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voltage to the front wheel steering angle. Specifically, the model of the self-aligning torque
is elaborated in detail and compared with a simplified one. Next, an NASTSM controller is
designed for the SbW system, which adopts a nested adaptive law to promote tracking
accuracy by dealing with complex time-varying external disturbances and a super-
Super-twisting sliding mode twist.ing sliding mpde (STSM) control compppent to guarantee strong robustn.ess V\(hile
Steer-by-wire alleviating chattering phenomenon. The stability of the NASTSM control system is verified
Self-aligning torque in the sense of Lyapunov. Finally, experiments are carried out under various conditions. The
experimental results show that the proposed NASTSM controller owns superiority in terms
of not only higher tracking precision and stronger robustness, but also less dependence on
the information of plant models compared with a conventional adaptive sliding mode
(CASM) controller.
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1. Introduction

As a new trend in the development of automobile industry, the by-wire technology has been investigated and imple-
mented in almost every part of modern vehicles, such as steer-by-wire (SbW) [1,2], brake-by-wire [3,4], throttle-by-wire
[5], shift-by-wire [6] and accelerate-by-wire [7]. As a pivotal part of vehicle by-wire technologies, an SbW system uses a
steering motor to generate torques for steering front wheels, a feedback motor to generate feedback torques for drivers
to perceive the interactions between front wheels and road surfaces, and an electronic control system to control the whole
SbW system [8]. The SbW technology possesses noteworthy advantages in comparison with traditional steering systems,
such as the enhancement of a vehicle’s mobility and maneuverability while guaranteeing high-fidelity steering feel [9]
and the reduction of noises, vibrations, environmental concerns and energy consumptions of a vehicle [10]. In addition,
the SbW technology is an important foundation of self-driving automobiles which are the future of transportation [7].

For the aim of forcing an SbW equipped vehicle to follow a road path fast and precisely, accurate dynamic modeling and
robust control design are both crucial. Dynamic models of SbW systems are investigated by many researchers. For instance, a
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bicycle model with detailed description of self-aligning torques is proposed to elaborate a vehicle’s dynamics in the horizon-
tal plane [11]. In [12], a plant model of an SbW system including the bound information of system parameters, a simplified
model of self-aligning torques and a model from the d-q-axis stator voltages to output torques of a steering motor is
described in detail. Apart from modeling, robust control design for SbW systems is also of great importance. A number of
control schemes have been proposed for vehicle steering systems, such as sliding mode-based control [13,14], fuzzy sched-
uled optimal control [15] and neural network control [16]. In [17], a model predictive controller is designed for a vehicle SbW
system, which owns fault-tolerant property.

As a variable structure control method, sliding mode control uses a switching control signal to force the system to ‘slide’
along a sliding surface, which performs strong robustness against system uncertainties and disturbances [18]. Due to its
merits, sliding mode control has been used in many applications, such as [19-22]. On the basis of conventional sliding mode
control, a terminal sliding mode (TSM) control method is proposed to increase the convergence rate and alleviate the chat-
tering phenomenon [23]. Afterwards, non-singular terminal sliding mode (NTSM) control is presented to settle the singular-
ity problem existing in TSM control [24]. Furthermore, super-twisting sliding mode (STSM) control is proposed, which can
generate continuous control signals, handle system uncertainties and attain finite-time convergence property [25]. For
instance, an STSM control scheme is proposed for a breathing subsystem of a polymer electrolyte membrane fuel cell stack,
which demonstrates distinctive robust features and control smoothness [26]. Adaptive control is another powerful control
method specifically effective for systems with time-varying parameters or dynamics [27-29]. For instance, a novel adaptive
robust triple-step control scheme is proposed to compensate for cogging torques in a dc motor, where an adaptive algorithm
is employed to identify unknown parameters online and a model-based triple-step nonlinear control component is pre-
sented to deal with system uncertainties and achieve robust control performance [30]. Recently, Edwards et. al. have pre-
sented a novel nested adaptive control method which demonstrates good control performance without the bound
information of adaptation gains, external disturbances and their derivatives [31]. The nested adaptive control and the STSM
control have their own advantages, but the combination of them is still rare in actual implementations, especially in SbW
systems. Thus, it motivates us to combine them and design a nested adaptive super-twisting sliding mode (NASTSM) con-
troller for vehicle SbW systems.

In this paper, an NASTSM control scheme is proposed for a vehicle SbW system. In the NASTSM control, a nested adaptive
law is adopted to cope with complex time-varying external disturbances but requiring less model information compared
with ordinary adaptive laws, and an STSM control component is designed to maintain finite-time convergence and
chattering-alleviation. Superior control performance is obtained for the NASTSM controller in comparison with a conven-
tional adaptive sliding mode (CASM) controller proposed in [13].

The remaining part is organized as follows. In Section 2, the dynamic model of the SbW system is described in detail,
especially the model of self-aligning torques. In Section 3, the NASTSM controller is designed for the SbW system, and the
stability of the whole system is proved in the sense of Lyapunov. In Section 4, experimental results of the NASTSM and CASM
controllers are shown, compared and analyzed. Finally, Section 5 concludes this paper.

2. Plant modeling

Our experimental platform of a vehicle SbW system is shown in Fig. 1, where the conventional steering column between
the steering wheel and the pinion-and-rack system is removed and replaced by a steering motor (Mitsubishi HF-SP102). The
steering motor is controlled to provide appropriate torques to steer the front wheels through a gear head, a pinion-and-rack
gear box and steering arms. Designed controllers are executed by using MATLAB Real-Time Workshops installed in an HP
computer. An Advantech PCI multifunction card is used to collect sensor measurements and generate control inputs in real
time. A servo driver is used to convert the control input signals to current signals to drive the steering motor. An angle sensor
(MoTeC) is installed on the pinion to measure the rotary angle of the pinion. Multiplying this angle measurement by a trans-
mission gain from the pinion to the front wheels yields the steering angle of the front wheels, i.e., the system output to be
controlled. As shown in Fig. 1(b), another angle sensor (MoTeC) is installed on the column of the steering wheel to measure
the rotary angle of the steering wheel manipulated by a driver. Likewise, multiplying this angle measurement by a transmis-
sion gain from the steering wheel to the front wheels yields the reference command of the closed-loop control system.

According to a bicycle model proposed in [11], the plant model of our SbW system can be expressed by

Jo+cs =bu—-F-1
F = fsign(J)

where | and ¢ denote the equivalent moment of inertia and the viscous friction of the steering system, respectively; J is the
steering angle of the front wheels, i.e., the system output; F is the Coulomb friction with a coefficient of f and a standard
signum function sign(5); T represents the self-aligning torque acting on the front wheels; u is the control input of the
closed-loop control system; b is a gain consisting of four components, i.e., the scale factor accounting for the conversion from
input voltages to output torques of the steering motor, the gear ratio of the gear head, the gear ratio of the pinion-and-rack
system and the transmission gain from the linear motion of the rack to the steering motion of the front wheels. Due to a high
bandwidth of the steering motor and the mechanical property of our experimental platform, the variation of the value of b is
almost negligible. Thus, b is treated as a constant with the value of

(1)
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Fig. 1. Experimental platform of an SbW system.

b=275Nm/V. 2)
Note that there exist parametric uncertainties in the system. Thus, we can rewrite (1) as
Joo + Cod + fosign(d) + 1o + A = bu (3)

where J, co,f, and 7, denote the nominal parameters of J,c,f and t, respectively; A represents the lumped uncertainties
existing in the system. The nominal values of the parameters are known as

Jo= 60kgm’
Co = 152 Nms/rad (4)
fo= 5Nm.

And the lumped uncertainties A satisfies

|A| <A =100 Nm (3)

where A is the upper bound of A.
Note that the proposed NASTSM control does not require the bound information of each parameter. However, the CASM
control presented for comparison requires the bound information of all parameters. Thus, we give this information here:

1A = U—JOI<BJ:61<gm2
|Ac = |c—co| < Ac = 15 Nms/rad ©)
Al = |f = fol <Ar=0.5Nm

where Aj, A. and Ay are the corresponding parametric uncertainties of J,c and f; A;, A. and As are the upper bounds of A;, A
and Ay, respectively.

Fig. 2 shows the generation of self-aligning torques acting on the front wheel [11]. Related parameters with values are
given in Tables 1 and 2 [11,12]. Specifically, the pneumatic trail t, means the distance between the center of the wheel
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Table 1

Fig. 2. Modeling of self-aligning torque.

Parameters of self-aligning torque model.

Parameter Description

) Front wheel steering angle

F. Front wheel lateral force

s Front wheel slip angle

Vv Vehicle velocity at center of gravity (CG)

Ve Velocity of front wheel

B Vehicle body slip angle at CG

Y Vehicle yaw rate

Iy Distance between the center of front wheel and CG
I Distance between the center of rear wheel and CG
Cy Front wheel cornering stiffness

C, Rear wheel cornering stiffness

tm Front wheel mechanical trail

tp Front wheel pneumatic trail

m Vehicle mass

I

Vehicle inertia around CG

661
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Table 2
Values of Vehicle Parameters.
Parameter Value
tm, tp 0.015m, 0.023 m
I 1 1.2m, 1.05m
m 2000 kg

Cy, C; for wet asphalt road 45,000 N/rad
Cy, C; for dry asphalt road 80,000 N/rad
Cs, C; for snowy road 12,000 N/rad

and the application point of the lateral force; the mechanical trail t,, means the distance between the center of the wheel and
the point on road surfaces where the wheel pivots. Then, the self-aligning torque can be expressed as

—Fe- (tn+1,). @
Under the condition of a small slip angle o, the lateral force F, has a linear relationship with o:
Fo=—Cs-as (8)
where C; is the cornering stiffness of the front wheel, and o is given by [32]
M
os =+ 0 d. (9)
Hence, substituting (9) into (8) yields the lateral force F. as
F, :_Cf<ﬁ+/if_5) (10)

Combining (7) with (10), the self-aligning torque 7, can be expressed as
7l
‘EO:—Cf(tm+tp)<[f+/f 5>. (11)

Actually, the slip angle of the vehicle g can be obtained from the following expression:

B =tan™! [ b 9)]- (12)
Ir+ I
Furthermore, the yaw motion of the vehicle can be described by a state-space equation [12] shown as follows:
, —CG—Cr Crlr Gl
[R5 [
| = ) gy |9 (13)
')) Crlrfcflf *Cflf *Cr’, ’y Sl
I LV Iz
Rearranging (13) yields the vehicle yaw rate y as
B Cf +C; Cf . Gl — Cflf -1
1= (b ) (1) 14

Therefore, the complete model of the self-aligning torque 7, can be obtained by combining (11), (12) and (14).

In our case, the values of the parameters in the self-aligning torque model are listed in Table 2 [12]. Under the condition of
a constant vehicle velocity V, a hyperbolic tangent signal is used to mimic the self-aligning torque in [13], which is expressed
as

Ty = p, - tanh(d) (15)
where p_ is a time—varying coefficient with respect to road conditions, and tanh(x) denotes the hyperbolic tangent function

1

tanh(x) = er 1

(16)

Under the condition of V = 35 m/s, the values of p, can be given by
250, snowy road
pr =4 950, wet asphalt road (17)
1760, dry asphalt road

to mimic the self-aligning torques under the conditions of a snowy road, a wet asphalt road and a dry asphalt road,
respectively.
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According to the complete model of the self-aligning torque given by (8)-(14) and the simplified model shown in (15), the
actual self-aligning torque and the simplified one under the condition of snowy road are plotted in Fig. 3. In Fig. 3(a), the
vehicle velocity is set as V =35 m/s, and the values of vehicle parameters are set as the nominal ones listed in Table 2.
We can see that under this condition the simplified self-aligning torque conforms to the actual one pretty well. However,
if we set m = 2400 kg,V = 15 m/s and add some uncertainties to C; and C;, the simplified self-aligning torque cannot con-
form to the actual one satisfactorily as shown in Fig. 3(b). Thus, the simplified model given by (15) has limitations and cannot
describe the actual self-aligning torque well enough under a wider range of vehicle conditions. This implies that the model-
based CASM controller proposed in [13] may have performance limitation in practice. Therefore, this motivates us to inves-
tigate a new control method in this paper which does not rely on the self-aligning torque model. For comparison in exper-
iments, we will set the vehicle velocity V with a time-varying value, which is closer to the reality and can demonstrate the
strong robustness of the proposed control scheme against the variation of V.

Limited by our experimental platform, the front wheels shown in Fig. 1 cannot be driven to generate forward velocity.
Thus, the ground cannot generate real self-aligning torque and exert it on the front wheels during the experiment. However,
the other dynamics of our SbW system are real and can be directly validated in experiments. Since the detailed and accurate
model of the self-aligning torques has been given by (11), (12) and (14) with the values of all the related parameters shown
in Table 2, we can artificially generate the following voltage signal as an input to the steering motor:

To
b

where T, is given by (11), and n,, is a white noise signal added to simulate the parametric uncertainties existing in the self-
aligning torque model since all the values of the parameters given by Table 2 are nominal ones. Then, after the conversion
from input voltages to output torques through the steering motor, the amplification through the gear head, and the trans-
mission through the pinion-and-rack system and the steering arms as shown in Fig. 1, the effect of the self-aligning torques
can be generated and exerted on the front wheels. Note that u, defined in (18) is thoroughly independent from the control
input u mentioned in (1). Thus, we can reasonably treat the effect of the self-aligning torques generated by u, as an external
disturbance of the whole system. The purpose of elaborating the actual self-aligning torque model is to obtain the voltage
signal given by (18) in experiments. However, we should note that the designed NASTSM controller is almost a model-
free controller that does not require the information of the self-aligning torque model, which is a prominent benefit com-
pared with other model-dependent controllers.

Up = — + 1y (18)
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Fig. 3. Simulation of self-aligning torque model.
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3. Control design

Our aim is to design a robust controller which can force the front wheel steering angle to track the reference command
fast and precisely under parametric uncertainties and unmodeled dynamics. Besides, due to the complex model of the self-
aligning torque, we expect that the designed controller does not require the bound information of the external disturbances
in the system. Thus, an NASTSM control scheme is proposed for the SbW system. In the NASTSM control, the nested adaptive
law can handle the complex time-varying self-aligning torque and the STSM control component can smooth the control sig-
nal while guaranteeing strong robustness and fast time-convergence property.

3.1. NASTSM control design for SbW systems

Considering the plant model given by (1), we design the control input u as

o foSign(S)
e R (19)
where u, is a control input component to be designed later. Substituting (19) into (1) yields
<« Cp - To A
o+ —0+—+r-=1U 20
[ <0

which can be regarded as an equivalent plant model of the SbW system. Thus, our aim is to design u. to obtain a satisfactory
control performance. Initially, we define the tracking error of the control system e as

e=5-10, (21)

where §; is the reference command for the front wheel steering angle to track, which is usually twice-differentiable due to
common curves of roads. Afterwards, we define a sliding variable s as

s=eé+/e (22)

where /4 > 0 is a control parameter to be designed. Then, we can get the first-order derivative of the sliding variable s as
follows

S =eé+/e

55+ 20— by @3)
From (20) we get
8:—5—;’5—;—2—]%+uc. (24)
Substituting (24) into (23) yields
S =A(t)+uc
A(t) :(;ﬁj—g)ésfs,fw,f;—gﬁ% (25)

where A(t) is a continuous and twice differentiable term which is supposed to satisfy |A(t)| < Ao, |A(t)| < A; and |A(t)] < As.

The parameters Ag, A; and A, are unknown constants, and they denote the upper bounds of A(t),A(t) and A(t), respectively.
Let the control input component u, be [31]

ue = —pssign(s) + v(t) (26)
v(t) = —h(t)sign(s)

where p > 0 is to be designed, and h(t) contains a nested adaption law shown as follows:

h(t) = —[po+ p(t)Isign(g(t))
_ o Jolg®)] iflg(t)] > g
ple) = {O otherwise

gty = h(t) ~ }|Peg(t)] — (27)

o) = h(sign(s)

Peq(t) = %[(P(t) — Peq(1)]
where u > 0,p, >0, >0,g8,>0,0<n<1,¢£>0and € >0 are constants to be designed. For the convenience of control
design, we define
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Z(t) = % —p(b) (28)

where q > 1 indicates the so-called safety margin [31].
Then, the design parameters are chosen to satisfy the following conditions [31]:

11 @eq(O)] +5 > [eg ()]
2
15 g4 (%) 29

‘(L/’eq(t” < gh,.

Lemma 1. Consider the SbW system (1) with the parametric uncertainties in (5) and under the NASTSM control law given by (19),
(26) and (27). Then, the tracking error defined in (21) can converge to zero for a given reference angle signal.

Proof. Since we have defined z(t) = % — p(t), we can get

A
plt) =2 ~2(0) (30)
Then, a Lyapunov function V is defined as
ozt L2
V=58t + 520 31)

According to the expression of g(t) and h(t) given by (27) and the expression of p(t) given by (30), we get the first-order
derivative of g(t) as

g0 = h() = 1 Peg(t)
= —[po+ p(t)Isign(g(t)) — } |Peq(t)] (32)
~ [P0+ 92 — 2(0)|sign(g(6)) — e (0)]

Based on (32) and (29), we obtain

ge= —|po+%—2(0)]Ig] - &IPeq(t)
—Polg] — %2 1g| +2(t)lg| — £|Peq(t)]
—Polgl — %2 (g +Z()lg| + & |Peq 1)
—Polgl — %218l +z(t)|g| + L2 |g]
—polgl +2(b)\g]

The definition of p(t) given by (27) yields p(t) > 0. Suppose p(0) = 0, then it is verified that p(t) > 0. Based on the definition
of p(t) given by (30), we get gA,/n — z(t) > 0, namely,

N

N

2%
Z(t) < " (34)

Up to now, we have proved that g& < —p,|g(t)| + z(t)|g(t)| and z(t) < qA, /5. Then, we consider two conditions in the follow-
ing proof. 0O

Condition 1. |g(t)| > g,
According to the definition of z(t) shown in (28), we can get the first-order derivative of z(t) as

z(t) = —p(t). (35)
As per the definition of p(t) given by (27), it is known that p(t) = w|g(t)| under Condition 1. Hence,
2(t) = ~olg(1)) (36)

Based on the Lyapunov function V defined in (31), we can obtain the first-order derivative of V as
. A
Vv :gg+azz. (37)

Substituting (36) into (37) yields



666 Z. Sun et al./Mechanical Systems and Signal Processing 122 (2019) 658-672

V =g(t)g(t) — 2(t)lg(t)]. (38)
Combining (33) with (38) we can conclude that
V< —polg(t)]. 39)

Condition 2. |g(t)| < g
Under this condition, we get p(t) = 0 according to (27). Based on the definition of z(t) given by (28), we obtain

z(t) = —p(t) = 0. (40)
Substituting (40) into (37) and combining (33) yields

< —Polg(t)] +z(b)|g(0)].

From (41) we can evidently see that if z(t) < 0, then V < —p,|g(t)|. As expressed in (34), z(t) < gA, /7 is always satisfied.
Thus far, it is proved that outside the following rectangular region:

o-{(e2): el <g.0<2< 12}, (@2)

the condition of V < —p,|g(t)| is satisfied. Then, we construct an ellipse centered at the origin of Fig. 4 with the form of
Q= {(&2):V(g2)<r}

2 (43)
r= dgb+4 (%)
which encloses the rectangular region given by (42). Hence, if the parameter ¢ can be chosen to satisfy
1, o, 1/aA 2
Zf >g0+6(7 ) (44)
g(t) will be forced to converge into the region of |g(t)| < £/2 in finite time.
Then, based on the definition of g(t) given by (27), we obtain
_ _ 1 —
201 = |h) ~F1Pe(0)] - €] s)

N

1
< 2

z(1)

-

Fig. 4. Visualization of Q and ®.
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Rearranging (45) yields

L
h(©) > 160+ 5. (46)

Therefore, according to (29), the following inequality can be concluded:
1 4 p
h(t) >ﬁ\<0eq(t)|+§> |Peq (E)] = |A()]. (47)

The remaining proof follows the procedure in [33], which states that there exists a large enough p > 0 together with (47)
such that the control law (19), (26) and (27) can achieve finite-time convergence property and the tracking error defined
in (21) can be forced to converge to zero in finite time.

The proof is thus completed.

Remark 1. The stability of the overall control system has been verified in the sense of Lyapunov. However, the selection of
control parameters is also of great importance for the practical implementation of the developed NASTSM controller in SbW
systems since ideal tracking performance is usually compromised with the effect of unmodeled dynamics and measurement
noises. Herein, we give the selection guideline of control parameters.

The parameter / crucially determines the bandwidth of the sliding mode dynamics as shown in (22). A larger 4 leads to a
larger bandwidth indicating a faster response rate and higher tracking accuracy but at the cost of introducing more measure-
ment noises. The parameter p is known as the modulation gain associated with the discontinuous term in super-twisting
sliding mode control [33]. The value of u should be chosen sufficiently large to activate the sliding mode characteristics
but not overlarge considering the discontinuity. The parameter € affects the estimation rate of y(t) as shown in (27), which
should be given a small value for a fast estimation rate. From (27) we can also see that the parameter g, sets the threshold of
the nested adaptive law to be activated. A smaller g, leads to smaller tracking errors compromised with measurement
noises. The value of # is suggested to be in the range of 0 < 17 < 1 according to [31]. The parameter ¢ can be regarded as
an offset of g(t) as shown in (27). Overlarge value of ¢ may cause system instability. Thus, the value of ¢ is suggested to
be set in the range of 1 < ¢ < 2 in our system. The parameters p, > 0 and o > 0 slightly affect the performance of the nested
adaptive algorithm in our system. Thus, these two parameters can be tuned in reasonable ranges based on experimental
performance.

3.2. Controller for comparison

In order to demonstrate the superiority of the developed NASTSM controller, a CASM controller proposed in [13] is
employed to compare with the NASTSM controller. For simplicity, the control input of the CASM controller is straightly
given:

Uosm = 1 [jOEK +Jobr + Cod + fosign(d) + @S + Ksat(S) + p, tanh(d)
K= AJEK+ Ao + Acld| + Ar (48)
pe= (ﬁJr isl> -S - tanh(s)

where sat(x) is a saturation function with the boundary layer thickness of 0.8 [ 13]; tanh(x) is the hyperbolic tangent function
defined in (16); E and S are the tracking error and the sliding variable under the CASM control defined as E = 6, — §, and
S = E + KE, respectively; p is the estimation p. in the simplified self-aligning torque model given by (15); s; is the Laplace
operator; A, A. and Ay are the upper bounds of the parametric uncertainties given by (6). Based on [13], the values of the
control parameters are chosen as k = 15, @ = 45 and i = 2640.

From the design of the NASTSM and CASM controllers, we can see that the difference between these two controllers is
quite evident. The CASM controller relies on detailed information of a plant model to a large extent, especially the design
of the adaptive estimation law is thoroughly based on the simplified model of self-aligning torques. On the contrary, the
NASTSM controller requires less information of a plant model and can deal with the real time-varying self-aligning torque
under various road conditions and vehicle velocities. In addition, the STSM control component in the NASTSM controller can
produce a continuous control signal, which can alleviate the chattering that exists in the control input of the CASM controller
to some extent.

4. Experimental results

Experiments are carried out on our SbW experimental platform shown in Fig. 1 to test the control performance of
designed controllers. A fixed-step Euler solver with a sampling period of 0.001s is adopted for the experiment. To fairly
and comprehensively compare the NASTSM controller with the CASM controller, three cases with different road paths,
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various road conditions and time-varying vehicle velocities are arranged in experiments. In order to obtain a good balance
between the tracking accuracy and the control robustness against system uncertainties, measurement noises and external
disturbances, the values of the control parameters are selected as = 15,p,=3.5,#=0.9,¢=1.1,2=7,8, =0.01,w = 25
and € = 0.01.

4.1. Case 1: Slalom path

As a common path in reality, a slalom path is usually chosen to test the performance of a vehicle’s steering system. In this
case, we manipulate the steering wheel shown in Fig. 1(b) to generate an angle signal that is similar to a sinusoidal signal to
mimic a slalom path for the vehicle to follow. Multiplying this angle measurement with a transmission gain from the steer-
ing wheel to the front wheels yields the reference command of the closed-loop control system. The values of front wheel
cornering stiffness C; and rear wheel cornering stiffness C, are set as

C=C=12,000N/rad, 0<t<20s, snowy road
C; =C,=45,000N/rad, 20 <t<40s, wet asphaltroad (49)
Cr=C,=80,000N/rad, 40 <t<60s, dryasphaltroad

to represent the condition of snowy, wet asphalt and dry asphalt road surfaces during the experiment, respectively. We also
set a time-varying vehicle velocity V as

15 + 2t, 0<t<10s
35-2(t-10), 10<t<20s
15+2(t—-20), 20<t<30s

( )

( ) (50)
35-2(t—30), 30<t<40s

( )

( )

, 40<t<50s
35-2(t—-50), 50<t<60s

to represent the acceleration and deceleration motion of the vehicle. The experimental results of this case are shown in Fig. 5.

From Fig. 5 we can see that in this case, the control performance of the proposed NASTSM controller is superior to that of
the CASM controller. The peak errors under the CASM control in three periods are 0.035 rad, 0.039 rad and 0.089 rad. How-
ever, the corresponding ones under the NASTSM control are 0.012 rad, 0.022 rad and 0.022 rad, which are much smaller.
Besides, the steady-state errors under the CASM control are uneven compared with the ones under the NASTSM control. This
is because that the CASM controller relies much on the simplified self-aligning torque model. When the vehicle velocity Vis a
constant, the simplified self-aligning torque model conforms to the real one well. However, if V is a time-varying one given
by (50), the simplified self-aligning torque model cannot conform to the real one any more, which results in the deterioration
of the tracking accuracy. On the contrary, the tracking errors under the NASTSM control are very even and remain in a small
range of —0.025 rad to 0.025 rad due to the effect of the innovative nested adaptive law and the fast convergence rate of the
STSM control component.

4.2. Case 2: Circular path

In this case, another common road path is considered, which is initially straight and then with a large circular curve. Like-
wise, we manipulate the steering wheel to generate a reference angle as if the vehicle is running along a circular road path.
The duration of the experiment is set as 15 s. The front wheel cornering stiffness C; and the rear wheel cornering stiffness C,
are set as C; = C, = 45,000 N/rad to represent a wet asphalt road condition. Furthermore, the vehicle velocity V is set as
follows:

35, 0<t<2s
35-25(t—-2), 2<t<4s
V=1 30, 4<t<9s (51)
30-25(t-9), 9<t<11s
25, 11 <t<15s.

The experimental results in this case are shown in Fig. 6.

As shown in Fig. 6, the tracking performance of the NASTSM controller is still superior to that of the CASM controller in
this case. The peak error under the NASTSM control is 0.018 rad, which is much smaller than that under the CASM control
(0.095 rad). During the whole experiment, the tracking errors of the NASTSM controller are forced to remain in a small region
of —0.02 rad to 0.02 rad. However, from the beginning of steering front wheels (the 2nd second), it takes almost 4 s (the 2nd
second to the 6th second) for the tracking error under the CASM control to converge to this region. This indicates that in the
case of circular path following, the designed NASTSM controller still demonstrates higher tracking accuracy and stronger
robustness against time-varying vehicle velocities compared with the CASM controller.
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4.3. Case 3: Shock disturbance rejection

(c) Control inputs

Fig. 5. Control performance comparison in Case 1.

669

In reality, it is common for a running vehicle to come across small bumps, pot holes and road edges. When a rotating front
wheel touches an obstacle, it may be forced to steer in a sudden resulting in an abrupt deviation of the vehicle from the orig-
inal path, which may bring danger. Hence, whether the SbW system can reject the impact of shock disturbances and force the
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Fig. 6. Control performance comparison in Case 2.

front wheels to steer back to the original position fast enough is of great importance. In this case, experiment with a duration
of 10 s is carried out to test the convergence rate of the controllers. The reference signal is set as zero to mimic that the vehi-
cle is running along a straight road path. Parameters C; and C, are set as C; = C; = 45,000 N/rad to represent a wet asphalt
road condition. Besides, the vehicle velocity is set as a constant with the value of 35 m/s. The purpose of these settings is to
exclude the interference of the change of road conditions and vehicle velocities. Referring to [34,35], a pulse voltage signal u,,
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with an amplitude of 1.2 V and a width of 0.5 s is set as an input to the steering motor at the 2nd second to simulate the
effect of the shock disturbance in experiments. This approach is similar to the generation of the effect of self-aligning torques
as aforementioned. Thus, u, is also independent from the control input u, and the effect generated by u, can be treated as a
shock disturbance of the whole system. The reason for the above setting is because of the constraints of our experimental
platform. In the future work, we will generate real pulse torques to impose on the front wheels. The experimental results
in this case are shown in Fig. 7.

As shown in Fig. 7, in this case, the peak error under the CASM control is 0.088 rad. However, the peak error under the
NASTSM control is only 0.035 rad, which is evidently smaller. For the CASM control, it takes about 5 s (the 2nd second to
the 7th second) for the tracking error to converge to a small region of —0.005 rad to 0.005 rad. In addition, at the end of
the experiment, the tracking error only converges to 0.003 rad but not zero. However, for the NASTSM control, the time
for the tracking error to converge into this region is only 1 s (the 2nd second to the 3rd second). Furthermore, the tracking
error under the NASTSM control finally converges to zero at the end of the experiment. Hence, the superiority of the NASTSM
controller in terms of higher tracking precision and faster convergence rate is also demonstrated in the case of shock distur-
bance rejection in comparison with the CASM controller.

5. Conclusion

In this paper, an NASTSM controller is designed for a vehicle SbW system. In the NASTSM control, an innovative nested
adaptive law is proposed to handel the effect of complex time-varying external disturbances, and an STSM control compo-
nent is adopted to generate smooth control signals while guaranteeing fast convergence property and strong control robust-
ness. The stability of the NASTSM control system is verified in the sense of Lyapunov, and a CASM control scheme is proposed
to compare with the NASTSM controller. Experiments are carried out for both the NASTSM and CASM controllers in three
different cases under various road conditions and vehicle velocities. The experimental results of the NASTSM and CASM con-
trollers are shown, compared and analyzed in detail. It is demonstrated that the developed NASTSM controller owns evident
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superiority in terms of higher tracking accuracy, stronger robustness, faster convergence rate and most importantly, less
dependence on the information of plant models compared with the CASM controller. Though the newly designed NASTSM
controller requires a larger computational load for the control system hardware, the more and more sophisticated processor
technology will definitely satisfy this requirement in actual implementation.

It should be noted that the self-aligning torque acting on the front wheels and the shock disturbance in Case 3 are not real
ones but simulated in experiments. Thus, the experimental platform does not completely match the real scenario at this
stage. However, our control design and experimental validation are still valuable for industrial references. Our future work
is to improve the experimental platform as a real SbW-equipped vehicle which can run on the road. In addition, we will
expand our research to more cutting-edge topics such as driverless vehicles based on the SbW technology.
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