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Four-wheel independent steering (4WIS) system and direct yaw moment control (DY C) have an important influence on vehicle
lateral stability. However, DYC has a great effect on the longitudinal velocity, and the capability of 4WIS is limited to stability.
To decrease the influence on the longitudinal velocity and improve the stability of electrical vehicles, a chassis controller
integrated with a 4WIS system and a DYC system with model predictive control (MPC) is designed. The framework consists of
an unscented Kalman filter (UKF) observer and an MPC that contains three blocks: supervisor blocks, upper blocks and lower
blocks. First, the sideslip angle, longitudinal velocity and lateral tire forces are estimated by the UKF observer; second, a bicycle
model is utilized in the supervisor to calculate the desired values; third, the upper blocks are designed with the MPC to optimize
the target steering angles and longitudinal tire forces under the constraints of subsystems; to facilitate the design of the MPC, a
nonlinear tire is simplified based on the Taylor expansion method; finally, the target steering angles and longitudinal tire forces
are achieved by the lower blocks. The integrated controller is simulated on the co-simulation platform of MATLAB-Carsim. The
results show that the proposed integrated controller has less impact on longitudinal velocity and could effectively improve

vehicle stability.
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1 Introduction

As a part of a vehicle’s active safety system, electronic sta-
bility control (ESC) has attracted wide interest in research for
a long time [1,2]. With the development of vehicle electronic
technologies, there are increasing types of advanced tech-
nologies applied to ESCs, such as differential braking, active
front steering (AFS), active roll system (ARS) and direct
yaw-moment control (DYC). All of these advanced tech-
nologies can improve vehicle lateral stability [3-5]. Nu-
merous studies [1,4,6-8] have examined the handling and
stability of vehicles with DYC.

To simultaneously control the yaw rate and sideslip angle,
chassis-integrated control, which could enhance vehicle
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lateral stability, has been studied by researchers in recent
years. Wu et al. [9] presented a hierarchical controller of AFS
and DYC with model predictive control (MPC) for vehicle
dynamic stability. Zhang et al. [10] researched a hierarchical
controller with a combination of AFS and DYC on the basis
of a slip ratio estimation for vehicle dynamic stability. Her et
al. [11,12] proposed an integrated controller with ESC, four-
wheel drive (4WD) and ARS to enhance the vehicle lateral
performance. Cheng et al. [13] proposed a hierarchical
structure controller for autonomous vehicles based on the
MPC theory, improving vehicle stability and driving comfort
as well as maintaining performance. Yang et al. [14] pro-
posed an integrated controller based on a linear quadratic
regulator (LQR) considering the tire cornering stiffness.
Meng et al. [15] designed a hierarchical structure controller
with AFS and DYC based on a non-smooth control method
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considering an uncertain disturbance. Shuai et al. [16] pro-
posed a controller based on LQR considering time delays to
decrease the influence of time-varying delays of AFS and
DYC. Fan and Zhao [17] designed an integrated controller-
coordinated AFS/ESC system and improved vehicle stability
and safety. Several researchers [3,18,19] proposed MPC
controllers to improve stability and track the desired path.

The integrated controllers mentioned above are designed
to improve the lateral stability of a vehicle to a certain extent.
However, some state parameters (e.g., longitudinal velocity,
lateral tire forces and sideslip angle) are unmeasured vari-
ables. In addition, it is meaningful to emphasize that long-
itudinal velocity, lateral tire forces and sideslip angle are the
significant vectors affecting vehicle handling and stability
performance. Therefore, many studies have researched the
design of vehicle state observers.

Baffet et al. [20,21] designed an observer for the lateral tire
forces using an extended Kalman filter (EKF) and slide
model control theory. Jin and Yin [22] estimated the lateral
tire forces and sideslip angle using a dual unscented Kalman
filter (UKF) observer. However, the variables mentioned
above were estimated assuming that the lateral tire forces on
both sides are the same. In fact, the sprung mass of each
wheel will be redistributed, and the lateral tire forces of the
four wheels are different when the vehicle turns. Therefore,
extensive research has been conducted considering the dif-
ferent tire performances on both sides, which are influenced
by lateral load transfer. Several researchers [23,24] estimated
the lateral tire forces and sideslip angle based on an inter-
active UKF observer; Cheng et al. [25] designed an adaptive
unified sliding mode observer and mode-switch observer to
estimate the tire forces and road friction coefficient, re-
spectively; Cheng et al. [26] estimated the sideslip angle with
an adaptive square-root cubature Kalman filter considering
the unknown noises of sensors. However, most studies have
investigated the observation of lateral forces and sideslip
angle while ignoring the longitudinal velocity. The long-
itudinal velocity is also difficult to measure.

In addition, according to our previous research [23], we
found that the DYC controller has an obvious effect on yaw
rate, while DYC has a weak effect on sideslip angle and
always leads to a rapid drop in the longitudinal velocity. This
phenomenon occurs not only in our research but also in all
DYC control systems. Therefore, considering that para-
meters such as lateral tire forces, longitudinal velocity and
vehicle sideslip angle are rarely measured accurately, and
MPC is robust and has been increasingly implemented on
vehicles [27], this study begins with the design of a UKF
observer and then designs an integrated controller based on
the estimated parameters from the UKF to enhance vehicle
stability. The main contributions or improvements of this
paper include the design of UKF observers, the design of
integrated controllers, and the simplification of nonlinear
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tires. The details are as follows.

(1) Design of the UKF observer: considering the different
tire performances on both sides, which are influenced by the
lateral load transfer, the longitudinal velocity and lateral tire
forces are estimated, as well as the sideslip angle, with the
UKF method based on the measurable variables. Therefore,
the observer could provide accurate values for the integrated
controller.

(2) Design of the integrated controller: considering that the
capacity of 4WIS is limited to the vehicle lateral stability and
that the problem of the longitudinal velocity is decreased by
DYC, reducing the longitudinal dynamic performance, it is
significant to develop the effect of each subsystem. The in-
tegrated MPC of 4WIS and DYC is designed to optimize the
target steering angles and longitudinal tire forces based on
the estimated parameters, improving the vehicle stability and
reducing influence on the characteristics of longitudinal
dynamics.

(3) Simplification of nonlinear tire: considering the magic
formula (MF) tire has highly nonlinearity and is difficult for
the design of the MPC, this paper conducts a method to
simplify the MF tire based on the Taylor expansion method,
not only retaining the nonlinear tire characteristics but also
facilitating the design of the MPC.

2 Vehicle dynamics model

2.1 Nonlinear vehicle model

Some appropriate simplifications are made in the present
paper: (1) ignoring the vertical motion; (2) ignoring the pitch
motion; (3) ignoring the air resistance and rolling resistance
of the wheels; and (4) assuming that the road surface is flat.
A 7-DOF vehicle model that contains nonlinear dynamic
characteristics is used, as shown in Figure 1.

Longitudinal motion:
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Figure 1 (Color online) 7-DOF vehicle model. (a) Nonlinear vehicle model; (b) wheel dynamics model.

The rotation equation of the four wheels is as follows:

dw,ij B
I, dr ];ij_Tbij_F;cUR’ 4)

where v, and v, individually represent the longitudinal and
lateral velocities, m denotes the vehicle mass, w, and g are
the yaw rate and sideslip angle, F,; and F,; are the long-
itudinal and lateral tire forces, respectively, J, and ¢, are the
front and rear steering angles, respectively, a and b are the
distance from the gravity center of the mass to the front and
rear axles, ¢, and ¢, are the track width of the front and rear
axils, I, is the yaw inertia moment, /,, is the wheel inertia
moment, w, is the wheel angular velocity, T;; and T} are the
inputs of driving and braking torques of each wheel, and R is
the radius of each wheel.

2.2 Reference values calculation model

The bicycle model, considered as a reference, is employed
here to calculate the desired state vectors. The bicycle dy-
namics model is presented in Figure 2.

The bicycle model can be described as follows:
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where k;and k, individually represent the cornering stiffness
of the front and rear wheels, and ¢ is the steering angle input.

2.3 MF tire model

The MF tire model [28] is a well-known tire model that is a
semi-empirical formula with triangular function combination
and could describe the characteristics of tires in the nonlinear

region. The tire forces can be shown as follows:
F = Dsin{Carctan[Bx — E(Bx —arctan(Bx))]}, (6)

where x represents the longitudinal wheel slip and lateral slip
angle of the tires.
In addition, the lateral slip angle could be calculated as

v, taw,

v
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Moreover, the longitudinal wheel slip could be calculated
by the following equation:
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The sprung mass will be redistributed when the vehicle
turns, and the vertical load of each wheel can be calculated
by the equation as

F‘zi: mng,-i—max[;-i-mayEi"‘mClxayQi, (9)
o __a o _h
where [7,,= Nath)’ I, = 2a+b)’ Ii,= 2(a+b)’
. h = = L =, = h
L4 = 3G+5) =17 b(a+b)tf’ 2 b(a+b)f/"
- __ h - _ L 0 :hiz
=37 Ma+by, =4 " ath, B glatbyy
2
o h

247 "g(a +b)t,

3 Design of state observer

3.1 UKEF observer

Recently, the Kalman filter, Luenberger method, sliding
mode method and fuzzy theory have been applied to the
design of state observers, particularly state observers de-
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Figure 2 Bicycle dynamics model.

signed based on the EKF. However, for a highly nonlinear
system, the UKF has many advantages [29] compared with
the EKF. In this paper, an observer that can estimate the
longitudinal velocity and sideslip angle as well as lateral tire
forces is designed on the basis of the UKF theory by utilizing
the measurements, considering the nonlinear characteristics
of the vehicle model. The UKF algorithm for each single
filter can be found in ref. [23], and no further elaboration
about the principle of the UKF algorithm will be made in this
article.

As this stage, the tire forces should be extended to the state
vector for the estimation. Therefore, the system vector in the
present state is shown as eq. (10) based on the nonlinear
vehicle model.
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The measurement and estimable variables are shown as
follows:
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where ij=fl, fr, rl, rr; m=4, 5, 6, 7; p=8, 9, 10, 11; g=12, 13,
14, 15.

For the design of the UKF observer, eq. (13) should be
reduced to the form of eq. (14). The Euler discrete method is
applied in this paper, and the discrete system function can be
described as

X, = E(x,0) = X, + ATY (x, u), (14)

where AT represents sample time.
The particular observation is derived as follows:
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3.2 Simulation and analysis

In this section, the UKF observer is simulated in the MA-
TLAB/Simulink platform to test the effectiveness and ro-
bustness of the observer. Two different driving conditions are
selected in this paper. The simulation parameters are listed in
Table 1. The initial condition is defined as follows: the initial
longitudinal velocity is 33.48 km/h, there is no driving and
braking torque, and the front and rear steering angles are
shown in Figure 3. The comparisons of actual and estimated
values are displayed in Figures 4 and 5 under different road
friction coefficients. In this paper, the processed noise cov-
ariance Q=diag([1x107%; 1x107%; 8x107; 1x107"; 1x107";
1x107% 1x107% 1x10°% 1x10°% 1x10°% 1x10°% 1x10°;
1X1075; 1><1075; 1X1075]), and the measurement noise cov-
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Table 1 Major vehicle parameters

Symbols Parameters Values
m Vehicle mass 2037 kg
L. Inertia of Z axis 2975 kg m’
R, Radius of wheel 0.31m
a Distance from front axle to 1.35m

gravity center

b Distan;faf]ri(t))rlncreenatlzi raxle to 1.65m
i Track of front wheels 1.695 m
t, Track of rear wheels 1.775 m

ariance R=diag([1x10% 1x107% 1x107% 1x107; 1x107%;
1x107% 1x107*]).

As shown in Figures 4 and 5, the estimated longitudinal
velocity, lateral tire force of each wheel and sideslip angle
using the UKF observer could effectively track the actual
values under individual driving conditions. Consequently,
the determined UKF observer in the present study could
estimate the longitudinal velocity, lateral tire forces and
sideslip angle effectively and precisely under high or low
road friction coefficient conditions, and it shows better ro-
bustness, providing accurate values for the design of the
MPC. In addition, the UKF observer could filter the noise for
measurable signals and estimate the unmeasurable signals
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Figure 3 (Color online) Steering angle inputs of front and rear wheels.

accurately.

In conclusion, the UKF observer could estimate the
longitudinal velocity, lateral tire forces and sideslip angle
effectively and precisely under high or low road friction
coefficient conditions, and it shows better robustness.

4 Design of integrated controller with 4WIS
and DYC

The scheme of the integrated controller with 4WIS and DYC
in this paper is shown in Figure 6. As seen, the integrated
controller is composed of three parts based on the UKF
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Figure 4 (Color online) Simulation results of actual and estimated values (road friction coefficient is 0.7). (a) Comparison of longitudinal velocity; (b)
comparison of sideslip angle; (c) comparison of lateral tire forces of front axle; (d) comparison of lateral tire forces of rear axle.
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Figure 5 (Color online) Simulation results of actual and estimated values (road friction coefficient is 0.4). (a) Comparison of longitudinal velocity; (b)
comparison of sideslip angle; (c) comparison of lateral tire forces of front axle; (d) comparison of lateral tire forces of rear axle.
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Figure 6 (Color online) Scheme of the integrated controller with 4WIS and DYC.

observer: the supervisor block, the upper block and the lower
block.
In the supervisor module, according to the bicycle model,

the target yaw rate is calculated along with the sideslip angle,
providing the target values to the upper block; in the upper
block module, the MPC integrated controller with 4WIS and
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DYC is designed to optimize the target steering angles and
longitudinal tire forces as the vehicle inputs to enhance the
lateral vehicle stability, considering the constraints of control
vector and actuators; in the lower block module, the target
steering angles and longitudinal tire forces optimized by the
upper controller are realized via the steering system and
braking system.

4.1 Supervisor design

The supervisor is designed in line with the bicycle model to
calculate the target values. In this paper, the desired states of
a vehicle are defined as the sideslip angle and yaw rate and
can be discretized based on eq. (5) with the Euler discrete
method as follows:

Batn+1) = oy + 7,82,

Wa(n+ 1) = v,y + 1,2, (17)

(16)

4.2 Upper level controller design

It is worth noting that the MF tire model is inconvenient for
the design of the MPC, considering the real-time perfor-
mance of the controller. Therefore, the MF tire model shown
in eq. (6) is simplified based on the Taylor expansion method
in this paper, retaining the nonlinear tire characteristics.

Differentiating the yields in eq. (6), the derivative of lateral
forces can be obtained as

K (n) = OF,(n) | 80 ;(n). (18)

For unified directions of state variables, eq. (18) can be
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Figure 7 (Color online) Lateral tire forces under different vertical loads.
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shown as
_ 180 0F(n)
5T m day(n) (19)

The lateral tire forces at time » can be calculated by the
lateral tire forces at n—1 based on the sideslip angles of tires
at times n and n—1:

F,(n)=F,(n=1) +1?l-j(a i) —a(n— 1))

The lateral tire forces calculated by eqs. (6) and (20) under
different vertical loads (F,=3, 5, 7 and 9 kN) are shown in
Figure 7. The results show that the simplified model could
effectively retain the nonlinear tire performance and track the
lateral tire forces of the MF.

To track the desired yaw rate and sideslip angle, an upper
block is designed based on the nonlinear vehicle model using
the MPC theory. We define parameters, including long-
itudinal velocity, lateral forces and sideslip angle, estimated
by the UKF observer as the inputs of the MPC. The state
vector is defined as follows based on eqgs. (1)—(3):

(20)

x=[vav.Boom] . Q1)

The control vectors of the MPC are the steering angles and
longitudinal force of each wheel, assuming that the steering
angles on both sides are the same. Therefore, the control
vectors can be shown as follows:

u= [dfy 5;-9 F;(fla E{ﬁa F;cr[s F;crr] T' (22)
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Fy(m))c0s,(m) + 0.5¢,(F, ,(n) ~

Discretizing eq. (23) can be expressed as

Ax, ,=AAx,+B Au, (24)

where A, —I+AT |x B, —AT |u and AT represents
sample time.

The measured system can be defined as follows:

T
y"l = [ﬁn’wrn] = Cnxn’ (25)
where C, 0 0100

0000 1]

Taking the limitation of steering and braking systems into
account, the constraints of the control vectors are described
as follows:

u, <usu  Au <Au<Au_, (26)
where
. R T
Won = [5 inins O rmins Fximins Fgimins Fxrtmins Fxrrmin] >
. R T
Wiax = [()_f'rmx’ ()rmaw F;cﬂmax’ F;{ﬁmax’ Ecrlmax’ F;crrrmx] >
u=[Ad,AS,, AF,, AF,y, AF,,, AF, ]
X T
Au min {Aafmjn > armm s AF:(ﬂmln s AF:c/rmm > AF)‘;rlmm > F;crrmin] 5
. . T
Aumax = Aafmax? Aarmax’ AE(ﬂmax’ AF;cﬁmax’ AErlmx’ Ecmnax] H
where §, . and §, individually represent the minimum and

maximum steermg angles of the front and rear wheels; .
and F,

Xmnmax

longitudinal tire forces; AJ, .,

separately indicate the minimum and maximum
and A9,

imax

individually re-
present the minimum and maximum steering angle incre-

F,,,(m) )sind ()

|
ments, respectively; AF. and AF,

xmnmin Xmnmax

separately indicate
the minimum and maximum increments of longitudinal tire
forces, respectively, i=f, r, mn=fl, fr, ri, rr.

Considering the adhesion ellipse, the constraints of long-

itudinal tire forces F,; are shown as follows:

Foin =~ () = (0F,)’ 7)

where p indicates the coefficient, and p < 1.
The peak value of the yaw rate and sideslip angle yield
[1,10] is

sgn(é) B, = larctan(0.02ug)|sgn(d).  (28)

The MPC objective function in this paper is defined as
follows:

N 2

J(x(n), Au(n)) = Z}I\den(n i) =Ty, (0 + i)
i= Q
2

N1
+ Z; HAudy,,(n + i|n)H +pe?, (29)
= R

where Q and R individually represent the weight matrices of

the controlled vectors of the MPC, and Q = diag(Wﬁ, m),
R= diag(VV&j: VVer: VVFXﬂ: VVFW: WFM: I/VF ) dyn and lHalyn :cf

dividually represent the controlled outputs and reference
outputs, respectively. N, and N, individually represent the
prediction and control horizon, respectively, and N,>2N,. p
and ¢ individually represent the weight and slack factors. The
first term represents the errors between the actual state and
ideal state, and the second term represents the increment of
the control vectors. The objective function minimizes the
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errors of the actual state and ideal state and the increment of
the control vectors.

Based on the objective function mentioned above, the
problems of the MPC controller can be expressed as follows:

min J(x(n), Au(n)). (30)

The constraints are expressed as follows:
X, = (X, ,u,), n=t,.. t+H 1,
it tAu,, n=t,..,t+H-1,
Vo= WX, ), n=t+1,.. S+ H,

u = un*l,t

X = X(t), (31)
u,_, =u-1),
U, Su, <u,, n=tf..0+N 1,

Au g, <Au,,<Au n=t,... ,t+N -1,

max®

YminSyn,tSymax’ n:t""’t+Np_l'

4.3 Lower level controller design

Based on the target steering angles and the longitudinal tire
forces optimized by the upper block in Section 4.2, the lower
level block is designed to conduct the target values. Con-
sidering the transient characteristics of the steering system,
the steering angles can be expressed as follows:

S 1 S 1

= THzs O tar 1 = Togg Or tar (32)

where 7, is the time constant of the steering system.

To realize the target values of longitudinal tire forces, the
brake pressure of ESC can be expressed as follows [30], and
an overview of the brake system for each wheel can be ex-
pressed as Figure 8.

_R _ R
PBﬂitar - ]CfF;cﬂitar’ PBfritar - ]C/,Eg/i;tar’ (33)
R R
PBr‘l_tar = K—mF;crl_tar’PBrr_tai' = K_B"F)‘(rr_lar’ (34)

where K, and K, are the master cylinder pressure coeffi-

cients of the front and rear wheels, respectively.
Considering the transient characteristics of the braking

system, eqs. (33) and (34) can be expressed as follows:

L Py = TPy (35)

Py = Bi_tar 'Bf ~ T8

X
1 1

Py =7 15 Bort sars Porr = 1 1, Parr tar

(36)

where 7, represents the time constant of the braking system.

5 Simulation and analysis

Co-simulation on the platform of Carsim and MATLAB is
conducted at an initial longitudinal velocity of 72 km/h to
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Figure 8 (Color online) Overview of the brake system for each wheel.
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Figure 9 (Color online) Steering angle input of steering wheel.

verify the effectiveness of the MPC, assuming that the road
friction coefficient is 0.8. A D-Class Minivan is applied,
whose parameters are detailed in Tables 1 and 2. Other
controllers—traditional electronic stability control (T-ESC),
which is controlled only by DYC, and an uncontrolled
strategy—are compared with the proposed MPC. A sinu-
soidal input with an amplitude of 120° is shown in Figure 9.
The target front and rear steering angles, active front and rear
steering angle increments, longitudinal tire forces and brake
pressure of the hydraulic cylinder of the MPC are shown in
Figure 10. The vehicle responses with different controllers
are shown in Figure 11.

In this paper, the sample time of the MPC and the T-ESC is
10 ms. The prediction horizon N, and the control horizon N,
are 20 and 10, respectively. The weight matrices Q of the
controlled outputs of MPC, the weight matrices R; of the
controlled vectors of MPC, and the weight matrices R, of the
controlled vectors of T-ESC are set as follows:

Q=[8¥107 0 5},
0 1.8x10

lzl

150 0 0 0 0 0

0 10 0 0 0 0
|0 0 L5x10° 0 0 0
10 0 0 1.5%x1073 0 0o

0 0 0 0 1.5%x10°° 0

0 0 0 0 0 15%10°
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Figure 10 (Color online) Target values of the MPC. (a) Target front and rear steering angles of wheels; (b) active front and rear steering angles of wheels;
(c) brake pressures of hydraulic cylinders; (d) target longitudinal forces of each wheel.

Table 2 Major vehicle parameters

Symbols Parameters Values
kr Cornering stiffness of front axle —66900 N/rad
k. Cornering stiffness of rear axle —62700 N/rad
Ky Transport delayed master cylinder pressure of front wheels 300 N m/MPa
Kp, Transport delayed master cylinder pressure of rear wheels 200 N m/MPa
p Weight of relaxation factor 1000
i Steering ratio 19.5
15%10°3 0 0 0 paring the active rear steering angle, the active front steering
0 15% 1073 0 0 angle is opposite from 0 to 2.5 s and from 2.5 to 4 s, re-
R,= 0 0 15%x10°3 0 spectively. However, the purposes of the active front and rear
' 5 steering angle are the same, intending to turn the vehicle
0 0 0 1.5x10

Figure 10 shows the target steering angles, active steering
angles, longitudinal tire forces and brake pressures of the
wheels. The maximum active steering angle is 3.8° at 2.8 s,
as shown in Figure 10(a) and (b). The active front steering
angle compensation is positive from 0 to 2.5 s and negative
from 2.5 to 4 s, with the intent of turning the vehicle from
understeering to neutral steering. In addition, the active rear
steering angle is negative from 0 to 2.5 s and positive from
2.5 to 4 s, with the intent of turning the vehicle from un-
dersteering to neutral steering. In conclusion, when com-

from understeering to neutral steering. To control the vehicle
from understeering to neutral steering, as with the control
effect of the active steering angle, Figure 10(c) and (d) shows
that the brake pressures and longitudinal forces of the left
wheels are greater than those of the right wheels from 0 to
2's, and the brake pressures and longitudinal forces of the
right wheels are greater than those of the left wheels from 2
to 4s.

Figure 11 illustrates the results of the vehicle under the
different blocks: MPC, T-ESC and without a control strategy.
As shown in Figure 11(a), we can conclude that the yaw rates
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Figure 11 (Color online) Responses of vehicle with different controllers.
erations; (e) vehicle trajectories.

controlled by the MPC and T-ESC can track the desired yaw
rates, whereas the yaw rate without a control cannot track the
desired value and there are large deviations. Moreover, the
yaw rate error controlled by the T-ESC occurs from
2.6-3.4 s, and the maximum error is almost 0.1 rad. How-
ever, the yaw rates controlled by MPC can track the desired
values effectively, and the error is almost zero. Figure 11(b)
illustrates that the desired and actual sideslip angles without
control are quite different. In contrast, the sideslip angles
controlled by the T-ESC tend to track the desired values,
while there are still few deviations. The reason for this
phenomenon is that the DYC can control the yaw rate ef-
fectively but has less influence on the sideslip angle. Com-
pared to the sideslip angles controlled by the T-ESC, the
sideslip angles controlled by MPC can track the desired ones

(2)

Longitudinal displacemet X (m)

Yaw rates; (b) sideslip angles; (c) longitudinal velocities; (d) lateral accel-

effectively. The results also show that the 4WIS system can
compensate for the sideslip angle when the ability to control
the sideslip angle of the DYC system has reached its limit. In
conclusion, the results shown in Figure 11(a) and (b) illus-
trate that the MPC developed in the present paper can track
the desired yaw rate and sideslip angle effectively, and the
control effect is better than T-ESC.

Figure 11(c) shows that the longitudinal velocity con-
trolled by MPC decreases smoothly from 72 to 45 km/h in
4 s, whereas the longitudinal velocity controlled by T-ESC
decreases sharply from 72 to 35 km/h in 4 s.

Figure 11(d) shows the results of lateral acceleration with
different controllers. As shown in Figure 11(d), we can
conclude that the lateral acceleration controlled by T-ESC is
greater than that by MPC from 0-2 s. By contrast, the lateral



408 Song Y T, et al.

acceleration controlled by T-ESC is lower than that by MPC
from 2—4s. The reason for this phenomenon is that the
longitudinal forces and lateral forces of the MF tire are
coupled, and due to the intervention of the active steering
system, the longitudinal forces with MPC are lower than
those with T-ESC from 24 s.

Figure 11(e) shows the vehicle trajectories with different
controllers. As shown in Figure 11(e), we can conclude that
the tracking effect with the MPC and T-ESC is better than
that without a control. We found that the displacement with
MPC is longer than that with T-ESC, confirming the con-
clusions drawn in Figure 11(c) and (e).

To compare the effects of MPC and T-ESC, the error
percentage of the longitudinal velocity is defined as follows:

Veo~ Vi
¢ = Oon %100, (37)
where v, and v,, are the initial longitudinal velocity and final
longitudinal velocity, respectively.

The control effects of MPC and T-ESC are shown in Table
3. The percentage of longitudinal velocity reduction con-
trolled by T-ESC is 51.4%, whereas the percentage of
longitudinal velocity reduction controlled by MPC is 37.5%.
Obviously, the influence of the integrated MPC on the
longitudinal velocity is reduced by 13.9% in 4 s compared
with that of T-ESC. In other words, the MPC proposed in this
paper can not only effectively track the desired values but
also reduce the effect on longitudinal velocity dramatically
compared with T-ESC, providing better longitudinal dy-
namic performance.

6 Conclusion

Because longitudinal velocity, lateral tire forces and sideslip
angle are important state vectors that are not measurable, a
UKF observer was designed by utilizing real-time mea-
surements to estimate the longitudinal velocity, lateral tire
forces and sideslip angle and then provide accurate values of
the required parameters for an upper level controller.

In addition, because DYC has a weak effect on the sideslip
angle and always reduces the longitudinal velocity under
braking conditions, to simultaneously control the yaw rate
and sideslip angle and fully develop the abilities of each
system of 4WIS and DYC, an integrated controller of 4WIS
and DYC with MPC theory was designed based on the
vectors estimated by the UKF observer. To facilitate the

Table 3 Control effect comparison

Method MPC T-ESC

Initial longitudinal velocity 72 km/h 72 km/h
Final longitudinal velocity 45 km/h 35 km/h
Error percentage 37.5% 51.4%

Sci China Tech Sci
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MPC design, the MF tire model is simplified based on the
Taylor expansion method. A lower level controller is de-
signed to realize the target steering angles and longitudinal
tire forces.

The results, simulated on the MATLAB/Carsim platform,
show that the actual yaw rate and sideslip angle controlled by
the MPC could track the desired values, effectively im-
proving the lateral stability. Moreover, the MPC proposed in
this paper has less impact on longitudinal velocity compared
with T-ESC. The UKF observer can estimate the longitudinal
velocity, lateral tire forces and sideslip angle effectively
under different road friction coefficient conditions.

In future work, intervention rules will be designed to ad-
dress the intervention problem of the two systems. Accord-
ing to the different driving states of the vehicle, three
intervention rules containing 4WIS, DYC and 4WIS+DYC
will be adapted to improve the vehicle stability. In addition,
the longitudinal velocity will be considered in the objective
function to extremely reduce the influence on the long-
itudinal dynamics.
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