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Abstract: This work presents an approach to improve the roll stability of distributed drive electric
vehicles (DDEV). The effect of the reaction torque from the in-wheel motor exerts additional roll
moment, which is different from traditional vehicles. The additional roll moment can be achieved
by active control of the wheel torque adjustment, which achieves a control effect similar to the
active suspension. The anti-roll control strategy of decoupling control of roll motion and yaw
motion are proposed. The direct yaw moment is calculated by the linear quadratic regulator (LQR)
algorithm while the additional rolling moment is calculated by the sliding mode variable structure.
For maneuvering rollover caused by excessive lateral acceleration, an anti-rollover control strategy is
designed based on differential braking. A fuzzy control theory is used to decide the yaw moment to
be compensated. The distribution method of the braking torque applied to the outer wheel alone, and
the lateral load transfer rate is the main evaluation index for simulation verification of typical working
conditions. The simulation results show that the proposed control strategy for DDEV is effective.

Keywords: distributed drive electric vehicles; additional roll moment; decoupling control; load
transfer rate

1. Introduction

In recent years, the problem of environmental pollution and energy shortage caused by
the massive use of fossil energy has become increasingly serious. The traditional automobile
belongs to the industry of high energy consumption and high pollution. Therefore, more
and more researchers and enterprises engaged in automobile related work focus on electric
vehicles. Distributed drive electric vehicles (DDEV) are one kind of electric vehicles, and
the research and development of its key technologies has always been the focus of many
automotive and industrial experts. Compared with traditional fuel vehicles, there is no
transmission system to transmit power in the distributed drive electric vehicle (DDEV). It
not only enables the vehicle to have more controllable degrees of freedom, but also greatly
improves its efficiency and response speed, which helps to solve the sustainability problems
of energy and vehicles. In [1] a study using bibliometric analysis, analyses sustainable
mobility in relation to economic returns, environmental benefits and societal advantages.

The rollover accidents caused by the loss of the stability of vehicles seriously threaten
people’s lives, property and safety. It has become a safety issue and attracted worldwide
attention. The statistics of the US Highway Traffic Safety Administration show that the
degree of harm caused by vehicles rollover accidents are second only to vehicles collision
accidents in all traffic accidents [2]. Many scholars all over the word have conducted
research on the vehicle roll motion control, including controlling the body posture and
changing the trajectory of the vehicles. Body posture control can be subdivided into lateral
stabilizer control [3–5] and active suspension control [6,7] while the trajectory change
strategy consists of active steering control [8–11] and differential brake control [12,13].

The unique structure of DDEV affects the roll and rollover performance which in-
cludes the following aspects: (1) in-wheel motors increase the unsprung mass, which will
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deteriorate the vibration isolation performance of the suspension and cause the lifting effect
of the wheels; (2) because of rigid connection between the suspension and the motor stator,
the ground driving force and the reaction torque of the motor to be transmitted to the body
will form a large roll torque; (3) The cancellation of the differential will cause the coaxial
drive wheels to lose the torque self-balancing mechanism. The torque difference between
the two sides of the wheels form a large yaw moment. It will cause excessive steering of
the car or sharp turn. Therefore, to study the roll stability of the DDEV is the basis and
premise for proposing the anti-rollover control [14].

Currently, the safety control of DDEV is mainly focused on the yaw stability. However,
many studies on the roll stability control are mainly to control the suspension. Among
them, the literature [15] aimed at the roll phenomenon of in-wheel driving vehicles. Based
on the control of the suspension technology through the vertical load distribution transfer,
the vehicle’s front and rear axle lateral stiffness are changed. In [16] an active suspension
control algorithm was designed based on the optimal control theory LQG and the robust
control theory respectively. According to the driving status, the extra force is applied to the
suspension to reduce the dynamic displacement. It made the vertical motion in an optimal
state. However, the active suspension is both expensive and complex. Consequently, other
control schemes have been developed to maintain the roll stability. A strategy of applying
driving/braking torque to different drive motors is proposed in [17,18]. An additional
roll moment is generated to the vehicle's body that effectively improves the posture of
the vehicle body. A roll stability controller is designed in literature [19], which takes the
suppression of the body’s roll angle as the control target and its roll torque was generated
by the wheel drive torque difference, so it is no longer necessary to design a separate
suspension actuator. A joint control system for roll stability and yaw stability is designed
in literature [20]. The controller considered the coupling effect of yaw rate and lateral
acceleration. The adjustment factor RI is proposed to allocate the proportion of the roll
control, which effectively improved the roll stability of the vehicle. Integrated control of the
roll, yaw and pitch of DDEV was implemented in literature [21]. It based on the algorithm
of optimal allocation of different wheel torques. The strategy did not require the analysis of
complex equations to achieve spatial stability of the vehicle. The additional roll moment
force of DDEV is analyzed in literature [22]. It is generated by the driving/braking torque.
The in-wheel motor drive itself has the ability to self-adjust the body posture, it is found.

It should be noted that different driving torque could realize the control of the rolling
moment. Its effect is similar to the active suspension. But the roll and yaw of the vehicle
will affect each other to exacerbate the instability of the vehicle. In this paper, the anti-roll
control strategy for decoupling control of roll and yaw is proposed. For the roll torque
generated by the centrifugal force due to excessive lateral acceleration and centrifugal force,
an anti-rollover control strategy for differential braking is proposed.

Section 2 analyzes the generating mechanism of the DDEV roll moment. Section 3.1
discusses the rolling stability control based on active distribution of wheel driving torques.
The change of wheel driving torque will affect both the vehicle’s roll stability and yaw
stability, so the anti-roll control strategy for decoupling control of roll motion and yaw mo-
tion is proposed, which is the main contribution of this work. Aiming at the maneuvering
rollover caused by excessive roll acceleration, an anti-rollover control strategy based on
differential braking is proposed, which is in Section 3.2. Section 4 shows the behavior of
the control system in a simulation environment.

2. Generating Mechanism of the Rolling Moment of DDEV
2.1. Rolling Moment of DDEV

The vehicles’ rolling moment is mainly composed of three parts. The first term
represents the rolling moment caused by the centrifugal force of the sprung mass. The
second term is caused by the deviation of the spring center of gravity The third term is
produced by the force of the suspension on the body [23].
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DDEV also produces the above three kinds of rolling moments when turning. The
interaction between the vehicle body and the suspension has a great impact for the rolling
moment. After introducing the in-wheel motor, the ground driving force and the reaction
torque of the motor are transmitted to the body through the wheels and suspension, thereby
generating additional “vertical force”, as shown in Figure 1. In the case that the lateral
acceleration is not large, the value of the roll moment generated by this “vertical force” is
sufficiently large compared to the rolling moment due to lateral acceleration. The additional
rolling moment will have a greater impact on the roll attitude of the vehicle body. The roll
motion equation of the DDEV is expressed as

Ix
..
φ = mshsay + mshsg sin φ− (Kφφ + Cφ

.
φ)− ∆MX (1)

where Ix is the rotational inertia of the vehicle around the x axis; ϕ is vehicle roll angle; ms is
vehicle sprung mass; hs is the distance from the center of the sprung mass to the roll center
of the car; ay is lateral acceleration at the center of mass; g is gravitational acceleration; Kϕ

is the equivalent roll stiffness of the vehicle; Cϕ is equivalent roll damping of automobile
and ∆MX is additional roll moment.
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Figure 1. The diagram of additional vertical force.

2.2. Analysis of the Rolling Effect for the Additional Vertical Force of DDEV

Taking the vehicle turning left as an example, the transmission process of the additional
vertical force in the longitudinal plane and the lateral plane of the vehicle is analyzed
separately. The following assumptions are made:

(1) The left and right sides of the vehicle are symmetrical, and the front wheel angle δ
is not large, that is, cosδ ≈ 1, sinδ ≈ 1;

(2) McPherson suspension is used for front and rear suspension;
(3) The loss is ignored during force or torque transmission.
In the longitudinal plane of the vehicle, the left suspension is used as a force body, the

force is shown in Figure 2.
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At the center of the front left wheel Of, the force balance equation and the moment
balance equation can be obtained as{

Fx1 cos δ + PL1 cos θ1 − PL2 cos θ2 = 0
T1 cos δ− PL1z1/cos θ1 − PL2z2/cos θ2 = 0

(2)

where, Fx1 and T1 represent the ground driving force and motor torque transmitted from
the front wheel to the vehicle body via the suspension; PLi (i = 1, 2) is the force exerted by
the left body on the front suspensions; zi (i = 1, 2) and θi (i = 1, 2) are the corresponding
distance and angle in the Figure 2.

According to Equation (1), PL1, PLi
′

and PL2, PLi
′

can be expressed asPL1
′ = PL1 = T1 cos δ cos θ1 cos2 θ2−Fx1 cos δ cos θ1z2

z1 cos2 θ2+z2 cos2 θ1

PL2
′ = PL2 = T1 cos δ cos2 θ1 cos θ2+Fx1 cos δ cos θ2z1

z1 cos2 θ2+z2 cos2 θ1

(3)

where, PLi (i = 1, 2) and PLi
′

(i = 1, 2) are acting force and reaction force; PLi
′

(i = 1, 2) is the
force exerted by the front suspensions on the left body.

Then the vertical force of the left front wheel transmitted to the body through the
suspension in the longitudinal plane can be described as

FZ1 = PL1
′ sin θ1 + PL2

′ sin θ2 (4)

The roll moment generated by the left front wheel via the suspension in the longitudi-
nal plane can be described as

MX1 =
1
2

BFZ1 = Fx1
B cos δ[sin θ1 cos θ1(rcos2θ2 − z2) + sin θ2 cos θ2(rcos2θ1 + z1)]

2(z2 cos2 θ1 + z1 cos2 θ2)
(5)

where r is the wheel rolling radius; B is track width.
The Equation (5) can be abbreviated as

MX1 = K1 Fx1 (6)

where K1 = B cos δ[sin θ1 cos θ1(rcos2θ2−z2)+sin θ2 cos θ2(rcos2θ1+z1)]
2(z2 cos2 θ1+z1 cos2 θ2)

Similarly, the roll moment gen-
erated by wheel via the suspension in the longitudinal plane can be described as

MX1 = K1Fx1
MX2 = K2Fx2
MX3 = K3Fx3
MX4 = K4Fx4

(7)

where MX1 is the roll moment the left front wheel; MX2 is the roll moment of the left rear
wheel; MX2 is the roll moment of the right front wheel; MX4 is the roll moment of the right
rear wheel; Ki (i = 1, 2, 3, 4) is the corresponding coefficient.

The force of lateral plane is shown in Figure 3.
At the connection point of the inner suspension kingpin, there is{

Fx1 sin δ + Pi1 cos θi1 − Pi2 cos θi2 = 0
T1 sin δ− Pi1zi1/cos θi1 − Pi2zi2/cos θi2 = 0

(8)

where Pi1 and Pi2 represent the force exerted by the vehicle body on the inner side of the
front suspension; zi1 and zi2 are the corresponding distance; θi1 and θi2 are the correspond-
ing angle.
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Pi1, Pi1
′

and, Pi2, Pi2
′

can be expressed asPi1
′ = Pi1 = T1 sin δ cos θi1 cos2 θi2−Fx1 sin δ cos θi1zi2

zi1 cos2 θi2+zi2 cos2 θi1

Pi2
′ = Pi2 = T1 sin δ cos2 θi1 cos θi2+Fx1 sin δ cos θi2zi1

zi1 cos2 θi2+zi2 cos2 θi1

(9)

where, Pij (j = 1, 2) and Pij (i = 1, 2) are a pair of acting force and reaction force, and
Pij (i = 1, 2) are the force exerted by the front-inner suspension on the vehicle body.
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Then the vertical force transmitted by the front inner wheel to the body through the
suspension in the transverse plane can be expressed as

FZi = Pi1
′ sin θi1 + Pi2

′ sin θi2 (10)

And the roll moment generated by the front-inner wheel via the suspension in the
transverse plane to the vehicle body is stated as

MXi = −(Pi1
′ sin θi1 + Pi2

′ sin θi2) · lin (11)

where, lin is the distance from the roll center to the instantaneous center of roll motion on
the inside of the front suspension.

Similarly, the roll moment generated by the front-outer wheel via the suspension is
stated as

MXo = −(Po1
′ sin θo1 + Po2

′ sin θo2) · lout (12)

where Po1
′

and Po2
′

represent the force exerted by the front-outer suspension on the vehicle
body, lout is the distance from the roll center to the instantaneous center of roll motion on
the outside of the front suspension, θo1 and θo2 are the corresponding angle.

According to the method of solving Equation (6), we can get{
MXi = K5Fx1
MXo = K6Fx2

(13)

where K5 and K6 are the coefficient term of the roll moment generated by the front-inner
wheel and front-outer wheel.

Conclusively, the roll moment acting on the body of the DDEV can be changed by
controlling the magnitude of the driving torque of the motor, so as to achieve the function
of adjusting the body posture.

Based on the above analysis, it is plain that the roll posture control of the DDEV during
cornering can be achieved by actively adjusting the size of the wheel driving torque.
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3. Roll Stability Control Algorithm
3.1. Yaw and Roll Decoupling Control Algorithm

When the lateral acceleration is not large, the rolling effect of the vehicle body can be
controlled by the wheel torque. However, the size of the wheel driving torque also directly
affects the yaw moment of the vehicle, which affects the yaw stability. The distribution
of the driving torque of each DDEV wheel must be comprehensive consideration of the
vehicle’s yaw stability and roll stability.

3.1.1. Yaw Stability Control

The linear two-degree-of-freedom vehicle can explain the vehicle’s handling char-
acteristics. The ideal side angle of mass center and ideal yaw rate of the vehicle can be
expressed as

βd =
b + mav2

x/kr · L
L · (1 + Kv2

x)
· δ (14)

ωrd =
vx/L

1 + K · v2
x
· δ (15)

where, b is distance from center of mass to rear axle, a is distance from center of mass to
front axle, m is the vehicle quality, vx is the vehicle’s longitudinal speed, kr is the cornering
stiffness of the rear wheel, kf is the cornering stiffness of the front wheel, L is the vehicle
wheelbase and K is the stability factor, K = m

L2 (
a
kr
− b

kf
).

However, the vehicle will not be always in the small-angle operation. When the tire
model is in the nonlinear region, the steady-state response value of the two-degree-of-
freedom vehicle model is not suitable for the ideal value. It should be replaced by the
limit value. The size of the limit is constrained by the road surface adhesion coefficient
µ. Considering these factors, the ideal yaw angular velocity and the ideal centroid lateral
declination angle can be expressed as

|ω| = min{|ωrd| , |ωrmax|} · sign(δ) (16)

|β| = min{|βrd| , |βrmax|} · sign(δ) (17)

where ωrmax = µg
vx

and βrmax = tan−1(0.02µg).
The state space equation of the linear two-degree-of-freedom vehicle model take the

ideal yaw rate ωrd and ideal side slip angle βd as state variables described as[ .
βd.

ωrd

]
= A ·

[
βd
ωrd

]
+ B · (δ) (18)

where A =

[ kf+kr
mvx

akf−bkr
mv2

x
− 1

akf−bkr
Iz

a2kf+b2kr
Izvx

]
, B =

[
− kf

mvx
− akf

Iz

]T
, and Iz is the moment of inertia of

the vehicle around the Z axis.
The yaw instability of the vehicle mostly occurs in the non-linear region of the tire. At

this time, the lateral force of the tire is gradually saturated, and the vehicle begins to appear
side slip phenomenon, which deviates from the driver’s desired trajectory. At this time, the
vehicle can be actively compensated for an additional direct yaw moment ∆Mz to make
the vehicles’ yaw rate ωr and side slip angle β re-track the change of the ideal value. The
relationship between the vehicle’s steering characteristics and the compensated additional
yaw moment is shown in Table 1.
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Table 1. Relationship between vehicle steering and additional yaw moment.

Steering Condition Yaw Velocity Additional Yaw Moment

left understeer ωr > 0 ∆Mz > 0
left oversteer ωr > 0 ∆Mz < 0

light understeer ωr < 0 ∆Mz < 0
light oversteer ωr < 0 ∆Mz > 0

With the actual yaw velocity ωr and the actual side slip angle β as state variables, the
equation of state of automobile motion described as[ .

β
.

ωr

]
= A ·

[
β

ωr

]
+ B · (δ) + B1 · ∆MZ (19)

where, ∆Mz is additional direct yaw moment, and B1 = [0 1/Iz]T.
Subtract (19) from (18), we can get the following Equation[

∆
.
β

∆
.

ωr

]
= A ·

[
∆β

∆ωr

]
+ B1 · ∆Mz (20)

where ∆β is the difference between the actual side slip angle and the ideal side slip angle;
∆ωr is the difference between the actual yaw velocity and the ideal yaw velocity.

Equation (20) describes the dynamic relationship between the direct yaw moment and
the yaw velocity deviation and the side slip angle deviation. So the optimal direct yaw
moment [24–26] can be determined by LQR control theory as

∆MZ = −Kx(t) = −k1∆β(t)− k2∆ωr(t) (21)

where K is the feedback matrix, and K = [k1 k2]T.

3.1.2. Roll Stability Control

Aiming at the roll phenomenon of the vehicle body, an active control strategy is
applied to improve the roll attitude of the vehicle when cornering. Based on the sliding
mode variable structure control theory, this paper implements the design of the roll stability
controller. It can be seen from the three-degree-of-freedom vehicle model of DDEV that its
roll motion equation is as follows

Ix
..
φ = mshs(

.
vy + vxωr) + mshsg sin φ− (Kφφ + Cφ

.
φ)− ∆MX (22)

where vy is the vehicle lateral speed.
When the body has a serious roll instability phenomenon, according to the Equation (22),

the vehicle can be compensated with an anti-roll moment ∆MX to recover the roll stability.
In order to reduce the roll angle and roll velocity, the sliding mode surface can be

defined as
s =

.
e + ξe (23)

where, ξ is the weight coefficient between the roll angle and roll angular velocity; e is the
error of roll angle.

Derivation of Equation (23) can be obtained

.
s =

..
φ + ξ

.
φ (24)

The additional rolling moment is expressed as

∆MX = mshs(
.
vy + vxωr) + (ξ Ix − Cφ)

.
φ + (mshsg sin φ− Kφ)φ + ηsat(s) (25)
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where sat(s) is the saturation function; η is the switching gain.

3.1.3. Torque Distribution Strategy for Decoupling Control

Assuming that the vehicle is in an unstable state, the yaw moment to be compensated
is ∆Mz, and the roll moment to be compensated is ∆Mx, and the yaw moment and roll
moment that can be compensated by adjusting the driving torque of each wheel are shown
in Table 2 respectively.

Table 2. Compensating roll and yaw moment for 4 wheels.

Wheel Compensated Roll Moment Compensated Yaw Moment

front left wheel torque ∆MX1 ∆MZ1
rear left wheel torque ∆MX3 ∆MZ3

front right wheel torque ∆MX2 ∆MZ2
rear right wheel torque ∆MX4 ∆MZ4

The distribution of the roll moment is as follows{
∆MX1 + ∆MX3 = ∆MX/2
∆MX2 + ∆MX4 = ∆MX/2

(26)

The distribution of the yaw moment is as follows{
∆MZ1 + ∆MZ3 = ∆MZ/2
∆MZ2 + ∆MZ4 = ∆MZ/2

(27)

Suppose that the increment of driving force applied to each wheel is as follows
∆MX1 = K1∆Fx1 + K5∆Fx1
∆MX2 = K2∆Fx2 + K6∆Fx6
∆MX3 = K3∆Fx3
∆MX4 = K4∆Fx4

(28)


∆MZ1 = − 1

2 B∆Fx1 cos δ + ∆Fx1 sin δ · a
∆MZ2 = 1

2 B∆Fx2 cos δ + ∆Fx2 sin δ · a
∆MZ3 = − 1

2 B∆Fx3
∆MZ4 = 1

2 B∆Fx4

(29)

According to Equations (26)–(29), the driving force distribution strategy of the inner
and outer wheels can be solved as in the following.

Inside wheels:{
K1∆Fx1 + K5∆Fx1 + K3∆Fx3 = ∆MX/2
− 1

2 B∆Fx1 cos δ + ∆Fx1 sin δ · a− 1
2 B∆Fx3 = ∆MZ/2

(30)

Outer wheels:{
K2∆Fx2 + K6∆Fx2 + K4∆Fx4 = ∆MX/2
1
2 B∆Fx2 cos δ + ∆Fx2 sin δ · a + 1

2 B∆Fx4 = ∆MZ/2
(31)

Rewrite equation (30) and equation (31) into the following matrix form:

Ax = B (32)



World Electr. Veh. J. 2022, 13, 210 9 of 20

where, K = [∆Fx1 ∆Fx2 ∆Fx3 ∆Fx4]T

A =


K1 + K5 0 K3 0

− 1
2 B cos δ + sin δ · a 0 − 1

2 B 0
0 K2 + K6 0 K4
0 1

2 B cos δ + sin δ · a 0 1
2 B

,

B =
[
∆MX/2 ∆MZ/2 ∆MX/2 ∆MZ/2

]T.
Considering the limitation of motor power and pavement condition, ∆Fxi should meet

the limits as following: {
|∆Fxi · r| ≤ Tmax
|∆Fxi · r| ≤ µmg

(33)

where ∆Fxi is the increment of each driving force. r is the radius of the wheel; Tmax is the
maximum driving moment of the motor; µ is the road adhesion coefficient.

And the increment of each wheel drive torque can be expressed as following:
∆T1 = ∆Fx1 · r
∆T2 = ∆Fx2 · r
∆T3 = ∆Fx3 · r
∆T4 = ∆Fx4 · r

(34)

Finally, the decoupling control of the roll stability and yaw stability of the DDEV can
be achieved by distributing the increment of the driving torque of each wheel.

3.2. Anti-Rollover Control Algorithm Based on Differential Brake

On a good level road with high adhesion coefficient, the lateral acceleration of the
vehicle can reach more than 0.8 g when turning. At the same time, the centrifugal force of
the vehicle is large enough, which is likely to cause rollover. Although DDEV can control
the vehicle’s roll attitude by controlling the driving force, it is difficult to avoid the vehicle
rollover phenomenon only by controlling the driving force in an emergency situation of
high-speed sharp turns. Applying brake control and reducing the speed are often the safest
control strategy.

As shown in Figure 4, the brake control is applied to the target wheels by differential
braking. The fuzzy controller outputs the compensated yaw moment, and the torque
distribution controller outputs the braking pressure applied on the front outer wheel.
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The vehicle’s longitudinal speed will obviously change after performing differential
brake control. At the time, the vehicle model should be extended from three-degree-of-
freedom vehicle model to four-degree-of-freedom vehicle model, and the equation of
motion is 

m
.
vx = Fb

may = Fyf + Fyr
Iz

.
ωr = aFyf − bFyr + ∆MZ

Ix
..
φ = mshsay + mshsg sin φ− Kφφ− Cφ

.
φ

(35)

where Fb represents the braking force exerted on the front outer wheel, ay is the vehicle
lateral acceleration, Fyf and Fyr are the side force of vehicle front and rear wheels, ∆MZ
represents the compensated additional yaw moment.
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We can get from Equation (35) that the essence of differential braking control is
applying a braking force to the front outer wheel to make the vehicle generate an additional
yaw moment. The longitudinal speed and yaw rate will be improved. Obviously, the
correctness of the additional yaw moment is directly related to the quality of the control
effect. ∆MZ will be calculated by fuzzy control algorithm.

3.2.1. Evaluation Index of Vehicle Rollover

LTR is used as the evaluation index of vehicle rollover [15]. The definition of LTR is

LTR =
(Fz1 + Fz3)− (Fz2 + Fz4)

Fz1 + Fz2 + Fz3 + Fz4
(36)

where Fz1, Fz2, Fz3 and Fz4 are the vertical load of each driving wheel.
When LTR = 0, it means that the vertical load on the left and right sides of the vehicle

is equal, and there is no roll phenomenon;
When LTR = 1, it means that the vertical load of the right wheel is just 0, and the

vehicle has a tendency to turn to the left;
When LTR = −1, it means that the vertical load of the left wheel is just 0, and the

vehicle has a tendency to turn to the right.
The value of the lateral load transfer rate LTR should be as close to 0 as possible. In

order to prevent the vehicle from entering a rollover state, LTR should be satisfied that
|LTR| ≤ 1. In general, |LTR| = 0.8 is taken as the critical state of automobile rollover
to ensure the safety of the vehicle and prevent the negative impact of excessive lateral
load transfer.

3.2.2. Fuzzy Control Algorithm

Fuzzy control is a control method based on fuzzy mathematics. Its great advantage is
that it does not require accurate mathematical models. A series of variables describing the
driving state of the vehicle such as the yaw rate, the side angle, the roll angle and the lateral
acceleration are difficult to express with a precise mathematical equation. At this time,
the concept of fuzzy mathematics can be used to deal with similar control problems. The
fuzzy controller outputs the compensated yaw moment ∆MZ who is entered into torque
distribution controller. The torque distribution controller outputs the braking pressure
applied on the front outer wheel.

And the fuzzy rules in this paper are listed in Table 3.

Table 3. Fuzzy control rule table.

∆MZ
e

NB NM NS ZO PS PM PB

ec

PB ZO ZO NW NS NM NB NB

PS PM PS ZO NW NS NB NB

ZO PB PM PW ZO NW NM NB

NS PB PB PS PW ZO NS NM

NB PB PB PM PS PW ZO ZO

3.2.3. Distribution Strategy of Yaw Moment

Taking the vehicle turning left as an example to illustrate the distribution strategy
of compensated yaw moment ∆MZ. When the vehicle is in danger of rollover, a braking
torque will be applied to the right front wheel of the vehicle separately. The relationship
between compensated yaw moment and braking force is

Fb(
B
2

cos δ + a sin δ) = ∆MZ (37)
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The kinematic equation of the right front wheel during braking is as follows

Iw
.

ω = Tb − Fbr (38)

where Iw is the rotating inertia of front outer wheel; ω is the angular velocity of the wheel;
Tb is the vehicle braking torque.

The mathematical expressions of braking torque and wheel cylinder pressure of the
braking system are as following:

Tb = S · P (39)

where P is the braking pressure; S is the braking efficiency coefficient.
The relationship between the yaw moment and brake pressure can be obtained from

Equations (37)–(39) as following:

P =
1
S
(

2 · r · ∆MZ
B cos δ + 2a sin δ

+ Iw
.

ω) (40)

As long as the braking pressure of the size P is applied to the front outer wheels, the
vehicle can generate an additional yaw moment according to the Equation (40), so that the
DDEV can achieve the effect of anti-rollover control.

4. Simulation and Verification
4.1. Vehicle Model

The 18 DOF vehicle model established in literature [27] is used in this paper. 6
freedoms of vehicle body, 4 vertical freedoms for suspension, 4 rotary motion freedoms
and 4 vertical freedoms of wheels are included. The main simulation parameters of the
vehicle model are shown in Table 4.

Table 4. Main parameters of vehicle model.

Parameters Value

Vehicle mass
sprung mass

un-sprung mass

1380
900
480

Distance from center of mass to front axle 1.05
Distance from center of mass to rear axle 1.57

front wheel tread 1.4
rear wheel tread 1.4

height of centroid 0.6
Tire diameter load radius 0.33

tire type 255/75 R16

The Magic-Formula tire model is used as the tire model. The brushless DC motor
is selected as the driving motor of the vehicle. Since the research is focused on the roll
stability of the vehicle, the motor torque control can be simplified into the transfer function
model of the actual electromagnetic torque Tm to the target electromagnetic torque Tm

*.
The transfer function is

G(s) =
Tm(s)
T∗m(s)

=
1

2ζ2s2 + 2ζs + 1
(41)

where ξ is determined by motor characteristics, it can be obtained by fitting test results.

4.2. Simulation Verification of Yaw and Roll Decoupling Control Algorithm
4.2.1. Angular Step Input Condition

At speed of 60 km/h input the steering wheel angle which set to 50◦, and the road
surface adhesion coefficient is set to 0.25. The simulation results are shown in Figure 5.
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Figure 5. Simulation results of angular step input condition. (a) Steering wheel angle. (b) Vehicle
track. (c) Yaw velocity. (d) Side slip angle. (e) Lateral acceleration. (f) Roll angle.

Figure 5b shows the change of the trajectory of the vehicle before and after the control.
There is no obvious difference between the two curves, indicating that the vehicle is not
completely unstable; Figure 5c,d show the yaw rate and the side slip angle of the vehicle
respectively. After the control strategy is applied, the vehicle’s yaw rate and side slip
angle can ideally track the change of the ideal value. When the control strategy is not
applied, both the yaw rate and side slip angle of show large fluctuations. It indicates that
the vehicle has not completely destabilized. The controller can control the vehicle’s lateral
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well under this condition showed by Figure 5e,f. It can be seen that the roll angle of the
vehicle is reduced by about 80% after the control is applied, and the lateral acceleration is
also suppressed to a certain extent. In summary, the roll and yaw decoupling controller
designed in this paper can gradually stabilize the vehicle that is not completely unstable
under the angular step condition.

4.2.2. Sine Input Condition

Sine input condition at the speed of 60 km/h. The road surface adhesion coefficient is
0.20. The simulation results are shown in Figure 6.
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Figure 6. Simulation results of sine input condition. (a) Steering wheel angle. (b) Vehicle track.
(c) Yaw velocity. (d) Side slip angle. (e) Lateral acceleration. (f) Roll angle.
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Figure 6b shows the driving trajectory curve of the vehicle. Without the control strategy
the vehicle has been off tracking; Figure 6c,d show the yaw rate and side slip angle of the
vehicle. Both of them have been better corrected with control. It indicates that the vehicle’s
yaw stability has been improved. Figure 6e,f show the changes of the vehicle’s lateral
acceleration and roll angle. It can be seen both of them have been significantly reduced.

4.2.3. Fish Hook Test Condition

Fish hook test condition at the speed of 60 km/h. Let the vehicle turn left sharply for
160◦ at 10 s, and then quickly turn right for 320◦. The road surface adhesion coefficient is
0.20. The simulation results are shown in Figure 7.
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Figure 7. Simulation results of fish hook test condition. (a) Steering wheel angle. (b) Vehicle track.
(c) Yaw rate. (d) Side slip angle. (e) Lateral acceleration. (f) Roll angle.
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Figure 7c,d show the curves of the vehicle’s yaw rate and side slip angle. It can be seen
that the vehicle is not seriously stability at this time, and the control strategy of the vehicle’s
yaw rate is ideal to track the expected value changes while there is a large deviation in
the yaw rate and side slip angle without control. Figure 7e,f show the curves of the lateral
acceleration and roll angle of the vehicle. After the control strategy is applied, both of them
have been better corrected, indicating that the roll yaw control strategy designed in this
paper is feasible.

4.3. Simulation Verification of Anti-Rollover Control Algorithm

High-speed sharp turning will cause the vehicle to roll over. Therefore, J-Turn condi-
tion and fish hook condition are used as test conditions for simulation verification.

4.3.1. J-Turn Condition

Let the vehicle turn left sharply for 120◦ at the speed of 80 km/h. It make the vehicle
enter the J-turn condition. The road surface adhesion coefficient is 0.85. The simulation
results are shown in Figure 8.

It can be seen from Figure 8a,b the LTR value of the vehicle that will reach 0.8 at
about 9.5 s and about 1 at 13 s without control. It indicates that the vehicle has already
experienced serious roll. At about 17.5 s, the vehicle rolls over. But the LTR value does not
fluctuate significantly with control. It keep stable at around 0.8 at 13 s and then remains
stable. The vehicle does not roll over. The lateral acceleration reaches 0.78 g at 10 s without
control in Figure 8c. Such a large lateral acceleration will inevitably cause the vehicle
to generate a greater centrifugal force. At 17.5 s, the curve disappears. It indicates that
the vehicle has roll over. The lateral acceleration is significantly reduced and remains
stable with control. Figure 8d is the roll angle curve of the vehicle. It can be intuitively
judged from the change of the vehicle’s roll angle that the body’s roll attitude has been
significantly suppressed. The controlled roll angle will stabilize at 4.5◦ after entering the
J-turn, while the uncontrolled vehicle roll angle will continue to increase until vehicle roll
over. Figure 8e,f are the changes of the vertical load of the four wheels before and after
the control. The vertical load of uncontrolled vehicle wheels fluctuates greatly, and the
vertical load of the left wheel decreases rapidly after entering a turn. The vertical load of
the left rear wheel even drops to 0 which indicates the left rear wheel left the ground. After
about 17 s, the vehicle rolls over and all four curves disappear, and the vertical load of the
right wheel of the vehicle is significantly reduced with control, especially the peak load of
the right front wheel has dropped to about 9000 N. In summary, the anti-rollover control
strategy applied to DDEV in this paper is basically effective and feasible under the J-turn
operating condition.
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Figure 8. Simulation results of J-turn condition. (a) Steering wheel angle. (b) LTR. (c) Lateral
acceleration. (d) Roll angle. (e) Wheel vertical load before control. (f) Wheel vertical load after control.

4.3.2. Fish Hook Test Condition

Fish hook input at the speed of 80 km/h. The road surface adhesion coefficient is 0.85.
The simulation results are shown in Figure 9.
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Figure 9. Simulation results of fish hook test condition. (a) Steering wheel angle. (b) LTR. (c) Lateral
acceleration. (d) Roll angle. (e) Wheel vertical load before control. (f) Wheel vertical load after control.

Figure 9b shows that the LTR value fluctuates greatly without control. With control
the LTR decreases by about 20%, and the curve changes smoothly and stabilizes at 0.8 s. It
can be seen from Figure 9c the peak value of lateral acceleration drops from 0.8 g to 0.5 g
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with control, and the vehicle no longer rolls over. The lateral acceleration finally stabilizes
at 0.55 g. Figure 9d shows the curve of the roll angle of the vehicle. The roll angle continues
to increase until the vehicle rolls over without control. The peak value of the roll angle
decreases significantly with control. The roll angle at the 20 s still stable at 4.5◦. It indicates
that the vehicle did not roll over at this time. Figure 9e,f show the changes of the vertical
load of the four wheels before and after the control. The vertical load no longer fluctuates
greatly with control Moreover, after the vehicle enters a right turn, the peak value of the
inner wheel increases, and there is no 0 value. The vertical load of the outer wheel also
decreases from 11,000 N at the maximum peak to 9000 N. The vehicle can maintain stable
driving without rollover phenomenon.

Therefore the simulation results show that the differential braking anti-rollover control
strategy proposed for DDEV in this paper can effectively prevent the vehicle from rolling
over under high-speed sharp turns.

5. Conclusions

(1) Active distribution of wheel drive torque will affect both the roll and yaw move-
ments of the vehicle, a decoupling control strategy for roll and yaw is proposed. The yaw
stability controller and the roll stability controller are designed based on the LQR control
theory and the sliding mode control theory. The control strategy of the compensated yaw
and roll moment is evenly distributed in the left and right wheels.

(2) For maneuvering rollover caused by excessive lateral acceleration, an anti-rollover
control strategy based on differential braking is designed. The vehicle generates a reverse
yaw moment to achieve the control effect of reducing vehicle speed and changing steering
characteristics by separately applying a braking torque to the front outer wheel. The lateral
load transfer rate is used as the main evaluation index to simulate the typical working
conditions. It shows that the differential braking anti-rollover control strategy proposed for
DDEV is effective.
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Nomenclature

Symbol

Ix (kg·m2)
φ (deg)

rotational inertia of the vehicle around the x axis
vehicle roll angle

ms (kg) vehicle sprung mass
hs (m) distance from the center of the sprung mass to the roll center of the car
b (m) distance from center of mass to rear axle
a (m) distance from center of mass to front axle
m (kg) vehicle mass
vy (km/h) vehicle lateral speed
vx (km/h) vehicle longitudinal speed
ay (m/s2) vehicle lateral acceleration
ω (rad/s) angular velocity of the wheel
kr, kf (N/rad) cornering stiffness of the rear and front wheel
L (m) vehicle wheelbase
r (m) wheel rolling radius
B (m) track width
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δ (deg) front wheel angle
K stability factor
gy (m/s2) gravitational acceleration
Fyf, Fyr (N) side force of vehicle front and rear wheels
Kφ (N/rad) equivalent roll stiffness of the car
Cφ (N/(km/h)) equivalent roll damping of automobile
∆MX (N·m) additional roll moment.
Fx1 (N) ground driving force

T1 (N·m)
motor torque transmitted from the front wheel to the vehicle body via the
suspension

PLi (i = 1, 2, 3, 4) (N) force exerted by the left body on the front suspensions
PLi (i = 1, 2, 3, 4) (N) force exerted by the front suspensions on the left body
Pij (j = 1, 2) (N) force exerted by the car body on the side of the front-inner suspension
Pij (j = 1, 2) (N) force exerted by the front-inner suspension on the car body
Poi

′
(j = 1, 2) (N) force exerted by the front-outer suspension on the car body

Ki (i = 1, 2, 3, 4, 5, 6) the corresponding coefficient of the roll moment
zi (i = 1, 2, 3, 4) (m)
zij (j = 1, 2) (m)
lout, lin (m)

the corresponding distance

θi (i = 1, 2, 3, 4) (rad)
θij (j = 1, 2) (rad)
θoi (i = 1, 2) (rad)

the corresponding angle

MXj (j = 1, 2, 3, 4)
(N·m)

roll moment generated by the suspension to the vehicle body

MXi, MXo (N·m) roll moment generated by the front wheel via the suspension
ωr (dge/s) vehicle yaw rate
ωrd (dge/s) ideal yaw rate
ωrmax (dge/s) the maximum values of yaw rate
βd (dge) ideal side slip angle
βrmax (dge) the maximum values of side slip angle
ξ weight coefficient between the roll angle and roll angular velocity
e (dge) the error of roll angle
η switching gain
µ road adhesion coefficient
sat (s) the saturation function
∆Fxi (i = 1, 2, 3, 4)
(N)

increment of each driving force

∆Ti (i = 1, 2, 3, 4) wheels drive torque
Tmax (N·m) maximum driving moment of the motor
Fb (N) braking force exerted on the front outer wheel
Iw (kg·m2) rotating inertia of front outer wheel
Tb (N·m) vehicle braking torque.
Fzi (i = 1, 2, 3, 4) (N) wheels vertical load
P braking pressure
S braking efficiency coefficient.
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