
����������
�������

Citation: Zhang, J.; Wang, M.

Integrated Adaptive Steering

Stability Control for Ground Vehicle

with Actuator Saturations. Appl. Sci.

2022, 12, 8502. https://doi.org/

10.3390/app12178502

Academic Editors: Bo Zhao,

Xuejing Lan and Zhiwei Hou

Received: 14 July 2022

Accepted: 24 August 2022

Published: 25 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Integrated Adaptive Steering Stability Control for Ground
Vehicle with Actuator Saturations
Jinhua Zhang 1,† and Mingyu Wang 2,*,†

1 School of Mechanical and Electrical Engineering, Guangzhou University, Guangzhou 510006, China
2 School of New Energy, Nanjing University of Science and Technology, Jiangyin 214331, China
* Correspondence: mingyu@njust.edu.cn
† These authors contributed equally to this work.

Abstract: During a steering manoeuvre in a ground vehicle, both yaw motion and roll motion can
occur simultaneously, and their dynamics can be coupled, as the roll motion is generalized directly
from the tires’ lateral force under steering. Hence, it is of significance to analyze them as an integrated
plant in the vehicle steering stability control problem. Furthermore, the actuator saturation of yaw
control cannot be neglected, as vehicles often steer at a high velocity or on low-friction roads. In this
paper, an integrated steering dynamics model is established considering the coupling between the
roll motion and lateral motion, then a novel nonlinear adaptive controller is proposed to stabilize
the steering motion considering the actuator saturation of yaw motion control. Simulation results
indicate that the designed integrated controller is effective in improving the performance of both the
yaw rate tracking error and ride comfort taking into account vehicle parameter uncertainties and
actuator saturation; the steering stability of ground vehicles can consequently be guaranteed.

Keywords: vehicle integrated control; steering stability control; adaptive control; actuator saturations

1. Introduction

In a steering manoeuvre for a ground vehicle, yaw motion can be generated directly [1,2].
When the vehicle is moving a a high velocity during a steering manoeuvre, unstable sideslip
or even drift may occur, which is a dangerous working condition as the vehicle cannot be
controlled easily by the driver [3,4]. Consequently, steering stability control is imperative.
Conventionally, two signals are taken as controlled states; one is yaw rate, which represents
manoeuvrability, while the other is the sideslip angle, denoting lateral stability [5] A novel
triple-step nonlinear method was designed for steering stability control of in-wheel motor
electric vehicles in [6], realizing the decoupling of the yaw rate and sideslip angle nonlinear
dynamics. There have been many steering stability control methods proposed, including
the aforementioned paper and others [7–9]; while the control results to date have been
brilliant, no influence on vehicle roll motion from steering motion is considered in the
extant literature. As is well known from experience, vehicle steering can result in body roll
motion, which is related to passenger ride comfort.

As os known, an effective approach to improving passenger ride comfort is an active
suspension system (ASS), the principle of which is to isolate the vibration of the unsprung
mass to the vehicle body [10,11]. The classical ASS controller is designed based on a quarter-
vehicle model [12]. In [13], a multi-objective control was derived for an uncertain nonlinear
ASS, taking into account both the dynamic tire load and suspension space. However, the
roll motion cannot be handled by a quarter-vehicle model despite the favorable isolation
effect of the unsprung mass vibration. Often, vehicle roll stability control is involved in
vehicle attitude control, for which a full-car model is most often employed. An adaptive
robust ASS controller was develop in [14] using a full-car model, with the roll stability
is taken as one of the control targets. The aforementioned roll stability control presents
excellent roll stability performance; nevertheless, the roll dynamics effect from vehicle
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steering is not involved. Therefore, a nominal roll stability controller that does not consider
the effect from steering may not work as desired.

Several researchers have focused on integrated steering stability control. In [15,16],
the authors employed a linear quadratic regulator and a sliding mode control method to
simultaneously control roll and yaw motion, respectively. A nonlinear control law was
designed in [17] to follow the desired trajectories of both yaw and roll behaviours. In [18,19],
the authors used model predictive control to simultaneously regulate yaw motion and
stabilize roll motion. Similarly, feedback linearization methods have been utilized to solve
the coupled yaw–roll motion problem in [20,21]. Although these techniques can handle
integrated steering control remarkably well, actuator saturation has not yet been considered.
Generally, the yaw stability control moment is realized by active steering or differential
braking. When a ground vehicle steers on a low friction road or with a large yaw rate,
the tire–road utilized adhesion force cannot supply enough control energy for its physical
limitations, which means that saturation of the actuator effort (the active steering angle
or braking force) occurs. Hence, it is important to consider the actuator saturation of yaw
control in the development of controller design. Two approaches are available to handle
actuator saturation: the first is the one-step approach, in which actuator saturation is taken
as a constraint in the controller design process [22,23]; the other is two-step approach,
in which the nominal controller is designed first, than an anti-windup compensator is
designed to handle the actuator saturation [24,25]. Here, we mentions a few approaches: an
anti-windup compensator in the form of a filter was designed for an attitude controller in
spacecraft under input saturation and measurement uncertainty in [26,27], an auxiliary anti-
windup compensator system was introduced to analyze the effect of the input constraint in
a saturated robust adaptive backstepping controller design; finally, in this paper, a two-step
approach controller is designed to handle actuator saturation.

Based on the aforementioned analysis, a steering stability control system integrating
yaw, roll, and lateral and heave movement behaviours with actuator saturation and vehicle
parameter perturbations has not previously been studied simultaneously and thoroughly.
Thus, an integrated steering stability controller is developed in this paper, taking into
consideration parameter perturbations and saturation of the yaw control effort. The main
contributions of this paper are summarized as follows: (i) based on the integrated dynamics
model, an integrated adaptive steering stability controller is proposed to stabilize the
yaw, roll, heave, and lateral motion simultaneously with parameter perturbations; (ii) the
actuator saturation of the yaw moment is considered in the context of integrated controller
development; hence, the designed controller can guarantee tracing performance of the
yaw rate with less degradation.

The rest of this paper is organized as follows: we establish the integrated dynamics
model and the analysis of the coupling principle in Section 2; then, we describe the design of
an integrated steering stability controller considering the actuator saturation of yaw control
in Section 3. In Section 4, a numerical simulation is carried out to verify the effectiveness of
the designed controller, followed by our conclusions in Section 5.

2. Problem Formulation

During a turning manoeuvre by a vehicle, both yaw movement and roll movement are
brought about; a 6-DOF turning dynamics model considering heave and roll movement of
the sprung mass, left and right hop movement of the unsprung mass, and lateral and yaw
movement of the whole vehicle is established in Figure 1, where zs and θ are the vertical
displacement and roll angle, respectively, of the sprung mass, zwl and zwr are the respective
hop of the left and right unsprung mass, zrl and zrr are the respective vertical inputs of
the left and right road, β and γ are the respective slip angle and yaw rate of the whole
vehicle, ms is the sprung mass, v is the vehicle velocity, Fy is the total lateral force of the
four tires, hg is the height of CG, ks and cs are the stiffness and damping coefficient of the
unilateral (left or right, hereinafter) suspension springs and dampers, respectively, kw and
cw are the respective stiffness and damping coefficient of the unilateral tire springs and
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dampers, mw is the unilateral mass of the unsprung mass, Fyl and Fyr are the respective
lateral force of left and right tires, d is the half-tread, α f and αr are the respective slip angles
of the front and rear wheels, δ f is the steering angle of front wheel, a and b are the distance
from the CG of the sprung mass to the front axle and rear axle, respectively, uz and uθ

are respectively the equivalent vehicle body vertical force and roll moment, which are
essentially determined by ul and ur, and ul and ur are the respective input forces of the
left and right active suspensions. Conventionally, the control input forces ul and ur can be
generated by linear electric motors.

ks csur

zwl

zrl

ks csul

mw

kw

zwr

zrrFyr

zs

θ  

d d

ms

hg

Fyhg

cw kw cw

mw

v

ggg

a

b

Fyf

Figure 1. Vehicle model.

The corresponding dynamics can be formulated as follows:

ms z̈s + Fsdl + Fsdr + Fssl + Fssr = uz (1)

Ix θ̈ + d(Fsdl + Fssl)− d(Fsdr + Fssr) = uθ + Fyhg (2)

mw z̈wl − Fsdl − Fssl + Fwdl + Fwsl = −ul (3)

mw z̈wr − Fsdr − Fssr + Fwdr + Fwsr = −ur (4)

β̇ = −
2(c f + cr)

mv
β +

(
2(bcr − ac f )

mv2 − 1

)
γ +

2c f

mv
δ f (5)

γ̇ =
2(bcr − ac f )

Iz
β−

2(a2c f + b2cr)

Izv
γ +

2ac f

Iz
δ f +

1
Iz

M (6)

where
Fwdl = cw(żwl − żrl)
Fwdr = cw(żwr − żrr)
Fwsl = kw(zwl − zrl)
Fwsr = kw(zwr − zrr)

,


Fsdl = cs∆ẏl
Fsdr = cs∆ẏr
Fssl = ks∆yl
Fssr = ks∆yr

,


∆yl = zs + d sin θ − zwl
∆yr = zs − d sin θ − zwr
∆ẏl = żs + dθ̇ cos θ − żwl
∆ẏr = żs − dθ̇ cos θ − żwr

,

Fy = Fy f cos δ f + Fyr = 2c f α f cos δ f + 2crαr,

K =
m

2L2 (
b
c f
− a

cr
), L = a + b, m = ms + 2mw,

{
ul + ur = uz

uld− urd = uθ
,

{
α f = δ f − aγ

v − β

αr =
bγ
v − β

,

where Fwdl and Fwdr are the respective damper forces of the left tire and right tire, Fwsl
and Fwsr are the respective spring forces of the left tire and right tire, Fsdl and Fsdr are the
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respective damper forces of the left tire and right suspension, Fssl and Fssr are the respective
spring forces of the left tire and right suspension, ∆yl and ∆yr are the dynamic deflection of
the left and right suspension, respectively, c f and cr are the respective cornering stiffnesses
of the single front and rear tires, L is the wheelbase, M is the yaw moment control input,
which can be generated either by active wheel steering or braking force, and Iz and Ix are the
respective inertial yaw and roll moments. For more detailed information about the physical
meanings of these notations, readers can refer to [16,17,28] and the references therein.

The control problem can be depicted as follows: lim
t→∞

zs → 0 or bounded, lim
t→∞

θ → 0

or bounded, and lim
t→∞

(γ− γr)→ 0 or bounded, under the condition that zwl , zwr and β are

bounded; γr is the reference yaw rate, which can be formulated as γr =
v/L

1+Kv2 δ f .

3. Integrated Controller Design

Let x1 = zs, x2 = żs, x3 = θ, x4 = θ̇, x5 = zwl , x6 = żwl , x7 = zwr, x8 = żwr, x9 = β,
and x10 = γ; then, the vehicle dynamics can be reformulated as

ẋ1 = x2, ẋ2 =
1

ms
(−Fsdl − Fsdr − Fssl − Fssr + uz)

ẋ3 = x4, ẋ4 =
1
Ix
(−d(Fsdl + Fssl) + d(Fsdr + Fssr) + Fyhg + uθ)

ẋ5 = x6, ẋ6 =
1

mwl
(Fsdl + Fssl − Fwdl − Fwsl − ul)

ẋ7 = x8, ẋ8 =
1

mwr
(Fsdr + Fssr − Fwdr − Fwsr − ur)

ẋ9 = −
2(c f + cr)

mv
x9 +

(
2(bcr − ac f )

mv2 − 1

)
x10 +

2c f

mv
δ f

ẋ10 =
2(bcr − ac f )

Iz
x9 −

2(a2c f + b2cr)

Izv
x10 +

2ac f

Iz
δ f +

1
Iz

M (7)

Accordingly, the integrated controller can be synthesised via the following three steps.
Step 1: let e1 = x1 − x1r, and e2 = x2 − x2r, where x1r is the reference value of x1 and x2r is
the virtual control input; then,

ė1 = ẋ1 − ẋ1r = e2 + x2r − ẋ1r.

Choose V1 = 1
2 e2

1 as a Lyapunov candidate; its derivation along ė1 yields

V̇1 = e1(e2 + x2r − ẋ1r)

Take x2r = ẋ1r − k1e1, where k1 > 0 is the design parameter; then, we have

V̇1 = e1e2 − k1e2
1.

Choose V2 = V1 +
ms
2 e2

2 +
1

2r1
m̃2

s as a Lyapunov candidate, where m̃s = m̂s −ms and
m̂s is the estimation value of ms; then, taking its deviation yields

V̇2 = e1e2 − k1e2
1 + e2(−Fsdl − Fsdr − Fssl − Fssr + uz −ms ẋ2r) +

1
r1

m̃s ˙̂ms.

Take
uz = Fsdl + Fsdr + Fssl + Fssr + m̂s ẋ2r − k2e2 − e1 (8)

and the adaptation law
˙̂ms = −r1e2 ẋ2r, (9)
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where k2 > 0 and r1 > 0 are design parameters; then, we have

V̇2 = −k1e2
1 − k2e2

2 ≤ 0

which indicates that e1, e2 and m̃s are bounded. Taking the derivative of V̇2 leads to

V̈2 = −2k1e1(e2 + x2r)− 2k2e2(
1

ms
(−Fsdl − Fsdr − Fssl − Fssr + uz)− ẋ2r),

thus, V̇2 is uniformly continuous, conditional on x1r and ẋ1r ∈ L∞. Consequently, the error
dynamics of e1 and e2 are asymptotically convergent to 0 with Lyapunov-like lemma.

Step 2: to facilitate the development of the control law, the following simplicities are
used: θI = 1

Ix
and fθ(xθ , δ f ) = −d(Fsdl + Fssl) + d(Fsdr + Fssr) + Fyhg, where

xθ = (x1, x2, x3, x4, x5, x6, x7, x8)
T . Let e3 = x3 − x3r, e4 = x4 − x4r, θ̃I = θ̂I − θI , where

x3r is the reference value of x3, x4r is the virtual control input, and θ̂I is the estimation of
θI . Following a similar procedure as in Step 2, we can choose V4 = 1

2 e2
3 +

1
2 e2

4 +
1

2r2
θ̃2

I as a
Lyapunov function and take

x4r = ẋ3r − k3e3 (10)

uθ = − fθ(xθ , δ f ) +
1
θ̂I
(ẋ4r − k4e4 − e3) (11)

with the projection-type adaptation law [29–31]:

˙̂θ I = Projθ̂I
(r2e4( fθ(xθ , δ f ) + uθ))

=


0 i f θ̂I = θI max and r2e4( fθ(xθ , δ f ) + uθ) > 0
0 i f θ̂I = θI min and r2e4( fθ(xθ , δ f ) + uθ) < 0
r2e4( fθ(xθ , δ f ) + uθ) otherwise

(12)

where k3 > 0, k4 > 0 and r2 > 0 are design parameters, and θI max and θI min are the known
maximum and minimum values of θI ; then, we have

V̇4 = −k3e2
3 − k4e2

4 ≤ 0.

Thus, e3, e4, and θ̃I are bounded; taking the derivative of V̇4 further yields V̈4 = −2k3e3(e4 +
x4r) − 2k4e4(θI( fθ(xθ , δ f ) + uθ) − ẋ4r), which is bounded on the condition that ẋ3r is
bounded. Hence, V̇4 is uniformly continuous, and consequently e3, e4 → 0, as t → ∞
with Lyapunov-like lemma.

After uz and uθ are determined, the active suspension control input can be obtained
as follows:

ul =
duz + uθ

2d
, ur =

duz − uθ

2d
. (13)

Step 3: for simplicity, let fγ(xγ, δ f ) = 2(bcr − ac f )x9 −
2(a2c f +b2cr)

v x10 + 2ac f δ f , where
xγ = (x9, x10)

T ; then, Equation (7) can be simplified as

ẋ10 =
1
Iz
( fγ(xγ, δ f ) + M)

where the saturated control input can be presented as

M = sat(uy) = sgn(uy) ·min{
∣∣uy
∣∣, umax}, (14)

where uy is the actuator demand input, sat(uy) is the actuator actual output, and umax > 0
is the positive upper bound of the actuator.

We now take the state tracing error of x10 as e10 = x10− x10r, where x10r is the reference
value of x10. Let M∆ = M− uy, and pass it through a filter ζ̇ = −kζζ + M∆, where kζ is
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the tuning parameter. The filter acts as an anti-windup compensator, thus, the actuator
saturation M∆ can be canceled out by feeding ζ back into the nominal control input, uy [26].

Choosing a Lyapunov candidate V10 = Iz
2 e2

10 +
1
2 ζ2, we then have

V̇10 = e10( fγ(xγ, δ f ) + M∆ + uy − Iz ẋ10r)− kζζ2 + ζM∆ (15)

We design the control law of uy as

uy = − fγ(xγ, δ f ) + Iz ẋ10r − k10e10 − k11ζ, k10 > 0. (16)

Then, substituting (16) into (15) yields

V̇10 = −k10e2
10 − kζ ζ2 + e10M∆ − k11ζe10 + ζM∆

= − k10

3
e2

10 + (e10M∆ −
k10

3
e2

10) + (− k10

3
e2

10 −
kζ

3
ζ2 − k11ζe10)

−
kζ

3
ζ2 + (ζM∆ −

kζ

3
ζ2)

= − k10

3
e2

10 − (

√
k10

3
e10 −

√
3

4k10
M∆)

2 +
3

4k10
M2

∆

−1
2
(
√

k11e10 +
√

k11ζ)2 − (− k11

2
+

k10

3
)e2

10 − (− k11

2
+

kζ

3
)ζ2

−
kζ

3
ζ2 − (

√
kζ

3
ζ −

√
3

4kζ
M∆)

2 +
3

4kζ
M2

∆

≤ −(2k10

3
− k11

2
)e2

10 − (
2kζ

3
− k11

2
)ζ2 + (

3
4k10

+
3

4kζ
)M̄2

where M̄ is the upper bound of M∆. If we take ρ = min{ 4k10−3k11
3Iz

, 4kζ

3 − k11}, 2k10
3 > k11

2 ,

and 2kζ

3 > k11
2 , then

V̇10 ≤ −ρV10 + ε (17)

where ε = ( 3
4k10

+ 3
4kζ

)M̄2. Integrating both sides of (17) generates

V10(t) ≤
ε

ρ
+ (V10(0)−

ε

ρ
)e−ρt

When t → ∞, we have V(∞) ≤ ε0
ρ , meaning that the signals e10 and ζ are ultimately

bounded and the attraction domain of V10 can be adjusted to be smaller, with a smaller σ
and a larger k10.

The integrated controller design yields a fifth-order error dynamics system, while
the original system is a tenth-order system. Hence, the zero dynamics contains five states.
Setting e1 = e3 = e10 = 0 generates the following zero dynamics:

ẋ0 = Ax0 + Bz0 + Cxr + d0 (18)

where

x0 =


x5
x6
x7
x8
x9

, A =


0 1 0 0 0
− kw

mw
− cw

mw
0 0 0

0 0 0 1 0
0 0 − kw

mw
− cw

mw
0

0 0 0 0 − 2(c f +cr)

mv

,
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B =


0 0 0 0 0
kw
mw

cw
mw

0 0 0
0 0 0 0 0
0 0 kw

mw
cw
mw

0

0 0 0 0
2c f
mv

, z0 =


zrl
żrl
zrr
żrr
δ f

,

C =


0 0 0
−ms

2 − Ix
2d 0

0 0 0
−ms

2
Ix
2d 0

0 0
2(bcr−ac f )

mv2 − 1

, d0 =


0

Fyhg
2d
0
− Fyhg

2d
0

, xr =

 ẋ2r
ẋ4r
x10r

.

It is easy to see that A is Hurwitz; accordingly the zero dynamics is stable.
The control scheme proposed in this paper is based on full-state feedback; thus, the

full-state variable acquisition becomes a requirement. However, as certain states, especially
for the vehicle sideslip angle β [32] and body roll angle θ, are not easy to measure directly
by sensors, this requirement is somewhat demanding. In addition, the tire lateral force
model is involved in the controller design; tire state measurement has been a difficult
problem for many decades, and may lead to the limitation of the controller implementation
in practice. For this problem, one possible solution is the use of ‘smart tires’ to measure
the tire force directly, although this is expensive and complicated [33,34]; another feasible
approach is to estimate the tire force by designing observers [35–37]. The flowchart of the
proposed control scheme is provided in Figure 2.

Left ASS

Right ASS

Yaw moment

Vehicle model

Figure 2. Control scheme flowchart.

4. Simulation Verification

To verify the effectiveness of the proposed integrated controller, numerical simulations
are performed in this section. The parameters of the vehicle model used for the simulations
are provided in Table 1, while the parameters of the proposed controller are provided
in Table 2. Two different simulation scenarios are performed, with the following state
initializations: x1(0) = 0.1 m, x3(0) = 0.1 rad, θ̂I(0) = 1

500 kg−1·m−2, and the rest set
to 0, with a constant vehicle speed of 50 m/s. Using a sampling time of 0.001 s and the
aforementioned scenario settings, a detailed elaboration is presented with in following
Sections 4.1 and 4.2. To comparatively show the effects of the proposed controller, another
controller from [17]

Ψ =


M = Izγ̇r − kγ Iz(γ− γr), kγ > 0
uθ = −kθ Ix θ̇, kθ > 0
uz = −kzms żs, kz > 0
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is used as a contrast, with the tuning parameters kγ, kθ , and kz assigned as shown in Table 2.
In these comparative simulations, all environmental parameters are set to be the same
except for the different controller parameters.

Table 1. Parameters of the vehicle model.

Parameter Value Parameter Value

ms 1110 kg mw 2× 30 kg

Ix 440.6 kg·m2 Iz 1343.1 kg·m2

cs 2× 4000 Ns/m ks 2 × 28,000 N/m

cw 2× 1000 Ns/m kw 2 × 232,000 N/m

c f 22,010 N/rad cr 22,010 N/rad

hg 0.54 m d 0.74 m

a 1.04 m b 1.56 m

θImax 1/400 kg−1·m−2 θImin 1/600 kg−1·m−2

Table 2. Parameters of the proposed controller and the compared controller.

Parameter Value Parameter Value Parameter Value

k1 1 k2 10,000 k3 10

k4 1 k10 100 kζ 10

r0 10 σ 0.01 r1 5000

r2 0.001 k11 0.1 kγ, kθ , kz 10

4.1. Scenario 1: Square-Wave Front Wheel Input with Flat Road Surface

In this scenario, the vehicle runs on a flat road under a square-wave front road wheel
input with 0.5 Hz frequency and 0.01 rad amplitude. The simulation results are exhibited
in Figures 3–10.

The vehicle body vertical displacement and acceleration are illustrated in
Figures 3 and 4, respectively, from which it can be seen that the proposed controller can
render the heave motion of the sprung mass as zero, asymptotically stable, and decrease
the vertical acceleration dramatically, hence, improving vehicle ride comfort. Although the
vertical displacement under the proposed controller converges slower than under the
comparative controller Ψ, the vertical acceleration converges much faster, effectively im-
proving ride comfort, as the vertical acceleration, rather than the displacement, is the main
comfort index.

0 1 2 3 4 5 6
t(s)

0

0.05

0.1

z s(m
)

proposed controller
no controller
controller 

Figure 3. Vehicle body vertical displacement.
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0 1 2 3 4 5 6
t(s)

-15

-10

-5

0

5
proposed controller
no controller
controller 

0 0.2 0.4
-10

-5

0

Figure 4. Vehicle body vertical acceleration.

Figures 5 and 6 exhibit the vehicle roll angle and roll angular acceleration. From
Figures 5 and 6, it can be seen that the roll motion can be stabilized using the proposed
integrated controller, while controller Ψ can hardly realize it. The roll and heave control
input, that is, the active suspension input force, is presented in Figure 7.
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Figure 5. Vehicle roll angle.
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Figure 6. Vehicle roll angular acceleration.
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Figure 7. Active suspension input.

The vehicle sideslip angle and yaw rate are illustrated in Figures 8 and 9, supposing
that the maximum yaw control effort satisfies umax = 1000 N. Figure 9 indicates that lower
performance degradation can be guaranteed with the proposed controller when saturation
of the yaw control actuator occurs. In addition, Figure 8 shows that the vehicle under
the proposed controller possesses a lower sideslip angle compared with respect to the
compared controller, making for more stable lateral motion with the proposed controller.
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Figure 8. Vehicle sideslip angle.
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Figure 9. Vehicle yaw rate.

The yaw motion control input is illustrated in Figure 10, and the corresponding state
of the anti-windup compensator ζ is illustrated in Figure 11. From these two figures, it
can be seen that when the control input reaches the actuator limitation umax, the state of
the anti-windup compensator ζ accordingly increases its value such that the control input
decreases by feeding ζ back into the control input uy, consequently reducing the impact of
actuator saturation on control performance.
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Figure 10. Yaw motion control input.
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Figure 11. State of the anti-windup compensator.

4.2. Scenario 2: J-Turn Front Wheel Input with Sinusoidal Vertical Road Surface

To further demonstrate the effectiveness of the proposed controller on steering stability
under more severe circumstances, another scenario involving J-turn front wheel input and
a sinusoidal vertical road surface was used as an additional simulation environment. The J-
turn manoeuvre represents a type of sharp turning operation; the corresponding front
wheel steering angle input is provided in Figure 12. The sinusoidal vertical road input
is set as zrl = 0.01sin(πt) for the left wheel and zrr = 0.01cos(πt) for the right wheel.
The controller parameters are kept identical to those in Section 4.1.
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Figure 12. Front wheel input for J-turn simulation.

The simulation results are shown in Figures 13–21. Figures 13–17 show the sprung
mass dynamics and the corresponding active suspension control inputs, while
Figures 18 and 19 show the the later motion dynamics. A detailed elaboration is not
provided here due to the similarity between this scenario and the first scenario described
in Section 4.1.
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Figure 14. Vehicle body vertical acceleration.
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Figure 15. Vehicle roll angle.
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Figure 16. Vehicle roll angular acceleration.
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Figure 17. Active suspension input.
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Figure 18. Vehicle sideslip angle.
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Figure 19. Vehicle yaw rate.

The yaw motion control input M together with the state of the anti-windup com-
pensator ζ are shown in Figures 20 and 21. Similarly, it can be seen that by feeding back
ζ the controller saturation can be alleviated, thereby reducing the control impact from
actuator saturation.
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Figure 20. Yaw moment control input.
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Figure 21. State of the anti-windup compensator.

In short, the proposed controller can provide lower vehicle body vertical and roll
angle acceleration, thus improving vehicle ride comfort, and simultaneously guaranteeing
alleviation of yaw rate tracking performance degradation caused by actuator saturation.

It should be noted that the yaw rate is taken as the controlled state and the sideslip
angle is not considered in the proposed controller. On the one hand, the zero dynamics of
the sideslip angle is proven to be stable by Equation (18); on the other hand, from [38], we
know that a small lateral velocity and sideslip angle can be maintained under the condition
that yaw rate is controlled to track its reference value. Furthermore, the road condition is
not considered in this paper; for pracitical implementation, the refence yaw rate can be
replaced by

γr =

{
v/L

1+Kv2 δ f i f
∣∣∣ v/L

1+Kv2 δ f

∣∣∣ < µg
µg
v sgn( v/L

1+Kv2 δ f ) otherwise
. (19)

5. Conclusions

In this paper, an integrated vehicle dynamics under steering manoeuvre is established,
initially considering the steering influence on the vehicle body roll motion; a corresponding
integrated controller is then proposed. Our simulation results indicate that the proposed
integrated controller can stabilize vehicle roll motion caused by steering and simultane-
ously alleviate vehicle yaw rate tracking performance degradation caused by yaw control
actuator saturation. The implementation of the proposed controller will be the focus of our
future research.
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