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Abstract—Proposed a composite ABS control method for 
vehicles with four electric wheels, and simulated the method. 
By analyzing the characteristic curves of the four in-wheel 
electric motors, and some typical braking force distribution 
methods of composite braking for EV, a braking force 
distribution method for four-electric-wheel EV is presented. 
The method combined the ideal braking force distribution 
curve, and considered the ECE braking regulations, so it 
can guarantee both the braking stability and the energy 
recovery. Furthermore,  a composite ABS control method 
was proposed base on the braking force distribution method. 
The composite ABS control method is a control method that 
the electric motor ABS control works together with the 
hydraulic ABS control. Both of the two modes of ABS 
control logic were using logic threshold control method. The 
model of the electric-wheel vehicle were established with 
AMESim, and the model of the composite ABS controller 
were built with Simulink. Co-simulation were carried out. 
Through analysis, a number of parameters curves were 
obtained. It proves that  the composite ABS control method 
for four-wheel electric vehicles can effectively control the 
slip rate, and ensure braking stability. 
 
Index Terms—composite ABS control, electric motor ABS, 
hydraulic ABS, braking strength, braking force distribution, 
slip rate 
 

I.  INTRODUCTION 

Pollution of automobile emission  and energy issues 
have becoming the world-wide concerned problems. 
Energy conservation and emission reduction have 
becoming important development directions of 
automotive research. Promotion and application of 
electric vehicles can well alleviate this problem. Electric 
vehicles not only have the advantage of low emissions, 
but also the regenerative braking of electric vehicles can 
recycle part of braking energy, so they have energy-
saving advantage. The electric motors of electric-wheel 
vehicles is installed in the wheel, and direct drive wheels. 
Because there don’t have mechanical transmissions 
between the power source and wheels, so the electric-
wheel vehicles can simplify the transmission device, 
saving space and convenient to arrange. Meanwhile, due 
to the four wheels are  directly controlled, therefore it's 

easy to conduct differential, traction, braking and other 
precision controls which will improve the vehicle 
handling and stability[1-3]. So the development of 
electric-wheel vehicles can be the development direction 
of EV in the future. There are some differents in braking 
between EV and conventional vehicles. In conventional 
vehicle braking process, the vehicle’s kinetic energy is 
consumed by friction in the form of thermal energy, 
which will reduce the vehicle’s energy efficiency. When 
braking, the driving motors of EV are in the power 
generation mode, regenerative braking can be used to 
recycle energy[4-6]. In order to ensure energy recovery 
and braking performance, composite brake methods are 
often used. Some scholars studied the braking force 
distribution of composite brake system[7-8]. Yu and etc 
based on hybrid brake structural form and the 
classification of driver’s brake intent[9]. In this paper, we 
also use this method to coordinate regenerative braking 
and hydraulic braking. The current EV ABS is still using 
hydraulic ABS control of traditional vehicles . The 
hydraulic ABS system is complex. The control of 
hydraulic ABS is not very precise, and the delays are 
serious. By controlling the driving motor, the motors can 
rotating forward and reverse rapidly, the control method 
is simpler, the torque control is more precise, and the 
delay is relatively small, so the driving motors can be 
used to control brake ABS[10]. Chen and etc present a 
kind of regenerative braking system scheme based on a 
double SRM front brake[11-12]. The idea of hybrid ABS 
worths learning. The front wheels of their model can 
conduct electric motor ABS control in low braking 
strength, and conduct hydraulic ABS control in 
emergency braking. The electric motors they used are not 
driving motors, but the electric motor used in this paper 
are driving motors.  In this paper, the composite ABS 
control combined the driving motor ABS control and 
hydraulic ABS control, all of the four wheels are  
independently composite braking controlled,  electric 
motor ABS are used in low strength, and hydraulic ABS 
are used in heavy strength.  

The vehicle being studied is a EV with four electric-
wheel driving independently, the selection of the 
parameters of the four electric motors is based on the 
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vehicle performance calculation. All of the four wheels 
have energy recovery, so when distribute the braking 
force between the front axle and the rear axle, both the 
safety and the energy recovery should be taken into 
account. When braking in low strength, electric motors 
are  priority used. With the braking strength gradually 
increasing, the electric motor braking can not fully meet 
the demand of braking, so the hydraulic braking force 
gradually increase, so the system is in the area of 
composite braking. When the braking strength continues 
to increase, considering the brake safety, the hydraulic 
brake stability is relatively high, so electric motor braking 
gradually stop working, and finally hydraulic brake 
works alone. The composite ABS braking control is 
based on braking strength, and the relationship  between 
electrical braking force and  braking force requirements 
to convert ABS control modes. By using AMESim and 
Simulink we built a co-simulation model, and then 
simulated the model. 

II.  FOUR ELECTRIC-WHEEL VEHICLE BRAKING FORCE 
DISTRIBUTION 

A.  The axle’s braking force distribution  
Since the vehicle is four-wheel independently driving 

EV, all of the four wheels have energy recovery, so the 
braking force distribution of  the two axles should make 
full use the electric motor regeneration braking force, and 
recycling energy as much as possible, but should ensure 
braking security at the same time. There are three main 
distribution modes of composite braking force. The 
control parameters of the parallel control strategy is fewer, 
and the accuracy of control is low. The control of the best 
braking energy recovery control strategy is complex,  and 
it requiring accurate control the electric motor braking 
force and hydraulic braking force. And the braking 
stability is not high. The ideal braking force distribution 
control strategy can make full use of the ground adhesion 
conditions. The braking distance is the shortest and the 
braking stability is the best, the capacity of braking 
energy recycling is very high, but the control is 
complicated. Therefore, considering based on the ideal 

braking force distribution control strategy, the rear axle 
can’t locking ealier than the front axle. So the braking 
force distribution curve should below the ideal braking 
force distribution curve, but should be close to the ideal 
braking force distribution curve, and the curve also 
should meet the ECER13 regulations as premise, then it 
should be above the ECER13 control curve[13]. Analysis 
from the view point of energy recovery， the braking 
force is priority provided by the electric motor braking 
force, the inadequate part is provided by friction force. 
That means the braking force is priority provided by the 
driving axles. And because the electric motors we 
selected are the same four AC induction motors. When 
the motor rotating speed below the datum rotating speed, 
the motor working in constant torque mode. When the 
motor rotating speed above the datum rotating speed, the 
motor working in constant power mode. In summary, 
based on the idea of ensure the safety and brake energy 
recovery, combined with motor characteristic curve，and 
according to the requirements of braking strength, the 
braking process is divided into four stages, namely the 
low braking strength requirement, the moderate braking 
strength requirement, the medium braking strength 
requirement, the heavy braking strength requirement. 

 

 
Figure 1.  The axle’s braking force distribution

 
When braking strength requirement is in the low braking strength range, the axle’s braking force distribution are as 

follow. 
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When braking strength requirement is in the moderate braking strength range, the axle’s braking force distribution are 
as follow. 
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When braking strength requirement is in the medium braking strength range, the axle’s braking force distribution are 
as follow. 
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When braking strength requirement is in the heavy braking strength range, the axle’s braking force distribution are as 

follow. 
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The axle’s braking force distribution is shown in Fig. 1. 

Where G  represents the vehicle mass. L  represents the 
wheelbase. a  and b  represents the length between axles 
and the center of mass. gh  represents the height of center 
of gravity. z  represents the braking strength 
requirements. 1k , 2k , 3k  represent the braking strength 

nodes. 1k  equals to 0.4, 2k  equals to 0.55, 3k  equals to 
0.7. 

B.  Braking force distribution control 
After braking force distribution of the front axle and 

the rear axle, the braking force requirements of four 
wheels is obtained, and then the four wheels braking 
force distribution control is carried out. By entering the 
wheel speed values and the battery SOC values, we 
calculated the electric motor braking force that the 
electric motor can provide under the current state . And 
then compared this electric motor braking force with the 
braking force that should be imposed on the wheel, and 
priority to provide braking force by electric motors, so we 
obtained the electric motor braking force and the 
hydraulic braking force that should be imposed on the 
four wheels. Next, the front left wheel and the rear left 
wheel were taken for example to explain the distribution 
modes. 

fF represents the total braking force that should be 

imposed on the front left wheel, max_fmF represents the 
maximum braking force which the motor can provide at 
the moment, fbF and fmF respectively represent actual 
hydraulic braking force and actual electric motor braking 
force that should be imposed on the front left wheel.  rF , 

max_rmF , rbF  and rmF  are represent the parameters of 
front left wheel, and z  represents braking strength. 

In OA segment 

The front left wheel:  

If max_fmf FF ≤ ,then 

               ffm FF = , 0=fbF .                                 (9) 

If max_fmf FF > , then 

max_fmfm FF = , fmffb FFF −= .                 (10) 

 The rear left wheel:     

If max_rmr FF ≤ , then 

                   rrm FF = , 0=rbF .                              (11) 

If max_rmr FF > ,then 

   max_rmrm FF = , rmrrb FFF −= .                (12) 

In AB segment 

The front left wheel: 

max_fmfm FF = , fmffb FFF −= .              (13) 

The rear left wheel: 

If max_rmr FF ≤ ,then 

                 rrm FF = , 0=rbF .                           (14) 

If max_rmr FF > ,then 

       max_rmrm FF = , rmrrb FFF −= .               (15) 

In BC segment  
In this stage, the motor braking force decreases linearly 

from the maxmum to 0, while the hydraulic braking force 
gradually increases. 

The front left wheel: 

15.0
)7.0(max_ zF

F fm
fm

−
= ; fmffb FFF −= .        (16)                      
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The rear left wheel: 

15.0
)7.0(max_ zF

F rm
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−
= ; rmrrb FFF −= .       (17) 

In CD segment  

The front left wheel: 

)( zhbL
GF

g
fb ⋅+
= ; 0=fmF .                 (18) 

The rear left wheel: 

)( zhaL
GF

g
rb ⋅−
= ; 0=rmF .                  (19) 

III.  COMPOSITE ABS CONTROL METHOD 

Composite ABS control is a control method that the 
electric motor ABS coordinate work with the hydraulic 
ABS. When braking in the low braking strength 
requirement, the motor works, but the hydraulic system 
doesn't work. When the friction coefficient was low, the 

vehicle has the tendency of locking. The motor ABS 
judges according to wheel speed, acceleration and the slip 
rate to conduct anti-lock control. As the control of 
electric motor is sensitive and accurate than the control of 
hydraulic ABS system, so electric motor ABS works 
alone in the low braking strength requirement on low 
friction coefficient road. With the increasing of braking 
strength requirement, both of the electric motor braking 
and the hydraulic braking involved, at this time, the 
hydraulic braking force is still lower than the electric 
braking force, and the electric ABS is still being used to 
control. Continue to increase the braking strength, the 
stability of the electric motor is not as good as the 
hydraulic system, then the motor gradually stop working, 
and the hydraulic braking gradually take over the work. 
In order to ensure a smooth conversion of two ABS 
modes，we choose the time that the electric braking 
force value is fully equivalent to the hydraulic braking 
force value, to convert the ABS modes. In the case of 
braking in the heavy braking strength requirement, the 
hydraulic ABS works independently, to ensure the brake 
stability. The composite ABS control logic is shown in 
Fig. 2. 

 

 
Figure 2.  The composite ABS control logic 

S represents slip rate, m  represents braking modes. 
There are four braking strength requirements. When z  
belongs to the range of 0 to 0.3, the braking mode is low 
strength requirement. When z  belongs to the range of 
0.4 to 0.55, the braking mode is moderate strength 
requirement. When z  belongs to the range of 0.55 to 0.7, 
the braking mode is medium strength requirement. And 
When z  is bigger than 0.7, the braking mode is heavy 
strength requirement. The electric motor braking force 
decrease to 0 when z belongs to the range of 0.55 to 0.7. 
Two modes of ABS convert in this area. 

The control strategies of electric motor ABS and 
hydraulic ABS motor are logic threshold control 
method[14]. The logic threshold control method is a 
widely used ABS control method, as its control is simple, 
reliable, and it have strong applications, so a double logic 
thresholds control logic is selected in this study. By 

analzing the wheel speed signals and slip rate signals, the 
system generates the control commands. Through judging 
the double logic thresholds, the electric motor ABS 
directly produce the voltage signals of rotating forward 
and rotating reverse, thereby conveying to the motor 
controller and directly produce the desired braking 
torque. Through judgement, the hydraulic ABS execute 
different signals of pressure increasing ，  pressure 
reducing, pressure keeping and so on, to control the 
solenoid valves， and to control the commands of ABS 
hydraulic regulator pump motors, which will increase, 
decrease or maintain the brake pipe pressure. When the 
vehicle speed is low, the electrical energy recovery is 
limited. At the same time, it was permitted that the 
vehicle can be locked when the speed lower than a certain 
value. So when the speed is below a value, only the 
hydraulic braking works. 

JOURNAL OF COMPUTERS, VOL. 6, NO. 3, MARCH 2011 621

© 2011 ACADEMY PUBLISHER



IV.  SIMULATION MODEL 

A.  The process of co-simulation model 
A composite ABS co-simulation model for four 

electric-wheel vehicles was established. AMESim and 
Simulink was used to establish the vehicle model and the 
composite ABS controller model. The software of 
AMESim is embedded in the Simulink model in the form 

of S function to achieve the co-simulation. The flow chart 
of co-simulation model is shown in Fig. 3. As shown, 
AMESim vehicle model was mainly made up by four 
parts. They are the driver model, the hydraulic model, the 
motors and battery model, the vehicle subsystem model. 
And using the software of Simulink to build a composite 
ABS control model. 

 
Figure 3.  The Schematic of the co-simulation model 

B. AMESim vehicle model 
AMESim software has obviously advantages of 

modeling in the fields of mechanical, hydraulic, vehicle, 
aviation. More advanced theoretical support was used in 
the AMESim software, and more parameters were taken 
into account. The model is closer to real conditions by 
modeling using AMESim software , so the model is much 
more accurate. Therefore, the vehicle model was 
established by AMESim. Models used in this study is the 
four electric-wheel independently driving electric 
vehicles, vehicle model should reflect the characteristics 
of the studied vehicle. Reference to the 15 degrees of 
freedom vehicle model, which is in the application model 
libraries of AMESim, AMESim vehicle model was 
established[15]. The 15 degrees of freedom include 6 
degrees of freedom of vehicle translation and rotating 
around the center of mass， 1 degree of freedom of 

steering system, and 8 degrees of freedom of four wheels 
moving along the vertical direction and rotating around 
the center of wheels’ mass[16].  

The driver model is a module to express driving 
commands. Through the brake pedal, resulting in the 
driver's demand of braking strength. Vehicle subsystem 
model contains steering system model, suspension model, 
wheel model, the road model and so on. Through the 
connection of AMESim module, vehicle model is easier 
to build. As the advantages of building a hydraulic 
system with AMESim is obvious, so the hydraulic model 
was established with AMESim. The hydraulic system we 
studied is a hydraulic system of four independent 
channels. The intention of the driver will passed to the 
composite ABS controller through the form of voltage 
signals. The hydraulic brake model of a wheel is shown 
in Fig. 4. 
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Figure 4.  The hydraulic brake model of a wheel 

AMESim electric motors model is a integration model 
that integrated motors, generators and converters. The 
model through a data file to set the limit torque data and 
the energy loss data. The actual torque value is the first 
order transfer function of the limit torque value. 

lim1
1 T

st
T

r
m ⋅

+
=                         (20) 

mT  is the torque on the axle of the electric motor. rt  is 

the time constant. limT  is the limited torque. The battery 
model is a simple first order lag constant voltage source. 
The battery output voltage for the electric motor, and 
receives electric current outflow from the electric motor 
when regenerative braking occurs. 

C. Simulink / Stateflow model of the ABS controller 
The composite ABS controller model was built by 

using the software of Simulink and it’s module 
Stateflow[17]. The Simulink/Stateflow model is shown in 
Fig. 5. Simulink flowchart is mainly composed by the 
following components. They are the axle’s braking force 
distribution module, regeneration braking force 
calculating module, composite braking force distribution 
module, the slip rate calculating module, the composite 
ABS control module. The axle’s braking force 
distribution module will determine the braking intention 
of the driver, and calculates the braking force of the front 
axle, the braking force of the rear axle, and braking 
patterns. By calculating the input wheel speed signals and 
battery SOC signals, the regeneration braking force 
calculation module obtained the maximum regeneration 
braking force that each wheel can provide. The composite 
braking force distribution module received the axle’s 
braking force signals, the braking pattern signals, the 
braking strength signals, and the maximum regenerative 
braking force signals that each wheel can provide. By 
judging and calculating, we obtained electric motor 

braking force signals and hydraulic braking force signals 
that should be applied to the four wheels. According to 
the double logic threshold control method, the composite 
ABS control module analyzed the wheel acceleration 
signals and the slip rate signals, and enforced pressure 
increasing, pressure decreasing, and pressure keeping and 
other commands. Because the Stateflow is a module of 
Simulink, and it can exchange data and signals with other 
modules. By function call it can trigger the 
implementation of Simulink blocks actions. So the core 
of composite ABS control model was built with Stateflow 
module. Stateflow module received the continuous 
changed signals of vehicle speed, wheel speed, wheel 
acceleration and slip rate and so on, produced pressure 
insreasing, pressure decreasing, pressure keeping and so 
other commands, made the slip rate in the vicinity of the 
best slip rate, and it improved the vehicle lateral stability. 
Through the S-function embedded in Simulink, the 
Simulink model of the composite ABS controller 
exchange data and signals with AMESim, to make the 
two models joint work.  

V.  SIMULATION ANALYSIS 

A. Simulation parameters settings 
Braking process on low-adhesion wet road is simulated. 

First, we set the parameters. Specific parameters are 
shown as below. 
 

TABLE I.   

PARAMETERS FOR CO-SIMULATION 
Parameters Value Unit 
Sprung mass 1300 kg 
Wheelbase 2400 mm 

Height of center of gravity 584 mm 
Vertical tire stiffness 200000 N/m 
Vertical tire damping 100 N/(m/s) 

Rolling radius of the tire 290 mm 
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B. Simulation results 
The adhesion coefficient of the road is 0.4. The braking 

strength requirement increases from 0 to the target 
braking strength requirement within 2 second，and then 
keep unchanged. That means the braking condition is 
braking on wet cement road. The initial speed of vehicle 
is 100 km/h. Through simulation, the wheel speed map, 
the braking torque map, the slip-rate map were obtained, 
which are shown in Fig. 6, Fig. 7 and Fig. 8.  

From Fig. 6, it can be seen that the curve of the wheel 
speed below the curve of the vehicle speed. The wheel 
speed have some fluctuations. In Fig. 7, the red curve 
represents the electric motor braking torque, and black 
curve represents the hydraulic friction braking torque. By 
comparing the data, it can be seen that two kinds of 
braking modes handover at the time of 1.7s. In the 

vicinity of 1.7s, the distributed electric motor braking 
force equals to the distributed friction braking force. The 
electric motor ABS was working before 1.7s, after that 
time, the electric motor ABS stop working, but friction 
braking ABS start working. In Fig. 8, the curve of slip 
rate fluctuat around the range of 0.2 to 0.3 most of the 
time, so the slip rate control is good.  Also, the braking 
torque distribution of the left side wheels is shown in Fig. 
9. Through contrast to some research results, the 
simulation results indicate that the composite ABS 
control method can effectively control the vehicle model. 
The slip-rate is controlled in the ideal range, and wheels 
are not locked. So, it proved that the composite ABS 
system is able to improve the braking stability, and keep 
the vehicle safety. 

 
 

 
Figure 5.  The Simulink/Stateflow model of ABS controller

 
Figure 6.  The rear left wheel speed and the vehicle speed 

 
Figure 7.  The braking torque distribution of the rear left 

wheel 
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Figure 8.  The slip-rate of the rear left wheel 

 

Figure 9.  The braking torque distribution of the left side 
wheels 

VI.  CONCLUSION 
A composite ABS control method based on four 

electric-wheel independently driving EV is presented. As 
all of the four electric wheels can recover energy, by 
analyzing  the ideal braking force distribution and the 
ECE braking curves and regulations, we proposed a 
composite braking force control distribution method that 
the electric motor braking combined with hydraulic 
braking. The braking force distribution method 
considered not only the energy recovery but also the 
braking stability. Meanwhile, according to the rules of 
composite braking force distribution, proposed a 
composite ABS control method that motor ABS control 
coordinate with hydraulic ABS control. When the 
driver’s demand of braking strength is relatively low, 
electric motor brake is able to meet braking requirement, 
so we use pure electric motor braking and pure electric 
motor ABS control. When the braking strength 
requirement is in the moderate range, electric motor brake 
may not fully meet the braking requirements, then 
hydraulic brake start to work. In this range, hydraulic 
braking is the supplement of the electrical motor braking, 
so anti-lock control is still provided by electric motors. 
When the demand of braking strength increases again, 
that is in the medium braking strength range, the 
hydraulic braking force is very stable in the medium 
braking strength range, and the electric motor braking 

torque which provided in this range is limited. Therefore, 
in this range, the electrical braking force gradually stop 
working. In the range, when the electric braking force is 
greater than the hydraulic friction braking force, the 
electric motor ABS control works, when the electric 
braking force is less than the friction braking force, the 
hydraulic friction ABS control works. When the braking 
strength requirement is in the heavy range, the hydraulic 
braking and hydraulic ABS woks independently. 

According to this method, a co-simulation model was 
built based on AMESim and Simulink. The vehicle model 
of 15 degrees of freedom is built by using the software of 
AMESim, while the composite ABS controller is built by 
using the software of Simulink. Co-simulation model 
simulated the EV braking on low friction coefficient road. 
Coordination work of the electric motor ABS and the 
hydraulic ABS can be seen from the simulation figures. 
Simulation results shown that the composite ABS 
controller can guarantee the slip rate within reasonable 
limits, and can improve the vehicle lateral stability, so 
that the traffic safety is improved. 
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