rear turn signal
lamp; the instrument cluster (IC)is responsible for driving the left turn indicating

Fig. 46.2 The system wiring diagram related with the direction flashing function of left turn signal
lamp
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light, and the central coordinator controller (CCC) is responsible for performing the
control logic of direction flashing function.

Such designed distributed vehicle electronic and electrical architecture designed
has following advantages:

1. It is not needed for information communication between the signal collection
ECU and actuator driving ECU, so that the ECU function is independent and
simple, which results in the modular design and lower development cost.

2. Because the functions of signal collection ECU and actuator driving ECU are
simplified, the ECU PCB size is getting smaller and some of them can even be
integrated into sensors or actuators. It brings convenience to the ECU layout in
the cars.

3. Through the modular design, the functions of signal collection ECU and actuator
driving ECU are identical in different cars so that they can be used alternatively in
different cars. It not only improves the reliability but also reduces the cost.

4. Because the signal collection ECU is near the sensor and the actuator driving
ECU is near the actuator, the length, quantity, and weight of wiring harness are
reduced greatly. It not only makes vehicle maintenance easier but also reduces
the cost of wiring harness.

46.2.2 The Criteria of the Network Design of Distributed
Vehicle Electronic and Electrical Architecture

The distributed vehicle electronic and electrical architecture is composed of com-
munication network and power supply network. The architecture is hierarchical
structure. The top layer is called the backbone network, and the layers below it are
called local area network (LAN). Each ECU is distributed to the same segment of
communication network and power supply network. For example, CCC is named
the electrical equipment of backbone network that means CCC is distributed to
backbone network of the communication network and backbone network of power
supply network.

The criteria of the network design of distributed vehicle electronic and electrical
architecture are described as below:

1. Based on the requirement of real time and importance, each ECU should be
assigned to at least one segment of the network. If the ECU function is
important or time critical, the ECU will be designed as an electrical equipment
of backbone network; otherwise, the ECU will be designed as an electrical
equipment of LAN.

2. The following factors should be taken into account when designing the
architecture of local area network.
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(a) All electrical equipments controlled by the ECU in the same LAN should start
working and stop working under similar conditions. For example, if all
electrical equipments controlled by the ECU of LAN1 do not work when the
ignition switch is in “off” position, then the intelligent power supply (IPS)
controller could turn off the power supply for LAN1 when the ignition switch
is turn to “off” position to save power.

(b) The ECUs in the same LAN should be close to each other in order to reduce
the wiring harness length, improve the communication effect, and reduce
failure rate.

(c) The total electrical load of all electrical equipments controlled by the ECU of
each LAN should be close to each other in order to obtain the power supply
balance among different LANs.

(d) The number of LANs should be reasonably defined according to communi-
cation requirements between each ECU. If the number of LANs is too small,
bus load may be too high, because the numbers of signal are too many in one
LAN. Conversely, if the LANs are excessive in quantity, the gateway com-
plexity and its development cost will be increased and the signal delay time
will be extended.

46.3 The Application of Distributed Vehicle Electronic
and Electrical Architecture in a FAW Luxury Car

46.3.1 The Configuration of Distributed Vehicle Electronic
and Electrical System

The distributed vehicle electronic and electrical architecture has been applied to a
luxury car from First Automobile Works of China (FAW). The network architecture
of the car is shown in Fig. 46.3. There are total of 64 ECUs in the network. They
communicate with each other through 14 CAN segments, 10 LIN segments, and 2
KWP2000 network segments to realize the electronic control of power train
systems, security systems, chassis systems, information and entertainment systems,
and comfort systems.

46.3.2 Improve the Reliability of Vehicle Electronic
and Electrical System Using Double CCCs

The CCC is the electrical equipment of backbone network. It is the core of comfort
systems to realize distributed electronic and electrical control of external lighting
system, internal lighting system, and security video system.
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The CCC collects the information related to the control logic of above functions
through vehicle network and then handles the event needed to be coordinated
between each ECU based on priority, and finally, the CCC sent the results in the
form of command to each ECU by CAN or LIN, and the ECUs execute a command
to drive actuator.

In order to improve the reliability of comfort system function, double CCC,
namely CCC1 and CCC2, is used to coordinate the function of central control. The
function of CCC1 and CCC2 is the same. CCC1 and CCC2 monitor each others
working state so as to improve the system reliability. At the same time, the IPS
monitors the working states of CCC1 and CCC2 and sends out the trouble infor-
mation in time when one or two CCC failures occur.

46.4 Conclusions

To meet the requirements of low cost and high reliability of automotive electronic
and electrical design, FAW has begun to study the distributed vehicle electronic and
electrical architecture since 2011. The criteria of electronic and electrical function
distribution and network design have been defined based on the research. At the
same time, the electronic and electrical system specification, the CAN/LIN network
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communication specification, and the product standard of each ECU in vehicle
electronic and electrical architecture are defined. These criteria and specification
have been applied to the electronic and electrical architecture development of a
luxury car.

The vehicle wiring harness and related electronic and electrical devices devel-
oped based on above criteria and specification have passed the product certification
tests. All tests of product, including function check, environment test, ECU
performance test, connector performance test, electromagnetic compatibility test,
static discharge performance test and the durability test, are subject to the relevant
national standards. The pilot car has run smoothly for approximately 5,000 km.
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Chapter 47
The Gasoline Engine Starting Strategy
Based on Air–Fuel Ratio Control

Zhongtian Chen, Kai Wang, Chen Shen, Feng Xu, Long Qin,
Jianbo Zheng, Xue Lei and Fanwu Zhang

Abstract During the engine starting process, the speed always gets up and back to
idle speed slowly, in order to solve these problems, and at the same time to control
the combustion during the starting process more accurately, a gasoline engine
starting strategy based on air–fuel ratio (AFR) control is developed, including
intake airflow control, AFR control, and so on. By selecting the appropriate airflow
and AFR, the fuel injection amount is calculated, and the test results show that the
engine can start up quickly and reliably, and the starting speed will have a smooth
transition to target idle speed.

Keywords Gasoline engine � Start � Intake airflow � A/F ratio

47.1 Instruction

During engine start-up period, the speed always gets up and back to idle speed
slowly, and the engine could appear harmoniously shaking. In order to make the
engine rotate normally as soon as possible, five or six times more than the actual fuel
amount would be injected in the EFI gasoline engine. But it leads to two problems;
on the one hand, although we have provided a lot of fuel, because of the cold
temperature, the conditions for fuel atomization and evaporation are unfavorable.
Part of fuel will be condensated on the combustion chamber and the cylinder walls.
Also, the intake manifold airflow velocity is low, there is still some fuel conden-
sation in the intake manifold wall, and all of these would bring difficulty in starting.
On the other hand, global environmental concerns have led to increase stringent
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vehicle emission regulations. Obviously, offering of so much fuel is not conducive to
emission. In order to meet the latest and future regulations, it is particularly
important to decrease cold start hydrocarbon concentrations in the exhaust gas and
choose the appropriate strategy to control concentration of mixed gas [1].

In this paper, a gasoline engine starting strategy based on air–fuel ratio (AFR)
control was developed. It is integrated to the independently developed ECU, by the
bench test and vehicle verification with a 1.6-L engine, and the test results show
that this strategy can ensure reliable starting and has a satisfactory effect.

47.2 The Factors of AFR Control

The main control objective of starting condition is engine speed, and during the
process of starting, the speed should have obvious and reasonable speedup, and
after the starting is completed, it could have a smooth transition to target idle speed.

For a gasoline engine, only both the amounts of airflow and fuel for combustion
change over time and are strictly matched, and the engine speed could meet these
requirements. AFR has direct relationship with intake manifold airflow and the
amount of fuel injected which are directly affecting the speed change. The ideal
AFR is 14.7, but the AFR requested must be less than 14.7 under the start con-
dition. The changing temperature will affect the fuel evaporation and film forming;
also, the changing speed has an effect on intake manifold pressure which can make
the fuel evaporate in different rates. The air/fuel mixture will be back into the
combustion chamber. Therefore, the engine speed and water coolant temperature
are the major influencing factors from the outside.

Figure 47.1 shows the initial calibration AFR when the engine speed is 200 rpm
under different water coolant temperatures. When the temperature is below zero, the
fuel evaporation is very poor, and we set the initial starting AFR much leaner than
14.7. With the rising of the temperature, the fuel attached on the intake
manifold wall and suspended in the manifold begins to volatilize better. More

Fig. 47.1 Relation between the coolant temperature and initial AFR/intake airflow
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oil–gas mixture enters into the cylinders. But the phenomenon of in completed
volatilization always exists. So the initial requested AFR is always leaner than 14.7.
The amount of the intake airflow is decided by temperature too. Only more fuel is
unrealistic, leaner AFR requests more air, and a lager mass of air would be better
for mixture entering into the cylinders quickly at a low engine speed when the
engine starts.

47.3 Realization with Simulink and Verification

In this section, the main principle of the control strategy mentioned in this paper is
that by reading engine sensor signal value (cooling the engine based on the speed,
temperature, and crankshaft angle), the software calculates and adjusts the airflow
rate and air–fuel ratio in real time. And after these are completed, we will get the
basic injection pulse, and then, the pulse will pass to the other control units for
further modification to achieve precise control. This paper will focus on intake
airflow and start AFR control strategy. Figure 47.2 shows the block diagram model
of control strategies in start-up condition.

47.3.1 Control Strategies

First, at the beginning of start-up, both the airflow and AFR control are open
loop. The engine rotation is driven by the starter motor at low speed. Usually, we will
set the predetermined basic starting airflow in the rich level, because of the difficulty
to inhale airflow. As the speed rises, the intake airflow should be decreased gradually.

Fig. 47.2 The block diagram model of control strategies in start condition
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At the same time, different air pressures and air temperatures would affect the oxygen
level of the same volume of air. Therefore, the volume needs to be corrected. The
calculation formula of the volume of intake airflow is given by Eq. (47.1).

VAirFlow ¼ VCT � u
tMAT

tREF

� �
� AAirPres þ VAirPres ð47:1Þ

where VAirFlow is the current request volume of intake airflow. VCT is the basic

volume of airflow calibrated according to coolant temperature, u tMAT
tREF

� �
and AAirPres

are air temperature and atmospheric pressure coefficient, and VAirPres is the pressure
compensation. The control method is to reduce the intake airflow by decreasing
throttle valve opening angle. The requested volume will reduce to the desired idle
airflow in a predetermined period, with a decreasing factor gradually. Therefore, the
engine speed reaches the target value, and the accuracy and stability of the quick
warm-up system during the start-up period can be improved [2].

In order to ensure that the speed is not drastic fluctuations after entering at the
idle speed, the engine have a quick warming-up process, and the air intake control
method required for realizing the idle intake airflow earlier is described here. It is
better to set certain conditions for the airflow control jumping into the closed loop
as soon as possible. With setting values of the difference between actual and target
speed and the difference between the airflow and starting idle target volume, when
anyone of the two difference is reduced to a certain range, we think the engine
meets the conditions, and it changes to closed-loop control. Obviously, the two
differences would be influenced by external factors (e.g., coolant temperature).

As shown in Fig. 47.3, at the beginning of start-up, the program will read the
initial storage AFR based on the current coolant temperature and speed in the ECU.
As the starting process going on, the AFR rises gradually, to reduce the amount of
fuel and emissions and optimize combustion, as time goes by, the requested AFR
will close to the ideal AFR (14.7) more and more.

Fig. 47.3 The block diagram model of AFR control
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The system has two steps: First, the speed goes up driven by the starter after
turning the key (crank), because of speed drastically changing in this period, in
order to avoid the speed missing control caused by the AFR changing. In this step,
we add the attenuation coefficient when crankshaft turns to specific angle. The angle
and coefficient for AFR decay are decided by coolant temperature. Second, when
the rising speed exceeds the threshold (crank to run), the starter will stop working.
The speed continues to rise and then begins to decline after a period of time. The
AFR will increase to limit value of 14.7 in a relatively smaller attenuation coeffi-
cient, small steps (relative to step 1) (Fig. 47.4). The above period and coefficient
factors are calibrated with the real vehicle determined by temperature.

Now, we have known the current request air intake and AFR. In throttle position
system control model, we have known the corporeal quantity of air (M ¼ 29 g=mol),
and we can use ideal gas equation of state to calculate the density correction coef-
ficient (qAir) according to the air pressure and temperature, as shown in Eq. (47.2).

qAir ¼
M
V

¼ nM
nRT
p

¼ MPAir

RTAir
ð47:2Þ

where M is the molecular mass of air, PAir is the air pressure, TAir is the air
temperature, and R is the ideal gas constant.

In the engine control system based on torque control, the requested volume of
intake airflow (VAirFlow) will affect the calculation of throttle opening angle and
volumetric efficiency ðVE) directly. Here, no longer say the details about this and
just follow these easy instructions. VE multiplied by the engine size and density
correction coefficient (qAir) can get requested air mass under standard conditions.
The requested mass and current starting air–fuel ratio ðRAFÞ can be use to calculate
starting basic injection pulse width according to the Eq. (47.3).

TInj ¼ _m
RAF � NCyl � CInj

ð47:3Þ

Fig. 47.4 The change of
air–fuel ratio
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where NCyl is the number of engine cylinder, and CInj is the characteristic constant
of injector. At this point, we have got the real time changed basic injection pulse for
starting. To be clear, this pulse needs to be corrected according to the battery
voltage and the starting time. A lot of factors for AFR closed-loop control also need
to be considered such as catalyst. And these will be described in further.

47.3.2 Vehicle Verification

To verify the starting performance of this control strategy, we integrated the control
strategy in our EMS, completed code generation by MATLAB/Simulink, and
downloaded to the ECU. In the vehicle test, we calibrated parameters of starting at
different temperature to control engine starting, meet the requirements, and observe
the starting results with INCA software and ETAS hardware equipment.

The results (Fig. 47.5) show that speed rises up to 400 rpm after the battery
voltage dropped down in about 300 ms. The speed continues to rise to about
1,600 rpm and back to current target idle speed (about 900 rpm at this temperature).
AFR increases to 14.7 gradually, and the volume of intake airflow decreases to the
idle intake airflow control. The speed has a smooth transition to target idle speed,
without speed drop-off, and the vehicle does not appear obvious jitter. The control
strategy can meet the requirements of real vehicle starting.

Fig. 47.5 Test results
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47.4 Conclusions

A gasoline engine starting strategy based on AFR control was developed for engine
start-up. The starting is a complicated nonlinear dynamic process, and by con-
trolling the AFR precisely, we can ensure the engine start smoothly, calculate and
select appropriate amount of fuel injected, and request air intake. The test results
show that the engine can start up quickly and reliably. The throttle angle and
injection pulse can decrease in accordance with the requirements of the control
system, and the control strategy also meets the requirements of the engine start-
up. In this paper, only the AFR control is studied for ensuring the start-up control to
be stable and reliable. It is important to note that the ignition advance angle also
played an important role in this process, some other compensations for fuel also
need more study, and in the future, efforts will be done about these issues in further
research, for optimizing the start-up performance and emissions.
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Chapter 48
Research on Diagnostic Strategy
of Planar-type Oxygen Sensor
Deactivation on Gasoline Engine EMS

Long Qin, Feng Xu, Jianbo Zheng, Fanwu Zhang, Yongyi Huang,
Zhongtian Chen, Xue Lei and Liuchun Yang

Abstract On-board diagnosis (OBD) system is the key part of national emission
standard, and gasoline engine oxygen sensor deactivation diagnosis is one of the
most important OBD functions. In this study, we, according to the principles of
planar-type oxygen sensor, develop the main fault types of oxygen sensor deacti-
vation, which consist of electrical fault and rational fault. We analyze the diagnostic
strategy of the both faults, generate the strategy model by Simulink, and offer the
diagnosis flowcharts. At last, we use the sensor deactivation simulators to simulate
the faults. With hardware-in-the-loop (HIL) bench and chassis dynamometer tests,
the results show that the diagnostic strategy of oxygen sensors is rapid and precise,
and it meets the requirements of national standard.

Keywords EMS � OBD � Oxygen sensor � Emission

48.1 Introduction

The oxygen sensors are the essential components of modern engine management
system (EMS), which are to detect the oxygen content in the exhaust gas and judge
the real air/fuel mixture of engine. Once oxygen aging, poisoning or break, its
heating element damaged, or inaccurate sensor signal value, the injection pulse
width would be imprecisely controlled, and the engine will be no longer in the
optimal air/fuel mixture combustion, which definitely deteriorate the emissions and
reduce fuel economy [1]. GB18352.3-2005 Limits and measurement methods for
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emissions from light-duty vehicles (III,IV) defines: If emissions of engine exceed
the OBD limits, the OBD system needs to light the malfunction indicator lamp
(MIL), and record and store the corresponding fault codes, in order to get the fault
information, diagnose and repair to repair factory [2]. In this paper, the diagnosis of
oxygen sensor deactivation is focused on. Based on the platform of 1.6 L inline
4-cylinder engine, the oxygen sensor fault diagnosis strategy is developed, and the
emission characteristics are analyzed with the sensor deactivation simulators.

48.2 Principles of Oxygen Sensor

Two planar oxygen sensors, types of zirconium oxide and heating, are installed in
engine’s exhaust pipe. Front oxygen sensor is in front of the three-way catalyst
converter (TWC), and rear oxygen sensor is behind the TWC [3]. The sensor can be
highly simplified like a small battery. The sensing element is placed so that one side
is in contact with the ambient air and the other side is in contact with the engine
exhausts. On the basis of the electrochemical theory, an electric potential difference
will be generated, due to the difference in oxygen molecules on the two sides of the
sensor. A high sensor voltage, above 600–700 mV, indicates that there is less
oxygen in the exhausts compared to the ambient air. This means the combustion
had a rich air/fuel mixture. On the contrary, a low voltage, below 200–300 mV,
indicates that there was no major difference in the amount of oxygen molecules,
meaning the combustion had a lean air/fuel mixture. The typical sensor voltage for
planar sensor is as shown in Fig. 48.1.

The main purpose of the front oxygen sensor is to provide feedback information
of the air/fuel mixture composition (rich or lean) to the EMS, for it to be able to
adjust the air/fuel mixture with closed loop control [1, 4]. The sensor itself and its
proper function are highly related to emission when it comes to diagnostic aspects
of the EMS system. Disturbances of the sensor signal will highly affect the emis-
sions. The main purpose of the rear oxygen sensor is to provide feedback infor-
mation about the oxygen content in the exhaust emissions behind the catalytic
converter. The information is used for diagnostics of the catalytic converter and for

Fig. 48.1 Typical sensor
voltage for planar oxygen
sensor
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fine tuning of the air/fuel mixture. The lambda control strategy may differ between
OEMs, but the feedback sensor normally used is oxygen sensor. As shown in
Fig. 48.2, a lean air/fuel mixture (>1.01) will be heavily punished with NOx

emissions, while a rich air/fuel mixture (<0.98) will be punished with higher CO
and HC emissions out from the engine.

48.3 Analysis of Diagnostic Strategy and Function
Realization with Simulink

In this study, the oxygen sensor deactivation reflects on the distortion of the sensor
signal. The signal distortion includes sensor electrical faults and rational fault.
Specifically, electrical faults are covered with sensor short to ground (SCG), short
to power (SCP), and open circuit (OC). Rational faults indicate sensor’s slow
response resulting from rich-to-lean switching time or lean-to-rich switching time
too long [5].

48.3.1 Oxygen Sensor Electrical Fault

When front oxygen sensor is shorted to ground, it indicates lean mixture as feed-
back to the fuel control. The fuel control system will respond by increasing the fuel
amount to make the engine run rich. As a result, the rear sensor will react on the
rich mixture and its signal voltage will increase [6]. To avoid misdetection, only if
the front signal is low and the rear signal is high, the front sensor is shorted to
ground.

Fig. 48.2 The relationship
between lambda and
emissions
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The rear sensor, as the long-term fuel trim, has little influence on fuel injection
system. When the rear sensor is shorted to ground, the rear signal is low and the
front signal almost has no any abnormity.

If any of the two sensors is shorted to power or has an OC, the signal will be
high. But the level the signal saturates on when experiencing a SCP or OC depends
on the type of AD converter.

48.3.2 Oxygen Sensor’s Rational Fault

The diagnostic strategy for the front oxygen sensor rationality diagnosis is to
measure the time for the sensor to transition between rich and lean. Both the rich-to-
lean time and the lean-to-rich time will be measured for the front sensor. The
diagnostic strategy for the rear sensor is to measure the rich-to-lean switching time
during a deceleration fuel cutoff. Typical oxygen sensor response is shown in
Fig. 48.3.

When the switching time from lean-to-rich or rich-to-lean exceeds a certain
calibration limit, it indicates that the sensor response is too slow, and thus, the
engine out emissions are not controlled in a good way. The switching times from
lean-to-rich and from rich-to-lean will be measured when the vehicle is driven in
steady-state conditions, meaning steady engine load and engine speed. Several
switching times are measured, and the average for both lean-to-rich and rich-to-lean
are compared to the fail thresholds to decide pass or fail. The image below the lean-
to-rich and rich-to-lean is defined, as well as the period time. The rich-to-lean and
lean-to-rich times is averaged over a calibrated number of periods in order to avoid
one single noise on the sensor to cause a misdetection of a failure.

When the switching time from rich-to-lean exceeds a certain calibration limit, it
indicates that the sensor response is too slow, and thus, the catalytic converter
diagnosis may give a better test results than what is true and also the long-term fuel
trim based on the rear oxygen sensors may be wrong, which may result in
uncontrolled emissions out from the engine. The switching time from rich-to-lean
will be measured when the vehicle is driven in steady-state conditions and a

Fig. 48.3 Typical oxygen
sensor response
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deceleration fuel cutoff is induced by the driver and the rear oxygen sensor signal
changes from high to low. Rich-to-lean switch time is compared to the fail threshold
to decide pass or fail.

48.3.3 Function Realization with Simulink

To avoid misdetection, only with no fails of other related sensors reported, and in
steady-state conditions for engine, oxygen sensor deactivation diagnosis test pass or
fail reported to the diagnostic kernel [6].

According to the previous analysis, a set of oxygen sensor’s diagnostic strategy,
with the period of 0.1 s, is generated with Simulink. The Simulink model about
oxygen sensors electrical faults diagnosis is shown in Fig. 48.4 (taking the front
oxygen sensor shorted to ground fault diagnosis as an example, and the other fault
diagnosis are similar). Figures 48.5 and 48.6 show these Simulink models about the
rational fault diagnosis of the front and rear sensor.

Specific diagnosis procedure about these Simulink models is shown in
Figs. 48.7, 48.8, and 48.9, respectively. Specially, the Fig. 48.7 shows the diagnosis
flowchart of the front oxygen sensor SCG. Figure 48.8 represents the diagnosis
flowchart of the front oxygen sensor rational fault. Figure 48.9 illustrates the
diagnosis flowchart of the rear oxygen sensor rational fault. As for the rational fault
diagnosis, the switching time has certain stability for its non-sudden change in the
time domain, so it is indispensable to filter the result of the measured switching
time,

Fig. 48.4 Simulink model about the front oxygen sensor SCG
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t nð Þ ¼ t n� 1ð Þ þ k x nð Þ � t n� 1ð Þ½ �; n ¼ 1; 2; 3 ð48:1Þ

where x nð Þ is the current unfiltered switching time; t n� 1ð Þ is the last switching
time after filtering; t nð Þ is the current switching time after filtering; the initial value
t 1ð Þ is set as the fail threshold; and k is the coefficient of the filter. At last, compare

Fig. 48.5 Simulink model about the rational fault diagnosis of the front sensor

Fig. 48.6 Simulink model about the rational fault diagnosis of the rear sensor
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the acquired t nð Þ with the fail threshold. If t nð Þ exceeds the fail threshold, it reports
fail to the diagnostic kernel. On the contrary, pass is set if t nð Þ is lower than the fail
threshold.
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Fig. 48.9 The diagnosis flowchart of the rear oxygen sensor rational fault
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48.4 Calibration Test and Results

According to the national regulation of limits and measurement methods for
emissions from light-duty vehicles (CHINA III,IV), apply defective or deteriorated
oxygen sensor, or use the sensor deactivation simulators to simulate the faults OBD
system, which can be detected, and light the MIL in the vehicle emissions test.

As for electrical fault diagnosis, simulate the SCG, SCP, and OC in the HIL. The
electrical fault threshold is the signal value acquired when the corresponding fault is
set. The test result is given in Table 48.1.

As for rational fault diagnosis, simulate the emissions test in the chassis dyna-
mometer, with the sensor deactivation simulator is connected between the oxygen
sensor and EMS. If the test emission value exceeds any of OBD system emission
limits, except all emissions values cannot exceed 1.2 times of the OBD limits, it
indicates the sensor is deactivated, and the measured switching time is the fault
threshold time. Increase the switching time gradually and calculate the emissions
test result. The fault threshold time and its corresponding emissions value are given
in Table 48.2.

Rational fault calibration test shows the CO content of emissions almost exactly
meets the CO content limit of OBD system, and the other emissions do not reach
1.2 times of the OBD emission limits, which indicate the measured switching times
are the fault threshold limits.

Table 48.1 The result of electrical fault calibration test

Fault type The voltage of the front
oxygen sensor (mV)

The voltage of the rear
oxygen sensor (mV)

The front oxygen sensor (OC) 450 ± 15 /

The front oxygen sensor (SCP) 1,000 ± 20 /

The front oxygen sensor (SCG) <40 >600

The rear oxygen sensor (OC) / 450 ± 15

The rear oxygen sensor (SCP) / 1,000 ± 20

The rear oxygen sensor (SCG) / <40

‘/’ indicates this value is unconsidered

Table 48.2 The result of rational fault calibration test

CO (g/km) THC (g/km) NOx (g/km) The switching time (ms)

3.208 0.196 0.282 Time from rich-to-lean for the front oxygen
sensor = 1,480

3.190 0.252 0.314 Time from lean-to-rich for the front oxygen
sensor = 1,480

3.212 0.108 0.278 Time from rich-to-lean for the rear oxygen
sensor = 2,560
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48.5 Conclusions

Oxygen sensor signal, monitoring the oxygen content and its fluctuation of emis-
sions in the exhaust pipe, is used to judge and evaluate the cylinder combustion
condition for engine. In terms of the principles of oxygen sensor, the electrical fault
and rational fault diagnostic strategy and its Simulink model are designed. Then,
with simulators, calibration test is completely implemented. Test result indicates
that the diagnostic strategy of oxygen sensor is rapid and precise, which meets the
requirements of national standard.
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Chapter 49
Airflow Estimation Control Strategy
Based on Speed Density Method

Xue Lei, Chen Shen, Jianbo Zheng, Yao Zhou, Zhongtian Chen,
Chunjiao Zhang, Min Chen, Long Qin and Fanwu Zhang

Abstract According to the analysis of speed density method and the principle of
volume estimation, the intake airflow calculation control strategy can be designed
with Simulink toolbox. The Embedded Coder toolbox can be used to automatically
generate the code of above control strategy and then integrate the code into the
ECU. Finally, the control algorithm is verified using bench test and real vehicle test,
and the result shows that this estimation algorithm can accurately estimate intake
volume, which means that we achieve the desired design requirements.

Keywords Speed density method � Intake airflow calculation � Control strategy
based on Simulink � Bench test

49.1 Introduction

The control of mixed air–fuel ratio is an important way to improve the power and
economy and to reduce the emission of engine. Studies found that the inaccurate
actual intake air amount results in fuel injection error and that is the main cause of
air–fuel ratio that deviates from the stoichiometric ratio. As one of the engine
operating control parameters, accurate determination of the intake air amount is the
base for achieving good engine performance. If the intake air amount is imprecise,
the engine will do not change the fuel injection quantity correctly with real con-
ditions, and thus, the engine’s whole performance will deteriorate.
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There are two methods to detect the intake air amount: speed density method and
mass flow method, in which the former calculates the intake air amount per cycle by
measuring the intake manifold pressure and temperature and the latter uses airflow
meter to directly get the air amount flowing into manifold and then to calculate the
intake air amount each cycle by engine speed. Relatively, mass flow method is
more accurate, but due to its high cost, it is general to use the speed density method
to calculate the intake air [1].

By analyzing the principle of speed density method, a strategy to estimate the
intake air amount by Simulink is designed, which uses the ECU of 1.6-L inline
four-cylinder engine, the results of bench test and real vehicle verification show that
this strategy works well to control air–fuel ratio.

49.2 Principle of Speed Density Method

The speed density method adopts the absolute pressure signal from intake manifold
pressure sensor (MAP) and then combines the intake air temperature signal (IAT),
engine speed signal, the estimated charging efficiency (CE), and the amount of
exhaust gas recirculation (EGR) together and uses the speed density formula to
calculate the amount of air entering into the engine, in which the engine using this
method is called D-type electronically controlled engine [2].

Speed density formula is the core of speed density method and simply means
that the volume and density were used to get the quality of the fluid. First, we need
to calculate the volume of air entering into the cylinder. We know that when the
engine inhales air once, the crank runs 2 turns, and the engine runs 2 turns [3], we
can take advantage of this relationship to get the intake air volume by CE at any
speed. Then, the density is calculated by intake manifold pressure and temperature,
using the ideal gas equation.

The formula used to calculate the intake volume of engine by CE is as follows:

Vair ¼ CE � Vcyl � n
2

ð49:1Þ

where CE is the charging efficiency, Vcyl is the cylinder volume, n is the engine
speed, and Vair is the intake air volume in one engine circle.

The formula used to calculate the density by ideal gas equation is as follows:

qair ¼
m
V
¼ nM

nRTair
Pair

¼ MPair

RTair
ð49:2Þ

where M is the molar mass of the air, Pair is the intake manifold pressure, Tair is the
intake manifold temperature, and R is the ideal gas constant.
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In summary, we can get the intake air amount as follows:

m ¼ Vair � qair ¼ CE � Vcyl �MR � n
2
� Pair

Tair
ð49:3Þ

We can design the intake air algorithm model based on the above formulas.

49.3 Algorithm Implementation of Speed Density Method

The last chapter shows that the calculation of CE is very important for intake air
amount. For engines equipped with variable valve timing (VVT), the CE is not only
related to exhaust pressure/intake pressure and engine speed, but also related to the
camshaft angle [4, 5] and then compensated with temperature, and CE algorithm is
as shown in Fig. 49.1. When VVT angle is at different ranges, CE calculation will
be different; there are 5 cases: 0–12°, 12–24°, 24–32°, 32–40°, and >40°, using
Simulink blocks: Prelook up and Interpolation Using Prelook up to realize angle
interpolation calculation.

CE together with IAT, intake air pressure, and engine speed is the input to
Eq. (49.3) to calculate intake air amount, and its algorithm is described in Fig. 49.2.

1
Charging Efficiency

VVT angle Interpolation
 Calculation

No VVT

5
Temperature Compensation

4
Check  VVT

3
Pressure Ratio

2
Engine Speed

1
Camshaft Angle

Fig. 49.1 Description of charging efficiency algorithm

1
Intake Air Flow

Intake Air Volume 

Intake Air Density

4
Intake Air Temperature

3
Intake Air Pressure

2
Engine Speed

1
Charging Efficiency

Fig. 49.2 Description of intake air amount algorithm
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According to the above description of the algorithm, we can build the Simulink
model in MATLAB and then use Embedded Coder toolbox to automatically gen-
erate code for the model and then integrate the code with basic software and other
applied software and then finally download them to the ECU after passing
compiling.

49.4 Bench Test

Since it is easier to meet the required condition of engine speed, IAT, and intake air
pressure for intake air amount calculation, the initial data should be tested on the
engine test bench, and then, the PC machine collects ECU variables and adjusts
various parameters by INCA until the result meets the control requirements.

During the bench test, we need to adjust and modify the calibrations, tables, and
MAPs of control strategy so as to achieve the desired result. Figure 49.3 shows the
estimates and bench measurements of intake air amount when the engine speed
ranges from 1,200 r/min up to 5,200 r/min. As can be seen from the figure, the
estimated values can be kept very close to the actual intake air amount with small
error remained about 0–5 %, and thus, the error can meet the required estimated
error range, and the result can achieve desired effect.

49.5 Vehicle Test

To further test the performance of the control strategy, we need to verify the control
effect on a real vehicle, but the verified vehicle do not install airflow measurement,
so we use the air–fuel ratio and its compensation coefficient to indirectly reflect the
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accuracy of estimates of air; according to the air–fuel ratio control strategy, the
closer the air–fuel ratio to 14.7, and the closer the compensation to 1, the more
accurate the estimated air amount is. Figure 49.4 shows the result of the test. As can
be seen from the figure, at different engine speeds, air–fuel ratio can stay at about
14.7, the compensation coefficient can maintain about 1, and their fluctuation is
very small. Therefore, the estimate algorithm can provide accurate, real intake air
amount for ECU, and thus, it enables the engine to run well.

0.5

1 

1.5

13

14

15

16

C
om

pe
ns

at
io

n

A
ir-

fu
el

 r
at

io

Time (s)

Air-fuel ratio and its compensation at 2000r/min

Air-fuel Ratio Compensation

0.5

1 

1.5

13

14

15

16

C
om

pe
ns

at
io

n

A
ir-

fu
el

 r
at

io

Time (s)

Air-fuel ratio and its compensation at 3000r/min

0.5

1 

1.5

13

14

15

16

C
om

pe
ns

at
io

n

A
ir-

fu
el

 r
at

io

Time (s)

Air-fuel ratio and its compensation at 4000r/min

0.5

1 

1.5

13

14

15

16
C

om
pe

ns
at

io
n

A
ir-

fu
el

 r
at

io

Time (s)

Air-fuel ratio and its compensation at 5000r/min

Air-fuel Ratio Compensation

Air-fuel Ratio Compensation

Air-fuel Ratio Compensation

Fig. 49.4 Vehicle test result

49 Airflow Estimation Control Strategy … 487



49.6 Conclusions

In conclusion, this paper designs the intake air amount estimation model based on
Simulink by speed density method, which was applied to the self-developed engine
ECU, and does the bench test and vehicle test on the 1.6-L inline four-cylinder
engine, and the result shows that this control strategy can meet the error require-
ment of estimated intake air amount and also can control the air–fuel ratio well.

It is worth to mention that the accuracy of the speed density method has a direct
relationship with the accuracy of the intake manifold temperature sensor and intake
air pressure sensor, and thus in the further optimization of the control strategy, what
needs to be taken into consideration is to avoid the influence of sensor measurement
error and delay in estimating intake air amount and then improve the reliability of
estimates.
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Chapter 50
A Development Report of an Accurate
Method of Detecting Systematic
Refrigerant Leak Rate for Automotive
HVAC Systems

Kelvin Zhai, Zongshan Chen and Zhiping Ning

Abstract A useful and accurate refrigerant leak rate measurement approach is
presented, which will find small leak rate as low as 3 g, by utilizing liquid nitrogen
as cold recourse to cool down the recovery tank, and as an alternative, the dry ice
(liquidized carbon dioxide) is tested too, but it is found that the recovery accuracy
can reach to 10 only.

Keywords Automotive � HVAC � Leaking rate � Refrigerant � Recovery � Liquid
nitrogen

50.1 Introduction

Refrigerant is filled in the HVAC system, e.g., R134A has been used for automotive
AC as the working media for years. During the life cycle, the leaking happens all
the time with different rate, depending on variation of the cooling lines, sealing
type, tightening force, etc. In order to find right ways to avoid excessive losing of
the working media, the automakers need to know how to measure the actual leak
rate for the total system so that the tightness of the seals can be improved.

Refrigerant leaks cause a lot of problems either to the automakers for heavy
service expenditure or to customers for “not cold enough.” Additionally, the
emission damages our fragile environment. Therefore, it is absolutely necessary to
minimize the leaks.

In the world, the typical leak rate of refrigerant is 9–15 g/year [1] (Fig. 50.1),
which means after 4 years of on the road, a vehicle will still have sufficient
refrigerant in the system to provide comfortable cooling effects to the passengers.
This explains why some imported vehicles may last 6 years or longer without
demanding of refilling the medium.

K. Zhai (&) � Z. Chen � Z. Ning
Changan Automobile Global R&D Center, 401120 Chongqing, China
e-mail: zhaiym@changan.com.cn

© Springer-Verlag Berlin Heidelberg 2015
Society of Automotive Engineers of China (SAE-China) (ed.),
Proceedings of SAE-China Congress 2014: Selected Papers,
Lecture Notes in Electrical Engineering 328, DOI 10.1007/978-3-662-45043-7_50

489



In order to control the leaks, it is necessary to know what the current status of
leaking is. Refrigerant recovery machines once were used to measure refrigerant
leaking rate by comparing the differential of refrigerant charged and recovered; for
instance, the known charge was 500 g and the recovered is 580 g; the difference of
20 g is found as the system leak rate in the duration of the vehicle in operation,
which is usually counted as “per year” or “annual.” Unfortunately, the recovery
machines seem not working so well for leak measurement, indicated by complaints
of only 100 g also could be identified by many times of trials in the past years. It is
apparent that the number is too large to find out what is prominent type of reasons
that cause the leaks. Consequently, in minds of the operators, it has been given up
for leak test purpose.

However, it is noticed that, in the world, some automakers have shown very
low leak rate on their vehicles, which were ranged from 3.6 g/year as the lowest to
9.9 g/year as the highest (Fig. 50.2).

Then, how to conduct so precise leak rate test? It’s found that may be useful to
use the methodology appearing in JASO Z123-2007 [3] to hit the goal after care-
fully review of the technical information.

50.2 Key Points of JASO Z123-2007

From the literature [3], some essential points have been drawn out to guide the
experimental tests as follows:The dry ice test is resulted in 8–12 g recovery error

• Goal of leak-detecting accuracy 3 g

• Cold resource material Liquid nitrogen

• Operation ambient temperature 15 °C+

• Vacuum pump capacity 20–30 L/m

• Vacuum time 30–60 min

• Vacuum level required 0.1 MPa

• Scale precision ±0.1 g

• Liquid nitrogen container volume *1 L

Fig. 50.1 The SAE
publication indicates that
refrigerant leak rate is 9–15
g/year for some typical
vehicles
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50.3 Dry Ice Test

Dry ice is a popular natural refrigerant, and its operational temperature is approx-
imately −40 °C, at saturation pressure of 1.0 MPa. As the fist stage of the tests, it
was taken as cold resource to cool down the recovery tank.

The test setup and instrumentation had been arranged as shown in Fig. 50.3, but
with small non-ideal variations due to limited supply at the time, which includes:

• The recovery tank is weighted as 8,000 g with volume of 10 L, over 10 times of
the targeted refrigerant of 600 g;

• The electronic scale used is 1 g rated;
• The actual links of refrigeration lines are too complex to be rational.

With 3 times of confirmation tests, the results have shown positively that a low
level of recovery errors from 12 to 8 g is obtained. The tendency looks consistent

Fig. 50.2 The JAMA publication shows the fleet leak test resulted in 3.6–9.8 g/year

50 A Development Report … 491



for each test. However, the recovery duration looked very long which may take
90 min, only for the recovery procedure. In addition, the errors seem not to be
further lower. See Table 50.1 for the test results.

50.4 Liquid Nitrogen Test

With the same setup as the dry ice test, the effort is to use the liquid nitrogen as the
cold resource. Nitrogen is popular and environmental friendly too, but working
temperature is much lower than dry ice, which normally operates at −180 °C at

Fig. 50.3 The test setup per JASO Z123
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0.46 MPa of saturation pressure (Fig. 50.4). The lower temperature makes identi-
cally differences for the recovery processing shown by much quicker recovery time
as short as 20 min, in contrast to the 90 min, plus the improved recovery errors,

Table 50.1 The dry ice test is resulted in 8–12 g recovery error

Date of the
testing

Average
ambient
T (°C)

Refrigerant
charged (g)

Initial weight
of the recovery
tank after
vacuumed (g)

The tank
weight after
recovery (g)

Recovered
refrigerant
weight (g)

Error
of the
recovery
(g)

2014.3.6 16 551 2,056 2,595 539 12

2014.3.20 16.5 539 4,142 4,671 529 10

2014.3.20 16.5 541 4,142 4,675 531 8

Fig. 50.4 Liquid-state
nitrogen is proved as a right
way to find smaller leak rate

Table 50.2 The liquid nitrogen test is resulted in 4–6 g error of recovery

Date of the
testing

Average
ambient
T (°C)

Refrigerant
charged (g)

Initial weight
of the recovery
tank after
vacuumed (g)

The tank
weight
after
recovery
(g)

Recovered
refrigerant
weight (g)

Error of the
recovery(g)

2014.3.28 17.5 542 4,339 4,877 538 4

2014.3.28 17.5 541 4,339 4,874 535 6

50 A Development Report … 493



which were in range of 4–6 g. As a result, the liquid-state nitrogen has been chosen
as standard cooling source for the leak tests in Changan Automobile (Table 50.2
and Fig. 50.5).

50.5 Conclusions

• Liquid nitrogen is the optimal cooling resource for the recovery tank to detect
lower leak rate as low as 3 g, which reflects 10 g/year actual vehicle leak rate
with ±10 % of error, although the experiments have reached 4–6 g level at
present;

• The experimental tests conducted give the impression of being repeatable and
reliable;

• The standardization of the systematic leak test for the vehicles is improving to
reach the goal of 3 g, which including:

– Reduce the gross weight of current recovery tank to 2,000 g from the original
8,000 g;

– Improve the scale accuracy from 1 to 0.1 g;
– Optimize the connection in the tests to simplify the refrigerant lines to reduce

the errors from the longer hoses.

Testing car

Elec. Gauge

Vacuum 

Elec. Scale

pump

Container of 
Liquid N2

Fig. 50.5 The vehicle test setup with nitrogen liquid as the cold resource
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Chapter 51
Compact Oxygen Sensor for Motorcycles:
Concept of Simple Heaterless Sensors

Kinji Hodaira, Takehiro Watarai and Zhenzhou Su

Abstract The concept and evaluation results of the compact heaterless O2 sensor
(activated with exhaust gas heat) that is suitable for the fuel injection (FI) system for
small motorcycles are introduced. To realize the heaterless, low-temperature
operation at 280 °C is achieved using high ion conductive solid electrolytes and low
interface resistance electrodes, and the element temperature could be kept at 350 °C
and above during an actual vehicle EC mode driving by a small thin element and a
high heat-receiving cover. As a result, early rises in temperature and early activation
with the heaterless O2 sensor are made possible at engine cold starting.

Keywords Oxygen sensor � Motorcycle � FI system

51.1 Introduction

It is expected to adopt CHINA IV emission standards for motorcycles in 2017 in
China. Therefore, fuel injection (FI) systems will be required in small motorcycles
that currently used conventional carburetor systems, and O2 sensors will likely
become essential as main parts in FI systems. Compared with 4-wheel vehicles, the
demands on O2 sensors for reducing mounting space, low costs, and reliability in
poor environments are high when it comes to small motorcycles. Therefore, the
below is a report on O2 sensor technology with compact and simple heaterless type
for meeting such demands.
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51.2 Concept of Oxygen Sensor for Motorcycles

The O2 sensor described in this paper is targeted at small motorcycles, which will
become very widely spread in China. FI systems for small motorcycles require
more reduced space and lower costs when compared with those for 4-wheel
vehicles and large motorcycles. Therefore, the concept of O2 sensors is compact-
ness in design for motorcycles, heaterless with high heat receiving, and high
performance in low-temperature activation as they can be operated only with
exhaust gas heat due to the simplicity of their systems, power saving, and low costs
of their components. Furthermore, O2 sensors are made with a highly waterproof
structure for withstanding high levels of water pressure as motorcycles require
robustness for rough roads, bad weather, and high-pressure water washing due to
their components being externally exposed (Fig. 51.1).

O2Sensor for
4wheel vehicle

O2Sensor for
Motorcycle

Fig. 51.1 O2 sensor
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51.3 The Designing of O2 Sensor for Motorcycles

51.3.1 The Role of O2 Sensor

An example for configuration of an FI system is shown in Fig. 51.2. As can be seen
in Fig. 51.3, the three-way catalyst shows a high conversion efficiency with harmful
HC, CO, and NOx in exhaust gas only in a narrow area (window) close to the
theoretical air–fuel ratio (AFR). This means that AFR must constantly be controlled
at the center of the window in order to effectively exert the three-way catalyst. With
that, the concentration of oxygen is detected with the O2 sensor that has been
attached directly below the engine, and the amount of FI is adjusted using the ECU
to produce the theoretical AFR with the intake air mass.

O2Sensor

ECU
Injector

Catalyst

Fig. 51.2 FI system
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51.3.2 Heaterless O2 Sensor Technology

51.3.2.1 The Principles of O2 Sensors and Heaterless Design
Technology

As a basic principle, O2 sensors use zirconia solid electrolytes and oxygen con-
centration cells configured with platinum electrodes placed on both sides. If a
reference oxygen atmosphere (normally atmospheric air) and a measured oxygen
atmosphere (engine exhaust gas) are introduced to both electrodes of oxygen
concentration cells, electromotive force is generated between both electrodes in
accordance with the oxygen concentration (partial pressure of oxygen) ratio of both
electrodes, and this becomes the sensor output. Typical oxygen concentration cells
normally operate at 350 °C or more. As sensors do not have their own heating
means, the exhaust heat must be effectively used along with elements that activate
as low temperature as possible in order to activate O2 sensors with heat from engine
exhaust gas alone (Fig. 51.4).

51.3.2.2 Low-Temperature Activation Technology

As previously described, O2 sensor elements are configured with zirconia solid
electrolytes and platinum electrodes, and the activation performance of the elements
is produced with the ion conduction resistance of solid electrolytes and gas reaction
resistance of the electrodes. Therefore, they become more active as each form of
resistance reduces. At solid electrolytes, resistance is controlled by the ion con-
ductivity of the materials. At electrodes, it is controlled by the gas reactivity and the

Solid electrolytes

Fig. 51.4 O2 sensor mechanism
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exchange reaction resistance from the oxygen molecules to oxygen ions in the
three-phase boundary of the electrodes, solid electrolyte, and gas. Each resistance
characteristic is dependent on the temperatures.

Ion conduction of solid electrolytes is generated through the transferring of
oxygen ion resulting from the oxygen concentration diffusion in the oxygen
vacancy generated by the introduction of the yttria solid solution into zirconia, and
ion conductivity is dependent on the volume of the yttria solid solution as shown in
Fig. 51.5 [1]. On the other hand, mechanical strength drops with the yttria solid
solution. 6 mol% has been chosen as the yttria solid solution volume for the
developed product so that high ion conductivity can be maintained while securing
resistance to environments with severe thermal shock.

Electrodes are made with platinum that has excellent reactivity and is formed
with chemical plating that can maintain lower oxygen reaction resistance in the
three-phase boundary through the forming of small pores with thin film.

Comparative results of element internal resistance which is an indicator of ion
conductance are shown in Fig. 51.6. The element which low-temperature activation
technology has been adopted shows a 65 % decrease in internal resistance than that
of the comparative product.

51.3.2.3 Effective Utilization of Exhaust Gas Heat

In order to activate the elements with exhaust gas heat, compact and thin elements
with an internal diameter of Ф3.8 mm and a thickness of 0.5 mm were realized due
to high-accuracy production technology so that the elements would have low heat
capacity and low heat release for high temperature rising characteristics.

The element cover with 12 pore was adopted in order to increase exhaust gas
heat-receiving efficiency.
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Simulation results of the temperature rising characteristics for element thickness
are shown in Fig. 51.7. Performance of the element with a thickness of 0.5 mm was
5 s faster than that of the comparative element with a thickness of 0.7 mm to reach
300 °C on element tip in environment temperature 450 °C, showing superiority in
element activation.
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51.4 Evaluation Results

51.4.1 Low-Temperature Activation Performance
Evaluation Results

A low-temperature activation element was assembled as a sensor assembly and
evaluated with the engine bench. The test conditions and results of the evaluation
are shown in Fig. 51.8. The developed product maintained larger output amplitudes
than the comparative product at 280 °C, which is a low element tip temperature.

51.4.2 Exhaust Gas Heat Utilization Performance
Evaluation Results

Element temperature behavior was observed during operation in EC mode driving
with a motorcycle in order to verify heat utilization performance with compact and
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Fig. 51.8 Sensor output under low element temperature

51 Compact Oxygen Sensor for Motorcycles … 503



thin elements and a high temperature receiving element cover. The test conditions
and the results are shown in Fig. 51.9. The evaluation results of the developed
product show that the temperature of the element maintained higher temperatures
than those of the comparative product and that they were 350 °C and above in all
areas of the EC mode driving.

51.4.3 Observation Results of the Performance
of the Developed Product

The test conditions and results of the activation performance of the developed
product after the engine cold start are shown in Fig. 51.10.

In the same condition of exhaust gas temperature behavior, the element tip
temperature of the developed sensor turned out 40 °C higher than that of com-
parative product at 20 s from engine cold start. This was the effect by the element
thinning. About the sensor activation, the developed product confirmed that it was
14 s earlier than that of the comparative product at the time when the sensor output
became 0.45 V which can be judged as the sensor activated.

This result shows that the lower activation temperature as well as the faster
element temperature rising of developed product contributes to the faster sensor
activation.
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51.5 Conclusions

This has been the concept and evaluation results of the compact heaterless O2

sensor that is suitable for the FI system for small motorcycles.

1. Lower temperature activation was achieved with high ion conductivity solid
electrolytes and low interface resistance electrodes.

2. Effective utilization of exhaust gas heat was realized with compact thin sensor
elements and high heat receiving element covers.

3. The developed O2 sensor was confirmed early temperature rise and fast light off
at cold start condition with an actual motorcycle.
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Chapter 52
HMAC-SHA1 Applied in the Diagnosis
Service for Security Access

Yangchun Li, Dehua Zhao, Honglei Li and Zutao Kou

Abstract As automobile comfort and security requirement are increasing, more and
more ECUs have been developed. Automobile structure is becoming more complex;
therefore, after-sales service is also getting more and more important. Diagnostic
tester is the key equipment for after-sales service. To protect the information of the
vehicle and the owner, it is not allowed that other testers are used for repairing or
changing parameters except the OEM own testers. Tester communicates with ECU
only after passing the security access. To ensure the confidentiality, uniqueness, and
absoluteness of the security access algorithm, HMAC-SHA1 is a better choice for
security access.

Keywords Tester � Diagnosis service � Security access � HMAC

As demand for cars’ comfort and safety performance from customers is increasing,
cars are more and more complicated. In the increasing of demand, security is
critcial, and improving security is necessary not only for customers, but also for
OEM. For customers, using unauthorized devices for communicating with the
vehicle controller and modifying the behavior of the controller parameters are very
dangerous; for example, modifying the engine and car body power parts of the
controller, such as stabilizing system, will affect the customer’s safety. For OEM,
the use of unauthorized diagnostic equipment to modify the parameters for reaching
the illegal purpose also often happens, mainly because the controller is connected to
the external device (diagnostic instrument) before a formal communication, and it is
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lack of a mutual authentication between ECU and tester. Through diagnosis service
sending a request trying to secure access authentication, the uniqueness of the
required security access algorithm, not rationality and reliability, is very important,
and HASH-based Message Authentication Code (HMAC) algorithm is a good
choice.

52.1 The Description of Security Access Process
by Diagnosis Service

As described in Fig. 52.1, the authentication process of security access is described
as below

1. Diagnosis tester wants to communicate with ECU by sending diagnosis services
(27).

2. ECU responds and sends the random seed (value) to diagnosis tester.
3. ECU and tester calculate the result by the seed at the same time, and then, tester

sends the result to ECU.
4. ECU matches the result with its own result. If it is the same, it will pass the

authentication. If not the same, refuse to communicate with ECU.

The reason of illegal communication with ECU is the following

5. The security access algorithm is simple and can be reasoned.
6. The security access algorithm is not reasonable. The same result can be got by

different seeds.
7. The seed of security access algorithm is too short, and the regulation is easy to

be found.

Tester ECU

Diagnosis Service 27**

Seed (Random)

Key result calculated by seed

Open if ∑Tester key=∑ECU key

request

response

request

response

Fig. 52.1 Security access
process by diagnosis service
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52.2 HMAC

52.2.1 Application of HMAC

Not each algorithm can be used for security access algorithm. The algorithm that
can be used must follow the security access process and must not be simple.

HMAC uses only one seed to calculate result by HASH function. Its operation
effect is authentication and authorization. The HMAC process of authentication and
authorization is the same as the security access.

For the security, as illegally obtained information of a third party, it will be able
to get the information only as a random number of challenge and response of
HMAC as a result, and the algorithm is based on these two data calculated. Because
algorithm is unknown, it cannot fake a consistent response. And a set of values can
only get a set of keys; the shortcomings of not uniqueness can be overcome. So the
HMAC can be used.

52.2.2 Presentation and Calculation Procedure of HMAC

52.2.2.1 Presentation of HMAC Algorithm

HMAC(K, M) ¼ H(K� Opad jH(K� Ipad jMÞÞ ð52:1Þ

Formula of meaning is shown in Table 52.1.

52.2.2.2 Calculation Procedure of HMAC Algorithm

The calculation procedure of the HMAC is described in the Fig. 52.2.
As described in the figure,
First-HASH = H (K XOR Ipad || (data to auth))
Second-HASH = H(K XOR Opad || First-HASH)

Table 52.1 Formula of
meaning Letter Meaning

H The category of HASH function (such as SHA-1)

K Constant input of HMAC

M Random value input

Opad Repeat B times using 0 × 5c (such as SHA1B = 64)

Ipad Repeat B times using 0 × 36 (such as SHA1B = 64)
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Because the process is more complicated, HMAC is enough to guarantee the
reliability of the security access.

52.2.2.3 Simulation of HMAC Algorithm

The HMAC-SHA1 is exampled and the length of seed is 16 bytes, and the software
of Visual Studio can be used for simulation. The process of security access is
simulated. If the results of both sides are the same, the simulation is successful
(Fig. 52.3).

During the simulation, it is convenient to use the fixed seed instead of the
random seed for calculation. The fixed seed is Brilliance_auto! (Fig. 52.4).

Pay attention to the result of simulation (Fig. 52.5).

Fig. 52.2 Calculation
procedure of HMAC
algorithm

Fig. 52.3 Simulation of HMAC algorithm
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The results of both sides are the same; therefore, the simulation is successful.
The security access is controlled by ECU.

52.3 Summary

The HMAC can be used as the security access algorithm by diagnostic service. The
advantage of HMAC is its uniqueness and security.

Fig. 52.4 Input of HMAC algorithm

Fig. 52.5 Result of HMAC algorithm simulation
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HMAC-SHA1 algorithm generates 160-bit seed, it can effectively resist brute
force attacks, and the algorithm has hit to reasoning through the results of the
algorithm for communicating with the controller by illegal purposes.
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