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ABSTRACT. In this paper, a semi-active suspension system using adaptive fuzzy sliding
mode control is developed to control the suspension system. The adaptive sliding mode
controller is designed so that the practical system can track the state of the reference
model. The asymptotical stability of the adaptive sliding mode control system is proved
based on the Lyapunov theory. The control force includes the equivalent control and the
switching control. The uncertain switching gain in the switching force could be derived by
the adaptive fuzzy strateqy. Numerical simulations demonstrate the effectiveness of the
proposed adaptive fuzzy sliding mode control for semi-active vehicle suspension, showing
that the system can be improved in the presence of parameter uncertainties and external
disturbances.

Keywords: Semi-active suspension system, Fuzzy adaptive control, Sliding mode con-
trol

1. Introduction. The vehicle development comes with the people’s higher demand.
Thus, the good performance of the vehicle suspension system related to the stability of the
driving process and the effective control of the vehicle has attracted much attention. The
shaking system of the running vehicle has lots of complexities, including the complexity of
subsystems, the variances of the system parameters, the uncertain external disturbances.
The good performance of the vehicle suspension system plays an important role in driving
flexibilities and running stabilities. The semi-active suspension system does not have to
be equipped with a complex control system as the active suspension does while having
a good control influence on the suspension system. Therefore, the semi-active suspen-
sion system is an ideal method to control the suspension system. The current suspension
system control strategy includes active suspension strategy, passive suspension strategy
and semi-active suspension strategy. Among these strategies, the semi-active suspension
system has the advantage of avoiding the complex control law and the high expense of
the active suspension system while taking the suspension system under changeable control
that the passive suspension system could not realize.

Several control strategies have been applied to the semi-active vehicle suspension system
such as skyhook control, linear-quadratic-Gaussian (LQG), sliding mode control and fuzzy
control strategies. Hrovat [1] reviewed advanced vehicle suspension and optimal control
applications. Karnopp [2] designed a skyhook control strategy and demonstrated that
it was effective in controlling the passive suspension system with one-degree-of-freedom
(DOF). Dyke [3] proposed a clipped-optimal control strategy combined with an acceler-
ation feedback. Yet, LQG control strategy may have a high demand for the system and
bring robustness problem [4]. Fang et al. [5] designed a fuzzy control strategy based
on a four-DOF vehicle model. Dan [6] applied the sliding mode control strategy to a
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suspension system experiment. Sam et al. [7] came up with a kind of proportional and
integral sliding mode control with application to active suspension system. Yagiz and Ha-
cioglu [8] presented a feedback controller for the vehicle suspension system. Some research
works such as finite frequency H,, control [9], active suspension control with frequency
band constraints and actuator input delay [10] and saturated adaptive robust control [11]
have been investigated for active suspension system. Priyandoko et al. [12] developed
a force controller for the vehicle active suspension of a quarter car model with skyhook
and adaptive neuro active force control. Yagiz et al. [13] designed robust fuzzy sliding-
mode controller for active suspensions of a nonlinear half-car model. Huang and Chen
[14] applied an adaptive sliding controller with self-tuning fuzzy compensation to vehicle
suspension control. Cao et al. [15] looked back about intelligent control approaches in
vehicle active suspension adaptive control systems. Adaptive laws to estimate the upper
bound of uncertainties are designed in [16,17]. Robust adaptive sliding mode controller
was developed for semi-active vehicle suspension system in [18].

During the process of designing the control law, the appropriate model should be nei-
ther too complex nor too simple. The fuzzy control strategy does not rely heavily on
the complex model and has the good control performance. In this paper, fuzzy control
and sliding mode control strategies are combined together with self-adaptive control law.
There are two models in this system, such as semi-active 1/4 vehicle of two-DOF simu-
lation model and the 1/4 vehicle of two-DOF skyhook ideal reference model. The input
of the active vehicle suspension system is the condition of the road surface set by human.
The human-set disturbances would be added to the simulation model. The external dis-
turbances and unknown factors are incorporated into the simulation model in order to
simulate the real vehicle system. Thus, the two models would have two different outputs
which will come into the controller as the component of the whole control force. In the
end, the simulation model controlled by the proposed adaptive fuzzy sliding mode con-
troller would be as same as the reference model and realize the purpose of controlling the
vehicle suspension system.

During the past few years, many researchers have paid highly attention to the adaptive
fuzzy sliding mode control method [19-23] which combines the advantages of both sliding
mode and adaptive fuzzy control, and overcoming their shortcomings, the usage of sliding
mode can easily solve impacts brought by the inaccurate model and the disturbance. In
this paper, adaptive fuzzy sliding mode control is proposed to suppress the vibration of
the vehicle system. Therefore, the motivation and contributions of the proposed study
could be emphasized as follows.

(1) The whole control force includes the equivalent control force and the switching
control force. The equivalent control force comes from the equivalent controller applied
with the sliding mode control strategy. The switching control force comes from sliding
mode controller with adaptive fuzzy control strategy. Thus, the whole control force could
be self-adaptive to the change of parameters.

(2) The fuzzy control method combined with the adaptive sliding mode control not
only does not require accurate system model, but also obtains the self-learning ability
and adjusts the fuzzy parameters. The method designs the adaptive fuzzy controller to
adjust the switching controller’s parameters, and compensate the model uncertainties,
thus greatly improving the robustness of the control system and control accuracy. There-
fore, the proposed approach attenuates the model uncertainties and external disturbances.

(3) The proposed adaptive fuzzy sliding mode control adds additional adaptive fuzzy
estimator to estimate the unknown upper bound of model uncertainties and external dis-
turbances for achieving and improving the system stability, hence obtaining desired system
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behavior and performance. Thus, the entire closed-loop system meets the expectations
indicators of dynamic and static performance and achieves better performance.

2. Semi-Active Vehicle Suspension Model. Making the appropriate model is the
first step in designing the control strategy. Neither the too complex model nor the too
simple model would be appropriate for the control law. Therefore, the 1/4 vehicle with
two-DOF suspension system is considered as the appropriate choice.

The simulation model is shown in Figure 1.

ms +ZS
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mt * zt
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FIGURE 1. 1/4 vehicle model with two-DOF suspension system

In Figure 1, m, is the sprung mass, m; is the unsprung mass, k, is the suspension
rigidity, k; is the tyre rigidity, 2z, is the displacements of the sprung mass and z; is the
displacements of the unsprung mass, 2, is the road displacements, and f; is the whole
control force came from the designed controller.

The dynamic differential equations are set up as follows:

{ msés - _ks(zs - Zt) - fd (1)
miZe = k(25 — 21) — k(2 — 20) + fa

The state space equation could be written as:

X = AX + Bu + Cw (2)
where
0o 0 1 -1
0o 0 0 1 4 4T
k' ko
m¢ m¢

c=[0 -100]"
The 1/4 vehicle of two-DOF skyhook ideal reference model is taken as the reference
model shown in Figure 2, where my is the sprung mass, m; is the unsprung mass, ks is

, W =2p.
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FIGURE 2. Schematic diagram of reference model

the suspension rigidity, k; is the tyre rigidity, z, is the displacements of the sprung mass
and z; is the displacements of the unsprung mass, z; is the road displacements, and ¢, is

the parameter of the damper.
The dynamic differential equations are set up as follows:

{ msés = _ks(zs - Zt) - fdr f _ { Csz./s és(és - Zt) >0
)+fdr dr =

mtét = ks(zs — Zt) — kt(Zt — 20 0 25(25 — Zt) S 0
The state space equation could be written as:

Xm = Ame + Bmfdr + C’mW

where
0o 0 1 -1
0 0 0 1 T
An=1 _k o o o |+ Bn=100 5 ],
ko koo
m¢ m¢

Co=[0 =10 0], w=:2.

3. Adaptive Fuzzy Sliding Mode Control. The block diagram of an adaptive fuzzy
sliding mode control for vehicle suspension is shown in Figure 3, and the tracking error
comes to the sliding mode controller. The proposed adaptive fuzzy estimator can on-
line update the estimates of unknown system nonlinearities and improve the tracking
performance of vehicle suspension in the presence of model uncertainties and external

disturbances.
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FiGUrE 3. Block diagram of adaptive fuzzy sliding mode control for vehicle suspension

Considering the parameter uncertainties and external disturbances, the simulation
model could be rewritten as:

X=(A+AA)X +Bfs+Cw—+ f(t) (5)
where AA is unknown parameter uncertainties of the matrix A, and f(¢) is uncertain
external disturbances or unknown non-linearity of the system.

In order to guarantee that the simulation model could be as much objective as possible,
we should make the following assumptions.

Assumption 1: The matching condition: there exist G(t) and D(t) which are known
matrix functions of appropriate dimensions as:

F(t) = BG(H); AA(t) = BD() (6)
According to Assumption 1, (5) can be rewritten as:

X = AX + AAX + Bfs+ Cuw + f(t)
=AX + Bf;+Cw+ BDX + BG (7)
=AX+ Bf;+Cw+ Bf,
where f,, = DX + G, and f,, includes the parameter uncertainties and external distur-
bances of the system.
Assumption 2: The bounded condition: there exists positive constant p which could
meet the condition is the parameter uncertainties and external disturbances of the system.
Define the tracking error between the outputs of the simulation model and reference
model as || /|| < p:
Then, its derivative is:
e:Ame+(A_Am)X+de+Bmfdr+Bfm (9)

Define the sliding surface as:

S = e (10)
Then, the derivative of sliding surface (10) is:
S = Mpe+MA - An)X + ABfy + ABp far + ABfm (11)

By setting S = 0, we could solve the equivalent control force without considering the
parameter uncertainties and external disturbances f,,:

ficg = —(AB) 'AAe — (AB) 'AB,, fur (12)
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In order to decrease the effects of parameter uncertainties and external disturbances of
the system, we should add the switching controller, so the whole control force contains
the equivalent control force and the switching control force:

1= faon+ fow = —(AB) " AApe — (AB) - ABy fay — p-2o 5 (13)
= Jde sw = m€ — mJdr —
The switching term f;, = —p% is the output of the switching controller which

could compensate the effect of the parameter uncertainties and the external disturbances
of the system, where p is sliding gain.
Substituting (13) with the sliding term f, = —p% into (11), we could get

. BT)\T'S
S=X=MB|f,—p— " 14
¢ (f pnBTATsn> 14
Define Lyapunov function candidate as:
1
V= 5STS (15)
Then, the derivative of (15) is
. BT)TS STABBT)TS
V =S"AB| f, — p—oe | =STABf,, — p——" = = STABf,, — p||BTATS
(40~ riraren) Im = P BTATS] fm = p|BEATS]
< |[B"ATS|| 1 fmll = p[|BTATS|| = — || B"AS| (0 — || full) (16)

Assuming dp is known constant, if we choose sliding gain p > dp, then V < 0, Because
V'(0) is limited and V'(¢) is limited and non-increasing. According to the Barbalat lemma,
lim; . S(t) = 0 and lim;_, e(t) = 0.
However, on the condition that f,, is unknown, it is hard to determine the value of the
upper bound of || f,,,]|, and then we use the fuzzy system p to approximate p.
Substituting p with p in (13), we could get the new adaptive law as follows:

fa= faeqg + fow = —(AB)"AAe — (AB) ' AB,, far —  BAS (17)
d — Jdeq sw — m m.Jdr p“BT)\TS“
Then, (14) could be rewritten as follows:
: BT)'S
S=AB| fm— prcrar 18
(= rirarsy) 1

Using the production inference engine, single value fuzzy controller and the central
average defuzzifier to defuzzy the fuzzy control, we could get the output of the fuzzy
controller as:

2 apalS) L
p="~w oy =& (19)
Z]‘:1 114(S;)
where adaptive parameter & = [ay, az, ..., an]", € = [&1,&, ..., &n]T is fuzzy basis func-

tion vector and &; is jth column vector of fuzzy basis function vector &. pa (S;) is the
membership function value of the fuzzy variable S;, &; (¢) = % = al¢.
j=1 J
According to the approximation theory, there exists an optimal fuzzy control system p*
which could minimize the difference between p* and p, and p* could be written as follows:
pr=p+te=aT¢ (20)

where ¢ is the error between p* and p, and o* is the optimal parameter.



ADAPTIVE FUZZY SLIDING MODE CONTROL 1609

The optimal parameter is:

a = arg min [sup |p — p*|] (21)
CMEQQ

where €2, is the convergence of a.
Define the Lyapunov function as follows:

1 1 %~
= — — 22
1% 2ss+277 Y (22)

where & = & —a* is estimated error, and 7 is a positive constant.
Then, the derivative of (22) becomes
BT)T'S 1
1B7NTS] "y
BT)'S
[ BTATS]|
BTMTS 1 %<
[BTATS]
BT)\TS
[ BTATS]|
BT)'S
|BTATS]|
T\Tg
| BTATS]]
BT)\'S
|BTATS]|
BT)\T'S
| BTATS]]

CYTOZ

V =STABf,, — STABp

BTA'S

=ST\Bf,, — STAB) =
I g 1B7XTS]

+ STABp*
— STABp*

= — |STABp* — STAB fm]

(23)

— STABp*

[ BT\
— |STABp 5 ] +

[BTATS]|

= — |STAB(p +¢) —S"\B fm]

— STABp*

[ BTATS
— |STABp ] +

[BTATS]|

o @

~ BT)\TS 1
— ST\B m| — Tes"™\B— "~ 4+ =
5 B } O AB TSty

= — |STAB(p +¢)

In order to make V < 0, and make the sum of last two terms equal to zero, we could get
the following adaptive law:

a=a=n|B"\"S|¢ (24)
Substituting the adaptive law (24) into (23), we could get:
: BT)'S
V=—|S"AB(p+¢)——ia — STABf,,
57280+ gy - 570 (29

< —[[B"AS|[ (p+e = lIfmll) <O

V < 0implies that V is a negative semi-definite function. Furthermore, we have f(f V(T)dT
=V(t)-V(0) < —fot |BEATS|| (p+ & — || fm]l)d7. Since V(0) is bounded and V() is
non-increasing and bounded, limy_, 4, fot f(f |BEATS|| (p+ & — || fm]|)dT < o0. According
to Barbalat lemma, lim;_,,, S(¢) = 0 and lim;_,, e(¢) = 0.

4. Simulation Study. Numerical simulations will demonstrate the effectiveness of the
proposed adaptive fuzzy sliding mode control for semi-active vehicle suspension, showing
that the influence of parameter uncertainties and external disturbances can be reduced
and system robustness can be improved.
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We choose the following parameters: mg; = 500kg, m; = 50kg, ks = 16800N/m, k; =
168000N/m, ¢, = 3550Ns/m; A = [—10 10 — 10 1]; three membership functions are:
pnar = 1/(1 4 exp(5(s + 3))), pz0 = exp(—5?), pvar = 1/ (1 + exp(5(s — 3))).

In the simulation figures, real_yes is the simulation model controlled by the proposed
adaptive fuzzy sliding mode controller, real_no is also simulation model without controller.
In the beginning, the same road surface condition acts as the input of the two models
in the same time. Considering the road condition is 10/3.14sin(3.14¢), the parameter
uncertainties and the external disturbances of the vehicle system are considered as 10 sin ¢.

Figure 4 shows the road condition which means the input of the system. It is a kind
of simple ideal road condition; yet we believe it could be used to testify the affections of
the control system. Figure 5 shows the whole control force f; which is calculated by the
control system in the presence of acting road condition.

Figure 6 and Figure 7 compare the velocities of the sprung mass in vehicle body z;
between real vehicle system and reference model without controller and with controller
respectively. Figure 8 and Figure 9 compare the velocities of the sprung mass in vehicle
body z; between real vehicle system and reference model without controller and with
controller respectively. It could be easily noted that suspension system’s dz; is much
more like reference model’s dz, in Figure 7 than Figure 6, and suspension system’s dz; is
much closer to reference model’s dz; in Figure 9 than Figure 8, showing that the proposed
controller has good effect on the control of sprung mass.

Figure 10 and Figure 11 compare the difference of the sprung mass between the dis-
placements of the sprung mass z, and unsprung mass z; without controller and with
controller respectively. Figure 12 and Figure 13 compare the displacements of the sprung
mass between the displacements of the sprung mass z;, and the road displacements z,
without controller and with controller. It could be easily noted that suspension system’s
zs is much closer to reference model’s z;, showing that the proposed controller has good

10 T
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time(s)

FIGURE 4. Road condition as the input of the system
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FI1GURE 5. Whole control force fy
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FiGurE 6. Comparison of the velocities of the sprung mass in vehicle body
zs between real vehicle system and reference model without controller
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Ficure 7. Comparison of the velocities of the sprung mass in vehicle body
zs between real vehicle system and reference model with controller
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FI1GURE 8. Comparison of the velocities of the sprung mass in vehicle wheel
2 between real vehicle system and reference model
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FIGURE 9. Comparison of the velocities of the sprung mass in vehicle wheel
2 between real vehicle system and reference model

effect on the control of sprung mass. Adaptive parameters of o are drawn in Figure 14,
showing that the adaptive parameters in the fuzzy system are stable. The property of
sliding surface s can be observed from Figure 15 that it converges to zero.
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FicUre 10. Comparison of the displacements of the sprung mass between
real vehicle system and reference model
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FIiGURE 11. Comparison of the displacements of the sprung mass between
real vehicle system and reference model
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FI1GURE 12. Comparison of the displacements of the sprung mass between
real vehicle system and reference model
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FicUure 13. Comparison of the displacements of the sprung mass between
real vehicle system and reference model

5. Conclusion. In this paper, the proposed semi-active control suspension system could
have an effective impact on controlling the system with a suitable cost including the
complexity of the hardware and the software. The designed control strategy is based on the
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FI1GURE 15. Property of sliding surface s

semi-active 1/4 vehicle of two-DOF model and the 1/4 vehicle of two-DOF skyhook ideal
reference model. The adaptive fuzzy sliding mode control employs additional adaptive
fuzzy estimator to estimate the unknown upper bound of model uncertainties and external
disturbances for achieving and improving the system stability. The simulation model
under control successfully realizes the goal of tracking the reference model. This strategy
has an obvious control effect when it is applied in the vehicle suspension system with
the proposed adaptive fuzzy sliding mode control strategy. However, the experimental
implementation should be investigated to demonstrate the effectiveness of the proposed
controller.
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