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1. Introduction

An electric vehicle (EV), also referred to as an electric drive vehicle, uses one or more electric
motors or traction motors for propulsion. Electric vehicles are being widely developed due
to their better performance than the traditional fuel vehicles in terms of environmental pol‐
lution and energy consumption [1-3]. However, comparing with the traditional petroleum
vehicles, the relatively short driving distance of the electric vehicle is the main hindrance to
prevail. To improve the performance of the electric vehicle and excel the internal combus‐
tion engine vehicles, research and study need to be done. In this chapter, analyses and appli‐
cations are developed to investigate the mechanical behaviors of the electric vehicles such
that the performance of the electric vehicles can be considerably improved.

2. Investigation of the regenerative braking force in electric vehicles

In order to overcome the weakness of the short driving distance, the energy efficiency of the
electric vehicle has to be substantially improved [4]. The regenerative braking technology is
able to convert the excessive kinetic energy of the vehicle into another form, which can be
either used immediately or stored until needed [5]. In this section, the regenerative braking
force is analyzed and an optimized control strategy for the regenerative braking process was
proposed based on the results of the analysis. With the implementation of this optimized
control strategy, the energy efficiency of the electric vehicle can be appreciably improved.

© 2012 Zheng; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2.1. Analysis of the regenerative braking force

The amount of recovered energy during the braking process depends on the magnitude of
the regenerative braking force. In order to achieve the maximum amount of recovered ener‐
gy, the forces in the front and rear tires of the vehicle during the braking process should be
analyzed and distributed at the optimal level. Figure 1 represents a schematic of the vehicle
during the braking process in which the deceleration of the vehicle is denoted as j, the gravi‐
tational acceleration is denoted by g and the braking forces in the front and the rear wheels
are denoted as Fxb1 and Fxb2, respectively.

Force Equilibrium yields:
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The braking rate z and the adhesion coefficient Φi are defined as:
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Figure 1. Schematic of the vehicle during the braking process.

In general, there are three different scenarios due to the various distribution of the braking
forces in the front and rear wheels: i) both the front and rear wheels are locked at the same
time; ii) the front wheels are locked whereas the rear wheels are unlocked; and iii) the rear
wheels are locked whereas the front wheels are unlocked.
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The first scenario is the ideal case that has the best braking effect. The relationship between
the forces in the front and rear wheels can be derived and expressed as:

2
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The second scenario is a dangerous case in which the vehicle loses the steering capability
but it won’t be rolled over. The relationship between the forces in the front and rear wheels
in this scenario can be shown as:
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(4)

The third scenario is an extremely dangerous case in which a rollover may be occurred. The
relationship between the forces in the front and rear wheels in this case can be derived and
written as:

2 1( )xb g xb
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Figure 2. Plots represent the relationships between the braking forces in the front and rear wheels.

Based on Eqs. (3)~(5), the relationships between forces in the front and rear wheels of the
electric vehicle in these three different scenarios can be plotted and shown in Fig.2. I curve,
as illustrated with red dark color, represents the first scenario (i.e., the ideal case); the sec‐
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ond scenario is represented by a series of F curves; and R curves represent the third scenario
which is the extremely dangerous case.

The above analysis reveals that the distribution of the braking forces between the front and
rear wheels plays the crucial role on the braking performance of the vehicle. In order to en‐
sure the braking safety of the vehicle, United Nations Economic Commission for Europe
(UNECE) established a regulation (ECE R13) which strictly regulates the distribution range
of the braking forces between the front and rear wheels, as shown in Fig. 3 [6]. The horizon‐
tal axis z represents the braking ratio, and the vertical axis k is the adhesion coefficient be‐
tween the tire and the road in the figure.

Figure 3. Diagram representing the braking requirements stated in ECE R13 [6].

According to ECE R13, the adhesion coefficient needs to satisfy k<(z+0.07)/0.85, which re‐
sults in:

1 2 1
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The braking ratio z can be vanished and it yields:

2
1 2 1 2

1
( ) 0.07( 0.07 ) 0.085 0xb xb xb xb

g xb
F F F F mgbb h F

mgL L L
+ +

+ + + - = (7)

In addition, the adhesion coefficient of the rear wheel has to be less than that of the front
wheel to avoid the occurrence of the extremely dangerous scenario. This means:
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The braking ratio z can be cancelled and it becomes:
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which evidently matches with the ideal distribution I curve.

Using Eqs. (7) and (9), the distribution range of the braking forces in front and rear wheels
can be plotted and shown in Fig. 4. It can be seen from Fig. 4 that I curve represents Eq. (9)
and M curve represents Eq. (9). The acceptable braking forces in the front and rear wheels
should be distributed between the range enclosed by I curve and M curve, according to the
technical requirements stated in ECE R13.
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Figure 4. The distribution range of the braking forces in front and rear wheels, satisfying ECE R13.

2.2. An optimized control strategy of the regenerative braking

Based on the analysis developed in the previous section, an optimized control strategy of
the regenerative braking process is proposed in this section. This proposed control strat‐
egy aims at the following three goals: 1) safety of the vehicle braking; 2) maximization of
the  recovered  energy;  3)  a  simple  control  system with  a  low cost  of  manufacturing.  A
front-wheel drive pure electric vehicle is utilized in this research, with the parameters list‐
ed in Table 1.
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Pure Electric Vehicle

Mass 1144 kg

Drag coefficient 0.335

Height of center of mass 0.5m

Frontal area 2.0 m2

Wheelbase 2.6 m

Coefficient of rolling resistance 0.009

Distance between center of mass and front axle 1.04 m

Radius of the wheel 0.282 m

AC Induction Motor

Nominal power 75 KW

Nominal rotating speed 2640 r/min

Maximum rotating speed 10000 r/min

Maximum torque 271 N·M

Overload factor 1.8

Gear
Gear reduction ratio 6.6732

Main gear reduction ratio 1

Power Lead acid battery pack

Table 1. Parameters of the pure electric vehicle utilized in this research.

The energy due to the regenerative braking can be recovered when the braking rate is be‐
tween 0 and 0.6. No energy will be recovered when the braking rate is higher than 0.6. The
optimal distribution of the braking forces between the front and rear wheels is presented as
the OGFC-I curve shown in Fig. 5.
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Figure 5. Optimized distribution curve of braking forces in front and rear wheels.
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1. 0 < z ≤ 0.16

The braking forces in the front and rear wheels are distributed along the line segment OG.

2. 0.16 < z ≤ 0.455

The braking forces in the front and rear wheels are distributed along the line segment GF.
The line GF1 is tangent to M curve and the equation for GF1 can be expressed as:

2 10.12 219.6xb xbF F= - (10)

In order to keep distant from the M curve that the rear wheel may be locked before the front
wheel which can result in a rollover, one can chose the line segment GF instead of GF1. The
line GF can be presented by:

2 10.15 219.6xb xbF F= - (11)

3. 0.455 <Z ≤ 0.6

The braking forces in the front and rear wheels are distributed along the line segment FC.
With the increase of the braking rate, it quickly approaches to I curve. The line segment FC
can be described as:

2 1
23 35692.8
3xb xbF F= - (12)

4. Z > 0.6

It is the case of emergency braking, the braking forces in the front and rear wheels are dis‐
tributed along the ideal case (as described in I curve).

2.3. Modeling and simulations

Implementing the optimized control strategy in Section III, the controlling module of the
braking force was established and plugged into the commercial software ADVISOR. The
distribution modules of the optimized braking forces in the front and rear wheels are shown
in Fig. 6.

In order to validate this optimized controlling strategy, three drive cycles were used, i.e.,
CYC_ARTERIAL, CYC_LA92, and CYC_NYCC. The parameters of these three drive cycles
are listed in Table 2.
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(a) 

(b) 

Figure 6. Distribution Modules of the optimized braking forces in the (a) front and (b) rear wheels.

The pure electric vehicle was simulated in these three drive cycles in ADVISOR, using the
optimized control strategy. Then the obtained results were compared with the actual (origi‐
nal) results. Figure 7 represents the comparisons of the two sets of results in CYC_ARTERI‐
AL and CYC_NYCC drive cycles. It can be seen from Fig. 7 that these two sets of results
match very well, meaning that the optimized control strategy did not affect the safety of the
vehicle.

The ADVISOR software has a default control strategy which is easy to operate but can not
recycle much energy due to the regenerative braking. More importantly, the default control
strategy is unable to guarantee a quick and safe stop for the high-speed running vehicle due
to the limited amount of regenerative braking force generated during the braking process.
Here, the results using the optimized control strategy are compared to the results using the
default control strategy provided by ADVISOR.
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Parameters CYC_ARTERIAL CYC_LA92 CYC_NYCC

Time (s) 291 1435 598

Max. speed (km/h) 64.3 108.1 44.58

Avg. speed (km/h) 39.7 39.6 21.4

Max. acceleration (m/s2) 1.07 3.08 2.68

Max. deceleration (m/s2) -2.01 -3.93 -2.64

Avg. acceleration (m/s2) 0.6 0.67 0.62

Avg. deceleration (m/s2) -1.8 -0.75 -0.61

Stops 4 16 18

Driving distance (km) 3.2 15.8 1.9

Table 2. Parameters of three drive cycles

Figure 7. Comparisons of the vehicle speed in (a) CYC_ARTERIAL and (b) CYC_NYCC cycles.
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Firstly, the SOC of the battery is selected to be compared by using these two different con‐
trol strategies. Figure 8 illustrates the comparisons of SOC in CYC_LA92 and CYC_NYCC
drive cycles, using the default and optimized control strategies. It can be seen that the SOC
curve using the optimized control strategy has a flatter slope than the SOC curve using the
default one. It means more electric energy is reserved in the battery and consequently more
kinetic energy can be recovered during the regenerative braking process.

Secondly, the recovered energy during the braking process will be compared using these
two different control strategies. As listed in Tables 3 to 5, the parameters for comparison in‐
clude the consumed energy, the braking energy, the total recovered energy, the energy re‐
covery efficiency, the effective energy recovery efficiency, and the energy efficiency of the
entire vehicle. The optimized control strategy and the default control strategy in ADVISOR
are employed in the three drive cycles.

 

(a) 

(b) 

Figure 8. Comparisons of SOC in (a) CYC_LA92 and (b) CYC_NYCC cycles, using two different control strategies.
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Parameters Optimized Control Strategy Default Control Strategy

Total Energy Consumption (KJ) 2198 2172

Braking Energy (KJ) 671 671

Recovered Energy (KJ) 409 299

Energy Recovery Efficiency 60.95% 44.56%

Effective Energy Recovery Efficiency 18.6% 13.77%

Energy Efficiency of the entire vehicle 36.5% 34.8%

Table 3. Comparison of the recovered energy in the CYC_ARTERIAL cycle

Parameters Optimized Control Strategy Default Control Strategy

Total Energy Consumption (KJ) 11168 11209

Braking Energy (KJ) 2891 2891

Recovered Energy (KJ) 1740 1066

Energy Recovery Efficiency 60.2% 36.87%

Effective Energy Recovery Efficiency 15.6% 9.5%

Energy Efficiency of the entire vehicle 42.6% 39.6%

Table 4. Comparison of the recovered energy in the CYC_LA92 drive cycle

Parameters Optimized Control Strategy Default Control Strategy

Total Energy Consumption (KJ) 2040 2212

Braking Energy (KJ) 565 565

Recovered Energy (KJ) 277 116

Energy Recovery Efficiency 49.02% 20.53%

Effective Energy Recovery Efficiency 13.6% 5.2%

Energy Efficiency of the entire vehicle 13.5% 11.3%

Table 5. Comparison of the recovered energy in the CYC_NYCC drive cycle
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It can be seen from Tables 3 to 5 that with the use of the optimized control strategy, the pa‐
rameters of all categories have been improved considerably, comparing with the acquired
results using the default control strategy. With the same amount of braking energy, the ener‐
gy recovered from the regenerative braking process has been increased dramatically via the
use of the optimized control strategy, for all three drive cycles. For instance, in the
CYC_NYCC drive cycle, the amount of recovered energy using the optimized control strat‐
egy (i.e., 277 KJ) is more than doubled, comparing to the number (116 KJ) utilizing the de‐
fault control strategy provided by ADVISOR. In addition, the energy efficiency of the entire
vehicle has also been improved for all three drive cycles, via the use of the optimized control
strategy. The largest improvement occurs in the CYC_NYCC drive cycle with the amount of
almost 20% (13.5% vs. 11.3%), with less total energy consumption (2040 KJ vs. 2212 KJ). The
optimized control strategy also prevails over the default control strategy in other categories,
as shown in Tables 3 to 5.

2.4. Summary on the analysis of the regenerative braking Force

In this section, the regenerative braking force was analyzed and the distribution range of the
braking forces in the front and rear wheels was determined to meet the requirements in UN‐
ECE R13. An optimized control strategy of the regenerative braking process was proposed
based on the results of the analysis. The regenerative braking process with the optimized
control strategy is simulated in the commercial software ADVISOR. Three different drive
cycles with real data and the default control strategy in ADVISOR were employed to con‐
duct the comparison. Results of the comparison reveal that the optimized control strategy
prevails over the default control strategy in every category of energy recovery. Comparing
to the default control strategy, this optimized control strategy can improve the energy recov‐
ery efficiency by more than 100% for one drive cycle. This optimized control strategy can
also be used for the hybrid vehicles.

3. Simulation and analysis of Series Hybrid Electric Vehicle (SHEV)

Series-hybrid vehicles are driven by the electric motor with no mechanical connection to the
engine. Unlike piston internal combustion engines, electric motors are efficient with excep‐
tionally high power-to-weight ratios providing adequate torque over a wide speed range. In
a series-hybrid system, the combustion engine drives an electric generator instead of direct‐
ly driving the wheels. The generator provides power for the driving electric motors [7].
However, the efficiency of the engine and the working condition of the battery have to be
considerably improved to make the series hybrid electric vehicles more competitive in the
industry. In order to improve the efficiency of the engine and make the battery work in the
better condition, analyses and simulations need to be developed and an optimized control
strategy has to be obtained and utilized.
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3.1. Control strategy for SHEVs

3.1.1. Operation mode for SHEVs

A typical power control flow for SHEVs can be described by the following four kinds of op‐
eration modes, as shown in Fig. 9 [8].

Figure 9. A typical power control flow for SHEVs.

When a SHEV starts to run, the engine outputs the electrical energy via the generator and
the battery, transmits the energy to the converter, which drives the motors, ultimately drive
wheels through the mechanical transmission devices; When the vehicle is underloaded, the
power outputted by the engine is more than the vehicle needs, then the excessive energy is
utilized to recharge the battery via the generator, until the SOC reaches the predetermined
limit; When the vehicle is braking or decelerating, the motor converts the kinetic energy into
the electrical energy, recharging the battery through the power converter; When the vehicle
stops, the engine can recharge the battery through generators and power converters.

3.1.2. Control strategy for SHEVs

During the SHEV automobile working process, it often happens that energies from two or
more sources superimpose. The main purpose of the correct matching of SHEV powertrain
is to rationally determine the operating characteristics of the engine and its power distribu‐
tion and energy balance with the energy storage device. By controlling the working status of
various energy sources, the energy conversion efficiency can be improved, the loss due to
energy transmission can be reduced, and ultimately the energy can be utilized in a maxi‐
mum way for SHEVs.

The general control strategy for SHEVs is developed normally based on the parameters such
as battery SOC, the driver's accelerator pedal position, the wheel speed and the average
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power of the driving wheel; then the engine and electric motor generate the corresponding
torque to meet the requirements of the driving torque for the driving wheel. Commonly
used control strategies include "thermostat" and "power follower" [9], where the power fol‐
lower strategy are described as follows:

1. When the battery SOC is greater than the upper limit of SOCmax, the engine stops work‐
ing, but when the power demand of vehicle is too large, the engine needs to be restarted;

2. When the battery SOC is less than the lower limit SOCmin, the engine needs to get to work;

3. When the engine works, its power output should not only follow the changes of the
power demand of the vehicle, but keep the battery SOC around the middle value of its
working range;

4. While he engine is working, its output power should not be too small or too large in
order to ensure high efficiency.

In this research, parameters are controlled to determine the energy flow of SHEVs, so that
the control strategy of "power follower + thermostat" is designed. The general logic control
flow is shown in Fig. 10.
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Figure 10. General logic control.
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3.1.3. SIMULINK/stateflow control process

Based on the above analysis, one can establish the vehicle control systems in the SIMULINK/
Stateflow based on the energy flow of vehicles. Modeling in the SIMULINK/Stateflow, one
can not only avoid the complex programming in MATLAB, but omit the direct construction
of control frame in the SIMULINK. Furthermore, the status flow in Stateflow can explicitly
represent the control process with figures, so that the control can be precisely achieved.
Based on the above analysis and the energy flow analysis and control chart, the control flow
designed in the SIMULINK/Stateflow is shown in Fig. 11.

Figure 11. Stateflow control process.

The kernel part of this design is the driving component, which is shown Fig. 12.

Figure 12. Status Flow of the Driving Component.
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3.2. Simulations of SHEVs

ADVISOR employs a unique hybrid simulation method, which mixes the backward simula‐
tion and the forward simulation, with the backward simulation as the primary one and for‐
ward simulation as the auxiliary one [10]. It first carries on the backward simulation along
with the opposite direction to the actual power flow, making the request of the needed
speed and torque to the vehicle model according to requirement of the path circulation.
Then the vehicle model delivers the request to the wheel and the axle module, to the main
gearbox module, to the transmission gearbox module and so on, until the request is deliv‐
ered to the power supply module, then the power provided by the power supply can be cal‐
culated. Next, it carries on the forward simulation; a stepwise computation will be
developed along the actual direction of the power flow, until the automobile's real speed is
determined.

3.2.1. Power matching of various parts of vehicles

3.2.1.1. Power selection for engines

SHEVs have the similar requirements to ordinary vehicles on dynamic performance, and
continuous driving distance has to be independent of battery capacity, thus the engine's
maximum output power needs to satisfy [11]:

2
max

max max
1 ( )

3600 21.55
D a

e a
gc mc

C Av
P mgf v

h h
= + (13)

where Pemax is the maximum output power of the engine; ηgc is the power conversion effi‐
ciency; ηmc is motor efficiency; νamax is average driving speed; m is the vehicle mass; g is the
acceleration due to gravity; f is the rolling resistance coefficient; CD is the air resistance coef‐
ficient; A is the windward area.

Table 6 lists the parameters for the SHEV engine.

Maximum Rotating Speed Normal Rated Power / Rotating Speed Maximum Torque / Rotating Speed

4200 rpm 96 kw / 4200 rpm 300 N-m / 3000 rpm

Table 6. SHEV Engine Parameters

3.2.1.2. Selection of parameters for motors

Parameters of the motor should be chosen to meet the requirements of a wide range of vehi‐
cle speed and load variation. The to-be-determined parameters mainly include the low-
speed constant power Pmr, rated speed of motor nmr, max. speed of motor vmmax and rated
voltage of motor Vmr.

New Generation of Electric Vehicles280



Rated speed and maximum speed of motor: the maximum speed has an impact on the size
of the transmission system and rated torque of motor, where the rated speed of the motor
can be expressed as:

max /mr mn n b= (14)

where β is the ratio between the maximum speed and rated speed of the motor, also known
as the coefficient of expanded constant power zone of the motor. Usually this coefficient is
chosen from 4 ~ 6.

Rated power, maximum power of Motor: for SHEVs, the selection of power parameters for
the motor must meet the performance requirements. In a road with good condition, the ve‐
hicle's power balance equation can be written as follows [12]:

0 0

1 1
3.6 3.6

v v

t w f

dt mT dv dv
dv F F F

d
= =

- -ò ò (15)

where T is the time for the speed accelerated from 0 to v; δ is the spinning mass conversion
factor; F is the driving force; Fw is the air resistance; and Ff is rolling resistance.

The climbing capacity of a vehicle can be represented by the angle of the slope that the vehi‐
cle can climb under a certain speed, which is described as [13]:

2
arcsin( ) arctan( )

1
t wF F

f
mg f

a
-

= -
+

(16)

where, α is the slope angle; mg is weight of the vehicle, and f is rolling resistance coefficient.

According to the situation with acceleration and the situation with the highest speed, the
needed power can be calculated for the running vehicle. Next, according to the maximum
calculated value, considering the transmission efficiency, the power for the electric motor
can be preliminarily determined. Then this value can be substituted back to the above two
equations for verification. Once the maximum power of the motor is determined, the rated
power of the electric motor can be calculated according to the equation below:

maxm
on

P
P

l
= (17)

in which, Pon is the rated power of the electric motor; Pm max is the maximum power of the
electric motor; λ is overload factor of the electric motor.

Table 7 lists the parameters of the motor for SHEVs.
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Peak Torque Peak Power Rated Power Rated Torque Base Rotating Speed

618 N·m 170 KW 60 KW 218N·m 2000 rpm

Table 7. Parameters of the motor for SHEVs

3.2.1.3. Selection of parameters for batteries

For the hybrid vehicles, the larger of battery capacity, the longer the vehicle can drive under
the pure electric condition. However, larger capacity means larger weight and volume.
Therefore, we should choose the battery based on several key factors, including the technical
specifications of the vehicle, the specific energy and specific power of the battery. The selec‐
tion of the number of batteries should be based on the needs of electric power and the mile‐
age under pure electric condition.

First, from the aspect of the power need, the battery capacity must meet the maximum re‐
quirements of the output power of the motor. The number of batteries needed can be deter‐
mined by the following formula [14]:

max
2(2 / 9 )

b

b b mc

P
n

E R h
= (18)

where n is the number of batteries, Pbmax is the power needed from the battery under the
worst condition (with the lowest SOC value), Eb is the electromotive force of the battery; Rb
is the equivalent resistance of the battery.

As far as the mileage under pure electric condition is concerned, the number of batteries
should meet the following criterion as [15]:

model

( / )
' 1000bc bcP s V

n
U C

= ´ (19)

where, n’ is the number of batteries; Pbc is the power under pure electric condition; s is the
driving distance under pure electric condition; Vbc is driving speed under pure electric con‐
dition; Umodel is the output voltage of a single battery; C is the capacity of the battery.

Finally, one can compare the values of n’ and n, and the larger number should be chosen as
the number of batteries.

Table 8 lists the selection results for the battery.

Capacity Number Rated Total Energy

93 Ah 40 44.64 kwh

Table 8. Parameters of hybrid batteries.
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3.2.2. Simulation of the performance of the entire vehicle

Figure 13 illustrates the simulation of a SHEV system built in ADVISOR. A city bus (route
R36) of Nuremberg, Germany is utilized here as the example.

Figure 13. Simulation of a SHEV system in ADVISOR.

The cycle status of this SHEV is shown in Fig. 14. Embedding the control frame illustrated in
Fig. 11 into the system shown in Fig. 13, and setting the values for the parameters of various
parts that were calculated in previous sections, one can obtain the simulation results as
shown in Figures 15~18, with Fig. 15 representing the SOC value of the battery, Fig. 16 illus‐
trating the output speed of the engine, Fig. 17 presenting the speed of the entire vehicle, and
Fig. 18 showing the output torque of the engine, respectively

Figure 14. Cycle Status of a R36 bus in Nuremberg.

Figure 15. SOC value of the Battery.
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Figure 16. Output Speed of the Engine.

Figure 17. Vehicle Speed.

Figure 18. Output Torque of the Engine.

The simulation results indicate that through the control strategy designed in this research,
the battery SOC value can be maintained at about 0.5, which completely meet the safety re‐
quirement of the battery; the average speed of the vehicle remained at the value around
40km / h, which conforms to the road and traffic conditions in most cities; from the output
torque of the engine in Fig. 18 one can see that, under the control strategy designed in this
research, the engine works in the best economic zone.

3.3. Summary on analysis of series hybrid electric vehicle

In this section, the simulations and analysis of the series hybrid electric vehicles (SHEVs).
According to the technical specifications of SHEVs, a control strategy was designed utilizing
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the power follower and thermostat, while parameters were selected for various part of the
SHEV. Simulation results revealed that this control strategy can not only meet the perform‐
ance requirements of the vehicle, but make the engine and batteries work in a reasonable
range. The study and optimization of the control strategies are the hotspots in the field of
hybrid power system. The optimization of control strategies is not only to achieve the best
fuel economy, but to adjust to various operating conditions. In particular, since all the coun‐
tries are implementing the environmental protection to have a greener earth, the minimum
vehicle emission becomes a crucial measurement for the superiority of a control strategy for
SHEVs.

4. Investigation of the temperature distribution in the Li-ion battery for
pure electric vehicles

The lithium-ion batteries have much more excellent performance than the other types of bat‐
teries so that they are widely used in the electric vehicles (EVs) [16-18]. However, the Li-ion
battery is very sensitive to the temperature variation. One needs to consider not only the
temperature range of the batteries, but the temperature difference of each battery in the
pack. Low temperature can result in insufficient electrochemical reaction inside the battery,
whereas high temperature will affect the working condition so that it shortens the life of
service of the battery. Furthermore, the overshoot or overdischarge may be happened in
some batteries if the temperature distribution among the battery pack is nonuniform. In or‐
der to minimize the heat generated in the battery pack, the temperature distributions in the
battery and the battery pack utilized in EVs are investigated and parameters are optimized
to lower the temperature and non-uniformity of the temperature distribution.

4.1. FE formulations of the heat conduction equation of the li-ion battery

The heat conduction equation in the Cartesian coordinates is given as [19]:

( ) ( ) ( )x y z v
dT T T TC k k k
d x x y y z z

r f
t

¶ ¶ ¶ ¶ ¶ ¶
= + + +
¶ ¶ ¶ ¶ ¶ ¶

(20)

where ρ is the density and C is the heat capacity.

The Galerkin method is employed to obtain the finite element forms of the heat conduction
equation. For the steady-state heat conduction equation, the finite element form is expressed
as [20]:

K Pf = (21)

and the finite element form for the transient heat conduction equation is written as [20]:
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K C Pf f
·

+ = (22)

where:
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W
= + + Wå å åò ò ò (24)

In Eqs. (21)-(24), K is the heat conduction matrix, ϕ is the nodal temperature matrix, P is the

temperature load matrix, C is the heat capacity matrix, and ϕ
•

 represents the derivative of ϕ
with respect to time. In addition, Ni denotes the shape function, and kx, ky, kz represents the
thermal conductivity along three axes.

4.2. Finite element simulations of the li-ion battery

4.2.1. Equivalent material properties of the battery

Figure 19 illustrates the rectangular Li-ion battery employed in this research. It has the
height of 280 mm, the depth of 71 mm, and the width of 182 mm. The internal structure of
the Li-ion battery mainly includes three parts: the shell, the contact layer and the central
area. The central area is the heating zone of the battery since most reactions are occurred in
the central area.

 

Figure 19. Internal Structure of the rectangular Li-ion battery.
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The central area is the most complex area of the battery since it is stacked with hundreds of
layers made of different materials. Therefore it is essentially infeasible to generate and im‐
plement finite element models of the entire battery incorporating the actual structures. Con‐
sequently, equivalent modeling techniques must be developed to investigate the
temperature distribution of the battery while circumventing the time and intense computa‐
tional requirements. In other words, equivalent material properties need to be calculated
and utilized in the finite element models. Eqs. (25)-(28) represent the calculations of the
equivalent material properties of the battery:

1 2 3

1 1 2 3
Density:

n
n

i n

m m m mm
V V V V V

r
=

+ + + +
= =

+ + + +å
L
L (25)
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..
Specific heat:
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Thermal Conductivity:
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Parallel Connection:

n

i i
i

n

i
i

A k
K

A

=

=

=
å

å
(28)

where li denotes the length of each battery along the heat flux, whereas Ai denotes the cross-
sectional area of each battery along the heat flux. Both serial and parallel connection cases
have been considered and the thermal conductivity of both cases were calculated (as shown
in Eq. (27)).

The material properties of the lithium-ion battery used in this research are listed in Table 9,
including thickness, thermal conductivity, specific heat, density, etc.

Based on the values of the parameters provided in Table 9, the equivalent material proper‐
ties of the central area in the battery can be determined:

Equivalent Density:ρ=2123.83 kg/m3

Equivalent specific heat:C= 1165.91 J/(kg×K)
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Thermal conductivity:kx = 1.022 W/(m×K) ky= 25.746 W/(m×K) kz= 26.364 W/(m×K)

Material Thickness
Thermal

conductivity
Specific heat Density

Anode LiCoO2 0.014 1.58 1269.21 2328.5

Anode current collector AL 0.002 238 903 2702

Negative electrode Graphite 0.0116 1.04 1437.4 1347.33

Negative collector Cu 0.0014 398 385 8933

Diaphragm Polyethylene 0.0035 0.3344 1978.16 1008.98

Contact layer Electrolyte 0.05 0.6 2055.1 1129.95

Shell AL 0.07 238 903 2702

Table 9. Material properties of the Lithium-ion battery.

4.2.2. Discussion of boundary conditions

The Li-ion battery used in this research has a rectangular shape, which means it is under the
natural convection if there is no dissipation source. Under the natural convection, the heat
transfer is mainly generated by the buoyancy of the air, so different boundary surfaces may
have different convection coefficients. The convection coefficient for each boundary surface
needs to be calculated separately. In this study,the constant temperature of the wall is set to
be 30 ºC, the thermal conductivity is set as k = 2.63×10-2 W/(m k), the kinematic viscosity is ν
= 15.53×10-6 m2/s, and the Prandtl number is Pr = 0.702.

For the top surface of the battery, the heat can be easily dissipated so that the heat convec‐
tion is strong. The calculations of the convection coefficient can be shown as follows:

Grashof number: Gr =
gαΔtl 3

v 2 =2.26×104

⇒ Raleigh number: Ra =Gr ×Pr=1.5865×104

⇒ Nusselt number: Nu =0.54Ra
1
4 =6.06

⇒ Convection coefficient: h = Nu
k
l =6.25W / (m 2⋅K )

For the bottom surface of the battery, the heat convection is weak.

Nu =0.27Ra
1
4 =3.03⇒h = Nu

k
l =3.125W / (m 2⋅K )

For the vertical surfaces, they should have the same convection coefficients:

Gr =2.9772296×107 Nu =39.89 h = Nu
k
l =3.75W / (m 2⋅K )
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4.2.3. Finite element simulations

There are two types of most commonly used Li-ion batteries, one with a cylindrical shape
and the other with a rectangular shape. Figure 20 illustrates the temperature distributions in
these two different types of Li-ion batteries.

It can be seen that under the same condition (1C electric charge and at the temperature of
293K), the maximum temperature in the cylindrical battery is 326.12K and the largest tem‐
perature difference in the battery is 8.57K; while the maximum temperature in the rectangu‐
lar battery is 320.58K and the largest temperature difference in the battery is 6.33K. It
indicates that the rectangular battery is better than the cylindrical one in terms of heat dissi‐
pation.

 

(a) 

(b) 

Figure 20. Temperature Distribution of (a) cylindrical battery and (b) rectangular battery at 1C293K.

The effect of the discharge rate of the battery on the temperature distribution of the battery
pack was also investigated. Figure 21 illustrates the temperature distribution in the battery
with different discharge rates. The comparison between Fig. 21(a) and Fig. 21(b) reveals that
the temperature of the battery with a faster discharge rate is higher than the temperature of
the battery with a slower discharge rate. A slower discharge rate should be chosen to lower
the temperature and decrease the temperature difference in the battery. Due to the demand

Investigation and Analysis of the Mechanical Behaviors of the Electric Vehicles
http://dx.doi.org/10.5772/53275

289



of high power, EVs usually employ battery packs in which each pack consists of tens of bat‐
teries. Figure 22 shows a typical Li-ion battery pack used in the EVs [21].

 

(a) 

(b) 

Figure 21. Temperature distribution in the battery at (a) 1C discharge and (b) 2C discharge.

Figure 22. A typical Li-ion battery pack utilized in the EVs [21].
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The cooling strategy of the battery pack is investigated by considering two different strat‐
egies. In the first strategy, the cooling gas (air) is blowing along the longitudinal direction of
the battery pack, it is called the serial cooling; in the second strategy, the cooling direction is
perpendicular to the longitudinal direction of the pack, it is called the parallel cooling.

Figure 23 illustrates the temperature distributions in the battery pack using the serial cool‐
ing strategy with two wind speeds (4 m/s and 10 m/s). The choice of these two values is
based on the critical wind speed (4.2 m/s), calculated based on the critical Reynolds number
of 500000 to differentiate the laminar flow and the turbulent flow.

 

(a) 

(b) 

Figure 23. Temp. Distributions in the battery pack with the wind speed of (a) 4 m/s and (b) 10 m/s.

It can be seen in Fig. 23(a) that the air flow will turn to be the turbulent flow at the speed of
10 m/s which is much larger than the critical value of the wind speed (4.2 m/s). Furthermore,
it can be seen that there are quite large temperature differences (about 19 degrees) in the bat‐
tery pack for both wind speeds, which will deteriorate the batteries in the long term.

The temperature distributions in the battery pack using the parallel cooling strategy is pre‐
sented in Fig. 24. The battery pack is under the condition of 1C electric charge and 293K
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temperature. The convection coefficient is 50 W/m2 K. It can be seen that the maximum tem‐
perature difference in the battery pack is less than 7 degrees. The temperature distribution is
the same for each battery. Comparing Figs. 23 and 24, one can easily see that the parallel
cooling strategy is much better than the serial cooling strategy in this category.

Figure 24. Temperature distribution in the battery pack utilizing the parallel cooling.

4.3. Summary on investigation of the temperature distribution in the Li-ion battery

In this section, the finite element formulations of the heat conduction equation of the Lithi‐
um-ion battery are established for both steady state and transient sate cases. Then the boun‐
dary conditions of the battery were discussed and the heat convection coefficients were
determined for each surface of the battery. A parametric study was developed to investigate
and optimize the temperature distribution in the battery. Finite element results indicate that
a rectangular shape battery should be chosen to minimize the temperature difference in the
battery. Results also revealed that a slower discharge rate needs to be selected to not only
lower the temperature inside the battery, but make the temperature distribution in the bat‐
tery as uniform as possible. Finally, the Li-ion battery pack was investigated and different
cooling strategies were studied. Investigation indicates that the parallel cooling should be
chosen to accelerate the heat dissipation and minimize the temperature difference in the bat‐
tery pack. To acquire more accurate results on the temperature distribution in each battery
and the entire battery pack, much more sophisticated finite element models need to be es‐
tablished to simulate the real structure inside the battery.

5. Summary and conclusions

In this chapter, the mechanical behaviors of the electric vehicles were investigated to im‐
prove the performance of the electric vehicles such that they can prevail over the conven‐
tional petroleum vehicles in the near future. Three different aspects of the electric vehicles
were analyzed and substantially improved via the use of various methods.

New Generation of Electric Vehicles292



Firstly, the regenerative braking force in the pure electric vehicle was analyzed and the dis‐
tribution range of the braking forces in the front and rear wheels was determined to meet
the requirements in UNECE R13. An optimized control strategy of the regenerative braking
process was proposed based on the results of the analysis. Simulation results indicate that
this optimized control strategy can considerably improve the energy efficiency of the regen‐
erative braking process, as well as that of the entire vehicle. This optimized control strategy
can also be used for hybrid vehicles.

Secondly, series-hybrid electric vehicles (SHEVs) were investigated to improve the efficien‐
cy of the engine and the working condition of the battery. According to the technical specifi‐
cations of SHEVs, a control strategy was designed utilizing the power follower and
thermostat, while parameters were selected for various part of the SHEV. Simulation results
revealed that this control strategy can not only meet the performance requirements of the
vehicle, but make the engine and batteries work in a reasonable range. The study and opti‐
mization of the control strategies are the hotspots in the field of the hybrid power system.

Finally, the temperature distribution in the lithium-ion battery for pure electric vehicles are
studied and analyzed. Finite element formulations of the heat conduction equation of the
Lithium-ion battery; boundary conditions of the battery were discussed and the heat con‐
vection coefficients were determined for each surface of the battery; then a parametric study
was developed to investigate and optimize the temperature distribution in the battery. Re‐
sults indicate that a rectangular shape battery should be chosen to minimize the temperature
difference in the battery and a slower discharge rate is needed to make the temperature dis‐
tribution in the battery as uniform as possible.

The research and study developed in this chapter have not only substantial theoretical val‐
ues but also significant practical values. The results obtained in this chapter provide clear
guidelines for the electric vehicle manufacturers to improve the quality and competitiveness
of the electric vehicles such that they will be able to prevail the automobile industry in the
near future.
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