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Abstract: The hub motor has been applied to new energy vehicles due to its excellent
performance, but the hub motor increases the unsprung mass and changes the tire dynamic
characteristics of the vehicle. This change makes the front wheel shimmy phenomenon more
prone to occur, which further influences the vehicle’s stability, comfort, fuel efficiency, and
safety. Therefore, it is highly necessary to apply modern control theory to the shimmy control.
This paper addresses the issue of front wheel shimmy occurring when electric wheeled vehicles
are traveling on roads, in addition to the problem of unknown measurement errors in sensors. We
established a one-degree-of-freedom model for front wheel shimmy, derived the state equations of
the model, and designed a state observer and output feedback controller based on homogeneous
domination control theory. Using the Lyapunov function method, it is proven that the designed
controller can globally asymptotically stabilize the system. Finally, the designed homogeneous
domination controller for the front wheel shimmy system was simulated using MATLAB and
then compared with sliding mode control. The results demonstrate that the proposed method
in this paper can effectively eliminate the front wheel shimmy phenomenon and has good
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robustness.
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1. INTRODUCTION

Front wheel shimmy refers to the phenomenon where the
front wheels continuously oscillate around the kingpin
while the vehicle is traveling on the road. This vibration
is transmitted through the steering system to the steering
wheel, causing the entire vehicle to experience shimmying
(Wang et al., 2024; Meng et al., 2024). In recent years,
the global automotive industry has been developing to-
wards new energy vehicles, particularly electric wheeled
vehicles independently driven by hub motors (Zhuang,
2020). While the application of hub motors has eliminated
many transmission components, improving transmission
efficiency, it also changes the tire dynamics characteristics,
which makes the front wheel shimmy phenomenon more
likely to occur (Wu et al., 2023). It significantly impacts
the vehicle’s driving stability, safety, and motor life. There-
fore, it is urgent to study the mechanisms, influencing
factors, and the active control methods of vehicle shimmy:.

Many scholars have conducted extensive research on the
mechanism of shimmy, yielding a series of achievements.
(Becker et al., 1931) invented the tire beam formula, and
carried out experiments on this basis, found that the
lateral force is an important factor affecting the shimmy.
(Pacejka, H.B., 1966) analyzed the relationship between
tire slip angle, lateral forces applied to the wheels, and the
self-aligning torque of the wheels. On this basis, he derived
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the widely recognized tire magic formula, which has been
extensively used in shimmy research. Subsequently, (Pace-
jka, H.B., 1973) further improved the magic formula tire
model using a frequency response characteristic calcula-
tion method, enhancing accuracy and closely aligning with
experimental results. After summarizing and revising the
previous magic formula tire model, (Bakker et al., 1987)
introduced a semi-empirical tire magic formula that effec-
tively reflects the dynamic characteristics of tires during
vehicle motion. It has been widely applied and referenced
in research. (Demic, M., 1996) analyzed the impact of de-
sign parameters on the shimmy of steering wheels in heavy-
duty vehicles. (Guo et al., 1986) proposed a semi-empirical
model for tire lateral characteristics through extensive re-
search and experiments. (Guo, K.H., 1995) further investi-
gated the impact of dynamic tire lateral characteristics on
vehicle shimmy, revealing that larger wheel radius, greater
kingpin inclination angle, and higher cornering stiffness,
coupled with lower tire lateral stiffness, tend to increase
the tendency of shimmy. (Wang et al., 2012) established
a nonlinear three-degree-of-freedom shimmy system and
conducted simulations, analyzing the impact of tire verti-
cal stiffness, tire lateral stiffness, damping of wheel rota-
tion around the kingpin, and tire trail on shimmy. (Wei et
al., 2022) considering stochastic clearances, analyzed the
influence of clearance nodes on the dynamic characteristics
of a six-degree-of-freedom vehicle shimmy system based
on a dynamic model. (Lu et al., 2023) developed a vehi-
cle dynamics model considering the coupling mechanism
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between front wheel shimmy and lateral vehicle motion,
studying the interaction effects between steering shimmy
and overall vehicle motion instability. The research focused
on the impact of tire force saturation caused by different
degrees of lateral and longitudinal coupling on braking
force distribution strategy.

It is evident from the aforementioned studies that the
methods for solving vehicle shimmy problems are fun-
damentally based on dynamics. Researchers investigate
the relationships between various parameters and shimmy;,
aiming to reduce or eliminate shimmy by altering fixed
parameter values. The method involves designing a ratio-
nal mechanical structure during vehicle manufacturing. If
factors such as wear, deformation, or displacement occur
between components during the subsequent use of the ve-
hicle, affecting certain parameters that influence shimmy;,
adjusting the vehicle’s inherent parameters becomes chal-
lenging. As time and technology progress, it is necessary
to use modern control theory to design an active control
method for suppressing shimmy. Unfortunately, there are
currently few such achievements, with the primary focus of
research being on shimmy in aircraft landing gear (Wang
et al., 2022; Wang et al., 2023; Dong et al., 2023). (Xiao,
2022) proposed a steering wheel shimmy suppression con-
troller based on rack force estimation, effectively reducing
the impact of shimmy on steering feel and enhancing
driving comfort. (Meng et al., 2019) established a new two-
degree-of-freedom shimmy model for the independent sus-
pension of electric vehicles under uncertain disturbances.
He proposed an active control method using sampled data
output feedback control to address shimmy problems. Fur-
thermore, (Meng et al., 2020) constructed a four-degree-of-
freedom shimmy model for electric wheeled vehicles with
independent suspension. He proposed an active shimmy
control method based on disturbance estimation observer
with finite time. Based on spatial rod system configuration
parameters, (Zhou, 2022) developed an optimized con-
trol model for vehicle shimmy. The study utilized multi-
objective particle swarm optimization analysis, achieving
research on vehicle shimmy control optimization based on
spatial rod system configuration parameters in a multi-
rigid-body dynamics environment.

In recent years, many scholars have proposed numerous
advanced control methods with excellent control perfor-
mance, potentially applicable to shimmy control. (Zhang
et al., 2023) proposed an adaptive fixed-time backstepping
control method utilizing a command-filtering technique
and an adaptive disturbance observer, which can effec-
tively estimate total interference with minimal error. (Ata
and Coban, 2022) proposed a decoupling algorithm with
combination of sliding mode control and adaptive back-
stepping control. (Kchaou et al., 2022) proposed a fuzzy
output feedback control scheme to address the reliable
sampled-data control problem of nonlinear systems. (Qian
and Li, 2006) proposed a homogeneous control method
for globally output feedback stabilization of a class of
nonlinear systems. This approach exhibits robustness, is
suitable for systems with significant uncertainties and
strong nonlinearity, and effectively enhances system stabil-
ity, supported by empirical evidence. (Xie and Liu, 2012)
applied homogeneous control methods to solve the state
feedback stabilization problem for high-order nonlinear

systems with time-varying delays and randomness. (Chen
and Xu, 2018) proposed a method based on homogeneous
control with added power integrator technology. (Zhao
and Su, 2020) further constructed state-dependent ho-
mogeneous control stabilizers for p-norm systems with
interval power products. (Meng et al., 2021) applied the
homogeneous domination control method to the vehicle ac-
tive suspension system and found its control performance
surpasses sliding mode control. (Meng et al., 2023) also
employed the homogeneous domination control method in
lane-keeping technology, revealing that the controller has
strong robustness, fast response speed, and low energy
output, making it more suitable for lane-keeping systems
and improving their performance.

2. RELATED WORK

Given the advantages of homogeneous control, this paper
proposes a homogeneous domination control method for
the front-wheel shimmy control of electric wheeled ve-
hicles. The third section details the construction of the
dynamic model for front-wheel shimmy in electric wheel
vehicles. The fourth section proposes the designed homo-
geneous domination controller and observer, employing the
Lyapunov method to prove the asymptotic stability of the
front-wheel shimmy control system. The fifth section ap-
plies the homogeneous domination controller and observer
to the front-wheel shimmy system and conducts numer-
ical simulations, comparing the results with the sliding
mode control method. The sixth section offers concluding
remarks on the study.

3. FRONT WHEEL SHIMMY MODEL FOR
ELECTRIC WHEEL VEHICLES

Direction of the vehicle
Kingpin caster angle

Fig. 1. One-degree-of-freedom front wheel shimmy model

As discussed in the previous section of the literature, it is
evident that shimmy typically arises from the interplay of
multiple factors. To elucidate the underlying mechanisms,
many researchers have developed various shimmy models
that are increasingly practical and feature higher degrees
of freedom. However, as the degree-of-freedom (DOF)
increases, the complexity of the models escalates, con-
currently heightening control challenges. Therefore, this
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Fig. 2. Top view of tire

paper chooses to establish a one-degree-of-freedom shimmy
model for the left front wheel of an electric wheel vehicle,
making it easier to simultaneously address unknown sensor
measurement errors and nonlinear terms. The model is
illustrated in Fig. 1. To better understand what is the
shimmy angle, Fig. 2 is a top view of the tire. X-axis
represents the direction of the tire when the vehicle is
traveling normally. When the vehicle experiences shimmy,
as shown in the Fig. 2, the tire rotates clockwise by a
certain angle, and at this point, the direction of the tire
is X’-axis. The shimmy angle is the angle between X and
X’. The derivation of the model will be carried out by
Lagrange’s theorem as

%(%)—@Jra—ljJra—P:Q. (1)
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where T is the kinetic energy of the system, U is the poten-
tial energy of the system, D is the dissipated energy of the
system, ¢ is the generalized coordinates, () is the gener-
alized force acting on generalized coordinates. Wherein,
the expressions of kinetic energy, potential energy, and
dissipative energy of the system are

1 .
T=_-J6
QJ ’
Loy o 1oo o :
U= §L k0% + §L k.0°sina(sina + fcosa), (2)

D= 56[62 + §L20392.

where J is the moment of inertia of the wheel around its
kingpin, 6 is the shimmy angle, L is the effective length of
the knuckle, kg is the equivalent torsional angular stiffness
of the wheel around kingpin, k, is the vertical stiffness of
tire, « is the kingpin caster angle, f is the rolling resistance
coefficient, ¢; is the equivalent damping coefficient of the
wheel around kingpin, and ¢, is the damping coefficient
of the electric wheel. In the case of tires, the movement
around kingpin is mainly caused by lateral forces and other
external disturbances. Therefore, the expression for the
generalized force @ is

Q=—-Fy(tm + Rsina) + A —u. (3)
where Fy, is the lateral force of the tire, and ¢, is the drag

distance of the tire. R is the wheel rolling radius, A is
the torque generated by the uncertain disturbance on the

left front wheel and kingpin, and u is the output of the
controller.

To get more accurate lateral force of a tire, using the
computing method given in (He, 2004)

Fy = a1x(0 — b) + azx?(0 — 00)? + azx> (60 — bO)>. (4)
where
x = [(po/k)? + (pf [k)w?] /[w? + (po/k)?],
b= [(pv/k)?* = p*fo/k?|/[(pv/k)* + pfw? /K],
ar = k,as = —0.0668k*/ (1 - G.,),
az = —0.1032k3 /(- G.,)%.

where p is the lateral stiffness of the tire, v is the vehicle
velocity, k is the lateral stiffness of the tire, w is the natural
frequency, G, is the vertical weight of the front wheel, and
1 is the road adhesion coefficient.

(5)

Substituting equations (2) to (5) into equation (1) obtains
the differential equation for the shimmy of the left front
wheel around the kingpin

JO + [d?ks + d?k. sin a(sin o + f cos )
+kX(tm + Rsina))0 + [ + d%cs
—bkx(tm + Rsina))d — A +u (6)
+la1x(6 — bd) + azx*(0 — bO)?
+azx>(0 — b0)3)(t,, + Rsina) = 0.
Let z,(t)=0(t) and x5(t)=6(t), differential equation (6)

can be rewritten as state equation (7), in the following
form

T1(t) = x2(t) + 01(t, z,u),
z2(t) = U(t) + pa(t, z,u) + M, (7)
y =fO)z().
where
p1(t,z,u) =0,

1
pa(t,z,u) = 7j[d2ks + d?k,, sin a(sin o + f cos @)
1
+ kx(tm + Rsina)]z; — j[cl + d?c,

1
— bkx(tm + Rsina)|xs + j[alx(xl — bxg)

+ agpx?(x1 — bxa)? + asx>(x — b$2)3](tm + Rsina),
u A

N
J’ J

4. DESIGN OF HOMOGENEOUS DOMINATION
OBSERVER AND CONTROLLER

The initial step involves the establishment of several
inequalities, definitions, lemmas, and hypotheses to be
utilized in the ensuing proof process. These have been
substantiated within pertinent literature.
Hypothesis 1. There exits 7 > 0 and ¢ > 0

|¢z| SC(|CC1|Z.T+1+"'+|I1‘ ri),i:1,2,... (8)

Where r; = (ijg;;1+1'
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Before giving the lemma, it is necessary to introduce the
following definitions (Kawski, M., 1990).

For fixed coordinates (z1, - -
ri>0,i=1,---,n,

Definition 1: The dilation Ag(x) is defined as (§™xq,-- -,
&™may,), where &€ > 0. r; is called as the weights of the
coordinates. In order to make the following writing more
concise, the dilation weight is written as A = (r1, -+ , 7).

Definition 2: A function V' € C(R",R) is referred to
as homogeneous of degree 7 if there is a real number
T € R such that Vo € R™\{0},{ > 0, V(A¢(z)) =
§TV(1‘17..' 7xn)'

,Zn) € R™ and real numbers

Definition 3: A homogeneous p-norm is defined as ||z||a p, =
(30, |@|P/m)YP Wz € R™, for a constant p > 1. In this
section, when p=2, ||z| a2 is written as ||z|a.

Lemma 2. (Qian, C., 2005). Suppose V(z) : R* — Ris a
homogeneous function of the 7 degree with respect to the
expansion weight A, the following holds:

(1) r; is the homogeneous weight of x;, and the homoge-
neous degree of % is 7-1;.

(2)There is a constant C such that
V(z) < Cllz||A

In particular, if V() is positively definite, then for ¢ > 0,
there is
cllzl[a < V()

Lemma 3. (Qian, C., 2005). Given a dilation weight A =
(r1,--+ ,7y), suppose Vi(x) and V3(z) are homogeneous
functions of degree 7 and 75. Then Vi(x)Va(x) is also
homogeneous with respect to the same dilation weight A.
Moreover, the homogeneous degree of Vi (x)Va(x) is 71 +70.
Lemma 4. (Qian and Li, 2006). For xeR, yeR , p > 1,
there exists

|2+ ylP < 277 o 4y, 9)
([ + [yD"? < |2 ]P + [y]V/7.
If p > 1 is odd number, there exists
|z —ylP <2772 — yP). (10)
Lemma 5. (Qian and Li, 2006). Let p > 1 be an odd real
number and x, y be real-valued functions. Then,

|27 — y?| < ple —yl(=zP 7 +yP 7). (11)
The proposed method in this paper aims to solve the
problem of unknown sensor measurement error and non-
linearity of the front wheel shimmy control system. Ac-
cordingly, leveraging the homogeneous domination control
theory (Qian, C., 2005), we have developed a controller
(12) and an observer (13). Subsequently, it is demonstrated
that this approach ensures the global asymptotic stability
of the front wheel shimmy system (7) under Hypothesis
(1). The controller is designed as

u(Z) = —fa(Zg + fr27")P2,
p1=12/T1,
P2 = (7’2 +T)/’I"2.
where [3; is a positive constant, r; is the homogeneous
weight of x;, 7 is a homogeneous degree.

(12)

The observer is designed as

i.l = f(l').’l?l,

&z = (m2 +ma1)™,
12 = —l1Z9.

where I; > 0, n; > 0.

Proof. For simplicity, let 7 = A/B, where A is an even
number and B an odd number. And then there is

ri=0—-171+1,i=12,..
which are odd numbers.

Firstly, it need to prove that the homogeneous state
feedback controller can globally asymptotically stabilize
the following system (14) without unknown nonlinear
terms. )
Tr1 = T2,
. (14)
o = U.
Defining u=x3, a virtual controller
r2
l’; = _ﬁlel 751 =2+ C1,
Y1 =11 — 27,92 = T2 — T5.
2rg—T

and select Vi(z1) = g2 a ™

, there exists
. 2rg 2rg—7
Vi(xq,m2) < =22, + 2,7

Constructing Lyapunov function

(.132 — .732*).

2rg—7

Py

Vo(zq,22) = Vi +

2r9 — T

the derivative of Va(x1,x2) is
2rg—7

Vawy, @) < =207/ fap Ty

27‘3—7'_1 ax * .
+w2 2 (,flf3 + d)Q(l") — T{L‘llxl).

(17)

According to the definition of the virtual controller, there
exists

T3 r3 ratT
2= Pt = —(Lheate)d)? =u=—faty* . (18)
Therefore,
. 2ry 2ra—7
Va(zr,22) < —()" +93) +4by ? (u—u*). (19)
To+T
Select u* = —f321p, ™ , there is
. r 8V1 ($1) c'?Vg(xg)
Ve < _ 2ry /11 2 )
2(71,22) < =) Y3 + D2t ¢1+ D2, ®2
(20)
According to Hypothesis 1, there is
¢1 < e |7, (1)
92 < elfan |7+ fao| ),
Furthermore, it can be concluded that
. 2ry 2rg
Va(z1,22) < =97 + ¢§ +2x(¥" + 1/)%) (22)

ZQ
< =" +¢5)(1—2x).
Choosing a reasonable parameter y can make V2($1, x9) <

0, so the state feedback controller can asymptotically
stabilize the front wheel shimmy system (7).

In the shimmy control system, x; can be obtained from a
sensor, but x4 can not be obtained directly from a sensor,
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so an observer is needed to estimate xo. Therefore, it
need to prove that the front wheel shimmy system can
be asymptotically stabilized with the designed controller
and observer.

Similarly, it is necessary to first prove that the controller
and observer can stabilize system without nonlinear terms
(14), and then prove that they can asymptotically stabilize
the front wheel shimmy system (7).

Constructing C! function Uy

o Ty
Uy = / r (872 — (N2 + may))ds. (23)
(m2+mx1) "1
There are
U, =
Oy xy? — (N2 +mw1),
oUs _ —x2 4 (2 + ma )%
s 2 T2 T 1T >
oU: r2
002 — (e~ (m +m) ),
The derivative of Uy is
. T
Uz = z3(23* — (n2 + mx1)) — mea(w2 — 72)
(24)

. r1
—nmez(72 — (n2 +mr1) ).
where 3 = u(&), e3 = 22 — Zo.

Next, it is necessary to deal with the terms in equation
(24).

Because e; = x9 — Zo, there is
—mea(zs — &2) = —nre3. (25)

Now, the first term on the right-hand side of the equation
(24) needs to be addressed.

- . "
= Cxzxa(xs? — (x2 —e2)™ —mreq).
(26)

Because r;_1/r; < 1, according to Lemma 4, there is

353(510;2 — (2 +mwz1))

T1

o3> — (w2 — e2) 7 | < 2" |ea| 5. (27)
Meanwhile o
|za| < [vo] + Bulepn |/, (28)
@3] < [s] + Bale|™/ 7.
Therefore,
:1 1 27‘2 /’I“l 2 27‘2 /’I“3
za(zy? — (2 +ma1)) <55 (77 0 +05)
(29)
27”2/7“1
+ 7262 + g2(m)ey
where 75 is a constant and go(-)=0.
According to the homogeneity, one obtains
u(@)] < el|2|[ZFT < el +ellel 2 (30)

= (Zi=1 |x1|”) /2’ Ay = (r1,72).

According to the definition of the homogeneous norm, it
is known that

|z]|A,

where ||z||a,

— (W™ 4 [ihs — w2722

31
o3 P2 = el (31
=1

it
Thus
u(®)] < cl|]|Z7T + cllel| 2T, (32)
n
u(Z)(zy* — (n2 +mz1))
T T T T 771
< (IR + (el ) (clez| = + mlea]) (33)
1 22 21‘2
< g(d’fl +93) + maes + ga(m)e;

where my is a constant.

Now, the third term on the right-hand side of the equation
(24) is under discussion. According to inequality (11),

re
—mea(Ea — (N2 + max1)™)

L2
< —mlea| X [(n2 +m@1)™

~ ry 4
—(m2 + ma1 +mer)n (34)
2 1 2:12 rg/rl
<ey+ E% T+ ma(m)ey
where ma(71) is a continuous function.
Therefore, equation (24) can be rewritten as
279
Zw” (m — 1 —ma)es. (35)

It is evident that xo is unmeasurable, so it will produce a
redundant term 157277/ (4, — u*). Next, it need to

address this redundant term.

Because u is a C'! function,

1
ou(xz — Xe)
£) —u*(x) = ——=dA\. 36
w(@) —u*(z) = ey B o) (36)
The homogeneous degree of u*(z) is lo+7, and the homo-
geneous degree of % is 7. Therefore,
Ou(x — Ae)
R T T 37
el <elln, belleln (0)
2ra-T g R 1 22 5 5
by (@) —u(z) < (7 +9p) +mae;. (38)
where mo > 0.
Constructing a Lyapunov function
W =U;+ Vs. (39)
Then
i 1,22 2 ~ = N2
WS—&(% +43) — (m — 1 =12 —nm)ez.  (40)
Let )
771:1+1+T7L2+7~TL. (41)
then
2rg
W < _*(%71 + 15 + €3). (42)
Define the following matrlx
X = (z1,29,m2)7. (43)

Similarly, from the construction of ; and e;, it can
be inferred that the right-hand side of equation (42) is
negatively definite. Therefore, the closed-loop system is
globally asymptotically stable.



78

CONTROL ENGINEERING AND APPLIED INFORMATICS

In addition, the closed-loop system (14) can be rewritten
as the following form

X = P(X) = (2,u(2), )" (44)

One can see that this closed-loop system is homogeneous.
Selecting the dilation weight

A = (AgAy) = (r1,72),
Ay = (L, 147,142,114 37),
A, =(1L,147,1+27).

(45)

One can get that F(X) is the homogeneous of degree 7, W
is the homogeneous of degree 2r, — 7 and the right hand
side of (42) is the homogeneous of degree 2r5. Then it can
be got by Lemma 2 that there is a constant ¢ such that
OW(X)
0X
It has been proven above that a homogeneous output feed-
back controller can achieve global stability of the system
(14). Next, it will be demonstrated that a homogeneous
output feedback controller can stabilize the front wheel
shimmy system (7).

F(X) < —¢|IX[[3"

(46)

Firstly, the nonlinear front wheel shimmy system (7) is
converted to coordinates, letting z; = z1, 20 = x9/L,
u(2) = u(2)/L?. Then the converted nonlinear front wheel
shimmy system becomes:

21 = Lzo + 01(t, z,u(2)),

: (47)
The Lyapunov derivative of system (47) is
M 1 To /T
Wy < =@ (& + )
oWy (2) p2(2) 7
5y w1z) ] (48)

oW (2) p2(2)

< — 27y f T.
< —zanzig: + 8 o) 222

Where Z = [z 29]T.

According to system (7), 1(t,2,u) = 0. Via Hypothesis
1, there exists

o1t 2,u(2))] = 0,

- 49
(palt, 2, u(2)] < elfea| ™+ + Lol F2). (40
Because of L > 1, one can further get
|§01(t7 Z, U(f))‘ = 07
ro+T (50)
T2

|(p2(t, Z, u(é))

L )
oW (2) . .
a‘fz(v ) s 2ro — 7 — r; degree homogeneous function.

According to Lemma 3,

07,
oW;(2) ratr

|TZ2|(\21| "

| <CLY 7 (|| + |2

rT1+T

z|)

rotT
+ 22| 727).

is homogeneous of degree 2rs.

Via equations (50) and (51), a constant A; > 0 can be
found such that
W (Z) ¢i(2)

LB < LT || 7] 2, 52

aZl [i-1 — || HA ( )
Substituting equation (52) into (48), one obtains

Wy < —Lier = 2 L™ 77)||1Z|[3*. (53)

From equation (53) , it is obvious that by choosing an
appropriate constant L, the Lyapunov function Wy < 0. So
the nonlinear front wheel shimmy system is asymptotically
stable under the controller (12) and observer (13).

Sliding mode control (SMC) is used for comparison to
verify the effectiveness of the homogeneous domination
control method in our simulations.

First, the sliding surface of the SMC is selected as

§ = G1T1 + T, (54)
where ¢ is a parameter to be specified.
The differentiation of equation (54) is
$ =&y + Ea. (55)
The control rate is
§ = —casgn(s), (56)
1,s>0
where ¢2 > 0, sgn(s) = ¢ 0,s=0
—-1,s<0

By combining equation (55) and (56), ¢1@1 + &2 =
—¢28gn(s). Then, substituting 1 and @5 (see equation (7))
into the equation, one obtains the sliding mode controller
(57) as

Ugme = —[d2ks + d?k, sin a(sin o + f cos «)
+kX (tm + Rsina)|z; — [¢ + d?cs
—bkx(tm + Rsina)]zs + [a1x (21 — bx2)
+agx2(x1 — bm2)2 + a3x3(x1 — bxg)?’]
(tm + Rsina) + A + Jsiza + Jezsgn(s).

(57)

5. SIMULATION ANALYSIS

In this section, MATLAB/Simulink is utilized to develop
a one-degree-of-freedom front wheel shimmy model for
simulation purposes. This simulation aims to verify the
effectiveness of the designed homogeneous domination con-
troller and to assess the observer’s performance. The sim-
ulations were carried out under various operating condi-
tions, with vehicle speeds of 60 km/h and 100 km/h. Ad-
ditionally, the simulation took into account unknown sen-
sor measurement errors, modeled as f(t)=1+0.5sin(10t),
which suggests that sensor errors oscillate within the range
[0.5, 1.5]. Table 1 lists the primary parameters of the
vehicle. Table 2 and Table 3 respectively list the parame-
ters for homogeneous domination control and sliding mode
control.

5.1 Step signal disturbance

A step signal of #=0.2 rad is applied to the front wheel at
the 5th second as a disturbance. Figs. 3 to 7 respectively
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illustrate the actual, observed values, and controller out-
puts for the shimmy angle and its derivative under various
vehicle speeds.

From Figs. 3 and 5, it can be observed that after the step
signal disturbance is applied, the shimmy angle rapidly
decreases from 0.2 rad. However, there is a difference
in the magnitude of the second peak of the shimmy
angle; in Fig. 3, it is 0.1 rad, whereas in Fig. 5, it is
0.05 rad. It is also observable that the shimmy angle
can be swiftly suppressed under different vehicle speeds,
and it ultimately approaches 0 rad without a subsequent
increase. At a speed of 60 km/h, it takes 1.3 seconds
for suppression, while at 100 km/h, it requires only 1.1
seconds. Consequently, it is evident that at higher vehicle
speeds, the shimmy angle is suppressed more rapidly,
and the shimmy phenomenon is more readily mitigated.
Additionally, the designed observer is capable of accurately
estimating the actual values, with the error between the

actual value (#) and observed value (6) relatively small.

Figs. 4 and 6 depict the derivative of shimmy angle and
its observed value. They reflect the rate of change of the
shimmy angle. It can be observed from the figures that at
a vehicle speed of 60 km/h, the maximum peak value of
the derivative of shimmy angle is -7 rad/s, and at a speed
of 100 km/h, it is -5.5 rad/s. When it approaches zero,
it also corresponds to the time when the shimmy angle
approaches zero, which is also indicated by the results in
the figures.

The controller output, shown in Fig. 7. At a vehicle speed
of 60 km/h, the maximum output of the controller is
approximately 32 Nm, and at a speed of 100 km/h, it
is 29 Nm. It indicates the robustness of the designed
homogeneous domination controller.

Therefore, it can be concluded that under a step signal of
0=0.2 rad and varying vehicle speeds, the homogeneous
domination control method effectively mitigates issues re-

Table 1. The main parameters of the model

Name Symbol Unit Value
Vehicle mass m kg 1400
Effective length of
steering knuckle L m 0.15
Equivalent torsional stiffness
of the wheel around kingpin ks N m/rad 40000
Vertical stiffness of tires k. N/m 120000
Tire cornering stiffness C N/rad 15700
The moment of inertia of
the wheel around kingpin J kg-m? 10

Table 2. Homogeneous domination control pa-

rameters
Parameters Value Parameters Value
r1 1.1 k1 24
T 1.05 I 5
B1 1 B2 5
T 0.02

Table 3. Sliding mode control parameters

Parameters  Value
S| 5
2 0.14

0.25 ;
0204 h
0.15
0.10 - |
0.05 |
0.00

-0.05 3

-0.10 3

-0.15 3

-0.20

Shimmy angle(rad)

01234567809
Time(s)

101112131415

Fig. 3. Trajectories of the 6 and 6 under v=60km/h
suffering 6=0.2 rad

6
4
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0
2
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The derivative of shimmy angle(rad/s)

Fig. 4. Trajectories of the § and 6 under v=60km /h
suffering 6=0.2 rad

0.25 ;
0204 L 0
0.15 3
0.10 -
0.05 - ,
0.00

-0.05 3 !

-0.10 4 |

-0.15 3
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Time(s)
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Fig. 5. Trajectories of the 6 and 6 under v=100km /h
suffering 6=0.2 rad

lated to unknown sensor sensitivities and nonlinear model
terms, successfully suppressing the shimmy phenomenon.

5.2 L2 disturbance
A time-varying signal, given by Lo=20sin(15t)/(14t?),

is applied to the front wheel commencing from the 5th
second. Similarly, Figs. 8 to 12 respectively illustrate the
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Fig. 7. The controller output under v=60km/h and
100km/h suffering 6=0.2 rad

actual, observed values, and controller outputs for the

shimmy angle and its derivative under various vehicle
speeds.
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Fig. 8. Trajectories of the 6 and 6 under v=60km /h
suffering Lo=20sin(15t)/(1+t?) disturbance

In Figs. 8 and 10, it can be observed that when the vehicle
speed is 60 km/h, the maximum amplitude of the shimmy
angle is 0.018 rad, and when the vehicle speed is 100 km /h,
it is 0.014 rad. The amplitude of the shimmy angle is

0123456789101112131415
Time(s)

The derivative of shimmy angle(rad/s)

9. Trajectories of the 6 and # under v=60km /h
suffering Lo=20sin(15t)/(1+¢?) disturbance

Fig.

0.02

o=

(=}

—_
1

Shimmy angle(rad)
(=)
S
S
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Fig. 10. Trajectories of the 6 and 6 under v=100km /h
suffering Lo=20sin(15t)/(1+¢?) disturbance

slightly larger at lower vehicle speeds. Additionally, the
time taken for the shimmy angle to approach and stabilize
near 0 is comparable for both speeds, being approximately
7 seconds. Similarly, Figs. 9 and 11 depict the derivative
values of the shimmy angle. At a vehicle speed of 60 km/h,
the maximum amplitude is 0.3 rad/s, and at 100 km/h,
it is 0.26 rad/s. It is evident from Figs. 8 to 11 that
the observer is capable of effectively tracking the actual
values, yielding satisfactory results. From Fig. 12, it can
be observed that the controller outputs are quite similar;
however, the maximum torques produced are different. At
a vehicle speed of 60 km/h, the maximum output is 3 Nm,
whereas at 100 km/h, it is 2.7 Nm.

Therefore, it can be concluded that under the distur-
bance of Ly=20sin(15t)/(1+t2) at varying vehicle speeds,
the homogeneous domination control method effectively
addresses the challenges posed by unknown sensor sen-
sitivities and nonlinearities within the model, effectively
eliminating shimmy phenomenon.

5.8 Comparison with SMC

To better demonstrate the advantages of the Homogeneous
Domination Control (HDC) method, this study conducted
a comparative analysis with the Sliding Mode Control
(SMC) method.
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Fig. 12. The controller output under v=60km/h and
100km /h suffering Lo=20sin(15t)/(1+t?) disturbance
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Fig. 13. The comparison of # with different controller under
v=60km /h suffering §=0.2 rad

Figs. 13 and 14 illustrate the comparison of the shimmy
angle under various vehicle speeds and control strategies
when subjected to a disturbance with an angular dis-
placement of 6=0.2 rad. Figs. 13 and 14 illustrate that
at a vehicle speed of 60 km/h, the homogeneous domina-
tion control eliminates the shimmy angle in 1.3 seconds,
whereas the sliding mode control requires 9 seconds. More-
over, under SMC, the decay rate of the shimmy angle is

significantly slower compared to that under HDC. At a
vehicle speed of 100 km/h, the situation is similar; HDC
requires 1.1 seconds to eliminate the shimmy angle, while
SMC demands 4.5 seconds. Figs. 15 and 16 show the
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Fig. 14. The comparison of 8 with different controller under
v=100km /h suffering 6=0.2 rad
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78 9101112131415
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Time(s)

Fig. 15. The comparison of 6 with different controller
under v=60km /h suffering L>=20sin(15t)/(1+t?) dis-
turbance

comparison of the shimmy angle under different vehicle
speeds and control methods when a Ly=20sin(15t)/(1+t2)
disturbance is applied. Overall, the decay trend of the
shimmy angle is similar; however, the amplitude of the
peaks is noticeably larger under sliding mode control. At
a vehicle speed of 60 km/h, the shimmy angle stabilizes by
the tenth second with homogeneous domination control,
but only by the twelfth second with SMC. Additionally,
it can be observed that the rate of change of the shimmy
angle is smoother under HDC, which implies better vehicle
stability.

In summary, both homogeneous domination control and
sliding mode control are capable of suppressing the
shimmy angle, demonstrating the effectiveness of both
control methods. However, upon comparison, it is evident
that the superiority of HDC significantly surpasses that
of SMC. This reaffirms the rationality of the selection of
HDC to address the shimmy phenomenon in this study.
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Fig. 16. The comparison of # with different controller under
v=100km/h suffering Lo=20sin(15t)/(1+t%) distur-
bance

6. CONCLUSION

To address the front wheel shimmy issue in electric wheeled
vehicles, considering unknown sensor measurement er-
rors and nonlinearity, this paper introduces an active
shimmy control method. A one-degree-of-freedom front
wheel shimmy model is developed for the control system.
Homogeneous theory is utilized in the control strategy,
leading to the design of a homogeneous domination-based
observer and controller. The Lyapunov method is em-
ployed to demonstrate that the designed controller can
globally asymptotically stabilize the system. Numerical
simulations indicate that the observer can accurately esti-
mate the system states, and the controller effectively sup-
presses the shimmy angle. A sliding mode control (SMC)
method is also simulated for comparison with the homoge-
neous domination control (HDC) method. The comparison
reveals that the HDC provides superior performance in

terms of suppression effectiveness and stability compared
to SMC.
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