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Adaptive Fuzzy Sliding Control Enhanced by Compensation for Explicitly
Unidentified Aspects
Sy Dzung Nguyen, Seung-Bok Choi, and Tae-Il Seo*

Abstract: Reality shows that 1) the effectiveness of compensators for uncertainty and disturbance (UAD) depends
deeply on UAD’s time varying rate (TVR), and 2) controlling a system over a network introduces different con-
straints and conditions, in which some of these are variable delays in control signal, packet losses, data quantization,
safety, and security. This paper presents a new design of fuzzy sliding mode control (FSMC) enhanced by compen-
sation for UAD using a disturbance observer (DO), named DO-FSMC, for a class of nonlinear systems subjected
to UAD. First, in order to weaken partly the negative influence of TVR of UAD on the compensation effectiveness,
we separate explicitly unidentified aspects into two groups, one related to the model error while the other coming
from external disturbances, to distinctly consider. To stamp out the chattering status and reduce calculating cost,
we propose an adaptive gain updated directly based on the sliding surface convergence status, to which two new
control laws, one for the FSMC and the other for the DO-FSMC, are given via Lyapunov stability analysis. In order
to evaluate the DO-FSMC, simulations as well as surveys based on a real semi-active suspension system using a
Magnetorheological damper (MRD) with measured datasets are performed. The results obtained from the surveys
coincide with the theoretical analysis which show that the competence to stamp out vibration is the advantage of
the proposed method compared with the other published methods.

Keywords: Disturbance observer, fuzzy sliding control, nonlinear system, uncertainty and disturbance estimator.

1. INTRODUCTION

Generally, control systems always operate in distur-
bance and uncertainty conditions coming from the mathe-
matical model errors and external disturbances. Impacting
of explicitly unidentified aspects as well as the nonlinear
attributes of the controlled plants on the systems are al-
ways challenges facing the design of controllers. Many
solutions can be used to overcome partly this issue such as
fuzzy logic (FL) [1,2], sliding mode control (SMC) [3–6],
estimating UAD by different ways to establish compen-
sate parameters [7], or combination models [8–11].

Regarding FL, there have been significant research ef-
forts to practically contribute to the fuzzy theory as well
as its applications [12–17]. This is an innovation approach
to build solutions for multi-parameter and nonlinear prob-
lems as well as lack of information or using inexplicit in-
formation to describe systems [15]. By using FL, the re-
lationship between the input and output space can be es-
tablished more simply with higher accuracy rate than that
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based on conventional techniques [18–20]. Generally, for
FL, the ability to infer via human experience and/or ex-
perimental results is used to illustrate systems. Related to
control, this ability of FL is exploited to express the con-
trolled plants as well as to depict control strategies. By this
way, fuzzy controllers can handle the complex, nonlinear
and inexplicit relations to depict and control systems in
the presence of UAD. With essential advantages and basic
features as above mentioned, fuzzy logic has been applied
successfully in many different fields in which controlling
nonlinear engineering systems is one of typical instances
[21–23]. Related to this work, it can observe that adaptive
fuzzy control and, especially, fuzzy sliding mode control
(FSMC) are prevalent options [21, 22]. FSMC can bring
into playing the advantages of both, FL as well as SMC.

Advantages of SMC are simplicity of implementation,
robustness against plant’s uncertainty and external distur-
bance, insensitivity to external effects, and easy to co-
ordinate with other mathematical tools [4,24–26]. SMC is
a nonlinear control method with a variable structure. By
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application of a discontinuous control signal to force the
system to slide along a cross-section of the system’s nor-
mal behavior, the sliding mode controller can alter the dy-
namics of a nonlinear system [27,28]. Firstly, a switching
surface in the state space called the sliding surface is cho-
sen to reflect the given control aim. A process consisting
of two phases, approaching and maintaining, is then car-
ried out. The system is controlled to direct towards the
sliding surface in the first phase and then uphold switch-
ing along the surface during the second phase. If the dy-
namic process is stable, the states of the system are almost
always kept on this switching surface. The ability to reach
the sliding surface and keep system states in it without
chattering phenomenon expresses the quality of the con-
troller. These targets of SMC can be met better via the
combination with FL in the well-known structure named
FSMC. As a type of the nonlinear dynamic inversion con-
trol models with the basic strong points, FSMC has been
widely employed in many fields [3, 9, 10, 29]. In case that
the impact of UAD on the system needs to be estimated,
the design of the FSMC and compensator for UAD can be
independently carried out [30, 31].

For building compensators for explicitly unidentified
aspects, reality has been shown that the effectiveness of
this work deeply depends on TVR of UAD. In [30], a
controller for a MRD suspension system of train cars was
established. In this, the authors proved that when TVR
of UAD increased, the quality of the controller was re-
duced. For the chattering problem of SMC, many solu-
tions have been given. In [32], Mohammad et al. pre-
sented an optimal adaptive fuzzy sliding mode controller
for a class of nonlinear systems subjected to UAD. An
adaptive fuzzy structure was applied to approximate max-
imum boundary of uncertainty aspects. A fuzzy gain was
established to prevent the system from the chattering sta-
tus. In the controller, however, a difficulty can be seen re-
lated to using the feedback linearization approach which
exists latent uncertainty attributes. Besides, the high cal-
culating cost coming from the fuzzy gain is also an is-
sue of large network systems. This is much the same as
the defect of the method presented in [33], where a fuzzy
structure was built to stamp out the chattering. FL sys-
tems own advantages as above mentioned, these, however,
result in increasing the calculating cost in many applica-
tions. Khanesar et al. [34] showed that controlling a sys-
tem over a network introduces different constraints and
conditions. Some of these constraints and conditions are
variable delays in control signal, packet losses, data quan-
tization, safety, and security.

Consequently, in this paper, we present a new controller
for a class of nonlinear systems subjected to UAD. The
controller named DO-FSMC is constituted of a fuzzy slid-
ing mode controller (FSMC) enhanced by a compensator
for UAD based on a disturbance observer (DO). In the ap-
proach, explicitly unidentified aspects are separated into

two groups to distinctly consider. The reason for this is to
weaken partly the negative influence of TVR of UAD on
the compensation effectiveness. The first group related to
model errors is estimated indirectly via the FSMC. The
other group consisting of external disturbances is com-
pensated via the compensator. In order to deal with the
chattering issue as well as the calculating cost, we pro-
pose an adaptive gain, which is updated directly via the
time varying status of the sliding surface. Based on Lya-
punov stability analysis and the proposed adaptive gain,
two new control laws for the nonlinear systems subjected
to uncertainty with or without disturbance are presented.
In order to evaluate the method, simulations as well as sur-
veys based on a real semi-active MRD suspension system
are performed.

There are four main contributions of the paper deployed
via a control strategy proposed in Section 2. The first one
is a new adaptive control law for a class of SISO n-th order
nonlinear systems subjected to uncertainty without distur-
bance which is depicted by the FSMC. The second one is
the DO-based compensator for external disturbance. The
third one relates to a new adaptive control law for a class
of SISO n-th order nonlinear systems in the presence of
UAD which is presented via the DO-FSMC. Related to
these works, analyzing the convergence ability of the DO
as well as the stability attributes of the FSMC and DO-
FSMC are expressed in Theorems 1-3. Finally, real sur-
veys via an experimental apparatus are seen as the fourth
contribution.

The paper is organized as follows: After the instruc-
tion section, the issue formulations and the corresponding
solutions are mentioned in Section 2, which relate to the
DO, FSMC and DO-FSMC. In Section 3, the design of the
FSMC is presented while building the DO and establish-
ing the DO-FSMC are carried out in Section 4. Surveys
for evaluating the proposed method are shown in Section
5, to which the relative conclusions are stated in the Sec-
tion 6.

2. ISSUE FORMULATION AND SOLUTIONS

Consider a general class of SISO n-th order nonlinear
systems subjected to UAD expressed as follows:

x(n) = f0(x, ẋ, ...,x(n−1), t)

+g01(x, ẋ, ...,x(n−1), t)u(t)+g02(t)D(t),

y = x,

(1)

in which f0(.), g01(.), g02(.) are known functions, assum-
ing g02(.) > 0; D(t) is the unknown time-dependent pa-
rameter expressing explicitly unidentified aspects which
consist of both, uncertainties from the mathematical
model errors and external disturbances; u(t) is control
signal; y(t) is the output. Let x = [x1,x2, ...,xn]

T =
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[x, ẋ, ...,x(n−1)]T ∈ Rn be the state variable vector depict-
ing the system that is supposed to be observable. The
aim here is to determine the control law u(t) such that the
statex = x(t)tracks the desired reference state xd(t) in the
presence of D(t).

There are two issues to be considered in this study. The
first one is to reduce the calculating cost in order to reduce
the time delay of the control system. The second one is to
find out a reasonable approach to specify the control law
u(t) in the presence of UAD (or D(t)). Reality shows that
the effectiveness of compensators for D(t) is reduced if its
TVR increases [30].

For the first issue, the idea of seeking a solution for
improving the calculating cost derives from [32–34]. In
[32, 33], FSMCs with fuzzy gains ρ were applied. They
are essential options to well stamp out the chattering phe-
nomenon, however, the calculating time increases, which
results in increasing time delay [34]. Hence, we propose
an adaptive gain ρad , which can be calculated directly and
updated adaptively based on the convergent status of the
sliding surface. This will be detailed in Theorem 1.

Regarding to the second issue, in order to weaken partly
the negative influence of TVR of UAD on the effective-
ness of compensation for UAD, explicitly unidentified as-
pects are partitioned to distinctly consider. Namely, D(t)
is separated into two groups corresponding to external dis-
turbances, denoted by d(t), and uncertainty related to the
model error to deal individually. Thus, together with tak-
ing note of the state variable vector defined above, (1) can
be re-expressed as:

ẋ1 = x2,

...

ẋn−1 = xn,

ẋn = x(n) = f (x, t)+g1(x, t)u(t)+g2(t)d(t),

y = x1.

(2)

It is assumed that the TVR of d(t) is slow enough and
the upper bound exists, |d(t)| ≤ d0. In (1), the unknown
model error exists in D(t), while in (2), it has been in-
dividually observed by f (.) and g1(.) themselves, hence
f (.) and g1(.) become unknown nonlinear functions need-
ing to be identified. Thus, instead of building the control
law including the observer of D(t) in (1), we build an-
other control law via estimating d̂(t) of d(t) only as well
as f̂ (.) and ĝ1(.) of f (.) and g1(.) in (2). By this way, the
negative influence of TVR of UAD on the effectiveness of
compensation for UAD can be weakened, since, in gen-
eral, the TVR of d(t) only is lower than that of D(t), as
well as d0 ≤ D0.

For this aim, we propose the controller DO-FSMC con-
stituted of the FSMC and DO to set up the control signal
u(t) as below:

u(t) = us(t)+uc(t), (3)

where us(t) is calculated by the FSMC while uc(t) is spec-
ified by the DO-based compensator.

Remark 1: The solution of the DO-FSMC for dealing
with UDA is as follows. Disturbance d(t) is compensated
by the DO-based compensator while uncertainty due to the
model errors is compensated by the ability to infer of the
fuzzy logic system taking part in the FSMC. This content
will be detailed in Subsection 3.2 related to the approxi-
mation of the unknown functions f (.) and g1(.) in (2).

Remark 2: The design of the FSMC and DO is carried
as follows. For the FSMC, it is relied on (2) without dis-
turbance, while for the DO, it is investigated via the known
functions f0(.), g01(.) and g02(.) of (1). By this way, the
convergence ability of the DO as well as the stability at-
tributes of the FSMC and DO-FSMC will be proved in
Theorems 1-3.

3. DESIGNING THE FSMC

The proposed FSMC is built based on system (2) with-
out disturbance. The FSMC is employed for a class of
SISO n-th order nonlinear systems subjected to uncer-
tainty without disturbance.

3.1. A framework based on SMC
Let e(t) is the error vector expressing the difference be-

tween the state vector and the corresponding desired state
vector

e(t) = x(t)−xd(t) = [e, ė, ...,e(n−1)]T ∈ Rn. (4)

A sliding surface S(x) is then defined via the error vec-
tor as follows

S(x) = a1e+a2ė+, ...,+an−1e(n−2)+e(n−1) = aT e(t), (5)

where a = [a1, ...,an−1]
T is vector of Hurwitizian polyno-

mial H = sn−1 + an−1sn−2 + ...+ a1, which has all poles
to be located in the left half of the complex co-ordinate
plane,sis the Laplace operator. Based on S (x(t)) and as-
sume that e(0) = 0, the control issue here can be seen as
determining the control law u(t) to which S (x(t))→ 0 and
then, e(t) is remained on the sliding surface during sys-
tem’s operating process. To do this, the following process
is performed.

Based on the state vector, a Lyapunov candidate func-
tion is chosen as in (6),

V0(x) =
1
2

S(x)2. (6)

The time derivation of this function is then given as (7),

d
dt

V0(x) = S(x)
d
dt

S(x) = S(x)Ṡ(x). (7)

Be noted here that V0(0) = 0 and V0(x) ≥ 0; ∀x(t)|t > 0.
Hence from (7), we can infer that if the control law u(t) is
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used so that

Ṡ(x) =−ρsgn(S(x)) , (8)

where ρ is a positive coefficient, then S(x)→ 0 is a stable
Lyaponov process. As mentioned in Section 2, in the pro-
cess of calculating us(t), disturbance d(t) is overlooked.
From (8), (5), (4) and (2), the feedback control signal such
that e(t)→ 0 (or x → xd) when t → ∞ can be inferred as
below:

us(t) =
1

g1(x, t)

(
−

n−1

∑
i=1

aie(i)− f (x, t)+ x(n)d −h(x, t)

)
,

(9)

where

h(x, t) = ρsgn(S(x)) . (10)

To calculate us(t) in (9), functions g1(x, t), f (x, t) and
h(x, t) need to be determined.

For g1(x, t) and f (x, t), we establish approximation
functions ĝ1(x, t) and f̂ (x, t) via fuzzy logic, which will
be presented in the next subsection. Related to h(x, t),
there have been some different ways. In [3], [32] and
[33], in order to avoid the chattering phenomenon, fuzzy
gains were used. In [21], a PI control action was estab-
lished to keep the states in a limited boundary layer. It
can observe that increasing the calculating cost related to
these fuzzy structures is the common difficulty of these
solutions. Khanesar et al. [34] showed that controlling
a system over a network introduces different constraints
and conditions, to which, some variable delays in con-
trol signal, packet losses, data quantization may appear.
To overcome these issues, we propose h(x, t) as in (11)
with an adaptive gain ρad as in (12) together with using a
boundary layer neighboring the sliding surface as in (13).
It is updated directly based on value of the sliding surface,
which will be detailed in Theorem 1.

h(x, t) = ρadsat
(
S(x)

/
Φ
)
, (11)

ρad = k1(t)(1− exp (−k2 |S(x)|)) , (12)

where k2 is an adaptive positive coefficient chosen by the
designer while k1 = k1(t) is an adaptive coefficient whose
update law is based on the sliding surface convergence sta-
tus. In (11), in order to avoid the chattering phenomenon,
as usual, function sgn(.) as in (10) was replaced with func-
tion sat(.). Here, we used the function defined as in [9]:

sat
(
S
/

Φ
)
=

{
sgn
(
S
/

Φ
)

if
∣∣S/Φ

∣∣> 1,

S
/

Φ if
∣∣S/Φ

∣∣≤ 1,
(13)

where Φ is the boundary layer neighboring the sliding sur-
face to which |S(x, t)| ≤ Φ ∀(x, t). This keeps the sliding
surface value in an interval range.

Remark 3: Consider the features of parameter ρad

(0 ≤ ρad ≤ k1(t)) in (12). If |S(x)| → 0 then ρad → 0 (and
h(x, t)→ 0). The aim of this solution is to make the con-
trol signal us(t) in (9) vary as slowly as possible to uphold
the system present states corresponding to |S(x)| << 1
(meaning |e(t)| = |x(t)−xd(t)| to be small). The effec-
tiveness of this tendency is enhanced by combining with
the role of k1(t) which is updated as in (25) to guarantee
stability of the system. This aspect will be presented in
Theorem 1. Inversely, if |S(x)| increases thenρad increases
exponentially. In case that |S(x)| → +∞, then ρad → k1.
This feature is really significant. When |S(x)| becomes
smaller, ρad adjusts itself to a smaller value. Thereby,
the control signal can rapidly reaches to a smaller value,
which positively reduces the chattering phenomenon to
protect the system. Inversely, if |S(x)| becomes greater,
ρadand then the control signal will increase rapidly to pre-
vent the unstable status.

3.2. Fuzzy solution for the SMC
In (9), functions g1(x, t), f (x, t) and time parameter

k1(t) of h(x, t) from the SMC need to be specified. For
the functions we use a fuzzy solution for their approxima-
tions ĝ1(x, t), f̂ (x, t). Related to k1(t), an adaptive solution
is proposed. As a result, we obtain (14):

us(t) =
1

ĝ1(x, t)

(
−

n−1

∑
i=1

aie(i)− f̂ (x, t)+ x(n)d −h(x, t)

)
,

(14)

These contents are shown as below:

3.2.1 Fuzzy solution
The fuzzy solution presented Ho et al. [21] is used to

create an initial frame, to which the FSMC will be accom-
plished. By this, ĝ1(x, t) and f̂ (x, t) in (14) can be approx-
imated via fuzzy systems MISO, n input variables and m
fuzzy laws. The i-th fuzzy law is written as below:

R(i) : IF x1 is Ai
1, AND, ...,AND xn is Ai

n

THEN y is Bi (i = 1...m),

where Ai
j, j = 1, ..., n, is the fuzzy set in the input space

related to the physical parameter x j and the i-th fuzzy law
while Biis the corresponding fuzzy set in the output space.

By using the center-average defuzzification, the output
is calculated by

y(x) =

(
m

∑
i=1

yiµAi(x)

)/
m

∑
i=1

µAi(x). (15)

In (15), µAi(x) is value of the membership function in
the input fuzzy space of x(t). If the product law is used,
Ai = Ai

1 × ...×Ai
n, then µAi(x) = ∏n

j=1 µAi
j
(x j). Thus, (15)

becomes:

y(x) =

(
m

∑
i=1

yi
n

∏
j=1

µAi
j
(x j)

)/
m

∑
i=1

n

∏
j=1

µAi
j
(x j). (16)
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Value yi, i = 1, ..., m, can be determined by the well-
known methods via the fuzzy set in the output space. For
simplicity, in this paper it is calculated via the singleton
fuzzification. For short, (16) is re-expressed as follows:

y(x) = φT λ (x) (17)

in which,

φ = [y1, ...,ym]T ; λ (x) =
[
λ 1(x), ...,λ m(x)

]T
, (18)

λ i(x) =

(
n

∏
j=1

µAi
j
(x j)

)/
m

∑
i=1

n

∏
j=1

µAi
j
(x j). (19)

3.2.2 Control law of the FSMC
Theorem 1: Control system (2) without disturbance is

controlled by control law (14), in which,

h(x, t) = k1(t)(1− exp(−k2 |S(x)|)sat
(
S(x)

/
Φ
)

; (20)

ĝ1(x,φg) = φT
g λ (x) and f̂ (x,φ f ) = φT

f λ (x) are fuzzy ap-
proximate functions as in (17); λ (x), φ f and φg are vec-
tors given in (18); k1 = k1(t) is an adaptive coefficient;
k2 is a positive coefficient chosen by designer; Φ is the
required boundary layer of the sliding surface to which
|S(x, t)| ≤ Φ ∀(x, t). Let φ∗

f and φ∗
g be the optimal vectors

of φ f and φg as below:

φ∗
f = argmin

φ f ⊂ℑ f

(
sup
∣∣ f̂ (x,φ∗

f )− f (x, t)
∣∣) , (21)

φ∗
g = argmin

φg⊂ℑg

(
sup
∣∣ĝ1(x,φ∗

g )−g1(x, t)
∣∣) , (22)

where ℑ f = {φ f |∥φ f ∥ ≤ M f }, ℑg = {φg|∥φg∥ ≤ Mg}; M f

and Mg are design parameters. Let Ω(x,φ f ,φg) be a func-
tion defined as in (23):

Ω(x,φ f ,φg) = f (x, t)− f̂ (x,φ∗
f )

+
(
g1(x, t)− ĝ1(x,φ∗

g )
)

us(t). (23)

Assume that Ω is a bounded function, |Ω(x,φ f ,φg)| ≤
Ω0. Then, e(t) → 0 (4) or x → xd when t → ∞ is a sta-
ble Lyaponov process if the following update laws are
adopted:

φ̇ f = S(x)λ (x); φ̇g = S(x)λ (x)us(t); (24)

k1(t) =



ξ
Ω0Φ

(|S(x)|+ ε)(1+ ε − exp(−k2 |S(x)|))
if |S(x)| ≤ Φ,

ξ
Ω0

1− exp(−k2 |S(x)|)+ ε
if |S(x)|> Φ,

(25)

where ξ > 1 is an adaptive parameter chosen by designer;
ε is a very small and positive parameter, 0 < ε << 1, cho-
sen by designer to avoid the singular cases of the expres-
sions typed A

/
B.

Proof: By using the time derivative of (5) and x(n)from
(2) with a note that in this phase, the controller is de-
signed without any considered disturbance, the followings
are given

Ṡ(x) =
n−1

∑
i=1

aie(i)+ x(n)− x(n)d ; (26)

Ṡ(x) =
n−1

∑
i=1

aie(i)+ f (x, t)+g1(x, t)us(t)− x(n)d . (27)

From (14) and (27), the following expressions are ob-
tained:

Ṡ(x) =
(

f (x, t)− f̂ (x,φ f )
)

+(g1(x, t)− ĝ1(x,φg))us(t)−h(x, t); (28)

Ṡ(x) =
(

f̂ (x,φ∗
f )− f̂ (x,φ f )

)
+
(
ĝ1(x,φ∗

g )− ĝ1(x,φg)
)

us(t)

−h(x, t)+Ω(x,φ f ,φg) ; (29)

Ṡ(x) = ψT
f λ (x)+ψT

g λ (x)us(t)−h(x, t)

+Ω(x,φ f ,φg), (30)

where

ψ f = φ∗
f −φ f ; ψg = φ∗

g −φg. (31)

By choosing a Lyaponov function as below

V1 =
1
2

S(x)2 +
1
2

ψT
f ψ f +

1
2

ψT
g ψg, (32)

with reference to (30) and (20), the following expressions
are obtained:

V̇1 = S(x)
(
ψT

f λ(x)+ψT
g λ(x)us(t)−h(x, t)+Ω(x,φ f ,φg)

)
+ψT

f ψ̇ f +ψT
g ψ̇g; (33)

V̇1 = ψT
f (S(x)λ (x)+ ψ̇ f )

+ψT
g (S(x)λ (x)us(t)+ ψ̇g)

− k1S(x)sat
(
S(x)

/
Φ
)
(1− exp(−k2 |S(x)|))

+S(x)(Ω(x,φ f ,φg)) . (34)

In (34), due to

ψ̇ f =
d
dt

(
φ∗

f −φ f
)
=−φ̇ f ;

ψ̇g =
d
dt

(
φ∗

g −φg
)
=−φ̇g, (35)

hence,

V̇1 =ψT
f (S(x)λ (x)− φ̇ f )+ψT

g (S(x)λ (x)us(t)− φ̇g)

− k1S(x)sat
(
S(x)

/
Φ
)
(1− exp(−k2 |S(x)|))

+S(x)(Ω(x,φ f ,φg)) . (36)

If update law (24) is used, we have the following

V̇1 =− k1S(x)sat
(
S(x)

/
Φ
)
(1− exp(−k2 |S(x)|))
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+S(x) Ω(x,φ f ,φg). (37)

There are two cases related to (37) as below:
The first case,

∣∣S/Φ
∣∣ > 1, to which the followings can

be inferred

V̇1 =−k1S(x)sgn
(
S(x)

/
Φ
)
(1− exp(−k2 |S(x)|))

+S(x)Ω(x,φ f ,φg),

V̇1 =−k1 |S(x)|(1− exp(−k2 |S(x)|))
+S(x)Ω(x,φ f ,φg),

V̇1 <−k1 |S(x)|(1− exp(−k2 |S(x)|))
+ |S(x)|Ω0. (38)

It means,

V̇1 < |S(x)|(Ω0 − k1 (1− exp(−k2 |S(x)|))) . (39)

So, it can infer the update law of k1(t) as follows:

k1(t) =ξ
Ω0

1− exp(−k2 |S(x)|)+ ε
,

ξ > 1, 0 < ε << 1. (40)

The second case,
∣∣S/Φ

∣∣≤ 1, so expression (37) can be
re-written as below:

V̇1 =− k1
S(x)2

Φ
(1− exp(−k2 |S(x)|))

+S(x)Ω(x,φ f ,φg),

to which we have:

V̇1 <− k1
S(x)2

Φ
(1− exp(−k2 |S(x)|))+ |S(x)|Ω0

= |S(x)|
(
−k1

|S(x)|
Φ

(1− exp(−k2 |S(x)|))+Ω0

)
.

(41)

Based on (41), the update law of k1(t) when
∣∣S/Φ

∣∣≤ 1 is
inferred as in (42).

k1(t) =ξ
Ω0Φ

(|S(x)|+ ε)(1+ ε − exp(−k2 |S(x)|))
ξ > 1, 0 < ε << 1. (42)

Deriving from (40) and (42), we have the update law
given in (25). □

4. DESIGNING THE DO-FSMC

The proposed DO-FSMC is employed for a class of
SISO n-th order nonlinear systems subjected to UAD. The
DO-FSMC is constituted of the DO and FSMC.

4.1. Building the DO
As mentioned in Remark 2, the DO based on the known

functions f0(.), g01(.) and g02(.) of (1) to estimate d(t).
By replacing f (.), g1(.) and g2(.) in (2) with f0(.), g01(.)
and g02(.), Equation (2) can be re-written in the form of
(43):

ẋ1 = x2,

...

ẋn−1 = xn,

ẋn = x(n) = f0(x, t)+g01(x, t)u(t)+g02(t)d(t),

y = x,
(43)

or in the simple form as in (44),{
ẋ = F(x, t)+G1(x, t)u(t)+G2(x, t)d(t),
y = x,

(44)

where

F(x, t) = [x2, x3, ..., xn, f0(x, t)] T ∈ Rn, (45)

G1(x, t) = [0, ..., 0, g01(x, t)] T ∈ Rn, (46)

G2(x, t) = [0, ..., 0, g02(t))] T ∈ Rn. (47)

Let d̂(t) be the estimate of d(t). By using the method
presented in [35], d̂(t) is expressed as:

d̂(t) = z(x, t)+ p(x), (48)

in which z(x, t)is the internal state of the nonlinear ob-
server. Function z(x, t) is estimated via the following ex-
pression:

ż(x, t) =− l(x)(G1(x, t)u(t)+G2(x, t)p(x)+F(x, t))
− l(x)G2(x, t)z(x, t), (49)

where p(x) is a designed nonlinear function, and l(x) =
∂ p
/

∂x is a vector which needs to be determined so that
the error function (50) converges to zero.

E(t) = d(t)− d̂(t). (50)

For this application, attributes of the DO are expressed
by the following theorem:

Theorem 2: Let’s consider system (2) which is re-
written as in (44). It is assumed that the time varying rate
of disturbances impacting on the system is slow. If the es-
timate d̂(t) depicted in (48) is used withl(x) = [l1, ..., ln],
then ∀li ∈ ℜ, i = 1, ..., n, (ℜ: the real number set) and
ln > 0, the E(t)→ 0 when t → ∞ is a stable process.

Proof: With taking notes of (48), (49) and l(x) =
∂ p
/

∂x, the time derivative of (50) is obtained as follows:

Ė(t) = ḋ(t)− ˙̂d(t) = ḋ(t)− ż(x, t)− ∂ p
∂x

ẋ, (51)
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Ė(t) = ḋ(t)− ż(x, t)− l(x)ẋ. (52)

From (52) and (44), the following result is obtained

Ė(t) =ḋ(t)− ż(x, t)
− l(x)(F(x, t)+G1(x, t)u(t)+G2(x, t)d(t)) .

(53)

By substituting ż(x, t) from (49) into (53) with taking
note of (50) we have

Ė(t) = ḋ(t)+ l(x)G2(x, t)(z(x, t)+ p(x)−d(t)) ,

Ė(t) = ḋ(t)− l(x)G2(x, t)E(t). (54)

If the time varying rate of the uncertainty aspects is low,
(54) can be rewritten as in (55).

Ė(t)+ l(x)G2(x, t)E(t)≈ 0. (55)

In this expression, l(x) is a vector of polynomials with
respect to the state variablex. Simply, we chose it as a row
vector of constant coefficients as below:

l(x) = [l1, ..., ln], li ∈ ℜ, i = 1...n. (56)

Deriving from (47) and (56) we have (57):

Ė(t)+ lng02(t)E(t)≈ 0. (57)

Due to g02(t) > 0, it can observe from (57) that ln > 0
is the sufficient condition to guarantee that E(t) → 0 or
d̂(t)→ d(t) when t → ∞. It means that ∀li ∈ ℜ, i = 1, ...,
n, and ln > 0, E(t)→ 0 is a stable process. □

From Theorem 2, the estimate of d(t) can be established
via the DO as below:

d̂(t) = z(x, t)+ p(x),

p(x) =
n

∑
i=1

lixi, li ∈ ℜ, i = 1, ...,(n−1), ln ∈ N∗,

ż(x, t) =−ln g02(t)z(x, t)− l(x)K̄,

where l(x) = [l1, ..., ln] and

K̄ =


x2

x3
...

xn

g01(x, t)u(t)+g02(t)p(x)+ f0(x, t)

 .

Remark 4: Related to vector l(x) (56), if we take only
interest in the stable condition of the process E(t)→ 0 or
d̂(t)→ d(t) when t → ∞, the ties l(x) = [0, ...,0, ln] ∈ Rn

and ln > 0 are appropriate options. If we consider both,
the stable condition and optimal solution, the ties ∀li ∈ ℜ,
i = 1, ..., (n− 1) and ln > 0 as abovementioned should
be utilized. The larger value of ln makes the convergence
rate increase but may result in growing rapidly the POT
(percentage of overshoot). Hence, a reasonable value of
this one needs to be considered.

4.2. The DO-FSMC
The DO-FSMC is constituted of the FSMC and DO.

The control signal u(t) created by the DO-FSMC is u(t) =
us(t)+uc(t) as in (3), where us(t) comes from the FSMC
while uc(t) is determined based on the DO. Theorem 3 as
below analyzes stability attribute of this combination.

Theorem 3: Consider control system (2) subjected to
disturbance d(t) whose time varying rate is slow. The sys-
tem controlled by the DO-FSMC via control law (58) as
below:

u(t) = us(t)−
g2(t)
g01(t)

d̂(t), (58)

where us(t) is specified via Theorem 1; d̂(t) is determined
via Theorem 2. Then e(t)→ 0 (or x → xd) of the system
when t → ∞ is an asymptotically stable process, in which
e(t) is the error vector defined in (4).

Proof: In order to analyze dynamic response feature of
system (2) subjected to disturbance, we again utilize the
sliding surface S(x) (5) and Lyapunov candidate function
V0(x) (6). With reference to (7), (8) and taking notes of
V0(0) = 0 and V0(x)≥ 0 ∀x(t)|t > 0, in view of Lyapunov
stability we can infer that if the control law u(t) is em-
ployed such that Ṡ(x) =−ρsgn(S(x)), then S(x)→ 0 is an
asymptotically stable process. Hence, from (8), (10), (5),
(4) and (2), the feedback control signal such that e(t)→ 0
or x → xd when t → ∞ is a stable Lyaponov process can
be inferred as below:

u(t) =
1

g1(x, t)

(
−

n−1

∑
i=1

aie(i)− f (x, t)+ x(n)d −h(x, t)

)
−d(t)g2(t)

/
g1(x, t) = A+B. (59)

Be noted that in (59), B = −d(t)g2(t)
/

g1(x, t) reflects
the impact of disturbance on the system. By compensating
for disturbance with a value of uc(t) = B, this influence
can be seen as being exterminated. Thus, we can deal
then with system (2) as a system without disturbance. It
means that, by using h(x, t) from (20), replacing g1(x, t)
and f (x, t) in the expression A with fuzzy approximate
functions ĝ1(x, t) and f̂ (x, t) from (17) as well as adopt-
ing the update laws (24) and (25), the remainder of (59), A,
becomes the output signal us(t) (14) of the FSMC which
has been designed for system (2) without disturbance pre-
sented in Theorem 1.

To quantify the compensation part uc(t), instead of
g1(x, t) and d(t) we employ function g01(t) in (1) and the
estimate value d̂(t) of the DO which is obtained from The-
orem 2. Thus, uc(t) is as follows:

uc(t) =− g2(t)
g01(t)

d̂(t). (60)

It should be noted in (60) that g2(t) is the known function;
g01(t)≈ g1(x, t); while the stability of the process d̂(t)→
d(t) when t → ∞ has been proved in Theorem 2.
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As a result of the above approach, equation (59) be-
comes (58). It should be also noted that (59) and (58) are
the two control laws for system (2) with disturbance. Due
to, as mentioned above, controlled by (59), the process
e(t) → 0 when t → ∞ to be asymptotically stable, it can
imply that controlled by the DO-FSMC via (58), dynamic
response of system (2) subjected to disturbance is also an
asymptotically stable process. □

Remark 5: Related to the design of the DO-FSMC, the
followings can be implied from Theorems 1-3. Due to the
functions of the DO and FSMC to be independent, since,
for simplicity, the design of these two parts can be per-
formed individually. When they take part in the controller
DO-FSMC, the stability of the closed loop system will be
guaranteed by the close tie established via the control law
(58). Besides, the ability to stably converge to zero of the
DO reflected in Theorem 2 as well as the stability attribute
of the FSMC presented in Theorem 1 contribute positively
to the effectiveness of the DO-FSMC.

5. A TECHNIQUE SYSTEM BASED ON THE
PROPOSED METHOD

In this section, a quarter car MRD suspension model
shown in Fig. 1 is used to verify the proposed DO-FSMC
via two groups, the simulation surveys as well as the real
surveys based on an experimental apparatus as in Figs. 8
and 9.

For comparing, four other suspension systems estab-
lished based on the structure in Fig. 1 are also utilized.
The first one is controlled by the controller using an adap-
tive neuro-fuzzy inference system (ANFIS), sliding mode
control, and disturbance and uncertainty observer named
NFSmUoC [30]. The second one is an adaptive T-S fuzzy
sliding control system called the K controller [36]. The
third one is a fuzzy-based predicting sliding controller
(FPSC) for active railway suspension systems subjected
to UAD [37]. The fourth one is the passive suspension
system (uncontrolled). It should be noted that the five sys-
tems have the similar structures (the MRD Suspension) as
in Fig. 1; the only difference relates to the controller. Fea-
tures of them are shown in Table 1.

Dynamic response results of the chassis mass are used
to estimate the proposed theory. To show quantitative re-
sults, the maximum magnitude of chassis displacement
and acceleration Ad , Aaas below will be used,

Ad = max
i=1...P

∣∣zi
s

∣∣ ; Aa = max
i=1...P

∣∣z̈i
s

∣∣ . (61)

In these, P is the number of samples used for the survey;
zs and z̈s, respectively, are the vertical displacement and
acceleration of the chassis.

5.1. Describing the system
The structure of the technique system has three main

parts. The first one is the suspension using a magnetorhe-

Fig. 1. The structure and operating principle of the semi-
active MRD suspension system 1 DOF.

Table 1. Special features of each suspension system.

Systems Detailed

Passive Uncontrolled

NFSmUoC - UAD are estimated simultaneously;
- Using SMC only to determine us(t).

DO-FSMC - UAD are estimated separately;
- Using FL and SMC to estimate us(t).

K

- T-S fuzzy model is used to depict
the system and compensate
for uncertainty;

- FL and SMC are used for setting up
the control law.

FPSC

- UAD is estimated simultaneously;
- Using ANFIS for predicting road status;
- FL and SMC are used for setting up

the control law.

ological damper (MRD), a damper with the damping coef-
ficient cs, and a linear spring with the stiffness coefficient
ks. The second one is the controller which is used to con-
trol the MRD. The third one is the inverse MRD using an
ANFIS named ANFIS-I-MRD (see [30]). In this surveys,
ms(t) consists of chassis mass (also called to be the sprung
mass) including the load, passengers and impacting from
surrounding environment such as the wind force. This is
the time varying parameter. The constant parameter mu

expresses the unsprung mass. The vertical displacement
of the sprung and unsprung mass are signed to be zs(t) and
zu(t), respectively, while that of the road profile is signed
zr(t). In this case, we assume that the ability to hold road
is good enough, so zu(t) = zr(t).

When the system operates, the chassis mass is forced
to vibrate due to vertical vibration of the wheel. In order
to stamp out chassis vibration, the required current I(t)
estimated by the controller is used to control the MRD to
generate required damping force u(t) such that vibration
of the chassis mass ms is reduced. Related to this work, the
ability of the controller is depicted via the corresponding
dynamic response coming from the chassis vibration.

Be noted here that it is different from the real sur-
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(a)

(b)

Fig. 2. Operating diagram of the AMFIS-D-MRD (a) and
ANFIS-I-MRD (b).

Table 2. Parameters of the suspension.

ms = 19600±4000 kg
mu = 1440 kg

ks = (392±10) .104 N/m
cs = 53900±2000 Ns/m

veys presented in Subsection 5.4, for the simulations in
Subsection 5.3, the MRD is replaced by its direct model
named ANFIS-D-MRD created by an ANFIS and a mea-
sured data set. In order to build the ANFIS-I-MRD and
ANFIS-D-MRD, the algorithm for building ANFIS from
a data set named B-ANFIS presented by Nguyen et al. [1]
and measured data sets expressing dynamic response of
a MRD are used. The operating diagrams of these mod-
els are depicted in Fig. 2, where dre and vre respectively
are relative piston-cylinder displacement and velocity of
the MRD; I is current supporting the MRD while fMR is
the damping force generated by the MRD. In these simu-
lation surveys, the disturbance status is expressed by the
random changing of the chassis mass, ms = 19600±4000;
while the uncertainty status is depicted by the random
changing of ksandcs as follows: ks = (392±10) · 104,
cs = 53900±2000 as in Table 2.

5.2. Establishing the DO-FSMC for the suspension
5.2.1 The FSMC for the suspension

The state space is expressed via the dynamic response
of the sprung mass as follows:

x(t) = [x1, x2]
T = [zs, żs]

T . (62)

Based on Fig. 1, the spring and damping force as well
as dynamic response of the sprung mass are expressed as
follows:

fs = ks(x1 − zr), fd = cs(x2 − żr), (63)

Table 3. Parameters of the FSMC.

Sliding surface S = 10e+ ė
k2 1.5
ξ 2

ε
Φ

0.01
1

xd = [x1,x2]
T = [zs, żs]

T [0, 0]T

Number of fuzzy laws 49

{
ms(t)z̈s + ks(x1 − zr)+ cs(x2 − żr) =−u(t)+d(t),

y = zr.

(64)

From (64), the equations typing (1) expressing the sus-
pension system is depicted as in (65).{

z(2)s = f0(x, t)+g01(x, t)u(t)+g02(t)D(t),

y = x1,
(65)

where

f0(x, t) =− 1
ms(t)

(ks(x1 − zr)+ cs(x2 − żr)) , (66)

g01(x, t) =−1
/

ms(t), (67)

g02(t) = 1
/

ms(t). (68)

The equations typing (2) expressing the suspension sys-
tem are as in (69).{

z(2)s = f (x, t)+g1(x, t)u(t)+g2(t)d(t),

y = x1,
(69)

where g2(t) = g02(t) = 1
/

ms(t).
Related to the control law of the FSMC, parameters are

chosen as in Table 3.

5.2.2 The DO for the suspension
Deriving from (43)-(47), (62) and (65)-(68), the follow-

ings are obtained

ẋ =

[
ẋ1

ẋ2

]
= F(x, t)+G1(x, t)u(t)+G2(t)d(t), (70)

where

F(x, t) = [x2, f0(x, t)]T

=
[
x2, −(ks(x1 − zr)+ cs(x2 − żr))

/
ms(t)

]T
,

(71)

G1(x, t) = [0, g10(x, t)]T =
[
0, −1

/
ms(t)

]T
, (72)

G2(x, t) = [0, g20(t)]
T =

[
0, 1

/
ms(t)

]T
. (73)

Hence, based on Theorem 2, the followings are given

l(x) = [l1, l2]; p(x) = l1x1 + l2x2, (74)
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Table 4. Parameters of the DO.

l1 1.51
l2 24.4

Fig. 3. The bump road profile is used for surveys.

ż(x, t) =−l2g02(t)z(x, t)− l(x)K̄, (75)

K̄ =

[
x2

g01(x, t)u(t)+g02(t)p(x)+ f (x, t)

]
. (76)

Value of [l1, l2] used in this paper is in Table 4.

5.3. Simulation surveys
In this subsection, the rough bump road with a cross

fracture (CF) as in Fig. 3 is used as zr(t) in the system
expressed in (64). The passive suspension and the suspen-
sions controlled by the DO-FSMC and NFSmUoC are all
used.

The road profile as in Fig. 3 is mathematically described
as below:

x0 (t) =


X0 (1− cos(ωrt)) if 2π

/
ωr ≤ t ≤ 4π

/
ωr,

0 if t < 2π
/

ωr,

X0 −A0 if t > 4π
/

ωr,

(77)

where ωr = 2πVc/D; X0 (= 0.07 m) is the haft of the bump
height; A0 is a parameter which is 0.035 m in this paper; D
(= 1.4 m) is the width of the bump; Vc is the vehicle veloc-
ity. In the test, the vehicle is assumed to travel the bump
with a constant velocity of 25 km/h (Vc = 6.944 m/s). The
objective of the control system is to support the damp-
ing force u(t) such that vibration of the chassis mass is
stamped out as soon as possible. This means the desired
xd = [x1, x2]

T = [zs, żs]
T = [0, 0]T .

The results obtained from the passive, NFSmUoC and
DO-FSMC suspensions are shown in Figs. 4-7 and Ta-
ble 5.

Fig. 4 and Table 5 show that the smallest displace-
ment belongs the suspension system controlled by the
DO-FSMC. The maximum displacement magnitudes cor-
responding to the passive, NFSmUoC, and DO-FSMC, re-
spectively, are 0.1014, 0.0261 and 0.0179 (m).

Fig. 4. Vertical displacement of the chassis mass corre-
sponding to the three systems.

Table 5. The maximum magnitudes.

Ad (m) Aa (m/s2)
Passive 0.1014 6.4573

NFSmUoC 0.0261 0.8913
DO-FSMC 0.0179 0.4649

The other features can be seen at the cross fracture (CF)
and during the next period in Fig. 4. Namely, for the con-
trolled systems, the output is stable after about 2 seconds
while that of the passive is more than 6 seconds. Besides,
in this area, the stable value of the state variablex1(t) cor-
responding to the proposed controller is 1.5864 ·10−4 (m)
which is smaller than that of the NFSmUoC to be 0.0026
(m). For the passive system, the system could not get the
desired value. It is stable at the larger value which is 0.35
(m). Be noted here that the required value of chassis dis-
placement is x1d = 0(m). This shows that the ability to
get the x1d of the DO-FSMC is quite good, better than the
NFSmUoC and much better than the passive.

The competence to stamp out vibration of the DO-
FSMC is also clearly represented via the vertical accel-
eration of the chassis mass. Fig. 5 and Table 5 show that
the maximum acceleration magnitudes at CF correspond-
ing to the DO-FSMC, NFSmUoC and the passive one are
0.4649, 0.8913 and 6.4573 (m/s2).

Related to the damping force generated by the con-
troller DO-FSMC, this can be seen in Figs. 6 and 7. The
positive results mentioned above of the proposed method
relate to the compensated force part uc(t) generated by
the DO as in Fig. 6 and the damping force, in total, u(t) =
uc(t)+us(t) as in Fig. 7. The controller DO-FSMC could
generate the control force appropriate and large enough to
stamp out chassis vibration.

5.4. Surveys via an experimental setup
In this subsection, the experimental apparatus shown in

Fig. 8 and detailed in Fig. 9 is used to again verify the
competence of the DO-FSMC to control the quarter vehi-
cle MRD suspension, a real system.
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Fig. 5. Vertical acceleration of the chassis mass.

Fig. 6. Damping force uc(t) compensated by the DO.

Fig. 7. Damping force in total generated by the controller
DO-FSMC.

The experimental apparatus consists of four main
equipment groups as follows: 1) The suspension system
is constituted of the linear spring ks = 2.8 · 104 N/m (2)
and the MRD with a damping coefficient of cs = 3000
Ns/m corresponding to the zero current (8). 2) The hy-
draulic excitation system is operated by the hydraulic unit
(4) connected to the lower bed (5). 3) The mechanical
structure is constituted of the upper bed (9), lower bed and
four parallel vertical circle pillars (3) which is used to fix
the suspension system, wheel (7), unsprung mass (1) and
sensors. 4) The control system consists of a computer, an
AD/DA converter, an amplifier, sensors and so on (6). In

Fig. 8. The experimental setup used for evaluating the
DO-FSMC.

Fig. 9. The structure and operating of the experimental ap-
paratus mentioned in Fig. 9 for evaluating the DO-
FSMC.

Table 6. The main parameters of the suspension system.

ms = 246.5±25 kg
ks = 2.8.104 N/m
cs = 3000 Ns/m

this survey, the unsprung mass is ms = 246.5± 25 kg in-
cluding the mass of (9). Table 6 lists the main parameters
of the system.

The excitation from (4) results in displacement of the
lower bed which makes the unsprung mass vibrate verti-
cally freely along the pillars (3) via the wheel and sus-
pension. The relative displacement between the sprung
and unsprung mass is measured by a LVDT (linear vari-
able differential transformer), while acceleration of the
unsprung mass is measured by an accelerometer. The sig-
nal from the sensors transmits to the computer via the AD
converter. Conversely, the control signal from the com-
puter transmits to the MRD via the DA converter and am-
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Fig. 10. Vertical displacement measured at the lower bed
which participates as the road profile impacting
on the suspension systems.

plifier. The role of the AD/DA converter is to transform
the signal from analog to digital and conversely, while the
amplifier is used to generate the control current support-
ing the MRD to apply the required active force which is
determined from the control algorithms.

Based on this experimental setup, five suspension sys-
tems are established. Namely, by supporting the zero cur-
rent during the operating time we have the passive sus-
pension system. Another way, if the control current for
the MRD determined from the controllers, the four corre-
sponding semi-active MRD suspension systems are given.
The road profile impacting directly on these suspensions
is set up as follows: At the initial location of the lower
bed, by controlling the hydraulic unit to apply a vertical
displacement of the lower bed and return it to the initial
location, the bump-typed road profile is described which
is shown in Fig. 10 via the signal measured at the lower
bed.

In this survey, obtained results from the suspensions are
shown in Tables 7 and 8 and Figs. 11 and 12. The qualita-
tive view can be seen in Fig. 11 that the acceleration of the
suspension controlled by the controller DO-FSMC is the
smallest. One of the main factors contributing to this pos-
itive result derives from the control force created by the
proposed controller as in Fig. 12(a), by which the value
of the sliding surface is remained quite small and stable as
illustrated in Fig. 12(b). The quantitative results in Table 7
show that the maximum acceleration magnitude related to
the controller DO-FSMC is 0.0910 m/s2. It is smaller than
that to be 0.1096, 0.1368, 0.1087 m/s2coming from NFS-
mUoC, K, FPSC, respectively, and much smaller than that
to be 0.2406 m/s2from the passive one.

5.5. Discussion
For the simulations, forced by the control force deter-

mined by the DO-FSMC as in Figs. 6 and 7, the state vari-
able x1(t) reached the desired state, x1(t) → x1d(t) = 0,
quickly and stably as in Fig. 4. At CF, control force is
the largest and then, it is reduced corresponding to the
decrease in x1(t). However, in order to keep x1(t) = 0,

Fig. 11. Acceleration of the sprung massmscorresponding
to the five systems.

(a)

(b)

Fig. 12. The required damping force in total determined
by the controller DO-FSMC and the attainability
of the sliding mode surface, S = S (x(t)).

Table 7. The maximum acceleration magnitudes.

Aa (m/s2)
Passive 0.2406

NFSmUoC 0.1096
DO-FSMC 0.0910

K 0.1368
FPSC 0.1087

us(t) > 0 during the next period. For the real survey via
the experimental setup, the above observation is much
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Table 8. The relative acceleration-reduction coefficient.

ζa

Simulation Survey Experimental Survey
NFSmUoC 0.8620 0.5445
DO-FSMC 0.9280 0.6218

the same as the acceleration varying status of the sprung
mass shown in Fig. 11. The control force determined by
the DO-FSMC impacts efficiently on the chassis mass to
stamp out its vibration as soon as possible. As a result, in
these five suspensions, the setting time of the acceleration
signal deriving from the one controlled by the DO-FSMC
is shortest.

An issue, however, can be seen in Table 8 via ζa which
is called the relative acceleration-reduction coefficient de-
fined as follows:

ζa = 1−Aac
/

Aap, (78)

where Aac is the maximum acceleration magnitude (61) of
ms in the considered suspension system (the NFSmUoC or
DO-FSMC) while Aap is the maximum acceleration mag-
nitude (61) of ms in the passive suspension when the ex-
citation conditions are similar. By using (78) and the re-
sults in Tables 5 and 7, we obtained the results in Table 8.
This table shows that, together with the observation that
the DO-FSMC is more efficient than the NFSmUoC as
abovementioned, a negative aspect can be seen here that ζa

of the controllable suspensions in the experimentally real
survey (called Case 1) is always smaller than that deriving
from the simulation survey (called Case 2). For example,
controlled by the NFSmUoC, ζa in Case 1 to be 0.5445 is
smaller than that in Case 2 to be 0.8620; similarly, con-
trolled by the DO-FSMC, ζa in Case 1 to be 0.6218 is
smaller than 0.9280 corresponding to Case 2.

The main reason of the fact that ζa deriving from the
real system survey is always much smaller than that from
the corresponding simulation survey is the time delay,
signed τ . There are many causes resulting in τ . In these,
the response delay of the equipment added to the passive
system to establish the controllable suspensions such as
the sensors, AD/DA converter, amplifier, MRD, and the
calculating cost related to control programs are two main
causes of this delay status.

6. CONCLUSION

The new design of fuzzy sliding mode control enhanced
by compensation for UAD using a disturbance observer
DO, named the DO-FSMC, has been presented. The
method is employed for a class of SISO n-th order non-
linear control systems subjected to UAD, in which uncer-
tainty comes from the model error while disturbance re-
lates to external noise whose time-varying rate is low. The

stability of the FSMC and DO-FSMC along with the con-
vergence of the DO have been theoretically proved. The
simulations as well as the surveys based on the semi-active
suspension system using the MRD with measured datasets
have been performed. These works showed that theo-
retically proved conclusions coincided with the obtained
corresponding survey results. The semi-active smart sus-
pension controlled by the DO-FSMC could stably reach
the desired state in a short time, even in the poor area of
the road profile, the cross fracture CF. Compared with the
other, chassis mass acceleration of the one controlled by
the DO-FSMC is the smallest.

It is finally remarked that for the real applications, the
TVR of d(t) may be high; besides, the time delay always
exists and impacts negatively on the control effectiveness.
The method, hence, needs to be expanded to deal with
these issues. Designing delay compensators together with
improving the capability to adapt to the higher TVR of
d(t) should be considered. These are as a second phase of
this work.
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