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ABSTRACT−Compared with internal combustion engine (ICE) vehicles, four-wheel-independently-drive electric vehicles

(FWID EV) have significant advantages, such as more controlled degree of freedom (DOF), higher energy efficiency and

faster torque response of an electric motor. The influence of these advantages and other characteristics on vehicle dynamics

control need to be evaluated in detail. This paper firstly analyzed the dynamics characteristics of FWID EV, including the

feasible region of vehicle global force, the improvement of powertrain energy efficiency and the time-delays of electric motor

torque in the direct yaw moment feedback control system. In this way, the influence of electric motor output power limit, road

friction coefficient and the wheel torque response on the stability control, as well as the impact of motor idle loss on the torque

distribution method were illustrated clearly. Then a vehicle dynamics control method based on the vehicle stability state was

proposed. In normal driving condition, the powertrain energy efficiency can be improved by torque distribution between front

and rear wheels. In extreme driving condition, the electric motors combined with the electro-hydraulic braking system were

employed as actuators for direct yaw moment control. Simulation results show that dynamics control which take full

advantages of the more controlled freedom and the motor torque response characteristics improve the vehicle stability better

than the control based on the hydraulic braking system of conventional vehicle. Furthermore, some road tests in a real vehicle

were conducted to evaluate the performance of proposed control method. 

KEY WORDS : Four-wheel-independently-drive electric vehicles (FWID EV), Dynamics characteristics, Powertrain energy

efficiency, Vehicle stability, Dynamics control

1. INTRODUCTION 

As the issues of global energy crisis and environmental

pollution have become increasingly prominent, the

sustainable development of automotive industry is

necessary. Electric vehicles (EV) are considered as one of

the effective solutions (Lv et al., 2015). On the other hand,

with the development of electric driving system and

electric control system, some advanced EV structures have

been researched, such as EV with driveline system which

can distribute the driving torque between axles or between

right and left wheels of the same axle (Kim et al., 2015),

and four-wheel-independently-drive (FWID) EV with four

in-wheel electric motors (Ivanov et al., 2015). Among

these new vehicle structures, FWID EV increase the

controllable DOF significantly. Besides, compared with

internal combustion engine (ICE), electric motor driving

system, especially the in-wheel motor, has higher energy

efficiency and better torque response performance. As a

result, FWID EV have received much attention in recent

years.

Hori (2004) indicated the advantages of EV in the

electric motor torque control which will be of benefit to

vehicle dynamics control. However, the characteristics and

advantages of FWID EV should be evaluated in detail,

which will provide guidance for dynamics control. The

independent control of each wheel torque supplies more

DOF of torque distribution. For conventional ICE vehicle,

Keiji (1989, 1990), Sawase and Ushiroda (2008) and

Klomp (2011) investigated the impact of torque distribution

mode between front and rear wheels, as well as that

between left and right wheels, on the vehicle dynamics

performance, including the driving and braking performance

in longitudinal direction, and the limit performance in

lateral direction. For several different vehicle configurations:

two wheel dependently driven by ICE, two rear wheels

independently driven by electric motor and FWID vehicle,

Jonasson et al. (2010) used the brute-force method to

compare the attainable vehicle global force. And then it

was proved that FWID vehicle can reach much better*Corresponding author. e-mail: dinght@jlu.edu.cn
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performance than the conventional two-wheel-drive vehicle

in dynamics control system (Jonasson et al., 2011). Some

of the analysis methods in above literatures can be used to

analyze the dynamics characteristics of FWID EV. However

the influence of electric motor output power limit, road

friction coefficient and the wheel torque response need to

be further considered for FWID EV. 

In addition to the dynamics characteristics, the energy

efficiency of the FWID EV power system is quite different

from the ICE vehicles. For FWID EV, the powertrain

consists of four electric motors, which can be considered as

four power sources. The energy efficiency of electric motor

varies with the operating point, i.e., the torque and rotation

speed. Therefore, in literatures (Chen and Wang, 2011,

2014; Park et al., 2015; Dizqah et al., 2016), the torque

distribution of FWID EV was investigated to achieve the

maximum energy efficiency of drivetrain. However, the

optimal allocation solution given in different literatures

were not exactly identical and the impact of motor idle loss

was not explicitly stated.

Actually, the driving system of FWID EV is an over-

actuated system and the control allocation method can be

used in dynamics control (Johansen and Fossen, 2013; Yu

et al., 2014). Shuai et al. (2014) and Xiong et al. (2016)

adopted the quadratic programming (QP) based torque

allocation algorithm with the advantage of equally and

reasonably utilizing the tire-road friction. Novellis et al.

(2014) compared four different control allocation objective

functions, which are based on the drivetrain input power,

the longitudinal tire slip, the longitudinal slip power loss

and the combined tire force coefficient, respectively. And

more importantly, multi-objectives about the driving safety

and energy saving can be uniformly applied in dynamics

control of FWID EV (Lin and Xu, 2015). Despite a variety

of control methods, an important part of the FWID EV

dynamics control system is still the direct yaw moment

control (DYC), which is considered an effective method to

improve the vehicle stability and steering characteristics

(Yim, 2017; Yin and Hu, 2014). For DYC system,

hierarchical control is a commonly used architecture. In the

upper layers, the required direct yaw moment can be

determined by many different control methods, such as

robust control (Yin et al., 2015; Hu et al., 2017), model

predictive control (Zhao et al., 2015) and so on. In the

lower layers, the electric motors can be combined with the

mechanical braking system to generate yaw moment for

stability control through different cooperative methods

(Emırler et al., 2015; Ko et al., 2016).

The above control methods improves the dynamics

performance of FWID EV significantly. However, it is still

difficult to distinguish the advantages of control method

and that of vehicle configuration. The aim of this paper is

to evaluate the characteristics of FWID EV, especially the

influence of electric motor output power limit, road friction

coefficient and the wheel torque respond on the stability

control, as well as the impact of motor idle loss on the

torque distribution method. Firstly, the analysis was

conducted through theoretical methods. Then a basic but

practical control strategy was developed to take full

advantages of the dynamics characteristics. By comparing

with the same control method of conventional vehicle, the

characteristics and advantages of FWID will be evaluated

and validated explicitly.

This paper was organized as follows: firstly, the feasible

region of vehicle global force was analyzed in Section 2;

then the improvement of powertrain energy efficiency was

conducted in Section 3; also the time-delay of electric

motor and hydraulic braking system in the direct yaw

moment feedback control system were compared in

Section 4; based on the analysis results, the FWID EV

dynamics control strategy taking full advantages of the

dynamics characteristics was studied to improve vehicle

stability safety and powertrain energy efficiency in Section

5; In Section 6, some simulation and road tests results were

analyzed.

2. FEASIBLE REGION OF VEHICLE GLOBAL 
FORCE

For the existing vehicle equipped with electronic stability

control system, the braking pressure and braking torque of

four wheels can be controlled independently in case of

emergency. For FWID EV, both the braking torque and

driving torque of four wheels can be controlled

independently and the number of dynamics controlled

DOF increases significantly. This provides the possibility

to enlarge the available vehicle global force region, which

will improve the vehicle dynamics controlled range.

2.1. Feasible Region without Electric Motor Power Limit 

For the existing vehicle equipped with electronic stability

control system, the braking pressure can be controlled

independently. The constraints of tire force can be

expressed as follows (Jonasson et al., 2010):

 (1)

where Fxi and Fyi are the longitudinal and lateral tire force

of each wheel (i = 1, 2, 3, 4), Fy0 is the initial lateral tire

force, i.e. the lateral force generated by steering wheel

angle when there is no differential driving/braking, Fimax is

the maximum tire force, which can be calculated through

the tire-road friction coefficient and the wheel vertical load,

simply by Fimax = μFzi. The first inequality constraint means

that the tire longitudinal force and lateral force are limited

by the friction ellipse. The second inequality constraint

means that only the braking torque can be controlled

actively. Here it is assumed that the hydraulic braking

pressure is sufficient, and the tire braking force is only

limited by the maximum tire force. 
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For FWID EV, both the braking pressure and the driving

torque can be controlled independently. The tire force

limitation can be expressed as follows:

(2)

Here the limitation of the electric motor torque output is

neglected temporarily and the tire driving force is just

limited by the maximum tire force as in Equation (1).

Then the vehicle global longitudinal force, lateral force

and yaw moment can be expressed by tire forces:

 (3)

where A is the transfer matrix decided by steering wheel

angle δ, the distance between center of gravity (C.G.) and

the front axle La, the distance between C.G. and the rear

axle Lb and the tread Lc.

In order to analyze the available maximum global force,

here we just consider the maximum tire force. So the first

inequality constrains in Equations (1) and (2) can be

converted to equality. After discretization, all possible

longitudinal tire force satisfying the second inequality

constraint are chosen to calculate the available maximum

lateral force according to the first equality constrain. Then

the corresponding available maximum vehicle global force

and moment in different longitudinal tire force can be

obtained. In this way, the available vehicle lateral force and

yaw moment range in different vehicle configuration can

be compared.

A steady steering condition is chosen to determine the

initial state, where the tire-road friction coefficient is set as

0.8, the steering wheel angle is 60 deg, and the vehicle

speed is 80 km/h. With the maximum tire force and initial

lateral force of each wheel in steady-state condition, the

available vehicle lateral force and yaw moment in different

longitudinal tire force are shown in Figure 1. In the figure,

the red area represents the four wheels independently brake

vehicle limited by Equation (1). The black area represents

the enlarged areas of FWID vehicle compared with the four

wheel independently brake vehicle. It can be seen that the

FWID configuration enlarges the available vehicle lateral

force and vehicle yaw moment significantly. It indicates the

potential in improving the vehicle dynamics controllability.

2.2. Feasible Region with Electric Motor Power Limit 

The maximum output power of electric motor, especially

in-wheel electric motor, is generally smaller than ICE and

hydraulic braking system. So the effect of the electric

motor power limit must be considered. Here the maximum

torque output of each electric motor is limited to 150 Nm,

and the test condition is the same as in Section 2.1 when

the tire-road friction coefficient is set as 0.8. The enlarged

region of available vehicle lateral force and yaw moment

are shown in Figures 2 (a) and (b) in blue color,
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Figure 1. Available global force without electric motor

power limit when tire-road friction coefficient is 0.8: Four

wheel independently brake vehicle (red) and the enlarged

area of FWID vehicle (black) (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.).

Figure 2. Available global force with electric motor power

limit when tire-road friction coefficient is 0.8: Four wheel

independently brake vehicle (red), the enlarged area of

FWID vehicle without driving torque limit (black) and the

enlarged area of FWID EV with driving torque limit (blue)

(For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this

article.).

Figure 3. Available global force with electric motor power

limit when tire-road friction coefficient is 0.2: Four wheel

independently brake vehicle (red), the enlarged area of

FWID vehicle without driving torque limit (black) and the

enlarged area of FWID EV with driving torque limit (blue)

(For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this

article.).
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respectively. The results show that the FWID EV with

driving torque limitation enlarge the controllable region

little in high adhesion road.

Then a test in low adhesion road is conducted. The tire-

road friction coefficient is set as 0.2, the steering wheel

angle is 15 deg, and the vehicle speed is 80 km/h. With the

same driving torque limitation, the results are shown in

Figure 3. It can be seen that, when the tire adhesion ability

is poor, the FWID EV can enlarge the controlled region of

global force significantly even though with the driving

torque limit.

3. IMPROVEMENT OF POWERTRAIN 
ENERGY EFFICIENCY

For FWID EV, the powertrain consists of four electric

motors, which can be considered as four power sources.

The tested energy efficiency of a permanent magnet

synchronous (PMSM) in-wheel electric motor and the

converter is given in Figure 4. It can be seen that the energy

efficiency varies widely in different operation point. 

From the perspective of driving system energy efficiency,

the driving torque can be distributed through global

optimization with the constraints of yaw moment and total

driving torque. To simplify the optimization problem and

minimize the impact on vehicle movement in lateral and

yaw direction, this paper just distributes the driving torque

between axles in normal driving condition. Then the axle

torque is even distributed between left and right wheel

when there is no direct yaw moment in normal stable

driving condition.

With a certain power output, the driving system energy

efficiency is equivalent with the power input. For

distribution between axles, the objective function can be

simplified to the following equation:

 (4)

where Wf is the factor of front axle torque divided by the

total torque, ωf and ωr are the average rotation speed of

front axle and right axle respectively, ηf and ηr are the

driving system efficiency of front axle and right axle

respectively, which includes the efficiency of eclectic motor

and the converter. The efficiency map can be obtained by

experiment as shown in Figure 4. 

However, Equation (4) is applicable only when torque

output of every electric motor is not zero. If there is electric

motor with no torque output, the idle loss must be included.

Then the optimization objective must be modified to the

following equation:

 (5)

where Ploss_motor0(n) is the idle loss, which can be measured

on the test bench at different rotation speeds in the idle

operation condition. The idle friction torque of the PMSM

is shown in Figure 5.

For the electric vehicle used in this paper, the static load

of front axle is approximately equal to that of rear axle. As

we know, the normal load on rear wheels increases and the

normal load on front wheels load decreases, which will

become opposite during deceleration. In order to make full

use of the road adhesion condition and improve the vehicle

driving and braking performance, the driving torque

distributed to the rear wheels should be larger than the front

wheels during acceleration, i.e., the Wf smaller than 0.5. In

contrast, the braking torque distributed to the front wheels

should be larger than rear wheels during deceleration, i.e.,

the Wf larger than 0.5. Therefore, the value of Wf has an

upper limit of 0.5 in driving condition. Combined with total

driving torque requirement and the torque output limitation

of each axle, the constraints can be expressed as follows:

 (6)

where Tf max and Tr max are respectively the maximum torque

of front axle and rear axle at current rotation speed.
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Figure 4. Efficiency map of an in-wheel electric motor. 

Figure 5. Idle power loss of the PMSM.
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To reduce calculation load, a local optimization is

conducted firstly. And then the local optimization results

are compared manually to find the global optimization

result. Based on the efficiency map of the electric motor

powertrain system, the optimal distribution coefficient Wf

can be obtained through offline optimization. Then the

results can be expressed by another map related with the

total driving torque requirement and electric motor rotation

speed as shown in Figure 6, which can be used as lookup

table in real control system. For comparison, the

optimization results without considering the idle loss is

given in Figure 7.

In Figure 7, because the idle loss is neglected, the

optimal torque distribution ratio is about 0 when the total

torque is quite small and then increases from 0 to 0.5 as the

total torque increases. In Figure 6, after considering the no-

load loss, the optimal distribution ratio is always around

0.5 with any total torque demand. It means that the driving

torque should be equally distributed between axles for high

driving system efficiency in most condition. Therefore, for

the PMSM researched in this paper, the impact of idle loss

on the torque distribution is significant. After considering

the idle loss, the optimization objective function can reflect

the system’s real loss characteristic more accurately and the

optimization results are more accurate.

4. TIME-DELAY OF DIRECT YAW MOMENT 
CONTROL SYSTEM

Compared with ICE and hydraulic braking system, the

torque response of electric motor is much faster. Experiment

results show that the response time of in-wheel electric

motor torque control is less than 20 ms (Yu and Gong,

2008; Lu et al., 2009), while the electro-hydraulic braking

system pressure control is about 50-60 ms (Wu et al., 2014;

Lv et al., 2014, 2017). For ICE and conventional hydraulic

braking system, the response time will be longer. So the

torque response speed of electric motor is more than twice

of the electro-hydraulic braking system. 

In direct yaw moment control system, it can be assumed

that the yaw moment consists of two parts. The first part is

generated by the tyre lateral force caused by the steering

wheel input, which can be seen as a feedforward input by

driver. The second part is the direct yaw moment generated

by the differential tyre longitudinal force, which is actuated

by electric motor and hydraulic braking system. As is

known to all, the response characteristic of actuator affects

the time-delay of control system, which is important for the

system relatively stability. Here the steering wheel input

can be set to zero and just the direct yaw moment feedback

control system is analyzed to evaluate the effect of the

wheel torque response. For simplification, the desired yaw

moment is decided by a proportional feedback control

method. The diagram of direct yaw moment control system

can be expressed as Figure 8.

In Figure 8, the input r* is the reference yaw rate, which

can be obtained from a reference vehicle model. Here it is

just used as a followed target. Kp is the proportional factor

of feedback control.  is the required yaw moment. e0.01s

represents communication delay, and  represents the

response characteristic of wheel torque control, 

represents the delay of the tire force generation, which is

calculated when vehicle speed is 80 km/h and the tire

relaxation length is 0.04 m. ΔMZ is the generated yaw

moment actually, and IZ is the vehicle rotation inertia in

yaw direction.

Let , then the open-loop transfer function of the

above system can be expressed as follows:

 (7)
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Figure 6. Optimal distribution coefficient of front axle

obtained from offline optimization after considering the

idle loss. 

Figure 7. Optimal distribution coefficient of front axle

obtained from offline optimization without considering the

idle loss. 

Figure 8. Direct yaw moment control system diagram

when steering wheel input is zero.
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Then the close-loop transfer function can be expressed

as follows:

  (8)

According to the characteristic of first order system, the

phase changes significantly with frequency and the

amplitude changes little before the turning point frequency.

Generally, the time constant τ of electric motor torque is

smaller than 0.1 and the corresponding turning point

frequency is 10 rad/s. While for most vehicles, the yaw rate

response frequency will not exceed 1.5 Hz, i.e., 9.42 rad/s.

As a result, it can be considered that the time constant of

electric motor torque control mainly affect the system

phase.

The phase of open-loop control system can be expressed

as follows:

(9)

According to the frequency response range of vehicle

yaw rate, the cut-off frequency of the system can be set as

10 rad/s. Strictly speaking, the open-loop phase margin is

calculated at the frequency where the amplitude is 1. Here

the analysis focuses on the system performance before the

cut-off frequency, so the cut-off frequency is used to

calculate the open-loop phase margin as follows:

 (10)

According to the test results, the time constant of electric

motor torque control is about 0.01, and the open-loop phase

margin is about 73 deg. While for hydraulic braking

system, the time constant is larger than 0.02 and the open-

loop phase margin is about 67 deg. As is known, open-loop

phase margin is an important indicator for evaluating the

system relative stability. A bigger value in appropriate

range has advantage in improving the system performance

(Ogata, 2009). Therefore, the electric motor should be fully

utilized to improve the dynamic performance of direct yaw

moment control.

5. DYNAMICS CONROL OF FWID EV 

According to the above analysis of FWID EV

characteristics, some conclusions can be obtained for

dynamics control: to take full advantages of the controllable

DOF, the control allocation of wheel torque can be used to

improve the vehicle dynamics performance and driving

system efficiency; because of the fast response and the

power limitation, electric motor can be combined with

hydraulic braking system to work as actuators of vehicle

dynamics control system. To fully exploit its potential and

advantages, dynamics control system taking full advantages

of the characteristics can be deployed to improve the

vehicle performance in vehicle safety and energy saving.

5.1. Control System Structure

Based on the above control principle, the control system

can be designed as shown in Figure 9. There are two

control objectives for electric vehicle dynamics control: the

vehicle dynamics safety and high powertrain energy

efficiency. Sometimes the two control requirements are not

consistent. For coordination, the driving condition is

classified based on the vehicle stability analysis. When the

stability is satisfactory, it is considered as normal driving

condition. Then the high driving system efficiency can be

the control objective, and the driving torque is optimally

distributed between wheels for high driving efficiency.

When the stability is poor, it is considered as extreme

driving condition, and the vehicle stability safety must first

be guaranteed. To take full advantages of the controllable

DOF and the torque responsibility, the electric motor is

applied to the stability control as actuators in addition to

the conventional hydraulic braking system. Therefore, the

additional yaw moment is generated by electric motor

driving system and hydraulic braking system. The

distribution of yaw moment between electric motors and

the coordination of electric motor and hydraulic braking

are necessary.

The FWID EV dynamics control system shown in

Figure 9 includes several main blocks: measurement and

estimation of vehicle state, vehicle stability analysis,

driving torque optimal distribution for energy saving in

normal driving condition and the stability control in

extreme driving condition. Then the key blocks researched

in this paper are the vehicle stability analysis, the driving

torque optimal distribution for energy saving in normal

driving condition and the stability control in extreme

driving condition. Among the three blocks, the driving

force optimal distribution for energy saving in normal

driving condition just adopts the optimization results of

Figure 6 in Section 3, which will not be repeated. Therefore,

the other two blocks: the vehicle stability analysis and the

stability control in extreme driving condition will be

introduced in detail in the following sections.
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Figure 9. Structure of FWID EV dynamics control system. 
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5.2. Vehicle Stability Determination 

Yaw rate is an important state reflecting the vehicle

stability. It is generally believed that yaw rate reflects the

steering intensity. In the stable state, the vehicle yaw rate r

should follow a reference value r* obtained from the

reference vehicle model. The deviation should be kept

within a certain range. If the deviation exceeds the limit, it

is believed that there is a risk of unstable. Besides, sideslip

angle also reflects the vehicle stability. However, at

present, the measurement of sideslip angle is high cost and

usually it needs to be estimated. Because of sensor

deviation, noise, and dynamics model mismatch, it is

difficult to estimate the sideslip angle accurately under

various conditions either by kinematics-based methods or

by vehicle-model-based method (Phanomchoeng et al.,

2011; Piyabongkarn et al., 2009; Hac and Simpson, 2000).

To estimate the sideslip angle more accurately, more

sensors including the GPS and the camera are adopted

(Yoon and Peng, 2014; Wang et al., 2014). Those sensors

are expensive for mass produced conventional vehicle.

Compared with sideslip angle, yaw rate can be measured

easily in real vehicle. Therefore, the vehicle stability

control based on yaw rate is often adopted (Hu et al., 2017;

Kim et al., 2012). 

If the Equation (11) is satisfied, the vehicle is considered

as stable in normal driving condition. Otherwise, the

vehicle is considered as unstable in the extreme driving

condition.

 (11)

where Δrth is a threshold determined by the steering wheel

angle rate. 

5.3. Direct Yaw Moment Control in Extreme Driving

Condition 

According to the vehicle stability analysis, while in

extreme driving condition, direct yaw moment control is

started. Compared with conventional ICE vehicle, the

direct yaw moment control for FWID EV can take

advantage of more controllable DOF and more actuators.

The structure diagram of direct yaw moment control is

shown in Figure 10. The feedforward and feedback

integrated control is adopted for the direct yaw moment

decision. Furthermore, the distribution of yaw moment

between electric motors and the coordination control of

electric motor driving system and hydraulic braking system

are analyzed in detail.

5.3.1. Yaw moment decision based on feedforward and

feedback control

Based on the deviation of the current yaw rate and the

reference yaw rate, the feedback control method has been

widely used to calculate the desired yaw moment.

Feedback control is a kind of closed-loop control which

can keep the system with good steady-state performance.

But the system dynamic performance is not always

satisfactory. On the other hand, feedforward control

calculate the control input based on the control object

model. Then the input acts directly on the control object

which is not necessary to go through the entire control

loop. In this way, it can reach a faster response compared

with feedback control method. However, due to model

deviation and other disturbance, it is difficult for

feedforward control to always give the exact control input.

Therefore, a feedback control method combined with

feedforward control is proposed to calculate the required

additional yaw moment for stability control.

The 2 DOF reference vehicle model can be expressed as

follows:

(12)

In the stability control system, the vehicle yaw rate can

be considered to be generated by steering wheel input and

differential driving/braking. 

For the response characteristic of yaw rate to steering

wheel angle in steady state, the  and  in Equation (12)

are set to zero and the transfer function can be expressed as

follows:

 (13)

Then the reference yaw rate can be expressed as follows:

 (14)

For the response characteristic of yaw rate to yaw

moment in steady state, the  and δ are set to zero and

, the transfer function can be expressed as

follows:

 (15)

Then the addition yaw moment required by feedforward
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control can be expressed as follows: 

 (16)

Using a PI feedback control method, the additional yaw

moment required by feedback control can be expressed as

follows:

 (17)

After combination of the feedforward and feedback

control, the total additional yaw moment requirement for

stability control can be obtained:

 (18)

5.3.2. Yaw moment distribution among electric motors 

As the electric motor torque can be controlled continuously

and fast, the yaw moment will be firstly distributed

between four electric motors. An optimal distribution

method for minimum road adhesion consumption in

longitudinal direction is used, of which the objective

function can be expressed as follows:

 (19)

where Fxi is the driving force of each wheel, FZi is the

vertical load of each wheel.

The constraints can be expressed as follows:

 (20)

where αa is acceleration pedal position, f(αa) means the

desired driving force determined by driver’s operation, D is

the thread, Fmax is the maximum driving/braking force

generated by the electric motor.

In above optimization problem, the optimization

objective is the minimum overall longitudinal consumption

of road adhesion. There is an inequality constraint about

electric motor torque output limitation. Besides, there are

two equality constraints. The first is to satisfy the driver’s

total driving torque requirement and the second is to satisfy

the additional yaw moment requirement for stability

control. The first equality constraint should be satisfied

firstly, as it is the basic requirement for keep vehicle speed

steady. On this premise, if the second constraint can’t be

satisfied, the hydraulic braking system will be started to

supply the rest of yaw moment requirement.

5.3.3. Coordination control of electric motor and hydraulic

braking system 

The yaw moment generated by hydraulic braking system is

the difference between the total additional yaw moment

demand and the yaw moment supplied by electric motor,

which can be expressed as follows: 

 (21)

where ΔMZM is yaw moment that electric motor can supply,

ΔMZH is the yaw moment required for hydraulic braking

system, and Fxdi(i = 1, 2, 3, 4) is the driving force of each

electric motor. Because hydraulic braking usually works

roughly with large intensity, just the best effect wheel is

braked to generate the required yaw moment. The selection

of the best effect wheel can refer to Wu et al. (2014).

According to the required yaw moment ΔMZH, the

required additional braking pressure of the best effect

wheel can be calculated:

 (22)

where Kpbi is the braking efficiency factor of a certain

wheel.

6. SIMULATION AND ROAD TEST RESULTS 

Simulation based on a FWID electric vehicle model is

conducted. Then tests on a real vehicle with four in-wheel-

motors are conducted for practical application of the

proposed vehicle dynamics control system. Table 1 shows

the nominal vehicle parameters.

6.1. Simulation Results 

An open-loop maneuver on low adhesion road is simulated

firstly, where the steering wheel input is a sine with dwell

signal referring to the FMVSS126 standard (NHTSA,

2007). The tire-road friction coefficient is set as 0.2. The

amplitude of steering wheel input is 30 deg and the initial

vehicle speed is 80 km/h.

The simulation results can be seen in Figure 11. The

performances of three control mode are compared: without
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Table 1. Nominal vehicle parameters for simulation and

road test. 

Parameter Value
 

Vehicle total mass m 1510 kg

Distance from C.G. to front axle La 1.3425 m

Distance from C.G. to rear axle Lb 1.3425 m

Yaw moment of inertia IZ 3267 kg·m2

Cornering stiffness of front tires Kf 60395 N/rad 

Cornering stiffness of rear tires Kr 60655 N/rad

Electric motor maximum torque Tmax 150 Nm

Electric motor power Pe 5 Kw
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control represented by no control, the control actuated by

conventional hydraulic braking system which represented

by H, and the control actuated by both hydraulic braking

system and electric motor which represented by M+H.

From Figure 11 (c), it can be seen that the control by M+H

can reach a smoother and faster state trajectory. This is

mainly due to the faster response speed of electric motor

torque. In Figure 11 (e), the braking pressure when control

with M+H is always zero, i.e., the hydraulic braking

system is not started, which means that the electric motor

can generate sufficient yaw moment. This indicates that the

electric motor will play a key role when the yaw moment

requirement is not too large on the low adhesion coefficient

road. Besides, it can be seen from Figure 11 (d) that the

driving torque is even distributed between four electric

motors when the direct yaw moment control is not started.

It is determined by the optimal torque distribution with

maximum system efficiency in Section 2.

Then the amplitude of steering wheel input is increased

to 150 deg. The tire-road friction coefficient is set as 0.8

and the initial vehicle speed is also 80 km/h. The

simulation results can be seen in Figure 12. In order to

evaluate the ability of electric motor, a control mode

actuated only by electric motor is added for comparison,

which is represented by M. In this condition, the maximum

braking pressure when control by M+H is about 8 MPa,

while control by M cannot reach the expected result. This

indicates that the hydraulic braking system will play a key

role when the yaw moment requirement is large. This is

mainly due to the power limitation of electric motor.

6.2. Road Test Results 

The test electric vehicle with four in-wheel-motors is

shown in Figure 13. A rapid prototype controller is used in

the vehicle dynamics control system. The four in-wheel-

motors and the electro-hydraulic braking system are

controlled as actuators. Also some sensors are needed, such

as the vehicle yaw rate and lateral acceleration sensor,

wheel speed sensor and so on.

As the regenerative braking system is not developed in

the vehicle, the electric motor is just used for differential

driving during road test. And the differential braking is

realized by EHB system. The sine with dwell open-loop

Figure 11. Simulation results of sine with dwell maneuver

when tire-road friction coefficient is 0.2.
Figure 12. Simulation results of sine with dwell maneuver

when tire-road friction coefficient is 0.8.

Figure 13. Road test ground and the sensors and actuators

of test FWID EV. 
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maneuver on a high adhesion road is conducted to verify

the effect of the stability control with electric motor and

EHB system as actuators. 

The sine with dwell test is an open-loop maneuver which

uses the steering machine for steering wheel input as

shown in Figure 14.

The comparison of the vehicle yaw rate with increasing

steering wheel angle is shown in Figure 15. The maximum

amplitude of steering wheel input is 120 deg. In this

condition, dynamics control system also contributes to

improve the stability. During the time between 2.5 s and

3.5 s in Figure 15, the yaw rate without control returns to

zero slowly and the return speed decreases as the steering

wheel input amplitude increases. While the yaw rate with

vehicle dynamics control can always return to zero rapidly

in different steering wheel input amplitude. This is the time

when vehicle most prone to lose stability, the rapid

convergence of yaw rate is very important. The slow

convergence will increase the risk of unstable.

The specific control process when the steering wheel

input amplitude is 120 deg is shown in Figure 16. It can be

seen that the electric motor torque is saturate in most of

time. The hydraulic braking system is needed for

compensatory.

7. CONCLUSION

In this paper, the dynamics characteristics of FWID EV is

evaluated through theoretical approach and validated in

dynamics control. Several main conclusions are as follows:

(1) Firstly, even though the torque output amplitude is not

as large as ICE and hydraulic braking system, the

independent control of wheel driving torque can

increase the vehicle available global lateral force and

yaw moment significantly in the condition of low

adhesion road, which can be used to improve the

vehicle dynamics performance.

(2) Secondly, the increase in the controllable DOF

provides possibility to improve the powertrain system

efficiency through torque distribution between front

and rear wheels. For the PMSM researched in this

paper, the impact of idle loss on the torque distribution

is significant. After considering the no-load loss, the

optimal distribution ratio is always around 0.5 at any

total torque demand. 

(3) Besides, it indicates that the fast response of electric

motor torque can increase the open-loop phase margin

of direct yaw moment control system, which will be

beneficial to improve the system relative stability. 

(4) Taking full advantages of the controllable DOF and the

fast torque respond speed, dynamics control of FWID

EV based on the electric motor and hydraulic braking

system improves the vehicle stability better than

dynamics control based on the hydraulic braking

system. 
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