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ABSTRACT Lane keeping control technology can improve driving safety. But the direct control torque,
caused by four in-wheel motors of an electric vehicle driven by four in-wheel motors (EV-DFIM), will affect
the vehicle lateral stability. For solving this issue, a two-degree-of-freedom (2DOF) lateral dynamic model of
an EV-DFIM lane keeping system is constructed to obtain the lateral stability control state equations. Then
a homogeneous domination-based state observer and output feedback controller are designed to improve
the vehicle lateral stability and balance when the lane keeping system is working. The Lyapunov method
is used to prove that the designed homogeneous domination-based output feedback controller can globally
asymptotically stabilize the system. Then, a direct yaw moment strategy is presented based on the optimal
allocation algorithm with the lowest utilization rate of the tire to allocate the desired torques for every in-
wheel motor. Finally, numerical simulation and HIL simulation are carried out to verify that the proposed
lateral stability control method based on homogeneous domination theory for the EV-DFIM lane keeping

system has a good control effect and robustness.

INDEX TERMS Electric vehicle driven by four in-wheel motors, homogeneous domination control,

nonlinear control, vehicle dynamics, vehicle stability.

I. INTRODUCTION

Thanks to the development of control technology, sensor
technology and computer technology, intelligent driving has
become a research hotspot. As a basic function of L1 level
automatic driving technique, lane keeping assistance sys-
tem (LKA) has become mature and is widely used which
improves the driving safety obviously. Many researchers have
proposed some achievements. For example, H. Wang et al.
proposed a control method combining the extension control
and Takagi-Sugeno-Kang fuzzy control for lane keeping sys-
tem control to solve a single control algorithm resulting in
poor control effect [1]. M. Karthikeyan et al. used a machine
learning algorithm in the LKA system for accident-free driv-
ing of autonomous vehicles [2]. However, previous studies
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on LKA system did not consider the vehicle lateral stability
when the LKA system is working. For a traditional vehicle,
the motor of the electronic power steering system (EPS) is
used as the actuator of the LKA. The controller controls the
motor to drive the steering system to actively correct the
driving direction. If the vehicle deviates from the desired
lane obviously when suffers external disturbances suddenly
under high speed, the actuator of LKA will forces the steering
gear to output an inverse steering angle immediately that
may cause the trail-swing and sideslip phenomena. The two
phenomena are unstable and dangerous. For an EV-DFIM,
the in-wheel motor’s torque directly acts on the wheels with
high transmission efficiency. By changing the driving torques
of the in-wheel motors, active braking control, electronic
stability control and the adaptive cruise control can be carried
out conveniently. Therefore, the EV-DFIM has good devel-
opment in the future [3], [4], [5], [6], [7]. The EV-DFIM has
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precise and flexible torque response, superior performance in
dynamic performance and handling activity, which makes it
easier to adopt lane keeping technology. But it is also easy to
affect the vehicle stability when the lane keeping system is
working. Some researchers studied the vehicle lateral stabil-
ity control problem, but they did not consider the influence
of LKA system. For example, S. Ding et al. designed a direct
yaw moment lateral stability control method for four-wheel
driving electric vehicles by finite-time control method [8].
Z.Zhao et al. proposed a joint control strategy that com-
bined linear programming algorithm combining exponential
reaching law with saturation function and improved sliding
mode algorithm to solve the instability phenomenon caused
by differences among four driving wheels [9]. E. Joa pro-
posed a four-wheel independent brake control method for
vehicle stability under various road conditions without any
tire-road friction information, which can guarantee vehicle
stability under unknown road conditions [10]. Considering
uncertain external disturbance due to the frequent variation
of running conditions, X. He et al. proposed a novel robust
coordination control strategy for the active front steering
(AFS) system and active rear steering (ARS) system to
simultaneously suppress lateral path tracking deviation while
keeping autonomous vehicle stability under dynamic driving
situations under handling limit [11]. A simultaneous path
following and lateral stability control method was presented
by T. Chen et al. for four-wheel independent drive and
four-wheel independent steering (4WD-4WS) autonomous
electric vehicles based on Hamilton energy function with the
actuator saturation [12]. To further improve the handling
stability of four-wheel independent driving electric vehicles,
C. Zhang et al. designed a controller with a layered struc-
ture with the upper controller based on fuzzy control and
the lower controller based on regular allocation strategy and
proved the effectiveness of the controller through simulation
experiments [13]. A. T. Nguyen et al. designed a new LPV
static output feedback controller to improve the lateral sta-
bility and the driving comfort of the narrow tilting vehicles
without vehicle sensors [14]. Z. Li et al. proposed a model
predictive controller for the EV-DFIM under extreme driving
situations [15]. C. Q. Jing et al. presented a novel inte-
grated control strategy of yaw stability and energy efficiency
based on model predictive control and active steering sys-
tem. The integrated control method can improve energy effi-
ciency [16]. Meng et al. studied the stability of the EV-DFIM
and proposed lateral stability control methods based on the
sampled-data control method and direct yaw moment respec-
tively [17], [18].

The aforementioned vehicle stability control methods
require that the state equations of vehicle stability control
systems strictly meet linear growth, which is difficult for the
control system state equations based on the vehicle dynamics
model. In recent years, a homogeneous domination method
has been developed [19], [20], [21]. This method has strong
robustness, reduces the strict limitation for linear growth
of the state equation, and is more suitable for engineering
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applications. Although there are many design methods and
ideas for the controller, it ultimately boils down to state feed-
back and output feedback. For output feedback control depen-
dent on the observer theory, most of the existing methods are
based on linear-like observers, which may not be suitable for
handling highly nonlinear functions. A homogeneous system
means that the vector field describing the control system is
homogeneous. The homogeneity of the vector field ensures
that there is a mapping relationship between the solution
space and the unit closed ball in the solution space, so the
whole solution space can be regarded as the expansion of
the unit closed ball. It shows that the locally asymptotically
stably autonomous system is also globally asymptotically sta-
ble. Therefore, the global stability problem of homogeneous
systems can come down to its local stability problem. The
stability of a homogeneous system can be characterized by
homogeneity, so the system stability can be analyzed by using
the relation between homogeneity and stability. If the vector
field corresponding to a stable homogeneous system can be
decomposed into a sum of several homogeneous vector fields,
then the original vector field is also asymptotically stable if
the vector field which has minimal homogeneity is asymp-
totically stable. Further, it can be concluded that a stable
homogeneous system coupled with a higher-order perturba-
tion term still is stable. When a homogeneous system adds an
integrator, the system can still be stabilized by homogeneous
feedback. Therefore, the homogeneous control method pro-
vides a new design approach to solve the global stabilization
of uncertain nonlinear systems, allowing us to construct the
global output feedback controllers under weak growth con-
ditions. The controller constructed by this control method
can control uncertain nonlinear terms whose precise infor-
mation is unknown. Qian proposed a homogeneous domina-
tion approach for the global output feedback stabilization of
nonlinear systems firstly in paper [22]. He and his follow-
ers developed the homogeneous domination control method
for many nonlinear systems [23], [24], [25], [26], [27],
[28], [29]. Other researchers also developed this method.
To globally stabilize the p-normal form nonlinear system
with unknown power integrators, G. Zhao et al. constructed
a state-dependent homogeneous domination stabilizer [30].
For a class of high-order switched nonlinear systems with
quantized input, Y. Jiang et al. designed a homogeneous
output feedback controller to ensure global boundedness of
all the states in the whole system and the tracking error to con-
verge into an arbitrarily small neighborhood of origin in finite
time [31]. For stochastic high-order time-delay switched non-
linear systems, A. Lx et.al constructed an output tracking
controller under arbitrary switching to guarantee that the
tracking error can be tuned small enough in the mean-square
sense while all states of the closed-loop system remain to
be bounded in probability [32]. K. Alimhan et al. proposed
an output feedback tracking controller by using a homoge-
neous domination method for a class of high-order nonlinear
systems with time delay [33]. With the help of homoge-
neous domination, Liu et al. designed an output-feedback
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control scheme for a class of stochastic nonlinear systems
with time-varying powers and it can be proved to be globally
asymptotically stable [34]. Liu et al. proposed an adaptive
homogeneous domination method for time-varying control of
nonlinear systems [35]. Meng et al. proposed a homogeneous
output feedback control method for the active suspension of
an intelligent electric vehicle [29]. Sun et al. proposed an
output feedback controller that can deal with unknown mea-
surement sensitivity based on the homogeneous dominance
technique [36].

In this paper, we will solve the lateral stability issue of
the EV-DFIM LKA system via the homogeneous domination
control method. Based on the homogeneous theory, a homo-
geneous domination-based control method is proposed to
ensure the lateral stability of the EV-DFIM LKA system
when the vehicle suffers uncertain disturbance caused by road
profile, lateral wind, and different tire pressure during vehicle
driving. The main contributions of this paper are as follows.

o Via coordinate transformation for the control system
state equations, a domination gain is introduced into the
control system to amplify the effect of the controller and
suppress the negative effects of nonlinear items.

« A homogeneous domination state observer and con-
troller are designed for the lateral stability of an
EV-DFIM LKA system based on the homogeneous the-
ory. The proposed homogeneous domination-based con-
trol method does not require the unknown and nonlinear
items of the control system to meet the strict linear
growth.

o The hardware-in-loop simulation is carried out by using
the driverless car designed by ourselves to verify the
effectiveness of the homogeneous domination con-
troller.

The rest of the paper is organized as follows. The 2DOF
lane-keeping tracking error model is constructed in section II.
Then the homogeneous domination-based state observer and
controller are designed in section III. A yaw moment distri-
bution strategy is presented in section I'V. Numerical and HIL
Simulations are carried out to verify the effectiveness of the
proposed method in section V and VI respectively. Finally,
the conclusion is given in section VII.

Il. CONSTRUCTION OF LATERAL DYNAMICS MODEL FOR
EV-DFIM LKA SYSTEM

To reduce the difficulty of developing a lateral stability
control method for an EV-DFIM LKA system, we simplify
the EV-DFIM to a 2DOF model in this paper, as shown
in Figure 1. Although the model is identical to a con-
ventional engine vehicle, the difference is that each wheel
of the EV-DFIM is independently driven by an in-wheel
motor. Due to the fast and accurate torque response of the
motor, it is easy to generate an additional torque M, to
adjust the lateral motion of the vehicle. In order to design
an effective controller, roll and pitch motion are ignored
during modeling. The ideal lateral dynamics mathematical
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FIGURE 1. Two-degree-of-freedom Model for an EV-DFIM LKA system.

model is expressed below.

. Fy+ F
ﬂd:u_m
mvy
L¢Fyr — L. F M
ya = LY ;y’+ 2 (1)
Z

where By is the ideal side slip angle of vehicle centroid, y; is
the ideal yaw rate, Fyy and Fy, are the lateral forces of front
and rear wheels respectively, v, is the longitudinal velocity, m
and I are the mass and moment of inertia respectively, Ly and
L, are the distance between the front axle and centroid and the
distance between the rear axle and centroid respectively, M4
is the ideal additional yaw moment.

In this paper, the linear front and rear tire lateral forces are
calculated as [37]

Fyf = Cfaf, Fyr = CrO{r, (2)

where Cr and C, are equivalent lateral stiffnesses of the front
wheel and rear wheel respectively. oy and «, are their wheel
side slip angles respectively which are calculated by

Lrya

X

Lyya

—(Ba +

o —~8(1)

ar = —(Bq —

), (€)

X
where 46(¢) is the time-varying front wheel steering angle.

According to Eq.2 and Eq.3, the system (1) can be expressed
as

(Cf + Cr)ﬂd (CrLr - Cfo)Vd
- + —Vd

mvy mv)zc

Ba =
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G
+ 8(1)
mvy
X (C,L, — Cfo),Bd (Cfo2 + Crer)Vd
Yd = -
I, LIy,
M CrL
+ = T s ). @)
I I

In actual working conditions, an EV will be interfered by
many external factors. Therefore, the actual 2-DOF electric
vehicle model can be expressed as

GOy, L= Gl

b = My mv? P
Cr
+—L6() + As@))
mvy
. _ (CL —CLpp,  (GLF+CLDy,
= Iz Isz
CrL
= (50 + AS)), )
IZ IZ

where B, is the actual side slip angle, y,, is the actual yaw
rate, AS(¢) is the uncertain disturbance caused by road profile,
lateral wind, and different tire pressure during vehicle driving,
M, is the actual additional yaw moment. To simplify the
analysis, researchers generally treat the speed v, as a constant.
In fact, the vehicle speed is time-varying. To reflect the actual
situation, this paper considers v, to be time-varying. For
convenience, vy is expressed in the following form.

. (©)

><<N| -

1
p1(t) = —, pa(t) =
1%

X

Although v, is time-varying, it still has a maximum value.
Therefore,

p1(1) < 01, p2(t) < 62, p1(2) > 0, p2(t) > 0. (N
Based on Eq.4 and Eq.5, one can obtain
_ _(Cf + Cr)eg i (CrLy — Cfl{f)ey .

mvy mv?
G
+ ——Ad(®1)

mvy
s _ (CLr=Glpes (CrL} + CrL)ey
- I Ly

AM,  CrL

IZ IZ

where eg = By, — Ba, ey = Vp —Va. ep = Bp — Ba, ey =
Yp — Vd. AM, = My, — M, is the additional torque which is
necessary to keep the electric vehicle stable.

Denote x(1) = (x1(¢), x2(1))T € R?, u(r) € R, y(t) € R,
and d(¢) € R. They are the state variables, controller, system
output, and uncertain disturbance of the system respectively.
Define

x1(t) = eg,

C,L, — CrL 1) —
(1) :( Ly fmf)pz() mey’
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(CrLy — CrLp)po(t) —m

ml;

ult) =
d(t) = AS@).

AM.,

Then Eq.8 can be rewritten as

X1(t) = x2(t) + 1(2, x(1))
Xo(t) = u(t) + ¢a(t, x(1))

¥(t) = x1(1), ©)
where
C+C
¢1(I,x(t)) = —%pl(l‘)xl(t) —l—gld(z)’
C.L, — CrL _
$a(t, x(1)) = € rL)pa(t) — m]
ml;

C/L} + CrL}
X (CrLy = GrLp)xi (D) + | ———————
z
(CrLy = GrLp)pa(1)

(CrLr — CrL)pa(t) — m} 20

x p1(t) +
+ g2d (1),

G
gi1(t) = ;Pl(f)y
(C/Ly — CrLy)pa(t) — m CrLy
m I,

&) =

lIl. DESIGN OF HOMOGENEOUS DOMINANT-BASED
OBSERVER AND CONTROLLER
The research achievement of this paper is expressed by
Theorem 1. The Theorem 1 is presented based on the
Assumption 1.

Assumption 1: There exist T > 0 and ¢ > 0 such that the
unknown nonlinear terms of the control system enable

lgil < (™ 4+ ™), i=1,2,  (10)

iT+1
where r; = (i—ll)r-',-l .

Theorem 1: Under Assumption 1, the homogeneous
domination-based observer (11) and controller (12) are
designed to render system (9) globally asymptotically stable.

)Acl = X]
X = (p 4+ mi™
N = —mixy, (11)

where h; > 0, m; > 0,n; > 0.

u@®) = —ya(ia + 2y
h =b/h
hy = (b + 1)/, (12)

where y; is a constant, /; is the homogeneous weight of x;, T
is the homogeneous degree of the designed controller.
Remark 1: The side slip angle 8 can be obtained by lon-
gitudinal velocity and lateral velocity via two sensors. The
longitudinal velocity can be measured by a sensor mounted
on the transmission output shaft, and the lateral velocity can

125567



IEEE Access

Q. Wang et al.: Homogeneous Domination-Based Lateral Stability Control Method for Electric Vehicle Lane Keeping System

be obtained by a lateral acceleration sensor. The two sensors
have already been used in a vehicle. It does not need to
add new sensors and modify the vehicle circuit for the cost.
Therefore, x> (e, ) will be estimated by the designed observer.
We first give some important lemmas about homogeneous
theory and inequalities which will be used in the proof.
Lemma 1 ( [38] Weighted Homogenity): For a selected
coordinates (xi,x2,---,x;,) € R" and real numbers

ry, ra, -, rn, Where r; > 0,

o Dilation A.(x) is defined as

Ag(x) = ("x1,€%xp, -+, €x,), Ve > 0,

where r; are called as the weights of the coordinations.

o A function V € C(R",R) is homogeneous of degree
7 if there exists a 7 € R, then Vx € R" \ 0,¢ >
0, V(As(x)) ="V (x1,x2, -+, Xn).

e A vector field f € C(R",R") is considered to be
homogeneous of degree 7 if there exists a T € R, then
Vx e R"\ 0, & > 0, fi(As(x)) = e ifi(x).

« A homogeneous p-norm is defined as

1
n P P
||x||A5,p=(Z|xl-|rf> VxeR',  (13)
i=1

where p is a constant and p > 1.

Lemma 2 [39]: If V| and V, are homogeneous functions
of degree 71 and 1 having a same dilation weight A =
(r1,r2, -+, rn), the homogeneous degree of Vi - V> is 11 + 12
with respect to the same dilation weight.

Lemma 3 [39]: Suppose V : R” — R is a homogeneous
function of degree t with respect to a given dilation weight

= (r1, -+, ry). Then the following items hold.

o 0V /dx; is homogeneous of degree T — r; with respect to
the dilation weight A.

o There is a positive constant w; to ensure V(x) <
willxly

o If V(x) is positive definite, there is a positive constant
wa to ensure wo |||} < V(x).

Lemma 4 [40]: whenx € R,y € R, p > 1, the following

inequalities hold.

Ix +yP < 2771 xP 457, (14)
(x| + D7 < [x|VP + [y /P (15)

if p > 1 is odd function, then

e =yl < 277Nl — P (16)
Lemma 5 [41]: when c, d are constant, then

d _
x| |y|d<—y| |Hd 4 ——y = pyetd - 17)

c
Lemma 6 [41]: tet p > 1bean odd real number, the
following inequality holds.

P =37 < ple = yIP P, (18)
Next we use Lyapunov method to prove Theorem 1.
Proof
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we first prove that the designed homogeneousdomination-
based state feedback controller can stabilize system (19)
which does not include the unknown nonlinear items.

)IC] = X2
X2 = u. (19)
Define u := x3 % R, and y := x; € R. Select equation
Vi) = 5= T)q%ilr. Defining a virtual controller x*,
0w = —xi2haj 0 =24, & =x —xf,i = 1,2, the
derivative of V(x1, xp) is
20y 2yt
Vit x) < =201 4x 17 (g — x0%). (20)
Constructing Lyapunov function
12 ZI%;r
Valor2) = Vit 58 @1
the derivative of lyapunov function V5 (x1, x2) is
2yt
Vo, 1) < =260 45 T 6
21%—1_1 8x1* )
+& 7% (3 +¢ax) - o1 x).  (22)

According to the form of the virtual controller defined
earlier, there exists

lg I3
*

X =~y = —(1+ e+ &g, (23)

where oy > 0.
Th state feedback controller can be defined as

hh+t
T
u=x;3=—mé" . (24)
Therefore, there is
21, 2h-1

Vo< —E" +E)+E "2 w—u). (25)

It is obvious that Vz is a negative definite function, which
proves that the state feedback controller can globally asymp-
totically stabilize system (19).

Next, we will prove that the state feedback controller
can stabilize the lateral stability control system of the

EV-DFIM (9).
Select
12+r
Ut =k, . (26)
Then there is
21 2/l 3V2(X2) 3V2(X2)
Vo <~ = g0 4 TR0 1) + = ().
(27)
According to Assumption 1, there exist
pi(t, x1) < el |7t
T+1 i
d2(t, x1, x2) < c(lx1|"7 + [x2| 7F7). (28)

VOLUME 10, 2022



Q. Wang et al.: Homogeneous Domination-Based Lateral Stability Control Method for Electric Vehicle Lane Keeping System

IEEE Access

Therefore (27) is rewritten as

Vo < =& 482 10w 1 €3
< —EP" L EH(1 - 20, (29)

It is concluded that there is a k¥ to make Vz < 0, i.e., the
designed state controller can stabilize system (9).

The following work is to prove that the designed observer
and controller can globally asymptotically stabilize sys-
tem (9).

Similar to the previous proof, we first prove that the sys-
tem (19) can be stabilized by the designed controller and
observer.

Construct a C! function

X2 I
U = / (s — (2 + mixy))ds. (30)
(m+mix)h

Then the following formula can be obtained.

Uy )
— = —mi(x2 — (2 +mx1)),

8)(1

AU, o

—= = (¥ — (2 + mix1)),

0xp

U, 3

— = —(x2 — (2 +mxph). (3D
am

Therefore, the derivative of U is

h

Us = u@)(xy — (72 + mix1))
A
—miex(ky — (2 +mix))) —mie3.  (32)

Next, the remaining term in (32) will be dealt. We firstly deal
with the first term of the right hand of Eq.32.
According to the homogeneity of u,

b+t

~ ~ L+
(@) < clI£112 i

1}
<cllxIZ7 +cllell3T (33)

2 2
where |[%]a, = (%17 +1%2/2)"%, Ay = (I, b). By the
definition of homogeneous norm,

s, = (67" + 182 — i1 /)12
< (&P + 18] P)! /2
= cllglla,- (34)
Therefore,
u@)| < cllENZT +cllellz . (35)
Then

I
u®)(xy: — (2 + mixp))

h
b+ b+ r
IENTT + llelZ T )cleal™ + myler)

IA

1 -
g(sf’z/“ + &)+ e, (36)

IA

where izl is a constant.
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Now we deal with the second term of the right hand of
Eq.32. By Lemma 6, one obtains
. b
—miex(Xy — (2 +mix)n)
b=l b=l

b
I I =—1
< cmileser] x v, 2 +ey? +[mier]n |
5 /2[—11 12/—11 12/—/1 h_,
< cleilmiles||&, ? +c& " +ey? H[mie]h |

(37

Via Young’s inequality, one can get

2l

. A 1 2
—miex(Fy — (i +mix)1) < €3 + R(é% +£"), (38)

where h3 is a constant.
According to (36) and (38), the derivative of U can be
rewritten as
20y

S PR =9
U=§(El +&)—(m —1—hpe;. (39)

Because the state variable x; is not measurable, controller
(12) results in a redundant term %2124)/ =D, _y*yin (25)
which is dealt as follows.

Because u is a C! function,

L gux)
9(X)

dA. (40)
X=x—A\e

u(x) —ut(x) = ey /
0

According to the homogeneity of u™(x) whose degree is [+,

$0 5 ;) is homogeneous of degree 7. It can be known from

equation (34) that
ou(X)
a(X)

< cll§ll}, +cllell, - (41)
X=x—M\e

According to Yang’s inequality,

-t 20,

1 7= -
£ (u*(fc)—u(x))sz(s]“ +E) + e, (42)

where 712 > 0.
We construct a Lyapunov function for the system (19) as

W=U-++V,. (43)
Combing (25), (39) and (42), the derivative of W is

. 1 T 7 7
W22 8" —m-1-h-hg. @

It is obvious that if one selects

1 - .

m1=Z+1+h2+h1, (45)
(44) becomes
1 2l
i _ T 2 2
W= Z(fl +& +e3). (46)
Define

X =(x1,x2. )" 47)
125569
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It is obvious that the right hand side of the equation (46) is
negative definite, so it can be proved that the system (19)
is asymptotically stable under the controller and observer
designed in this chapter. Meanwhile, the closed-loop system
(19), observer (11) and controller (12) are rewritten as the
following form

(x2, u®), 1), (48)

which is homogeneous of degree 7.
According to lemma 3, the equation (44) can be rewritten
as

X =FX)=

W) _
> < —cr|IX1132.

Next, we will prove that the lateral stability control system
of EV-DFIM (9) can also be asymptotically stable under the
controller (12) and observer (11) based on the aforementioned
proof.

Firstly, coordinate transformation is carried out for sys-
tem (9). Then zj = x1, 22 = %, u(®) = “& with L > 1,
then the system (9) becomes

(49)

b= Lo+ ¢i(t, 2, u), d()
5 = Lu@) + w
(@) = z1(t). 50)

Adopting the same Lyapunov function W(X), it can be
obtained that the derivative of Lyapunov of equation(50) is

f( )(¢ ¢2 0y

2D /4

Wr

| /\

+EF+ed)+

2 DD g, @ 0" (51)

(S

IA

—Ler[|Z]1A

According to Assumption l, one gets
X UEs:
|12, 2, u(2)| < clza| 1
t, U 2 h+t I+t
|M| < cLl r+1(|zll T + |12| L ) (52)
avi‘;ng) is homogeneous of degree 2l — v — [;,i = 1, 2.
According to Lemma 2, one knows that

aW Z I+t
f( Dl

8W( ) b+t Lt
f Izl +lzal 2 ) (53)

is homogeneous of degree 21,.
With (52) and equation (53), there exists a constant y; such
that

avgfz(l_z)% < plTE Iz (54
Substitute (54) into (51) yields
2
Wy < —Lier = Yl Fv)Z2E (55)

i=1
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It is obvious that if L is large enough the right hand side
of (55 ) is negative definite. That is to say, the system (9)
can be globally asymptotically stabilized by the designed
observer (11) and controller (12).

Proof ends.

IV. DESIGN OF YAW MOMENT DISTRIBUTION STRATEGY
The designed homogeneous domination controller calculates
the yaw moment needed to stabilize the vehicle body. But in
fact, the yaw moment is generated by the four in-whee motors
of the IEV-DFIM. Therefore, it is necessary to coordinate the
distribution of the driving torque of the four in-wheel motors.
In this section, a direct yaw moment distribution strategy is
designed based on an optimal allocation algorithm for the
minimum adhesion coefficient utilization of tires.

For minimum adhesion coefficient utilization of tire, the
objective function is constructed as

(Fy,)? (Fy,)?
(/’Llel)z (M2Fzz)2

(Fyy)? (Fy,)?

(M3FZ3 )2 (M4FZ4 )2 )
(56)

In (56), Fy,, Fy,, Fx;, Fy, are the longitudinal forces of the left
front wheel, right front wheel, left rear wheel and right rear
wheel respectively. F;,, F,, F,, I, are the vertical forces
of the left front wheel, right front wheel, left rear wheel, and
right rear wheel respectively. i1, U2, 3, 4 are the adhesion
coefficients of the left front wheel, right front wheel, left rear
wheel, and right rear wheel respectively.

As the aforementioned information, the controller output
should be the torque sum of four tire longitudinal forces.
Therefore, we need to obtain the longitudinal forces of four
tires. According to vehicle dynamics, there exists

minJ =

Fr=F+F,+F;+Fj, (57)

where F; is the total vehicle driving force, Fy is the rolling
resistance, Fy, is the air resistance, F; is the grade resistance,
Fj is the acceleration resistance. For analysis convenience,
It is assumed that the vehicle runs at a constant speed on a
horizontal road, i.e., F; = 0, F; = 0, then the driving force
equation can be expressed as

C DAV
21.15
where G is the vehicle gravity, f is the coefficient of rolling
resistance, Cp is the coefficient of air resistance, A is the
windage area, vy is the vehicle speed.

Then the needed yaw moment 7, can be calculated by

th(Gf+ )_FX1+FX2+F)C3+FX47 (58)

d
TZ = E(_Fxl +sz - FX3 +FX4)» (59)

where d is the wheel distance. By (58) and equation (59), one
gets

CDAV)% 1
= (0. ~T,—F
(0.5Gf + 133 i 1)
CpAv? 1
= (0.5G X T.—F 60
( f+42.3+dz ") (60)
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TABLE 1. Vehicle parameters.

Vehicle Parameters Nominal | Unit
Value

Vehicle mass 1274 kg
Axle distance 2478 mm
Front wheel distance 1550 mm
Rear wheel distance 1550 mm
Distance between the front axle and centroid 1016 mm
Distance between the rear axle and centroid 1462 mm
Height of center of mass 540 mm
Rotational inertia 1523 N-m?2
Cornering stiffness of front wheels -53000 N/rad
Cornering stiffness of rear wheels -53000 N/rad

TABLE 2. Parameters of two controllers in numerical simulation.

Homogeneous Nominal Value | Sliding  Mode | Nominal Value
Controller Controller

1 1.89 Ch 0.11

l2 2.15 Ca 0.10

T 0.01 k1 2.89

Y1 1.03 k2 3.14

Y2 1.31 € 0.10

ni 0.85 Q 137

mi 7.4

Substitute (60) into (57), the derivatives of J with respect
to Fy, and Fy, are

2
9J 1 2F, Gf+4 — 2T —2F,
= S (En - 5 )=0 (61)
0Fy, 7 le FZ3
2
a i(zFx2 _Gf + Splve _ 2T 2Fx2) o)
OF,, W F2 F2 N

Then we can obtain the longitudinal forces of every wheel,
i.e., the needed torques of every in-wheel motor are obtained.

V. SIMULATION AND ANALYSIS

In this section, the numerical simulations are carried out
to verify the efficiency of the designed homogeneous
domination-based observer and controller under three work-
ing conditions with 80km/h and 120km/h respectively com-
pared with the sliding mode controller. The disturbance
sinmt)/(1 + 13) is adopted. The vehicle parameters used
are shown in Tab.1, and the simulation parameters of the
controller are shown in Tab.2.

A. NUMERICAL SIMULATION UNDER 80km/H
Under 80km/h, the yaw rate with the homogeneous dom-
ination controller and sliding mode controller is shown in
Fig.2. From which one can find that the maximum oscillation
value is about 0.106rad/s with the homogeneous domination
controller. After 0.9s, the oscillation value of the wave peak
is about 0.089rad/s, and then tends to be stable rapidly, and
reaches zero after 2.3s. By contrast, the yaw rate with the
sliding mode controller, the maximum oscillating value is as
high as 0.26rad/s. After 0.92s, the oscillation value of the
wave peak is still 0.126rad/s. Subsequently, the oscillation
tends to be stable and reaches zero after 4s.

As shown in Fig.3, the maximum oscillating value of
the side slip angle is only 0.212rad with the homogeneous
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FIGURE 2. The yaw rate with the homogeneous domination controller
and sliding mode controller under 80km/h.
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FIGURE 3. The side slip angle with the homogeneous domination
controller and sliding mode controller under 80km/h.
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FIGURE 4. The yaw moment with the homogeneous domination
controller and sliding mode controller under 80km/h.

domination controller. After 1s, the oscillation value rapidly
converges to zero and reaches zero after 3s. For the sliding
mode controller, the maximum side slip angle is as high as
0.361rad. After 0.95s, the oscillation value of the peak is still
0.156rad. It tends to be zero after 4.5s.
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FIGURE 5. The yaw rate with the homogeneous domination controller
and sliding mode controller under 120km/h.
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FIGURE 6. The side slip angle with the homogeneous domination
controller and sliding mode controller under 120km/h.

As shown in Fig.4, the homogeneous domination controller
just outputs maximum value 140N-m to meet the stability
requirement, then decreases the output rapidly. After 2.1s,
the vehicle is stabilized completely. By contrast, the sliding
mode controller needs to output maximum 325N-m to meet
the requirement. And the vehicle is stabilized to zero after 4s.
This means the sliding mode controller should output more
energy and time to stabilize the vehicle than the homogeneous
domination controller.

B. NUMERICAL SIMULATION UNDER 120km/H

Fig.5 shows that the maximum oscillation value is only
0.08rad/s with the homogeneous domination controller. The
yaw rate tends to zero after 2.2s. However, the maximum
oscillation value is about 0.275rad/s with the sliding mode
controller and tends to zero after 4s.

As shown in Fig.6, the maximum oscillation value of the
side slip angle with the homogeneous domination controller
is 0.21rad. Then the side slip angle quickly tends to be zero.
The oscillation peak with the sliding mode controller is up to
0.38rad. Followed by several oscillation peaks, the side slip
angle tends to zero.
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FIGURE 7. The yaw moment with the homogeneous domination
controller and sliding mode controller under 120km/h.

Fig.7 shows that the sliding mode controller outputs the
maximum yaw moment is up to 300N-m and stabilizes the
vehicle after 4.5s. While the homogeneous domination con-
troller just outputs 120N-m and stabilizes the vehicle after
2.1s. It can be seen that the torque requirement of homoge-
neous dominant control is much smaller than the sliding mode
controller, and the homogeneous domination controller has a
better control effect than the sliding mode controller.

According to the above simulation analysis, it is concluded
that compared with the sliding mode controller, the homo-
geneous domination controller has better control effects for
the yaw rate, side slip angle, and control output. On the
other hand, it is obvious that the homogeneous domination
controller has strong robustness which is more suitable for
the lane keeping system.

Vi. HARDWARE-IN-LOOP SIMULATION ANALYSIS

The Hardware-in-loop (HIL) simulation system is composed
of a MicroAutoBox (dSPACE), Lenovo Legion laptop (CPU
Intel i7-11800H, GPU NVIDIA RTX3060, RAM DDR4
2666), Matlab, and CarSim software. The designed con-
trol algorithm is programmed by Matlab and inputted into
MicroAutoBox. MicroAutoBox acquires the necessary sig-
nals from the driverless car and outputs control orders to four
in-wheel motors according to the designed control algorithm.
At the same time, MicroAutoBox transfers the car status to
CarSim. The HIL simulation system communicates via the
CAN bus. And the control period is set to 100ms. The Con-
trolDesk module of CarSim monitors and records the car’s
running data. Then CarSim displays the car status via real-
time animation. HIL simulation is carried out under straight
road condition with a speed of 80km/h. In the simulation, the
IEV-DFIM runs along the center line of the lane controlled
by the lane keeping system. The lateral stability control
system will work if the lane keeping system may cause the
IEV-DFIM to reach the lateral stability limit. The homoge-
neous domination method still is simulated compared with
the sliding mode control method. The simulated IEV-DFIM’s
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TABLE 3. Two controllers’ parameters in HIL simulation.

Homogeneous Nominal Value |Sliding  Mode | Nominal Value
Controller Controller

Parameters Parameters

I 1.37 c1 1.23

l2 3.19 c2 0.45

T 0.01 kr 0.11

Y1 1.04 k1 3.24

Y2 1.15 € 0.10

k1 0.96 Q 154

m1 5.37

0.15

0.1

~(rad/s)

Homogeneous Dominant Control

— — — Sliding Mode Control
Desired Value

MicroAutoBox

(a) The MicroAutoBox (b) The driverless car

(c) The simulation display interface

FIGURE 8. The hardware-in-loop simulation system.

parameters are shown in Tab.l, and the two controllers’
parameters are shown in Tab.3. The HIL simulation system
is shown in Fig. 8.

Remark 2: Some parameters of the controller are the coef-
ficients of Hurwitz poly-nomial and others are selected via
our experience. The dynamic model used in the numerical
simulation is Eq.1 which is a simplified 2DOF model. But
the dynamic model used in the HIL simulation is a vehi-
cle dynamic model provided by the CarSim software which
includes all the subsystems of the vehicle. The different
dynamic models need different parameters of the controller.
Therefore, the controller parameters used in the numerical
simulation at 80km/h are different from the controller param-
eters used in the HIL simulation at the same 80km/h.

As shown in Fig.9, with the homogeneous domination con-
troller, the yaw rate of the vehicle reaches the maximum value
0.14rad/s at 2.3s and tends to zero at 5.5s. The practical curve
is close to the desired yaw rate curve throughout the whole
process. By contrast, the yaw rate reaches the maximum value
0.18rad/s at 2.3s and tends to zero at 5.5s with the sliding
mode controller. The deviation between the practical curve
and desired curve is larger, and the practical curve is close to
the desired curve at 4.3s.

As shown in Fig.10, with the homogeneous domination
controller, the side slip angle reaches the maximum value
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FIGURE 9. The yaw rate of the car running on the straight lane with the
homogeneous domination controller and sliding mode controller under
80km/h.
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FIGURE 10. The side slip angle of the car running on the straight lane
angle with the homogeneous domination controller and sliding mode
controller under 80km/h.
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FIGURE 11. The yaw moment of the car running on the straight lane with
the homogeneous domination controller and sliding mode controller
under 80km/h.

0.044rad at 2.3s and tends to zero at 4.2s. In contrast, the side
slip angle with the sliding mode controller reaches 0.055rad
at 2.4s, which is larger than the homogeneous domination
controller, and tends to zero at 4.2s.
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FIGURE 12. The torque distribution of the car running on the straight lane
with the homogeneous domination controller under 80km/h.
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FIGURE 13. The torque distribution of the car running on the straight lane
with sliding mode controller under 80km/h.

Fig.11 shows that the yaw moment maximum value needs
to be 520 N-m with the homogeneous domination controller.
But the yaw moment maximum value needs to be 680 N-m
with the sliding mode controller.

Fig.12 and Fig.13 show that each in-wheel motor needs
smaller torque output with the homogeneous domination con-
troller than the sliding mode controller.

In conclusion, we can get that the homogeneous domina-
tion controller has a better control effect than the sliding mode
controller, and is more suitable for engineering applications.
The homogeneous domination controller can improve the
IEV-DFIM’s lateral stability for safety when the lane keeping
system is working.

VIi. CONCLUSION

To improve the IEV-DFIM’s lateral stability for lane keep-
ing system, the homogeneous domination control method
is proposed. The two-degree-of-freedom dynamic model of
an IEV-DFIM for lateral stability is constructed. Based on
the established dynamics equations, the state equation of the
IEV-DFIM stability control system is obtained, and the homo-
geneous domination observer and controller are designed
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based on the homogeneous theory. The Lyapunov method is
used to prove that the designed observer and controller can
globally asymptotically stabilize the nonlinear system. The
numerical simulation and HIL simulation are carried out. The
results show that the homogeneous domination controller has
better control effects on yaw rate and side slip angle compared
with the classical sliding mode controller, and the controller
output is obviously smaller than the classical sliding mode
controller which reduces the requirement for the physical
controller and the energy consumption.
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