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Abstract: This paper presents a constrained robust H∞ controller design of active suspension sys-

tem for in-wheel-independent-drive electric vehicles considering control constraint and parameter

variation. In the active suspension system model, parameter uncertainties of sprung mass are an-

alyzed via linear fraction transformation, and the perturbation bounds can be also limited, then

the uncertain quarter-vehicle active suspension model where the in-wheel motor is suspended as a

dynamic vibration absorber is built. The constrained robust H∞ feedback controller of the closed-

loop active suspension system is designed using the concept of reachable sets and ellipsoids, in

which the dynamic tire displacements and the suspension working spaces are constrained, and a

comprehensive solution is finally derived from H∞ performance and robust stability. Simulations on

frequency responses and road excitations are implemented to verify and evaluate the performance of

the designed controller; results show that the active suspension with a developed H∞ controller can

effectively achieve better ride comfort and road-holding ability compared with passive suspension

despite the existence of control constraints and parameter variations.

Keywords: robust control; active suspension; electric vehicles

1. Introduction

Emerging in-wheel-motor-driven electric vehicles (IWMD-EV) have appeared as
promising vehicle architectures in terms of several advantages, such as less fuel con-
sumption and environmental pollution, clean energy with electrified power sources, and
advanced vehicle dynamics control [1,2]. IWMD-EV uses hub motors to directly drive four
wheels by replacing the mechanical transmission link with X-by-wire systems; it is easier to
realize independent control and rapid response of each wheel torque, which provide more
flexibilities and traffic mobility for the vehicle dynamic control (VDC) system. According
to the advantages of advanced vehicle architectures, numerous studies on VDC system,
such as traction control system (TCS), active steering system (AFS), direct yaw moment
control (DYC), regenerative braking system (RBS), and so forth, have been conducted for
improving vehicle handling comfort, vehicle stability, and active safety for IWMD-EV in
recent years [3–12].

Although the aforementioned research achievements were successful, most research
papers are concerned with lateral and longitudinal VDC systems, and vertical vibration
control of active suspension system of IWMD-EV is seldom tackled [13–17]. In practice,
when the new vehicle topology structure for IWMD-EV is brought forward, the active sus-
pension system with in-wheel-motor also changes particularly, in which motor, the wheel
hub, and speed reducer are mounted and integrated; it causes the increased unsprung mass
of IWMD-EV so that vehicle ride comfort will deteriorate and even road holding ability
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and safety will be probably reduced. Hence, advanced IWM-based suspension system
topology with a dynamic-damper mechanism needs to be developed. Moreover, active
control for the active suspension system of IWMD-EV should be particularly concerned.

Robust control technology has been shown to possess the ability to deal with the
system modeling uncertainties and system external disturbances [1,4,7,12,18–21]. Some
robust controllers have been applied in active suspension dynamics [22–30], such as mixed
H∞/GH2 control, fuzzy control, sliding mode control, and other nonlinear adaptive robust
methods. For instance, the H∞/GH2 static-output feedback controller of vehicle suspension
is proposed for optimizing the ride-comfort performance by utilizing advanced genetic
algorithms; it can find the solution of feedback controller, taking advantage of natural
genetics search mechanism in [23]. The work in [24] presented a multi-objective control of
active vehicle suspension with wheelbase preview information where disturbances for the
front wheel are employed as a preview at the rear wheel, and the cone complementarity
linearization solution is also derived. The research [26] developed an integrated VDC
system to improve vehicles handling stability and safety performance by coordinating AFS
and active suspension; the designed gain-scheduling state-feedback H∞ controller is based
on the lateral stability region described from the phase plane approach. A quasi-linear
parameter-varying (qLPV) active suspension model-based predictive control algorithm
is introduced in [27] to enhance the comfort of passengers with semi-active suspension.
In [28], a new adaptive fuzzy control scheme for active suspension systems subject to
control input time delay and unknown nonlinear dynamics is studied; the Lyapunov–
Krasovskii functional and predictor-based compensation scheme is constructed in this
adaptive framework. The adaptive sliding mode control scheme with strong robustness
for half-car active suspension is reported in [29]; it is concerned with model uncertainty,
time-varying parameter, pavement roughness excitation by applying the multivariable
nonlinear control solution. A continuous saturated controller using smooth saturation
functions for an active suspension system is designed, in which nonlinear uncertainties,
unknown road excitations, and bounded disturbances are considered by employing the
advantages of the robust integral of the sign of the error (RISE) control technique to improve
the ride comfort [30].

It is worth noting that, different from published achievements in literature, e.g., [22–30],
the main contribution in this work is to explore the control strategy of active suspension
system for IWMD-EV rather than traditional car suspension. For IWMD-EV, the motor, the
wheel hub, and speed reducer are mounted and integrated so that vehicle ride comfort
will deteriorate. Besides, designing a constrained robust H∞ controller for such an active
suspension system of IWMD-EV is seldom. We consider that the uncertain quarter-vehicle
active suspension model of IWMD-EV in Figure 1 is different from traditional car sus-
pension; thus, these theoretical results derived from constrained robust H∞ controller is
particular in this study. Therefore, this paper intends to design a constrained robust H∞

controller for active suspension system to improve ride comfort and road-holding ability of
IWMD-EV. The remainder of the article is organized as follows. In Section 2, an uncertain
active suspension model considering parameter variations is presented. Section 3 designs
the constrained robust H∞ controller for vehicle active suspension system. In Section 4, sim-
ulations about random and bump responses are employed to test the developed controller.
Finally, conclusions are given in Section 5.
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Figure 1. (a) Application model of an electric vehicle (EV) active suspension. (b) Quarter-car active suspension model.

2. Active Suspension System Model

Because the main research objective is to design a control strategy of the active sus-
pension system IWMD-EV, the system model is not essentially concerned with vehicle
lateral dynamics (sideslip, yaw, roll) behavior. We consider the following assumptions:
IWMD-EV is independently actuated with in-wheel motors, and the active suspension
system is integrated with the IWM absorber. Assume that the vertical motion of the active
suspension system is only considered, and other vehicle motions, such as pitch and roll
motions, are neglected. As shown in Figure 1, the schematic configuration, the application
model, and physical structure for quarter-car active suspension with suspended IWM
absorber (ASS) are depicted, in which in-wheel motor is connected with dynamic vibra-
tion mechanism [13,14]. Note that if IWM absorber cannot be considered in the active
suspension system, i.e., the in-wheel motor is directly connected with the wheel, the active
suspension presents the new vehicle topology structure, namely active suspension with
centralized IWM (ASC). The reason being that the quarter-car active suspension model,
despite its simplicity, features the main characteristics of interest to control strategy devel-
opment and suspension performance assessment. It is worth noting that the quarter-car
active suspension model is not suitable to study and simulate vehicle handling responses
and stability subjected to various steering excitations. The quarter-car active suspension
model can be established as

..
Zs =

1

ms
[−Ks(Zs − Zt)− Cs(

.
Zs −

.
Zt) + Fa] (1)

..
Zt =

1
mt
[Ks(Zs − Zt) + Cs(

.
Zs −

.
Zt) + Kh(Zh − Zt)

+Ch(
.
Zh −

.
Zt)− Kt(Zt − Zg)− Fa]

(2)

..
Zh =

1

mt
[−Kh(Zh − Zt)− Ch(

.
Zh −

.
Zt)] (3)

where ms, mt, and mh represent the sprung mass, the wheel mass, and motor mass, re-
spectively. Ks and Cs are suspension stiffness and the suspension damping coefficient,
respectively. Kh and Ch denote the stiffness and damping coefficient of the damping sys-
tem between the motor and the unsprung mass, respectively. Kt is tire stiffness. Zs, Zh,
Zt, and Zg stand for the vertical displacement of the vehicle body, wheel, motor, and
road, respectively.
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In this suspension system, the vehicle body mass is considered as an uncertain param-
eter, and the nominal value and relative variation can be described as:

ms = ms(1 + dmsδms) (4)

where ms represents the nominal value of the parameter, dms represents the perturbation of
the uncertain parameter with bound ‖δms‖ ≤ 1.

In order to facilitate the analysis of structural uncertainty, the parameter uncertainties
can be transformed into

1
ms

= 1
ms(1+dmsδms)

= 1
ms

+ (−dms)δms[1 − (−dms)δms]
−1 1

ms

= Fl

([
1

ms
−dms

1
ms

−dms

]
, δms

)
= Fl(Mms, δms)

(5)

where Fl(Mms, δms) denotes linear fractional transformation (LFT), and its input and output
relationship is shown in Figure 2.
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Figure 2. Schematic diagram of linear fractional transformation (LFT) structure.

We define the state variables of the quarter-car suspension system as follows:

x1 = Zs − Zt, x2 =
.
Zs, x3 = Zt − Zg (6a)

x4 =
.
Zt, x5 = Zh − Zg, x6 =

.
Zh (6b)

The magnitude of body acceleration can be selected to represent certainly ride comfort,
so we define performance output as

z1 =
..
Zs (7)

Considering the steering stability of the vehicle, it is required that the tires of the
vehicle cannot leave the road when the vehicle is driving, and the dynamic load between
the tire and the road should be less than the static load, that is

Kt(Zt − Zg) < (ms + mt)g (8)

Meanwhile, due to the limitation of the suspension mechanical structure, the suspen-
sion working space Zs − Zt should not be too large to avoid collision with the limit

Zs − Zt ≪ Smax (9)

where the maximum suspension working space should be limit to Smax = 0.08 m.
In addition, the output power of the force generated by a suspension can be limited as

|Fa| ≪ Famax (10)
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and then, the constraint output variables can be defined as

z2 =
[

Zs−Zt
Smax

Kt(Zt−Zg)

(ms+mt)g
Fa

Famax

]T
(11)

When we combine the above derivations and equations, the state space representa-
tion of the open-loop suspension model with parameter uncertainties and constraints is
derived as

.
x(t) = Ax(t) + Bp p(t) + Bww(t) + Buu(t) (12a)

z1(t) = C1x(t) + D1p p(t) + D1ww(t) + D1uu(t) (12b)

z2(t) = C2x(t) + D2p p(t) + D2uu(t) (12c)

q(t) = Cqx(t) + Dqp p(t) + Dquu(t) (12d)

pi(t) = δi(t)qi(t), |δi(t)| ≤ 1, i = 1, 2, . . . , nq (12e)

where
w(t) =

.
Zg, u(t) = Fa

|z2i| ≤ z2i,max, i = 1, 2, . . . , n, t ≥ 0

A =




0 1 0 −1 0 0
−Ks/ms −Cs/ms 0 Cs/ms 0 0

0 0 0 1 0 0
Ks/mt Cs/mt −Kt/mt −(Cs + Ch)/mt Kh/mt Ch/mt

0 0 0 −1 0 1
0 0 0 Ch/mh −Kh/mh −Ch/mh




Bp =




0
−dms

0
0
0
0




, Bw =




0
0
−1
0
0
0




, Bu =




0
1/ms

0
−1/mt

0
0




C1 =
[
−Ks/ms −Cs/ms 0 Cs/ms 0 0

]

D1p = [−dms], D1w = [0], D1w = [0]

C2 =




1/Smax 0 0 0 0 0
0 0 Kt/(ms + mt)g 0 0 0
0 0 0 0 0 0




D2p =




0
0
0


, D2u =




0
0

1/Famax




Cq =
[
−Ks/ms −Cs/ms 0 Cs/ms 0 0

]

Dqp = [−dms], Dqu = [1/ms]

3. Constrained Robust H∞ Controller Design

In order to enhance the vehicle’s ride comfort, the road-holding performance of
IWMD-EV, our main control goal is to guarantee robust stability and performance for a
closed-loop system of active suspension. Hence, we are interested in the state-feedback
control law for constrained H∞ controller system.

u(t) = Kx(t) (13)
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Substituting (13) into the vehicle active suspension system (12) gives the state-space
representation of the vehicle closed-loop system as

.
x(t) = Acx(t) + Bp p(t) + Bww(t) (14a)

z1(t) = C1,cx(t) + D1p p(t) + D1ww(t) (14b)

z2(t) = C2,cx(t) + D2p p(t) (14c)

q(t) = Cq,cx(t) + Dqp p(t) (14d)

pi(t) = δi(t)qi(t), |δi(t)| ≤ 1, i = 1, 2, . . . , nq (14e)

where
Ac = A + BuK, C1,c = C1 + D1uK

C2,c = C2 + D2uK, Cq,c = Cq + DquK

where x, u, and w are the state vector, the control input, and the disturbance, respectively.
z1, z2 are the performance output and the constraint output, respectively. p and q are the
input and output of the uncertainties, respectively. The block diagram of the controller
structure is shown in Figure 3. It is worth noting that these states in the controller are
assumed to be estimated or measured online by designing observers or using advanced
sensors [31,32].
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Figure 3. Schematic diagram of controller structure.

In this paper, the following theorem presents the main design process of the robust
state-feedback constrained H∞ controller with a defined performance measure.

Theorem 1. For a given index α > 0, the state-feedback constrained H∞ controller in (13) ex-
ists such that the closed-loop system in (14) is internally stable and possesses H∞ norm from
the disturbance w to the performance output z for less than γ if there is an optimal solution

(γ∗, Q∗, S∗, E∗, F∗) for bounded disturbance energy ε to satisfy the following conditions:

min
γ2,Q=QT>0,E=ET ,F=FT

γ2 (15a)

s.t.




φ11 ∗ ∗ ∗ ∗
EBT

p −E ∗ ∗ ∗

BT
w 0 −γ2 I ∗ ∗

φ13 DqpE 0 −E ∗
φ14 D1pE D1w 0 −I




< 0 (15b)
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


ϕ11 ∗ ∗ ∗
0 F ∗ ∗

ϕ13 D2p,iF I ∗
ϕ14 DqpF 0 F


 ≥ 0, i = 1, 2, . . . , p2 (15c)

where
φ11 = QAT + AQ + ST BT

u + BuS

φ13 = CqQ + DquS, φ14 = C1Q + D1uS

ϕ11 =
z2

2i,max

α
Q, ϕ13 = C2,iQ + D2u,iS

ϕ14 = CqQ + DquS

K = S∗Q−1
∗

ε =
α − x(0)TQ−1

∗ x(0)

γ2
∗

Proof. For the closed-loop system (14), we define the Lyapunov function as

V(x) = xT Px (16)

When we take the time derivative V(x) for the system (14), then we can obtain dissipa-
tion inequality as follows:

d

dt
V(x(t)) + ‖z1(τ)‖

2 ≤ γ2‖w(t)‖2 (17)

The integral dissipation inequality of the system with respect to time [0, t ≥ 0] gives

V(x(t)) +
∫ t

0
‖z1(τ)‖

2dτ ≤ γ2
∫ t

0
‖w(τ)‖2dτ + V(x(0)) (18)

Owing to V(x) ≥ 0, the inequality can be rewritten as

∫ ∞

0
‖z1(τ)‖

2dτ ≤ γ2
∫ t

0
‖w(τ)‖2dτ + V(x(0)) (19)

Substituting (14) into the above inequality results in

ξT(t)Υ(t)ξ(t) ≤ 0 (20)

where

ξ(t) =




x(t)
p(t)
w(t)


, Υ(t) =




AT
c P + PAc + CT

1,cC1,c ∗ ∗

BT
p P + DT

1pC1,c DT
1pD1p ∗

BT
wP + DT

1wC1,c DT
1wD1p −γ2 I + DT

1wD1w




Equation (14e) is equivalent to

p2
i (t) ≤ q2

i (t) (21)

and then, we have

pT
i pi ≤ (Cq,c,ix + Dqp,i p)

T(Cq,c,ix + Dqp,i p)
≤ xTCT

q,c,iCq,c,ix + xTCT
q,c,iDqp,i p

+pT DT
qp,iCq,c,ix + pT DT

qp,iDqp,i p

(22)
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It is also equivalent to
ξT(t)Υ̃(t)ξ(t) ≤ 0 (23)

where

Υ̃(t) =




CT
q,c,iCq,c,i ∗ ∗

DT
qp,iCq,c,i DT

qp,iDqp,i − I ∗

0 0 0




Using S-procedure for Equations (20) and (21), there exists P > 0, λ1 ≥ 0, λ2 ≥ 0, . . . ,
λnq ≥ 0 such that:




x(t)
p(t)
w(t)




T



AT
c P + PAc + CT

1,cC1,c ∗ ∗

BT
p P + DT

1pC1,c DT
1pD1p ∗

BT
wP + DT

1wC1,c DT
1wD1p −γ2 I + DT

1wD1w







x(t)
p(t)
w(t)




+
nq

∑
i=1

λi




x(t)
p(t)
w(t)




T



CT
q,c,iCq,c,i ∗ ∗

DT
qp,iCq,c,i DT

qp,iDqp,i − I ∗

0 0 0







x(t)
p(t)
w(t)


 ≤ 0

(24)

For any (x(t), p(t), w(t)), the sufficient condition for the above equation to hold is




AT
c P + CT

1,cC1,c + PAc + CT
q,cΛCq,c ∗ ∗

BT
p P + DT

1pC1,c + DT
qpΛDq,c DT

1pD1p − Λ + DT
qpΛDqp ∗

BT
wP + DT

1wC1,c DT
1wD1p −γ2 I + DT

1wD1w


 < 0 (25)

where
Λ = diag[λ1, λ2, . . . , λnq ]

It can be rewritten as



AT
c P + CT

1,cC1,c + PAc ∗ ∗

BT
p P + DT

1pC1,c DT
1pD1p − Λ ∗

BT
wP + DT

1wC1,c DT
1wD1p −γ2 I + DT

1wD1w




+




CT
q,c

DT
qp

0


Λ

(
Cq,c Dqp 0

)
< 0

(26)

Defining E = Λ−1, and then by applying the Schur complement, we obtain




AT
c P + CT

1,cC1,c + PAc ∗ ∗ ∗

BT
p P + DT

1pC1,c DT
1pD1p − E−1 ∗ ∗

BT
wP + DT

1wC1,c DT
1wD1p −γ2 I + DT

1wD1w ∗
Cq,c Dqp 0 −E


 < 0 (27)

That is




AT
c P + PAc ∗ ∗ ∗

BT
p P −E−1 ∗ ∗

BT
wP 0 −γ2 I ∗

Cq,c Dqp 0 −E


+




CT
1,c

DT
1p

DT
1w
0



(

C1,c D1p D1w 0
)
< 0 (28)
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We use the Schur complement again,




AT
c P + PAc ∗ ∗ ∗ ∗

BT
p P −E−1 ∗ ∗ ∗

BT
wP 0 −γ2 I ∗ ∗

Cq,c DqpE 0 −E ∗
C1,cQ D1pE D1w 0 −I




< 0 (29)

Making a congruence transformation with diag(Q, E, I, I) for conditions (29), and then
the condition (29) becomes the condition (30) after using these defined matrices Q = P−1.




QAT
c + AcQ ∗ ∗ ∗ ∗
EBT

p −E−1 ∗ ∗ ∗

BT
w 0 −γ2 I ∗ ∗

Cq,cQ DqpE 0 −E ∗
C1,cQ D1pE D1w 0 −I




< 0 (30)

Particularly, we define constrained condition with the ellipsoid as

Ω(P, α) := {x ∈ Rn|V(x) ≤ α} (31)

Assuming that the state trajectory of the system (14) is in this ellipsoid, we use Cauchy–
Schwarz inequality [33]

max
t≥0

|z2i(t)|
2 = max

t≥0

∣∣C2,c,ix(t) + D2p,i p(t)
∣∣2

≤ max
x∈Ω(P,α)

∣∣C2,c,ix(t) + D2p,i p(t)
∣∣2 (32)

For all x ∈ Ω(P, α) and p2
i ≤ q2

i , i = 1, 2, . . . , nq, the system output meets the constraint
requirements

z2
2i,max ≥ xTCT

2,c,iC2,c,ix + xTCT
2,c,iD2p,i p

+pT DT
2p,iC2,c,ix + pT DT

2p,iD2p,iP
(33)

For xT px ≤ α, λ > 0, utilizing S-procedure for Equations (31) and (32), we can obtain
the following, if there exists λ > 0 and diagonal matrix H > 0

z2
2i,max − xTCT

2,c,iC2,c,ix − xTCT
2,c,iD2p,i p

−pT DT
2p,iC2,c,ix − pT DT

2p,iD2p,i p − αλ

+λxT Px − xTCT
q,c HCq,cx − xTCT

q,cHDqp p

−pT DT
qpHCq,cx − pT DT

qpHDqp p + pT Hp ≥ 0

(34)

When we define λ =
z2

2i,max
α , for any x 6= 0 and p 6= 0, the above equation can be

derived as

(
−CT

2,c,iC2,c,i +
z2

2i,max
α P − CT

q,cHCq,c ∗

−DT
2p,iC2,c,i − DT

qpHCq,c −DT
2p,iD2p,i − DT

qpHDqp + H

)
≥ 0 (35)

It can be rewritten as




z2
2i,max

α P ∗ ∗ ∗
0 H ∗ ∗

C2,c,i D2p,i I 0

Cq,c Dqp 0 H−1


 ≥ 0 (36)
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Making a congruence transformation with diag(Q, M, I, I) for conditions (36), we have
the following form through defined matrices F = H−1.




z2
2i,max

α P ∗ ∗ ∗
0 F ∗ ∗

C2,c,iQ D2p,iF I ∗
Cq,cQ DqpF 0 F


 ≥ 0, i = 1, 2, . . . , p2 (37)

and then, substituting Ac = A+ BuK, C1,c = C1 + D1uK, C2,c = C2 + D2uK, Cq,c = Cq + DquK
in condition (30) and condition (37), when we define new S = KQ, then the conditions in
(16) can be obtained, hence the proof is accomplished.

Remark 1. Note that it is feasible to obtain the best performance by applying this constrained H∞

control strategy for each motor of the quarter-car active suspension, whereas global coordination
or multi-objective optimization is necessary between the controllers when the full-car suspension,
seat suspension, and driver body model is used and integrated because the main control objectives
for integrated suspension system are to reduce the vibration of human body and vehicle as well as
ensure vehicle handling and stability.

4. Simulation and Analysis

To verify and evaluate the performance of the designed controller, two kinds of
road excitations consisting of random road and bump road are implemented for passive
suspension, active suspension with constrained H∞ controller in MATLAB/Simulink
environment, and the parameters of suspension simulation are listed in Table 1. When
the obtained H∞ performance γ by using Theorem is 8.2890 for active suspension with
suspended IWM absorber, the corresponding M, N, Q, Y can be calculated as

M = 4.0051, N= 3.8536 × 104 (38a)

Y =
[

82.2316 −325.3639 −3.6850 692.2339 0.0184 −344.6862
]

(38b)

Q =




0.0047 −0.0137 −0.0003 −0.0081 0.0002 −0.0243
−0.0137 0.0862 0.0011 −0.0022 −0.0011 0.0496
−0.0003 0.0011 0.0003 −0.0073 −0.0001 0.0063
−0.0081 −0.0022 −0.0073 1.2059 −0.0137 0.3884
0.0002 −0.0011 −0.0001 −0.0137 0.0008 −0.0189
−0.0243 0.0496 0.0063 0.3884 −0.0189 0.7036




(38c)

The corresponding constrained H∞ controller gains are

K = 105 ×
[

0.0610 −0.0290 1.0365 0.0184 −0.1729 −0.0249
]

(39)

Table 1. The parameters for the active suspension system.

Parameter Value Parameter Value

ms 270 kg mt 40 kg
Ks 22,000 N/m mh 30 kg
Kt 220,000 N/m Kh 15,000 N/m
Cs 200 Ns/m dms 0.2

4.1. Frequency Responses

Frequency responses of closed-loop passive suspension and active suspension systems
with constrained robust H∞ controller consisting of body acceleration (BA), suspension
working space (SWS), dynamic tire displacement (DTD) are shown in Figures 4–6. The
constrained robust H∞ controller produces a good improvement on body acceleration and
dynamic tire displacement of suspension in the frequency range between 100 and 101 Hz,
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which indicates that the designed constrained H∞ controller possesses better passenger
comfort and road-holding ability.

 

∞

∞

∞

Figure 4. The frequency response of body acceleration of the closed-loop system.

 

∞

∞

∞

Figure 5. The frequency response of suspension working space of the closed-loop system.

 

∞

∞

∞

Figure 6. The frequency response of dynamic tire displacement of the closed-loop system.

4.2. Random Road Excitation

Firstly, random road vibration with C-level road irregularities is considered as random
excitation; three random road responses—body acceleration (BA), suspension working
space (SWS), dynamic tire displacement (DTD)—are illustrated in Figures 7–9. It can be
seen that active suspension with constrained H∞ controller generates a good improvement
on the BA and DTD responses compared with the passive suspension; it even exhibits
more than 65% lower BA responses than the passive suspension, which indicates that the
vehicle passenger comfort and road holding ability performances can be improved by the
H∞ controller. Note that suspension working space of active suspension with H∞ controller
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shows larger values than that of passive suspension; the reason for this phenomenon is
that passenger comfort is always conflicted with SWS in suspension controller design.

 

∞

∞ ∞

.

 
Figure 7. Random road body acceleration responses of passive and active suspensions.

 

∞

∞ ∞

.

 

Figure 8. Random road suspension working space responses of passive and active suspensions.

 

 

21 cos( )
2


 
 

∞

∞

Figure 9. Random road dynamic tire displacement responses of passive and active suspensions.
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4.3. Bump Road Excitation

The second road profile is an isolated bump road excitation, and it can be described as

Zg =
h

2

(
1 − cos(

2πv

L
t)

)
(40)

where v is vehicle forward velocity, L and h are the length and the height of the bump,
respectively. Here, we define v = 18 m/s, L = 5 m, and h = 0.08 m.

To further evaluate the effectiveness of the designed controller, three kinds of sus-
pensions consisting of passive suspension (PS), active suspension with suspended IWM
absorber (ASS), active suspension with centralized IWM (ASC) are implemented and
compared, where the two active suspensions are designed with constrained H∞ controller.
Three road responses, including BA, SWS, and DTD, for different suspensions under bump
road excitation are depicted in Figures 10–15; nominal system and perturbed system re-
sponses of the suspensions are shown in Figures 10–15, in which the perturbed system
takes into account 20% mass variation. As can be seen from these Figures, the BA and DTD
responses of suspension controlled by the H∞ controller are much smaller than that with
the passive suspension, even though mass variation with 20% exists. It is worth noting that
controlled SWS of active suspension still operates in the constrained suspension deflections
(less than ±0.08 m). Moreover, it is clear that the vehicle ASS achieves better passenger
comfort and road holding ability compared with ASC and PS.

 

21 cos( )
2


 
 

∞

∞

Figure 10. Bump body acceleration responses of different suspensions.

 

Figure 11. Bump suspension working space responses of different suspensions.
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Figure 12. Bump dynamic tire displacement responses of different suspensions.

 

Figure 13. Bump body acceleration responses of different suspensions with 20% mass variation.

 

∞

∞

Figure 14. Bump suspension working space responses of different suspensions with 20% mass variation.



Mathematics 2021, 9, 249 15 of 16

 

∞

∞

Figure 15. Bump dynamic tire displacement responses of different suspensions with 20% mass variation.

5. Conclusions

A constrained robust H∞ controller of active suspension system for IWMD-EV consid-
ering control constraint and parameter variation is proposed. Parameter uncertainties in
the active suspension system model are analyzed, and control constraints of suspension
performance for constrained robust H∞ controller design are also investigated. Simulations,
including random and bump road excitations, are implemented to verify the effectiveness
of the proposed controller. It is confirmed from the simulation results that the designed
controller possesses improved ride comfort and road-holding ability performance in spite
of control constraints and parameter variations. Moreover, this study also reveals that the
potential of an active suspension system for IWMD-EV can be improved by developing
robust control strategies. In the future, we will further research and compare various
control techniques for other active suspension systems with different topology structures in
IWMD-EV. Besides, we will explore and extend the applicability of the developed control
method in other different areas, such as vehicle lateral dynamics and integrated vehicle
handling and stability.
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