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To improve the antiroll ability of the vehicle, considering the coupling characteristics of vehicle dynamics and tire force, this paper
proposes a vehicle active antiroll strategy based on an electronic stability program and semiactive suspension (ESP-SAS) co-
ordinated control. According to the motion characteristics of the electronic stability program (ESP) and semiactive suspension
(SAS), the fuzzy controller based on the ESP module and the proportion integration differentiation (PID) controller based on the
SAS module are designed, respectively. Through the adjustment of ESP yaw moment and the timely matching of SAS damping
force, the antiroll performance of the vehicle is optimized. At the same time, due to the coupling characteristics between the two, a
coordinated controller is designed to minimize the transfer of tire dynamic load. The proposed strategy is simulated and verified
by Fishhook test conditions. As is shown from the results, with a good effect on the control of vehicle roll risk, the proposed
coordinated control strategy can not only effectively reduce the body roll angle but also improve the operation stability of

the vehicle.

1. Introduction

As the development of society facilitates people’s traveling
demand, the consumption of the automobile market is on
the rise, and the incidence of traffic accidents is rising ac-
cordingly, which puts a serious menace to people’s life and
property [1, 2]. A vehicle rollover is a common traffic ac-
cident. Although rollover accounts for a low proportion of
the entire traffic accident, the probability of serious injury
and death of the occupant in the accident is high. Therefore,
it is necessary to further study the vehicle rollover problem
[3-5].

In recent years, many scholars and automobile manu-
facturers at home and abroad have conducted extensive
research to improve the antiroll ability of vehicles. Refer-
ences [6, 7] adopted the yaw-roll joint control model based
on the Takagi-Sugeno (T-S) method and carried out the
improved sliding mode control of active yaw moment and
roll moment in the nonlinear working domain. This is to
realize joint control of tilt motion from the yaw side of the

cargo vehicle. References [8, 9] proposed an optimal robust
control strategy using the linear matrix inequality method
for coupling vehicle lateral, yaw, and roll dynamics to gain
yaw and roll stability. The yaw stabilization and rollover
prevention functions are realized with the active suspension
system. A state feedback fuzzy distributed controller is
designed by Reference [10], which focuses on the solution of
vehicle steering nonlinearity and actuator saturation in the
limit state. Experiments show that the control of the non-
linear steering process is more accurate, the actuator ca-
pability is more fully utilized, and the control stability is
maintained under the input saturation constraint. Reference
[11] proposed a force-driven model predictive control
(MPC) path tracking control strategy based on the coor-
dination of optimal front wheel lateral force and additional
yaw moment. Reference [12] proposed a sliding mode
control (SMC) method based on an adaptive radial basis
function neural network (ARBF-NN) for vehicle headway
and optimal speed tracking, which effectively adjusted the
traffic disturbance during the whole road operation.
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Reference [13] proposed a new control strategy. By modeling
the longitudinal dynamics of the truck and the engine fuel
consumption model, the expected engine torque or expected
braking torque of the following vehicle is derived by using
the dynamic equation, and the decision of the following
vehicle on the throttle opening and wheel cylinder pressure
according to the actual situation is realized.

In addition, the controller method with suspension or
electronic stability system is used in the vehicle antiroll
solution. Aiming to deal with the rollover of mini-buses
during driving, references [14-16], respectively, estab-
lished active suspension and differential braking antiroll-
over control subsystems and proposed an integrated
antirollover control strategy to reduce the vehicle yaw rate
and body roll angle to achieve antirollover control. Ref-
erence [17] proposed a hierarchical stability control
strategy. Through model predictive control (MPC), the
vehicle stability was set as the optimization objective, and
the motor limit torque was used as the constraint condi-
tion. Finally, the simulation results show that the proposed
control strategy can improve the stability and safety of a
four-wheel independent drive electric vehicle. A distrib-
uted cooperative control structure, as References [18-21]
proposed, adjusts the roll dynamics by controlling the
damping force of the semiactive suspension and suppresses
the overshoot and oscillation of yaw rate and lateral ve-
locity. References [22-24] designed a coordination strategy
based on fuzzy logic to coordinate each subcontrol, in-
cluding active steering, active braking, and active roll
control systems. The results of the experiments indicate
that the integrated controller can successfully restore the
stability of the vehicle in critical conditions. References
[25-27] utilized an electronic stability program and
designed a fuzzy controller to control the instability of
vehicles with the Active Antiroll Bar (AARB) and carried
out simulation experiments. Not only can the integrated
control effectively control the vehicle rollover and insta-
bility, but it can also effectively improve the yaw and roll
stability of the vehicle.

Despite the considerable investigations conducted
mentioned above, none of the scholars fully considered the
coupling characteristics between the vehicle electronic sta-
bility program (ESP) module and semiactive suspension
(SAS) module. Therefore, this paper proposes an ESP-SAS
system based on coordinated control, which improves the
roll stability of the vehicle through the adjustment of yaw
moment and the real-time matching of suspension force.
Specifically, the yaw moment and antiroll moment required
for vehicle antiroll are generated by the ESP module and SAS
module, respectively, and the coordinated controller is
designed to deal with the torque loss caused by the simul-
taneous operation of the two systems. Finally, the roll risk of
the vehicle is evaluated by calculating the lateral load transfer
rate online.

With a sport utility vehicle (SUV) is taken as the research
object, of which the parameters are shown in Table 1. Based
on the in-depth investigation of vehicle roll stability, the
coordinated control of ESP and SAS is studied. The intro-
duction of this paper is arranged as follows. Section 1
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TaBLE 1: Vehicle parameters.

Vehicle parameters Value Unit
m, 1341 kg
I, 1536.7 kg - m?
l f 1.015 m

I 1.895 m

k ¢ 23580 N/rad
k 21300 N/rad

establishes a three-degree-of-freedom rollover model of the
vehicle and calculates the lateral load transfer rate of the
vehicle. In Section 2, the controller of the ESP module and
SAS module are introduced. In Section 3, the design of the
coordinated controller is emphasized. In Section 4, the
Fishhook test simulation is carried out in CarSim and
Simulink and the results are discussed. Section 5 gives the
conclusion of this paper.

2. Vehicle Dynamics Model and Load
Transfer Ratio

2.1. Vehicle Dynamics Model. To investigate the vehicle roll
stability, it is assumed that the road surface is flat and the
road adhesion coefficient is known. At the same time, the
vertical motion and pitch motion of the vehicle are ignored,
and only the motion in the longitudinal, roll, and yaw di-
rections are considered. According to the joint modeling
method, a three-degree-of-freedom (3-DOF) dynamic
model of the vehicle is obtained as shown in Figure 1.

The lateral motion equation and yaw motion equation
shown in Figure 1(a) are as follows:

m(vy + vxwr) -mh, = (Fyﬂ + Fyfr)cosé +(Fyrl + Fyrr),
L, =1¢(Fyq + Fy)cos 8 = 1 (Fyy + Fypp ) + M

(1)

where m and m; are the vehicle mass and sprung mass,
respectively; v, and v, are the longitudinal velocity and
lateral velocity of the vehicle, respectively; h and h, are the
height of the center of mass of the vehicle body and the
height from the center of mass to the roll center, respectively;
0 is the front wheel angle; ¢ is the roll angle of the vehicle; w,
is the yaw rate of the vehicle body; I, is the yaw moment of
inertia; I ;, 1, are the front and rear wheelbases of the vehicle,
respectively; F,; (i = f1, fr,rl,rr) is the lateral force of the
left front wheel, the right front wheel, the left rear wheel and
the right rear wheel of the vehicle, respectively; M, is the
additional yaw moment of the vehicle.

And, the roll motion equation shown in Figure 1(b) is as
follows:

I.¢o- mshs(vy + vxw,) =mggh,sing -k, —c,9 + M,
(2)

where k, and c, are roll angle stiffness and roll angle
damping, I, is roll moment of inertia and M, is vehicle
antiroll moment.
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FIGURE 1: 3-DOFs vehicle dynamics model. (a) Lateral model. (b) Roll model.

2.2. Calculation of an LTR. Load Transfer Ratio (LTR) is
the main evaluation index of vehicle roll stability, which
can effectively describe the possibility of vehicle rollover.
It is defined as the ratio of the difference between the
vertical loads on the wheels on both sides of the vehicle to
the sum of the vertical loads on both sides, which is as
follows:
LTR = Fat Far (3)
F,-F
where F,; and F,, are the total tire loads on the left and right
sides of the vehicle, respectively.

Because the vertical load on both sides of the tire is not
easy to measure, according to the 3-DOF vehicle model
established in 1.1, the LTR formula can be expressed as
follows:

LTR = 3 (4)

2 . ..
mg [msghsgo + ms(vy + vxwr) - qu)].

From the expression of LTR, the LTR value is a variable
between 0 and 1. When LTR =0, the vertical load of the left
tire of the vehicle is equal to that of the right tire, indicating
that the vehicle is driving stably at this time. When LTR =1,
the vertical load of the left tire or the right tire of the vehicle
is 0, and one side of the wheel has completely left the ground,
which will lead to a rollover accident will occur. Considering
response time and vehicle system operation, the LTR
threshold is 0.7.

3. Design of ESP and SAS Controllers

3.1. Establishment of 2-DOF Model. The ESP controller can
improve the operating stability of the vehicle by controlling
the deviation between the actual value and the expected
value of the state variable. Owing to the simple structure of
the two-degree-of-freedom model, the greatest impact on
the lateral motion of the vehicle yaw rate and sideslip angle
variables is taken into account. Hence, this paper uses the
two-degree-of-freedom (2-DOF) model to calculate the
expected value of the vehicle motion state control quantity.
The differential equation is as follows:

. w,
m(v, +vew,) =(k; +k,)B+ " (ak; - bk,) - k5,

(5)
La, = (ak; - bk,)B + ‘:— (a*k; —bk,) - ak o,

where k. k, are equivalent cornering stiffness of the front
and rear wheels, respectively.

Considering the actual situation of vehicle driving, the
yaw rate and sideslip angle formula constraints are as
follows:

-4

rmax —

Vx

L, iy
ﬁmax _#g(g"' k L)’

w.

(6)




where y is the adhesion coefficient of the ground and g is the
acceleration of the center of gravity, L =1, +1..

Therefore, the value smaller than the absolute values of
the two is taken as the expected value, and the expected
values of the vehicle yaw rate and the sideslip angle are

Wyq = Min {Iwr|’ lwrmaXH’

(7)
ﬁrd = min {lﬁL lﬁmax'}'

3.2. Design of ESP Controllers. The vehicle ESP controller is
designed to prevent the vehicle from entering an uncon-
trollably unstable state through active control of the critical
driving state. In this paper, the method of the fuzzy con-
troller is adopted. The difference between the expected value
and the actual value of the yaw rate and the difference
between the expected value and the actual value of the
sideslip angle are taken as input, and the output is the
additional yaw moment. Under a reasonable braking control
strategy, the generated yaw moment is distributed to each
wheel. The ESP controller design is demonstrated in
Figure 2.

The language input and output variables of the designed
fuzzy subset are divided into seven fuzzy levels:

{Es E,} ={NB,NM, NS, ZO, PS, PM, PB},
{AM} ={NB,NM, NS, ZO, PS, PM, PB}.

(8)

The basic domain range of the error is set to [-6, 6].
According to the actual situation of the input and output
variables, the scale factor and the quantization factor are set,
respectively. The fuzzy control rules are shown in Table 2.

To make full use of the tire braking force and to generate
greater additional yaw moment, the additional yaw moment
control strategy of unilateral two-wheel braking is adopted
to quickly restore the vehicle from the unstable state to the
stable state. The unilateral two-wheel braking strategy is to
brake the left front wheel and the left rear wheel or the right
front wheel and the right rear wheel simultaneously
according to the insufficient steering or excessive steering of
the vehicle.

3.3. Design of SAS Controller. Because the PID controller is
easy to implement in structure and the parameters are easy
to adjust, the PID controller has been widely used in en-
gineering. Therefore, PID control is used as a SAS controller
to calculate the antiroll torque. The ideal value of the body
roll angle is set as ¢,; = 0, and the deviation between the
ideal value and the actual value of the body roll angle is taken
as the input of the PID controller. The controller block
diagram is shown in Figure 3.
The digital PID formula can be expressed as
t de(t)

u(t) = K,e(t) + K, jo ()t + K™ 2 (9)

where K, K, K5 are, respectively, expressed as a proportional
coeflicient, integral coefficient, and differential coefficient.
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The antiroll torque calculated by the PID controller
needs to be realized by suspension force. When the vehicle
rolls, the antiroll torque is distributed to the preset sus-
pension module to achieve the vehicle antiroll effect. Take
the front wheel corner left in a positive direction, the specific
allocation scheme is shown in Table 3.

4. Establishment of a Coordinated Controller

4.1. Analysis of Tire Dynamic Load. When the ESP controller
and the SAS controller work at the same time, the vertical
load of each wheel will transfer to varying degrees. When the
ESP controller works, the braking will change the vertical
load of the front axle and the rear axle of the vehicle. At this
time, the lateral force generated by the wheel deflection will
affect the lateral acceleration and the yaw moment. When
the SAS controller works, the vertical load on the left and
right sides of the vehicle will change. The wheel with in-
creased vertical load can provide greater longitudinal
braking force, while the wheel with reduced vertical load can
provide less maximum longitudinal braking force. There-
fore, when ESP and SAS system work at the same time, the
resulting yaw moment and roll torque will endure a part of
the loss.

The dynamic analysis of the vehicle in roll state is carried
out, and the vehicle tire dynamic load formula is established.
The longitudinal dynamic load is shown as follows:

AF 2l = AF 2fr

mga,h, + myhca, +myh.a,
( i )

2(1,+1,) ’
(10)
AFzrl = AFzrr
~ (msaxhs +myhga, + mwh,ax)
- 2(lf + lr) '

where h, h, is the height of the center of mass of the front
and rear axles of the vehicle from the ground, and m,,, is the
mass of the vehicle tire.

The transverse dynamic load is shown as follows:

N ((msayl,h/d) —Cop + mshfay)
Zi d >
(11)
AR - ((msaylrh/d) —Cop + mshra},).
zZr d
According to (10) and (11), the dynamic vertical load is
affected by longitudinal acceleration and lateral acceler-
ation. In this paper, consequently, a coordinated con-
troller based on longitudinal acceleration and lateral
acceleration is designed, and the compensation torque
generated by the coordinated controller is used to com-
pensate for the loss of torque caused by the simultaneous
operation of ESP and SAS systems. At this time, the total
yaw moment and roll moment generated by the entire
controller are expressed as
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TaBLE 2: ESP fuzzy logical rules.
Eg
E
“ NB NM NS Z0O PS PM PB
NB NS NS NS NM NB NB NB
NM NS NS NS NM NM NB NB
NS NS NS NS NS NM NM NB
Z0O PM PM PS Z0O NS NM NM
PS PB PM PM PM PS PS PS
PM PB PB PM PM PS PS PS
PB PB PB PB PM PS PS PS
0 M, [ Gontrolied Output 4.2. ?he Basic Prm’czple of Partzc.le.Sw'arm Opztzmzzzl.tzon
PID > ember > Algorithm. The particle swarm optimization algorithm is an
0 intelligent optimization algorithm proposed by Dr. Eberhart
and Dr. Kennedy in 1995 based on the process of birds
F1GURE 3: Diagram of the suspension controller. searching for food. The basic idea is to find the optimal
solution through information sharing and collaboration
between individuals in the group. The flow chart of the
TaBLE 3: Antiroll torque distribution scheme. Particle Swarm Optimization Algorithm (PSO) algorithm is
: R shown in Figure 5.
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5<0 Left_side Left wheel (50% each) solution value of the region around the particle and cal

Mzdes = MFuzzy + Mzc’ (12)

dees = MPID + ch’

where Mg,,,., Mppp is the yaw moment generated by the ESP
controller and the roll moment generated by the SAS
controller, and M, , M, is the yaw moment and roll mo-
ment generated by the coordinated controller.

The compensation controller designed according to the
longitudinal acceleration and lateral acceleration is as
follows:

M, =kia, +kya,, (13)
M, =kia, +ka,,

where ky, k, are the longitudinal acceleration coefficient and
lateral acceleration coefficient of the yaw moment of the
coordinated controller, and kj, k, are the longitudinal ac-
celeration coefficient and lateral acceleration of the roll
moment of the coordinated controller.

The system design diagram with the addition of the
coordination controller is exhibited in Figure 4.

culates the fitness value after the fitness function is intro-
duced. After comparison, the velocity and position in the
particle iteration process are updated. In the process of
solving, the particle swarm optimization algorithm will
produce two optimal solutions, one is the optimal solution
P, . found by the particle itself, and the other is the optimal
solution Gy, found by the group.

The velocity and position update equations for particles
are as follows:

{ VP =wv e 1’1(Pbest - xt) +ey- 1’2(Gbest - xt),

t+1 t t+1
X =X +v .

(14)

To make the vehicle recover from the rollover as soon as
possible and to avoid the vehicle instability caused by the
excessive suspension displacement induced by the extreme
distribution of vertical force, the objective function of PSO is
constructed by minimizing the variance of the vertical force
dynamic coefficient.

, I 1 &Y
m1n]=<Z;<ei—Z;ei>> , (15)
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where ¢; = F;(/F ; is the dynamic coefficient of the vertical
force of tire; F;, is the static load of each wheel when the
vehicle stops completely on the horizontal ground; F,; is the
dynamic load of vehicle.

5. Simulation and Result Analysis

To verify the effectiveness of the proposed coordinated
controller, the vehicle model and control module are
established based on Carsim and Simulink, respectively.
Through the joint simulation of Carsim and Simulink, the
simulation and result analysis are both carried out in the
Fishhook test. The vehicle model parameters taken are
shown in Table 1.

The schematic diagram of the Fishhook test condition is
shown in Figure 6. The vehicle steering wheel first turns left
270 deg and then turns right 540 deg and the vehicle op-
eration is observed. Among them, The road adhesion co-
efficient y = 0.85 of the test condition and the initial vehicle
speed v, = 80 km/h.

To observe the effect of the controller, this paper runs the
ESP controller alone (ESP-Only), the ESP controller, and the
SAS controller at the same time, but the coordinated con-
troller does not work (No-Coordinated Ctrl). The ESP con-
troller, the SAS controller, and the coordinated controller
(Coordinated Ctrl) are stimulated at the same time in the
Fishhook test condition. The yaw moment and roll moment
parameters of the coordination controller optimized by the
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Figure 7: The variation curve of LTR with time.
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Time-s

ESP-Only
No-Coordinated Ctrl
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FIGURE 8: Variation curve of roll angle with time.

PSO algorithm are k; = 8.4,k, =7.2,k; = 9.4,k, = 4.8. The
simulation results are as follows.

It can be seen from Figure 7 that at 1.8 s, only the ESP-
Only controlled test reached the critical value of LTR 0.8,
and the LTR values of the No-Coordinated Ctrl and Co-
ordinated Ctrl tests were less than 0.8; at 2.5 s, the LTR values
for both ESP-Only and No-Coordinated Ctrl experiments
reached the critical value of 0.8, with only the Coordinated
Ctrl experiment having an LTR value of less than 0.8. The
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FIGURE 9: Curve of Ay versus time.
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F1GURE 10: The curve of yaw rate with time.

result shows that in the whole Fishhook test, only the Co-
ordinated Ctrl test did not have a rollover.

Among the above figures, Figures 8-10 are the curves of
Roll angle, the lateral acceleration of the vehicle (Ay), and
the Yaw rate with time, respectively. In the following table,
Tables 1-3 are the relevant data of roll angle changing with
time, Ay changing with time, and Yaw rate changing with
time in the Fishhook test condition.

As can be seen from Figure 8 and Table 4, at 1.8 s, the roll
angle of the vehicle with the coordinated controller is 20.83%
lower than that of the vehicle without the coordinated
controller, and 37.93% lower than that of the vehicle with
ESP alone. After 3s, because the steering wheel angle of the
vehicle is fixed, the roll angle of the vehicle without coor-
dinated control is 2% higher than that of the vehicle with
ESP alone, and the roll angle of the vehicle with coordinated
control is 25% higher than that of the vehicle without the
coordinated controller.

From the curve of Figure 9 and Table 5, the Ay of the
vehicle with the coordinated controller is also improved
compared with the Ay of the vehicle without the coordinated
controller and the vehicle with ESP alone. It can be seen



TaBLE 4: Table of roll angle changing with time in Fishhook test
condition.

Times (s) 1 2 3 4 5 6
ESP-only (deg) 0.03 3.60 -394 -3.74 -3.72 -3.74

No-coordinated Ctrl 03 374 395 _375 374 _384

(deg)
Coordinated Ctrl (deg) 0.04 2.71 -2.73 -2.62 -2.54 -2.54

TaBLE 5: Table of Ay with time in Fishhook test condition.

Times (s) 1 2 3 4 5 6

ESP-only (g) 0.01 0.79 -0.94 -0.88 —0.89 -0.85
No-coordinated Ctrl (g) 0.02 0.82 -0.83 -0.93 -0.91 -0.95
Coordinated Ctrl (g) 0.02 0.87 -0.83 -0.87 -0.86 -0.84

TABLE 6: Table of yaw rate with time in Fishhook test condition.

Times (s) 1 2 3 4 5 6
ESP-only (deg/s) 0.01 30.1 -584 -57.3 -55.1 -53.9

No-coordinated Ctrl ) ye o 463 _422 _405 —38.
(deg/s)

Coordinated Ctrl (deg/s) 0.02 26.6 —28.7 -31.8 -34.9 -42.0

from Figure 10 and Table 6 that since the ESP controller is
working during the whole test condition, the yaw rate of the
vehicle in the three cases is the same before 2s. After 2.55,
the yaw rate of the vehicle with coordinated control is 50%
higher than that of the vehicle controlled by ESP alone and
25% higher than that of the vehicle without coordinated
control. Among them, the reason why the yaw rate of the
vehicle with coordinated control fluctuates between 2.5 s and
4 is that in this interval, the square plate in the direction of
the vehicle is turning right 540 deg, and the value of LTR
fluctuates.

From the above-given analysis, it can be seen that
compared with the vehicle without the coordinated con-
troller, the vehicle with the coordinated controller not only
suppresses the overshoot and oscillation of the yaw rate and
lateral acceleration but also significantly improves the roll
and yaw of the vehicle and ensures the safe driving of the
vehicle.

6. Conclusions

In this paper, the problem of improving the antiroll ability of
the vehicle is studied. The ESP controller and the SAS
controller are designed, respectively, and the coordinated
control strategy is proposed based on the analysis of the
coupling between ESP and SAS. The fuzzy control strategy
and PID control strategy are used to design ESP controllers
and SAS controllers, respectively. Simulations have been
carried out to demonstrate the effectiveness of the proposed
coordinated control system, of which the results show that
compared with the ESP controller and noncoordinated
controller, the proposed coordinated control strategy can
effectively reduce the roll angle under roll conditions and has
a good effect on vehicle roll control. However, there are also
some influences of this paper: (1) the influence of vehicle
pitch angle speed on vehicle yaw moment and roll moment

Journal of Robotics

is not considered; (2) without considering the operation in
the actual algorithm, the accuracy and operation speed of the
algorithm optimization parameters can be further improved.
In response to these problems, we have planned future
research work to improve the performance of yaw and roll
coordinated control.
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