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ABSTRACT. This study is aimed at improving the ride quality of the driving passenger
with the proposed procedure of a nonlinear disturbance observer-based backstepping-like
control for an active quarter car suspension system. The design procedure involves trans-
forming the quarter-car suspension model to a lower triangular nonlinear system, which
can be used with backstepping-like scheme directly. The proposed control law with some
auzxiliary terms is synthesized via backstepping-like method. Such terms obtained from
the disturbance observer design are included to eliminate the adverse effect arising from
the inescapable road disturbance. Then, the overall closed-loop stability analysis with the
result of the road disturbance is investigated. The developed control design is validated in
the MATLAB environment. The efficacy of the proposed control is verified through sim-
ulation and compared with uncontrolled system (passive suspensions) and backstepping-
like approach. Despite the presence of a road disturbance, the results indicate that the
presented strategy offers better dynamic performances and a satisfactory disturbance re-
jection ability as compared with other two controllers above.

Keywords: Backstepping-like control, Nonlinear disturbance observer, Active suspen-
sions, Passive suspensions

1. Introduction. In automobiles design, there have been focuses on various important
factors; the ride quality becomes one of the most challenging factors to improve ride
comfort for driver and passengers. Many attempts are to design an effective and effi-
cient vehicle suspension system which is capable of isolating road disturbance, improving
driving and riding comfort, and enhancing vehicle’s performance.

Recently published reports in the literature are mostly related to design in different
kinds of passive, active, and semi-active vehicle suspensions via various control strate-
gies. In the past two decades, the control design techniques for the vehicle suspension
systems have drawn researchers’ attention. However, the particular interest is the use of
an advanced nonlinear control technique to achieve performance requirement for vehicle
suspensions which include: i) isolating passengers from vibration and shock occurring
from road roughness; ii) suppressing the hop of the wheels to maintain firm and uninter-
rupted contact of wheels to road; and iii) keeping suspension strokes within an allowable
maximum [1].
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To the best knowledge of the authors, there are some relevant instance of nonlinear
schemes employed in this field such as sliding mode control [2-4], backstepping control [5-
7], immersion and invariance control [8], feedback linearization control [9, 10], predictive
control [11], and adaptive control [12-14].

In most engineering systems, disturbances are not practically avoidable which con-
sequently degrade the desired control performances of the closed loop dynamics. Such
disturbances include external disturbances, parametric uncertainties and unknown non-
linear terms. Therefore, it is necessary to include the disturbance dynamics in the desired
control design method so as to get rid of the effects of aforementioned disturbances. A
recent disturbance observer method is designed to compensate the effects of external dis-
turbances and mismatched disturbances/uncertainties. This method is widely accepted
and it was used to estimate the system disturbances. Currently, disturbance observer
design combined with nonlinear control methods has been developed [15-22]. The dis-
turbance observer-based control is a promising method due to its capability to reject
external disturbance and improve robustness against uncertainties [15]. Besides that it
is an effective means to handle external disturbances and system uncertainties [15-18]
simultaneously. In addition, disturbance observer design method can be further used for
several control systems [19-22]. In [19], an adaptive backstepping control combined with
disturbance observer method was proposed for a class of nonlinear systems with multi-
ple mismatched disturbances containing both single harmonic and constant disturbances.
With the help of a combination of finite time integral sliding mode scheme and nonlin-
ear disturbance observer technique, a composite anti-disturbance design [20] for a missile
system was reported to obtain a good disturbance rejection performance and reject other
types of disturbances. Kim et al. [21] proposed a nonlinear position tracking controller
with a disturbance observer. The proposed controller was able to track the desired posi-
tion despite the disturbance for electrohydraulic actuators. Recently, Kanchanaharuthai
and Mujjalinvimut [22] have proposed a disturbance observer based backstepping control
for power systems with external disturbances. The proposed method offered enhanced
transient performances by suppressing system oscillations despite undesired disturbances.
These published works indicate that the combination of advanced nonlinear control meth-
ods and the disturbance observer techniques has numerous advantages: it is a systematic
method that ensures the closed-loop stability, offers superior transient performances, and
has the rejection disturbance ability as compared with nonlinear control method alone.

For vehicle active suspension systems of which is the particular interest, less attention
has been paid for the combination of the advanced nonlinear method with the disturbance
observer design [23-26]. This is due to some auxiliary terms from disturbance observer
design capable of eliminating the undesired effect from the road disturbances. In [23, 24],
a disturbance observer based sliding mode control method has been applied to active sus-
pension systems. The presented control law not only can reduce the acceleration of the
sprung mass via sliding mode control, but also is able to estimate the effects of the uncer-
tain, nonlinear spring and damper, load variation, and the unknown road disturbances,
simultaneously. Even though the developed scheme is a promising and effective scheme,
the resulting controller leads to the chattering issues in the system responses. In [25], a
super-twisting controller of second-order sliding mode control has been developed for ac-
tive suspensions. The proposed control method can improve the over control performance
and reduce the chattering problem in the control input arising from the conventional slid-
ing mode control [23, 24]. A disturbance observer based optimal control [26] for active
suspensions has been proposed by using an LMI optimization technique. The proposed
controller can minimize Lo gain of the closed-loop system from disturbances to regulated
outputs.
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This paper continues this line of investigation and concentrates on the design of non-
linear disturbance observer based backstepping-like control for an active quarter-car sus-
pension system. According to the disturbance observer based control method [15-18], it
can be observed that sliding mode method and backstepping method are often used to
combine with disturbance observer design. However, although both methods have many
advantages and can be successfully applied to numerous control systems, they have im-
portant disadvantages. The sliding mode control has the undesired effect arising from a
discontinuous control signal, resulting in inevitable chattering issues. For backstepping,
its obvious drawbacks are the problem of “explosion of complexity” and how to select a
suitable virtual control used in each design step to find out the final controller. In order
to avoid these drawbacks from two control strategies above, a backstepping-like control
[27, 28] is used to combine with the disturbance observer design because the resulting
control law has not the effect of chattering problems and does not require finding virtual
control as used in backstepping.

Therefore, this paper deals with the design of a nonlinear feedback stabilizing control
law on the basis of a backstepping-like control combining with the disturbance observer
design to improve the ride quality of driver and passengers in spite of the effects of road
disturbances.

As the above discussion, the followings are the major contributions of this work.

e The design procedure based on a combination of a nonlinear disturbance observer
technique and backstepping-like control design is proposed to improve the ride qual-
ity for active suspension in the presence of inevitable road disturbances which has
not yet been investigated.

e Although there is the road disturbance, the overall closed-loop system is input-to-
state stable.

e In the absence of disturbances, the proposed scheme has the property of faster nom-
inal performance recovery as compared to a backstepping-like control without the
disturbance observer and passive suspensions (uncontrolled system). Further, the
overall closed-loop system is asymptotically stable.

e The proposed design also offers better dynamic performances and a satisfactory
disturbance rejection ability, thereby leading to ride-comfort improvement for driver
and passengers.

The latter part of the paper is organized as follows. Section 2 is a brief presentation
of dynamic model of an active quarter-car suspension incorporated with assumption and
two significant lemmas, and the problem statement. Section 3 is about controller design
and stability analysis. Simulation results are discussed in Section 4 and finally the paper
is concluded in Section 5.

2. Dynamic Model Description and Preliminaries.

2.1. Quarter suspension system model. In this subsection, a quarter-car suspension
model considered in this paper is shown in Figure 1. This system consists of two parts.
One is the single wheel connected to the quarter portion of the car body through a
combination of a linear spring (K,), a linear damper (C,) and an actuator force (u),
respectively. The other is the tire that in this work is assumed to be a simple spring (K;)
without damping. Thus, with the help of Newton’s second law, we can derive the motion
equations of this system as follows:

{ Myiis + Ko(s — 0) + Caldis — &) —u =0

1
Mysiy + Ko(xy — ©5) + Co(t — &) + KTy — 1) +u =0, (1)
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where M, and M, denote the masses of car body and wheel, respectively. x, and z,,
represent the displacement of car body and wheel. K, and K, are the spring coefficients.
C, denotes the damper coefficient and r is the road disturbance.

T Ts
car body JL// N I
K e T
a a
T T
L/ 7 P—
wheel K3

F1GURE 1. Quarter car model

In accordance with the result reported in [29], let us introduce the following state
variables:

y1 = Mysxy + Mpxs, Yo = 91, Y3 = Ts — Twyy Ya = Y3 (2)

Differentiating the state variables (2), we have the dynamic equations capable of gov-
erning the motions of active suspension systems with the road disturbances (r) expressed
as an affine nonlinear system as follows:

v = fy) +g)u(y) + g-(y)d(?), (3)
with
( fi(u) Yo
. fa(y) Biy1 + Boys
f(y) N f3(y) N Ya ’
fa(y) Bsy1 + Bays + Bsya
0 0 0 0 (4)
O O 2r Kt
sw=1 o |=| o |ew=| % = |
94(y) (75 + ) 9ar(y) — 31

where 01 = — 55—, B = M[:jrj\z\ﬁ’u Ps = m’ fa=— [K ( + _> +ﬂ3Mb}
and (5 = (A}b + M%ﬂ) .

For the sake of simplicity, the active suspension system considered in (3) and (4) can
be expressed as follows.

yl = Y2,
Yo = [ry1 + Poys + Kidy (), (5)
93 = Y4,

= fa(y) + ga(y)u + gar(y)da(t).
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Assumption 2.1. The road disturbance d(t) and its first derivative are bounded. Addi-
tionally, the road disturbance considered throughout this work also satisfies the condition

2.2. Preliminaries. In this subsection, some important lemmas are mentioned as follows
for convenience of the reader. Consider the following system

Definition 2.1. [31] A continuous function « : [0,a) — [0,+00) belongs to class K if it
is strictly increasing and a(0) = 0. It belongs to class Ko if a = +00 and a(r) — 400 as
r — +00.

Lemma 2.1. [31] Let V : [0,00) x R™ — R be a continuously differentiable function such
that

ar((lyll) < V(t,y) < aa(lyl])
ov. oV

- < — >
o+ gy ) € =Walw). Vel = p(lul]) > 0

for all (t,y,u) € [0,00) x R" x R™, where a; and ay are class KC functions, p is a class K
function, and W5(y) is a continuous positive definite function on R™. Then, system (6)
is input-to-state stable (1SS).

Lemma 2.2. [31] Consider the following system (6). If the following conditions are
satisfied

o system y = f(t,y,u) is input-to-state stable,

o lim; ., u=0,
then the states of the system (5) will asymptotically converge to zero, that is, lim,_. o y(t)
= 0.

Problem statement: The objectives of this paper are to stabilize the active suspension
system (5) with the external (road) disturbance d and to obtain more comfortable riding,
which can be formulated as follows: with the help of the nonlinear disturbance observer-
based backstepping-like control technique [16], find out, if possible, a stabilizing (state)
feedback controller u(y) and disturbance estimation d as follows:

ysz(y,cf) -
d=¢ <y,u, cZ)

such that the overall closed-loop systems (5) and (7) are input-to-state stable, where d is
the estimate of d.

For the developed design procedure in the next section, a combination of the backstep-
ping-like method and disturbance observer design will be presented to obtain a composite
nonlinear controller (7). In comparison with the conventional backstepping-like method,
the proposed approach will introduce the disturbance estimation terms into control vari-
ables. These terms are also used for compensating the external disturbances at each step,
and the estimation error dynamics are included for the closed-loop stability analysis.

Remark 2.1. In the literature, disturbance observer techniques are often combined with
two main nonlinear control schemes: sliding mode and backstepping. The former depends
upon selecting a suitable sliding surface, and to overcome the effect of disturbances, the
obtained control law includes a discontinuous function, thereby resulting in the unavoidable
chattering problem. Although the latter is an effective method, it is based on selecting
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recursively appropriate virtual inputs for lower dimension subsystems of the overall system
and the Lyapunov functions are designed for each stable virtual controller [30, 31]. In
addition, as the dynamic model of interest becomes higher, the appropriate selection of
virtual control in each design step and the problem of “explosion of complexity” are more
complicated. In this paper, by using backstepping-like method, we add and subtract some
terms systematically in each design step, but such terms can be chosen easier than the
virtual control in backstepping approach. For this work, we combine the advantage of
the backstepping-like method with the disturbance rejection ability of disturbance observer
design to mitigate the effect of road disturbances unavoidably arising in vehicle suspension
systems.

3. Controller Design and Stability Analysis. This section is aimed to determine the
control laws for stabilizing the active quarter-car suspension system. The proposed design
procedure comprises the following three parts.

e The first part introduces a nonlinear disturbance observer technique to online es-
timate the unknown, but bounded, disturbances and to compensate for the road
disturbance.

e The second part proposes an approach consisting of the backstepping-like control
method and the result of the disturbance estimator from the first part to find the
desired controller in each design step.

e The last part shows that Lyapunov stability theorem is used to analyze the overall
closed-loop system stability. Despite having the disturbance in the system, the
results indicate that it is able to achieve both the system stability and the desired
control performances by the obtained controller.

3.1. Nonlinear disturbance observer design. The aim of designing the disturbance
observer is to estimate the road (external) disturbance and other uncertainties so that
the effect of disturbances is removed and the whole system performance can be enhanced.
The disturbance observer proposed in [15, 16] is used to estimate the disturbance and is
applied with the control input.

Therefore, the nonlinear disturbance observer for the system (5) is designed as

D2 = Biyr + Bays + Kqdy, (8)
Pa = fa(y) + g4(y)u + gards,

where A; > 0 is a design parameter. Thus, based on (8) the disturbance estimation
dynamics can be expressed in the following form:

dy = N(y; — py) = Mdj — dj), j=1.2. 9)

Let us define the disturbance estimation error as e; = d; — ch, and the estimation error
dynamics can be expressed as follows.

éj = _)\jej + d] (10)

3.2. Backstepping-like design. According to the concept reported in [16], the stabi-
lization problem for the system (5) is solved by designing a backstepping-like control. The
design procedure is developed step by step as follows.

Step 1: We start from focusing on the first subsystem (5), and then a Lyapunov function
candidate is chosen as

1
Vi= §yf (11)
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Then the time derivative of V; along the system trajectories becomes

Vi = N = Yiye = —ayi + (v + ya), (12)

where ¢; > 0 is a design parameter.

Step 2: From (12), it is observed that the second term can be neither positive nor
negative. Thus, we can eliminate the result from the aforementioned equation by choosing
the Lyapunov function candidate as:

1 1 1
Vo = Ey% + 5(01?/1 + y2)* + 563 (13)

After calculating the derivative of (13), we have
Va = —cpff +yi(cays + o) + (cyn + y2) (cign + 1) + e <—)\1€ + d1>
= —ayi + (i + y2) ((1 + B)y1 + c1y2 + Pays + KtCZ1> — A€} + exdy

+ (c1y1 + y2) Kieq. (14)
It is observed that the last term of (14) can be straightforwardly computed by using
Young inequality as
1 .
(c1y1 +y2) Kiep < ZKE(CI‘UI +y2)? + €167 = Ea(crys + y2)? + €€l (15)
1
After adding and subtracting ¢s(c1y; + y2) where é; = ¢y + o, c2 > 0, & = g, e >0,
into the equation above, we have

V2 = = C1yf —ca(cyr + 92)2 + (ayn + yz)( —C(ciyr +y2) + (1 + B)wn
+c1y2 + Bays + Ktéz1> — (M1 —e1)e? +eid,
< —ay; —elay + 1) + (ayr + )M — (M —e)e; + eldh (16)

where M = yiy1 + 7oy2 + 3ys + Kidi, 11 = 16 + B + 1, 72 = ¢1 + 2, 73 = [o. In the
same manner, it can be seen that the third term of (16) is not always negative. So, one
needs to cancel this term.

Step 3: Let us define the Lyapunov function of Step 2 as

1
Vi =Va+ 5/\/12. (17)
Then the time derivative of V3 along the system trajectories turns into as follows:

Vs = — ayi — ey +y2)” + (ciyr + yo) M
oM oM oM oM .
(—?ﬁ + Yot Y3+ — dl) — (M —€)e? + erdy
ayS 3d1

oM oM A
= —ay; — elap + )+ M [Clyl FYo+ Yo+ — (51% + Bays + th1>
oy, s
oM

. oM oM
—_— — (M — 2 d K —A )
+ B 94] (M —e)e] +erdy + M <5y2 ¢+ ad. 1) e1

(18)

On the basis of Young inequality, the last term in (18) can be directly computed as

OM OM 1 /OM oM \? .
M (ayz K+ 36?1 )\1> e < 4—61 <8y2 K+ 8@1 )\1) M2+ ele% = M2 + 616%. (19)
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Then substituting (19) into the last term of (18) together with adding and subtracting

2
c3M, where ¢3 = c3 + ¢3, c3 > 0, 3 = ﬁ <8y2 K, + 8M}\ > €1 > 0, into (18); therefore,

we will obtain

Vs < —cryp — ealeyn + 2)” — esM? + MP — (A — 2e1)e] + exdy, (20)
where P = 63/\/1 + oa1y1 + aoys + asys + auys + apdi, o = 1 + B ‘3/;;‘ =1+ %‘f
52@ 3M and «, = K, 24,
Y2 ody

Step 4: From (20) it is obvious that the fourth term can either be positive or negative.
In order to eliminate it, the Lyapunov function is applied in (21).

1
Vi=Vs+ 772+262 (21)

Based on (20), the derivative of (21) becomes
‘./;L = — Cly% — 02(013/1 + y2)2 — 63M2 + P <M -+ P) ()\1 — 261 — )\262 + Z 61 i
= —ay; —alay + ) —eM? + P {M + Muys + My (ﬁlyl + Bays + Ktaﬁ)

JP .
+ Msys + —— <f4(y) + ga(y)uly) + g4rd2> ] (A1 = 2e1)ef — o + Z €id;

Oy
opP
P (./\/lg + Mdl)‘l) e+ P @gm €2, (22)
4
where M; —68M+25 i=1,2,3 and M; —7dM+gZZ

From (22), the following suitable control laW is selected so as to accomplish the desired
control performance.

u =

1 P
m{5477+/\4+/\41y1+/\42f2 (% ) +M3y4+—f4 <y, >}7 (23)
Oya

2
where ¢4 = ¢4 + 41 + Cyo, ¢4 > 0, ¢41 = L (Mz +M({1)\1)2 and ¢gp = ﬁ (g_;gzlr) )
fa <y, ) Biyr + Boys + Kdy, and fy (% ) = fuly) + Gards.

Once the developed control law (23) is substituted into (22), it gives

Vi = —ai — ea(caign +12)° — esM? = &P? — (A — 261)ef — Aol + Z eid;

0
P(Ms + M31A1)61 +P <£94r) €3. (24)
4

Seemingly, with the help of Young inequality, the last two terms of (24) can be trans-
formed into the following inequalities:

7) (MQ + M(jl)\l) €1 S 46 (MQ -+ Mdl)\l) 7)2 -+ 616% = 641732 + 616%, (25)
1

P 1 (P \° .
()= 1 () 7ot eup vt 2
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Combining the inequalities (25) and (26) with (24), it will then become
2
Vi < —aryf — ol + 12)” — sM? = eaP? — (A = 3er)e] — (2 — e2)es + Y _ eadi. (27)
i=1

The stability analysis of the closed-loop dynamics with the proposed control law (23)
is presented in the next section.

Remark 3.1. Note that on the basis of the idea reported in [16] the control law (23) con-
sists of some auxiliary terms Co, Ci1, - . ., Cao introduced to deal with the crossing terms aris-
ing from the effect of disturbances, compensation errors, and system states. In contrast,
these auziliary terms are not introduced into the conventional backstepping-like scheme,
thereby leading to unsatisfactory control performances.

3.3. Stability analysis. In this subsection, the proposed control law (23) ensures the
overall closed-loop stability of suspension systems (5). Therefore, the following theorem
can be summarized.

Theorem 3.1. Under Assumption 2.1, the nonlinear disturbance observer-based backstep-
ping-like controller (23) can guarantee that the overall closed-loop system combining the
system (5) with the disturbance observer error dynamics (10) and the presented control
law s input-to-state stable. Besides, after the disturbance input vanishes, the origin of
the system is asymptotically stable.
Proof: To demonstrate the closed-loop stability of the presented control strategy, let
us define the following Lyapunov function for the closed-loop system.
1
Vi=3 (i + (ays +y2)? + M? +P? +ef +e3). (28)

After computing the time derivative of the Lyapunov function candidate (28), the
closed-loop system can be expressed as

2
Vi < =yt — ey +42)° — esM? — e P? — (A = 3er)ef — (ha — e2)el + > eid;. (29)
i=1
We choose A1 = ag1 + 3€1, Ay = age + €2, ag; > 0, (j = 1,2) to obtain

2 2
Vi < —ayf — e + 12)° — esM® — ey P? - ZGOJ@? + Zejdj

7=1 7j=1

<~y - ealew + 1) — M2 = P = agllel* + e | . (30)

. . AT
where e = [e1, es]T, d = [dl, d2:| , ag = min{agr, ags }.

According to Assumption 2.1, one can employ the term —ag||e]|? to dominate ||e]| ”d”

in (30); subsequently, we rewrite the foregoing inequality as

Vi< — e — ol + 1)? — csM? = P = (1= O)aollel* — bao el + ]| |

, (31)

where 0 < # < 1. Then,

Vi< _Cly% — co(cryr + y2)2 - 03/\/12 - 04732 - (1- 9)(10”6”27 Vel > al (32)
0
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Thus, the conditions of Lemmas 2.1 and 2.2 are satisfied with oy (r) = c17%, (1) = cor?,
and p(r) = (1/aef)r, and we can conclude that the overall closed-loop system is input-
to-state stable. Furthermore, when the road disturbance input vanishes from the system,
it implies that both d and d converge to zero together with d — 0. With the help
of Lyapunov stability theory [31], it is not difficult to indicate that lim; . .1 = 0,

lim; .y oo(c1yn + y2) = 0, limy oo M = limy (V1y1 + Yoy + Y3Ys + Ktcz1> = 0, and

limy 1P = limy 1o (Eg./\/l + a1y + oy + a3ys + auys + ozrcfl> = 0 as well. After

combining Lemma 2.2 with Assumption 2.1, it follows that all trajectories of y;, (i =
1,2,3,4) and e, (j = 1,2) of the closed-loop dynamics converge to zero. This means that
y; — 0 and e; — 0 as ¢ — +o00. This completes the proof.

4. Simulation Results. In this section, simulation results of active suspensions from the
proposed controller are discussed to indicate the effectiveness of the developed strategy.
The performance of the proposed control scheme is evaluated and verified in the MATLAB
environment.

To carry out the simulation, the physical parameters, the control parameters, and the
initial condition under consideration are given as follows.

e The physical parameters used in the simulation are the same as those used in [7] as
follows:

M, = 290 kg, M,, = 59 kg, K, = 16,812 N/m,
K; =190,000 N/m, C, = 1,000 N/(m/sec).

e The controller parameters are set as €; = 0.001, ¢; = 40, A\; = 200, (j = 1,2, ¢ =
1,2,3,4).

e The initial states of the system are selected as yo = [0,0,0,0]%, p = [0,0]%, dy =
[0,0]7, and e = [0,0]".

To illustrate the performance achieved by the proposed controller, we select the road
disturbance as an isolated bump in a smooth road surface represented in the following
form:

0.025(1 — cos(87t)), 0.5 <t < 0.75,
0, otherwise '

T = dl(t) = dg(t) = {

The time domain simulations are carried out to investigate the system stability en-
hancement and the dynamic performance of the designed controller, as given in (23), in
the system in the presence of the road disturbance. To evaluate the effectiveness of the
proposed controller (nonlinear disturbance observer-based backstepping-like controller),
both an uncontrolled system and a conventional backstepping-like controller are used in
the simulation study for the purpose of comparison.

e The uncontrolled system is set as u = 0.
e The conventional backstepping-like controller is designed as

U= —

(caP + M+ csM + anys + 2 f2(y) + asys + o fa(y)), (33)
as94(y)

where M =37 v, 71 = cica+ 1481, 72 = c14c2, 93 = o, P = C3M+Zj:1 ;5Yj
o =cy+ Vb, g =14+ 71, ag = Y22, as = 73. ¢; > 0 are design parameters. The
controller parameters of this scheme are chosen as ¢; = 40, (j = 1,2, 3,4).
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The simulation results are presented and discussed as follows. Time trajectories of the
body acceleration, body travel, suspension travel, together with wheel travel under three
controllers are presented in Figures 2(a)-2(d).

From all these figures, it is overall observed that time trajectories eventually tend to
their steady-state respectively as time goes to infinity after the road disturbance vanishes.
Clearly, the oscillations in bump responses are slowly damped by the uncontrolled system
(passive suspensions). On the other hand, the active controller (the proposed controller
and the conventional backstepping-like controller) improves significantly, that is, better
transient dynamic performance on ride comfort (lower peak and shorter setting time in

the car body acceleration), and suspension travel. Obviously, for the proposed design,
the body acceleration is reduced by almost 40%, and the body travel by almost 90% as
compared with passive suspensions. It is known well that the car body acceleration is
directly associated with the ride quality. Though the road disturbance exists in the sys-
tem, the active control can achieve satisfactory disturbance rejection ability and clearly
improve the ride quality. From Figure 2(a), with an inclusion of the road disturbance,
the developed control law not only exhibits a fast response to mitigate the adverse effect,
but also provides the desired control performance such as small overshoot magnitudes
and rapidly suppressing system oscillations. In addition, the conventional backstepping-
like control offers the control performance superior to the uncontrolled system. However,
it still has a poor disturbance rejection performance and brings undesired control per-
formance, such as an unsatisfactory overshoot magnitude in the car body acceleration
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FIGURE 2. Controller performance: (a) body acceleration (i), (b) body

travel (x,), (c) suspension travel (z; —x,,), (d) wheel travel (z,,) (Solid: the
proposed control, Dashed: backstepping-like control, Dotted: no control)
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and slowly suppressing system oscillations as compared with the developed scheme are
observed.

Figures 2(b)-2(d) indicate that the body travel, suspension travel, and wheel travel
from the proposed design are less than those from both the conventional backstepping-
like control and uncontrolled system. Besides, it can be seen that during 0 < ¢ < 0.5 s and
t > 0.75 s when there is no road disturbance, the proposed strategy has the property of
rapidly nominal performance recovery. Even if the conventional backstepping-like control
and uncontrolled system has also this property, both provide rather undesirable transient
control performances. Thus, the presented scheme provides significant improvement in
the car body acceleration over both the conventional backstepping-like control and passive
suspensions. This is due to an inclusion of the disturbance observer strategy utilized for
estimating the inevitably road disturbance.
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FIGURE 3. Road disturbance input (d; & dy) and disturbance estimation (dy & ds)

Figure 3 demonstrates time histories of road input disturbances and the estimate value
of disturbances. This indicates that the developed disturbance observer effectively es-
timates the road disturbances and quick approaches to the disturbances with very fast
convergence rates without oscillations. Thus, it can be concluded that the disturbance
observer design used has a reference tracking performance because the road disturbance
is compensated by the estimated value in the control input signal. Figure 4 shows the
control input for the two controllers used to stabilize the closed-loop system. It is also
evident that the control energy of the proposed control is clearly less than that of the
conventional backstepping-like control.

From the above simulation results, it is evident that a combination of the backstepping-
like control and the disturbance observer scheme applied to the active quarter-car sus-
pension system provides the following advantages over the conventional backstepping-like
control and passive suspensions.

e The developed design has the potential to improve the ride quality such as much
overshoot magnitude reduction in the body acceleration and the body travel.
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e The proposed strategy offers highly satisfactory transient performances and reject
effectively unavoidable disturbances.

e The design procedure adds some auxiliary terms into each step of finding the de-
sired controller. These terms are utilized to mitigate the adverse effect arising from
the road disturbance. On the other hand, these terms are not included in the
backstepping-like method alone, thereby leading to unsatisfactory control perfor-
mances.

5. Conclusion. In this paper, a nonlinear disturbance observer-based backstepping-like
control strategy is proposed for active quarter car suspension systems. The developed
scheme offers satisfactory disturbance rejection performance and achieves improved dy-
namic performances. Closed-loop stability analysis with the result of the road disturbance
is investigated. To validate the proposed scheme, the simulation results have indicated
that the developed control method provides an improved transient performance and capa-
bility of rejecting road disturbances rapidly superior to the backstepping-like control and
uncontrolled system. In particular, the presented control law is able to suppress rapidly
the system oscillations and effectively reject inescapable disturbances. Consequently, it
provides an opportunity to significantly improve the ride comfort of the driving passenger.
Future study will be devoted to an inclusion of the effect of hydraulic actuator dynamics
into our design procedure.
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