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Abstract: In this paper, a Carsim/Simulink co-simulation model of a four-wheel independently driven electric
vehicle braking system is established to simulate the process of vehicle linear braking. The traditional Carsim car
model was modified into a four-wheel independently driven electric car model, and then the torque control model,
braking distance calculation model, driver signal judgment model, and braking force calculation model were built
in Simulink to realize the establishment of the closed-loop system. The correctness and stability of the model are
verified by the co-simulation experiment. This model lays a good foundation for the research of the control

algorithm in the future.
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INTRODUCTION

Four-independent wheel driven electric vehicle is
an important development direction of -electric
vehicles in the future, and its main structural feature
is that each wheel is driven by an independent drive
motor. As the torque of each wheel can be distributed
in an arbitrary proportion within the range of motor
capacity, and the torque and speed are easy to be
measured, it has greater control advantages over
traditional internal combustion engine vehicles in
terms of power performance, stability and active
safety control [Li, et. al., 2014] [K, et. al., 2012].

The reliability and stability of the braking system
determine the driving experience and safety of the
driver. Through the establishment of a simulation
model, we can save research funds and reduce the
time of technology research and development. In
reference [Sun, et. al., 2014], the dynamic model of
the electric vehicle is established by using
ADAMS/Car software, but the simulation speed of
ADAMS software is slow, which is not conducive to
the rapid analysis of simulation experiments. In
reference [Yang, et. al., 2010] use Simulink to
establish a four-wheel independent drive electric
vehicle simulation model, but the model does not
consider the vertical movement of the vehicle. In
reference [Jin, et. al., 2005], a dynamic simulation
model  of  18-degree-of-freedom  four-wheel
independent drive electric vehicle, including steering
angle, is established by using Simulink. The
simulation accuracy is high and can reflect the
response performance of the vehicle under various
working conditions.

For the electric vehicle model established by
MATLAB/Simulink alone, the simulation condition

setting is complex, and the influence of the driver
control model can't be fully considered. However, as
mature commercial vehicle simulation software,
Carsim has the advantages of high expansibility, high
simulation accuracy, and fast operation speed.
Besides, it also has a complete and high-precision
driver model and vehicle model, users can customize
the operating conditions to complete different open /
closed-loop simulation experiments. In reference
[Xiong, et. al., 2014], the whole vehicle model of
distributed drive electric vehicle is developed based
on Carsim/Simulink and the accuracy of the model is
verified by the step input experiment and serpentine
experiment. In reference [Ge, et. al., 2017], the hub
motor model, speed control model, and vehicle model
are established by Carsim/Simulink, and the torque
distribution strategy is designed. finally, the
correctness of the model and the effectiveness of the
allocation strategy are verified by double line-shifting
conditions. In reference [Meng, et. al., 2019], taking
the electric vehicle driven by four-wheel hub motor
as the research object, a torque distribution control
strategy based on a fast search algorithm is designed,
and a Carsim/Simulink joint simulation platform is
built. The experimental results verify the speed and
accuracy of the algorithm. In this paper, a simulation
model of braking system of four-wheel independent
drive electric vehicle is established based on
Carsim/Simulink, which simulates the linear braking
process of the vehicle in the state of emergency. The
accuracy and reliability of the model are verified by
joint simulation experiments.

CONSTRUCTION OF VEHICLE SIMULATION
MODEL
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Carsim simulation platform

Carsim is designed for wvehicle dynamics
simulation analysis software, it can be convenient and
flexible window by the software of the environment
and the process is to set parameters, and in the form
of graph and the three dimensional animation
presents the simulation results, mainly be used to
predict and simulate automobile vehicle steering
stability and brake, comfort and economy [Guo, et.
al., 2011] [Wang, et. al., 2007].

as the control vehicle. The car body model mainly
includes parameters such as car height, car width,
wheelbase, mass and center of gravity, and yaw
moment of inertia. The Four-wheel drive electric
vehicle model parameters are shown in Table 1
[Farzad, et. al., 2004] [Farzad, et. al., 2003] [Wang,
et. al., 2009], and the Four-wheel drive electric
vehicle model is shown in Figure 3.

Table 1. Vehicle model key Parameters

The main interface of Carsim software is shown in

figure 1. In the first module (Simulated Test
Specifications), researchers can set the working
condition of the wvehicle model parameters and
simulation. The second module (Run Control: build-
In solvers) is a mathematical solution module. It can
use Carsim internal solver or a custom model solver
embedded in C language or extended by Simulink
interface according to actual needs. In this paper, co-
simulation is conducted by model solver based on
Simulink. The third module (Analysis results (Post
Processing)) is a running result and post-processing
module that presents simulation results in the form of
graphical curves and 3D animations. In this paper, the
vehicle model, driver model, and simulation
condition are set by Carsim and real-time data are
called with Simulink to establish a four-wheel
independently driven EV braking system model. The
idea of model construction is shown in Figure 2.

Vehicle _ Animatur

Name Symbol Value
EV weight m 1480Kg

Distance of c.g. from the front axle a 1.220m
Distance of c.g. from the rear axle b 1.657m
Centroid height(m) hy 0.28m

Wheel radius r 1.780m

Vehicle moment of
inertia about yaw axis

Vehicle moment of |
inertia about pitch axis w

Vehicle moment of 2
inertia about roll axis b 1808 Kg-m

Iz 347 Kgm?

1808 Kg m?

Wheel moment of inertia J 1.85 Kgm?
Frontal area S 2.00 m?
Dimensionless coefficient C 0.32
Rolling coefficient f 0.49m

Run control with §mul{uk Tlottor

Figure 1. Carsim control interface

CarSim S-Function
Vehicle Code:i_i

Four-wheel center
longitudinal speed

Four-wheel Torque| Simulink
Model

Figure 2. Co-simulation model block diagram

Vehicle model

Carsim includes three types of body models for
passenger cars, trailers, and minivans for users to
choose from. Carsim software has not developed a
four-wheel independent drive electric vehicle model.
According to the research goal of this paper, a four-
wheel-drive SUV passenger vehicle model is selected

Y s conter of speung m
QD Mass center of sprung mass

800 tersl coordi
= | 420 —t ‘
0 w |

Figure 3. Schematic diagram of body parameters

Powertrain system

The Carsim traditional transmission system
consists of a transmission, a hydraulic torque
converter, a central differential, a front and rear axle
differential and a half shaft [Z, et. al., 2014]. The
traditional transmission mode of the fuel vehicle is
that the engine transmits the power to the power
wheel through the transmission system, while the
electric vehicle directly drives the hub movement by
the motor and does not need the transmission system.
Based on the traditional vehicle, the power
transmission interruption between the vehicle
transmission system and wheels in Carsim is changed
into external input form, and the calculated four-
wheel torque is input into the Carsim, power direct
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drive tire by Simulink to fit the characteristics of
four-wheel independent drive electric vehicle. Its
setting method in Carsim is shown in Figure 4.

Figure 4. Diagram of power system of Carsim electric vehicle
model

Input and output interface setting

After the vehicle simulation model is built, in the
mathematical solution module of the Carsim main
interface, the simulation mode is set to Simulink
simulation, and then the input and output interface is
set. The torque control model, braking distance
calculation model, driver signal judgment model, and
braking force calculation model are built in Simulink.
The torque control model outputs the motor torque to
Carsim, while Carsim feeds back the wheel speed
signals of four wheels to the braking distance model
and signal judgment model in Simulink, which forms
a complete simulation model of four-wheel
independent drive electric vehicle with driver closed-
loop control. Its interface settings are shown in
Table 2.

Table 2. The interface of Carsim/Simulink co-simulation
Meaning
Definition
Front left
wheel torque
Front right
wheel torque
Rear left
wheel torque
Rear right
wheel torque
Front left
wheel center
longitudinal
speed
Front right
wheel center
longitudinal
speed
Rear left t
wheel center
longitudinal
speed
Rear right
wheel center
longitudinal
speed

Import/Export ~ Variable Names

IMP_MYUSM_L1

IMP_MYUSM_R1
Import

IMP_MYUSM_L2

IMP_MYUSM_R2

Vx_Wc_L1

Vx_ Wc_R1

Export

Vx_We_L2

Vx_Wc_R2

MATLAB/SIMULINK MODEL

In MATLAB, Simulink provides users with a
variety of simulation modules, which can easily
model and simulate the dynamic multi-dimensional
system. Simulink also has model libraries for
different areas, and users can build their own model
libraries. Simulink can also carry out joint simulation
and testing with other software and hardware, such as
Carsim vehicle simulation software.

Establishment of braking condition

According to Chinese GB7258-2017 (Technical
conditions for Safe Operation of Motor vehicles),
some requirements for vehicle road test braking
performance [Zhang, et. al., 2017]: the adhesion
coefficient between the wheel and the road surface is
@ = 0.7, the initial speed of braking isv, = 50Km/h,
the braking distance of full load test is S < 20m, and
the average deceleration is a, > 5.9m/s?2.

According to the above requirements, this article
sets the simulation braking condition as: start on a
dry concrete road with adhesion coefficient ¢ = 0.75
and accelerate slowly [Zhao, et. al., 2012]. When the
vehicle speed v = v;, the vehicle starts to brake until
the vehicle stops. Check the correctness of the model
by calculating the braking distance. The braking
requirements are shown in Table 3.

Table 3. Braking performance requirements for passenger
vehicles

Road adhesion coefficient

¢ =0.75
vy = 50Km/h

a, = 6.9m/s?

Initial speed of braking
Brake deceleration

Torque control model

The torque control model is composed of a motor
torque control model and a braking torque control
model. The motor torque is input by means of a timer
query experience table to accelerate the vehicle.
There is no positive torque when the vehicle is
braking, so the driver signal input module is added to
the motor torque output port to control the input and
stop of the torque. When the vehicle is braking, the
driver's reaction time is taken into consideration, and
a delay module is added to delay the braking signal
by 0.3s. The driver signal and the motor torque
control the output of the forward torque through the
multiplier.

The braking torque is controlled by the braking
force, and the braking force is converted into the
braking torque equation as shown in (1).

T=Fr )

Where T is torque, F is braking force, r is tire
radius.

The torque control model shown in Figure 5.
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Braking foree
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7
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3
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Rear right wheel forque
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Figure 5. Torque control model

Braking distance calculation model

When the velocity is input to the Simulink, the unit
conversion of the velocity is carried out at first, and
then the acceleration is obtained by differentiating the
velocity. When the car starts braking, the acceleration
direction is opposite to the vehicle speed direction
(the numerical value is negative). At this time, the
speed is integrated until the speed is zero, and the
integral result is the braking distance. The braking
distance calculation model is described using the
following formula (2). The braking distance
calculation model is shown in figure 6.

1000
3600 V1
dv

a, =— 2

<t 2
t,

S = t2Vt

Where: v, is the current vehicle speed, (Km/h); v is
the vehicle speed after unit conversion, (m/s); a, is
the vehicle acceleration, (m/s?); t, is the time to start
braking, t, is the system the time when the
movement ends, (s); S is the braking distance, (m).

dwide » i il <)
1000

If judgnent function

n2 Onil

3600 Braking distance calculation

7

Figure 6. Braking distance calculation model

Converter unit Km to m

Speed inpur
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Converter unit hto s

Driver signal judgment model

The driver signal judgment module is composed of
an if judgment function, which controls the forward
torque and braking force by judging the vehicle speed
and outputting a 0 or 1 signal. When the if function
judges that the vehicle speed v < v, input signal 1 to
the motor torque control model, and input signal 0 to
the braking torque control module, and the vehicle
model accelerates. When the vehicle speed v = v,
the two signals are reversed, the vehicle model speed
is reduced, and the braking starts. The driver signal

(D)

judgment process is shown in Figure 7, and the driver
signal judgment model is shown in Figure 8.

Vehicle speed

« Signal output

Brake torque | [Motor torque
control model| [control model

The vehicle
tarts to braking

Motor torque
control model

Brake torque
control model

The vehicle
icontinues to accelerate]

Figure 7. Driver signal judgment structure
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Canstam signal o
v>-58Kmyl, The brake signal is 1 o » 1)

Revereer Forward torque control signal
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Figure 8. Driver signal judgment structure

Braking force calculation model

1) Force Analysis of Tire during vehicle braking

As shown in figure 9, in the braking process, the
car is affected by the external force provided by the
air and the ground, but the air resistance is small and
can be ignored. The action of external force is mainly
provided by the ground, which is called the ground
braking force.

F

Figure 9. Wheel force diagram during automobile braking

It can be expressed in (3). When the car is braking,
it is also affected by the brake force needed by the
wheel tire to overcome the friction torque of the
brake, which can be expressed as (4).

?
Fo=—2=T,

)
-l
o @)

Where F,, is ground braking force, (N); T, is
brake friction torque, (Nem); r is Wheel radius, (m);T,,
is the thrust of the axle to the wheel, (Nem).

2) Calculation of normal reaction force of front and
rear wheels
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The force acting on the vehicle when braking on a
horizontal road with an adhesion coefficient of ¢, as
shown in figure 10. Where, F,; is normal reaction
force of front wheel; F,, is normal reaction force of
rear wheel; G is automobile gravity; Fy,, is front
wheel ground braking force; Fy,, is rear wheel
ground braking force; F; is inertia force; a is the
distance from the center of mass of the car to the
front axle; b is the distance from the center of mass of
the car to the rear axle; L is the wheelbase of the car;
hg is the height of the center of mass of the car.

£

Fd Y
Ay
2 G
F, Faw Fy
71 R
a b F
L

Figure 10. Braking force diagram of automobile on horizontal road

By taking the torque of the front and rear
wheel connection points respectively, the results
can be obtained (5).

FL =Gb+m@hg
dt

®)
F,L :Ga—md—vhg
dt
Set the brake strength to Z. which can be expressed
as (6).
7-M1
dt g
Bring (5) into (4), and the normal reaction force of
the front and rear wheels is (7).

_ G(b+2zh,)
L (M
- G(a—LZhg)

When the vehicle is braking, the front and rear
wheels are locked, should satisfy the following
equations:

dv
F.=F =Gp=m—
xb 1 4 dt
dv
- = 8
at »9 (8)
Z=¢

At this time, the normal reaction force of the front
and rear wheels is (9).

_G(b+¢hg)
Fp.= G(a;(" g)

When a Vehicle is braking, the braking force of the
current rear wheel brake is equal to their respective
adhesion force, and when the sum of the braking
force of the front and rear wheel brake is equal to the
adhesion force, the front and rear wheels are locked
at the same time, which can be expressed as a
formula (10).

F.+F,=Cgp
F,ul = le(D (10)
FyZ = F22¢

Here, F,; and F,, represent the brake force,
respectively, in the vehicle front and rear wheels.

According to the above formula and braking
conditions, the Simulink simulation model is
established, and the output signal of the driver signal
judgment module is multiplied at the output to
control the output of the braking force. The braking
force calculation model is shown in figure 11.

S Total braking force
Signal inpt

L i L2

- ) i

~§-BeE ) 16+

Figure 11. Braking force calculation model

ANALYSIS OF SIMULATION RESULTS

The longitudinal speed of the center of the four
wheels of the vehicle is shown in Figure 12. It can be
seen from the figure that the vehicle speed status
meets the predetermined requirements. When the
vehicle speed v =wv, , it does not decelerate
immediately. This is because the reaction time of the
driver when braking is taken into account, and the
braking signal lags by 0.3s. The vehicle brakes, the
speed gradually decreases to 0, and the vehicle stops.

—— Front left wheel center longitucinal speed

[+ Front right wheel center longitudinal speed s
Rear left t wheel center longitudinal speed ~ \

= = Rear right wheel center speed // \

8

] 8 8
T
\,
X
-

\,
\,
\

~

Longitudinal speed of vehicle's four-wheel center(Km/h}
n

0 2 4 B 8 10 12 1
Time(s)

Figure 12. Vehicle Four-wheel center longitudinal speed

Since it is specified as a constant deceleration
deceleration, the data of the deceleration module
should also be close to the set data. The closer it is,
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the more stable the system is. The vehicle
acceleration is shown in Figure 4.2. From the data in
the figure, it can be seen that from 0 to 8.3s, the value
of a, is positive, and the vehicle accelerates; at 8.3s,
the value of a, changes from positive to negative,
and the vehicle starts to brake at this time; 8.3s to
10.5s is The braking process of the vehicle; the
vehicle stops at 11s, v = 0, a,, = 0.

—Veicle acceleration

Vehicle acoalsration(mis?}
b 4 b b b b AN o oo

Time(s)

Figure 13. Vehicle acceleration

When it is judged that the vehicle is braking, the
vehicle speed is integrated and accumulated with the
change of time, and the value obtained is the total
braking distance at the current moment. It can be seen
from figure 14 that the vehicle accelerates before 8.3s,
and the braking distance from 8.3s seconds to 10.5s
in the braking process of the vehicle, and the braking
curve changes; when the vehicle speed is equal to 0,
the braking distance data remains unchanged. The
final results show that the braking distance is
S = 17m, and the braking system model meets the
requirement that the braking distance is less than 20m
in the GB7258-2017 standa}rd.

18 |-

16 |- /

14 - ] —Front left wheel

= = Front right wheel
Rear left wheel
=-=-Rear right wheel

5}
T

=]
T

Braking length{m)

N R @
T

=]

o

Time(s)

Figure 14. Vehicle braking distance

CONCLUSION

In this paper, the whole vehicle model of four-
wheel independent drive electric vehicle is built by
using Carsim software, and the torque control model,
driver signal judgment model and braking force
calculation model are built by MATLAB/Simulink,
the output of braking distance figure is designed, and
the distribution of braking force between front and
rear axles is completed. The joint simulation results
show that when the vehicle speed reaches 50Km/h,
the vehicle can carry out emergency braking, and the
braking distance meets the requirement of GB7258-
2017 that the braking distance is less than 20m, and
the vehicle running speed and braking deceleration

can run well according to the working conditions,
indicating that the braking system model of four-
wheel independent drive electric vehicle established
in this paper is correct and feasible, which provides a
basis for follow-up research.
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