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This paper presents a new method of intelligent control for vehicle suspension. First, the suspension system is modeled with all the
details, and then based on the obtained model, the sliding mode control is designed for it. The controller parameters and
coefficients are calculated and updated by a type-2 fuzzy system. The chattering phenomenon is eliminated with a unique
technique. In order to evaluate the performance of the proposed control system, two-model uncertainty of the road is applied.
Simulations have been performed for both active and passive modes. The simulation results show the high efficiency of the

proposed control system.

1. Introduction

A compromise between passenger convenience and the
ability to direct vehicle is required in the design of the
suspension system [1, 2]. To achieve the convenience of
passengers, a soft suspension system is required to minimize
the displacement and acceleration of the vehicle body. But,
the suspension system must be stiff to direct vehicles in
different road conditions [3, 4]. In a passive suspension
system, spring and damper parameters are constant, so the
vehicle body will fluctuate in the face of road terrain [4]. An
active suspension system could adapt itself to different
conditions of the road and decreases displacement and ac-
celeration of the vehicle body simultaneously [5, 6]. A lot of
research has been conducted to design the active suspensions
system by different approaches (see [7] and its references).

One of the important advantages of sliding mode control
(SMCQ) is invariance property to indeterminacy [8]. Con-
sidering this advantage, sliding mode control is a strong tool
to confront parametric or nonparametric uncertainties,
disturbances, and noise [9]. It is worth noting that invariance
is a stronger property than robustness [10, 11]. Robustness

means to achieve an optimal outcome in the worst condi-
tions, and invariance means to achieve the optimal outcome
without influencing the system with noise, disturbances, and
indeterminacy. In the face of noise, disturbance, and un-
certainty, a robust system may malfunction, while invariance
means robustness with strong performance [12, 13]. Chat-
tering is one of the bad properties of sliding phase; therefore,
the arrival time to the sliding surface and arrival phase
should be limited in a nonlinear system. Chattering is de-
fined as high but limited frequencies fluctuates that cause
heat loss in electrical equipment and depreciation of me-
chanical components [14]. Four methods have been pro-
posed to decrease or eliminate chattering: boundary,
adaptive boundary layer, higher-order sliding mode control
(HOSMC), and dynamical SMC [15, 16]. Chattering was not
eliminated but decreased in the boundary layer and adaptive
boundary layer [17, 18]. In HOSMC, chattering is eliminated
by transferring it to higher derivatives of the sliding surface
[19, 20]. A lot of algorithms have been proposed to apply the
second or higher order of sliding mode control [21]. Al-
though model derivatives of the system are required for SMC
calculations, for example, dynamical model derivatives of
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the system are required for two relative degree systems [22].
While in dynamic sliding mode control, an integrator (or
low-pass filter) is placed before the system, which causes to
eliminate chattering because this filter eliminates high-fre-
quency fluctuations [23]. The integrator increases the system
degree; therefore, the model and dynamic of the system
should be clear to apply sliding mode control on the additive
system [24]. In other words, in dynamic sliding mode
control, it is the required system model, but in HOSM, the
model derivatives of the system should be clear. This case
indicates precedence of dynamic on high degree.

In [25] fuzzy adaptive sliding mode, control has been used
along with proportional-integral controller to apply in active
suspension system. In the mentioned paper, the stability of
the system is asymptotically proven and the convergence time
of the system is long, so there is no sliding phase and
chattering is not eliminated. Moreover, the sign function is
emerged in the input signal directly, which makes chattering.
Control methods such as PI and PID can also be used as
appropriate solutions [26]. Applying nonlinear systems
identification is also very important to have an accurate
model of the system [27]. The proposed approach in [28] uses
the proportional-integral sliding mode control for the
quarter-car model, in which stability demonstration is
asymptotical. Then, there is no sliding phase and so invari-
ance is eliminated. In [29], Kalman filter applies on nonlinear
model of Quarter-Car suspension system to estimate linear
model states. Moreover, due to stability proof being
asymptotical, the sliding phase does not exist, and chattering
is eliminated. In [30], linearization of hydraulic actuator
equation is used firstly. Then, a dynamic sliding mode
controller is applied in the output control loop. The authors
have not considered the servo valve equation to simplify
applying feedback linearization, and the closed-loop system
has no invariance property because feedback linearization is
not robust. Fewer people today do not own a vehicle or use a
car, so an active and intelligent suspension is essential for the
well-being of the car occupants. This article deals with this
issue in detail and the ultimate goal is to design an active
suspension system with minimal oscillation and vibration.

In this paper, for the first time, we use a recurrent type-2
fuzzy to update SMC coefficients for use in the suspension
system. Another innovation of this article is the use of SMC
with three terms (while others have used two-term SMC). As
can be seen in (12), there are three A, but in the other’s work,
there are two A, meaning that they set only two parameters.
So, our SMC also has greater degree of freedom that can
control the system more precisely. Also, in this paper, road
roughness is applied by two models in transparent manners
and it is observed that the active suspension system with
fuzzy neural network has a better response.

The main contribution of this paper is as follows:

(1) Propose a new recurrent type-2 fuzzy system to
update the SMC coeflicients for use in the suspension
system. Figure 1 (page 6) shows a new structure of
the type-2 fuzzy neural network, which is carefully
observed in (13) that weights are also type-2 fuzzy
sets (in addition to membership functions.)
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FIGURE 2: Quarter-car suspension system.

(2) Another innovation of this article is the use of SMC
with three terms (while others have used two-term
SMC). As can be seen in (15), there are three A, but in
the other’s work, there are two A, meaning that they
set only two parameters. So, our SMC also has
greater degree of freedom that can control the system
more precisely.

(3) Also, in this paper, road roughness is applied by two
models in transparent manners (in similar articles,
only one type of roughness has been investigated)
and it is observed that the active suspension system
with fuzzy neural network has a better response.

In Section 2, dynamic components of the applied sus-
pension system are explained. In Section 3, the proposed
approach and question definition are presented. The con-
troller design is presented in Section 4. Important notes in the
proposed approach are stated in Section 5. Simulation and
conclusion are considered in Sections 6 and 7, respectively.

2. Dynamic Model of the Suspension System

The dynamics of the intended active suspension system of a
quarter-car, which is described by the following equations, is
shown in Figure 2
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_bs(is_iu)_ks(zs_ Zu)+fa’ (1)
muéu = +bs (Zs - Zu) + ks (zs - Zu) - fa
+ bt (zr - Zu) + kt (Zr - Zu)’

where z,, z,,, and z, are the vertical displacement of the body
and wheels and height of land terrains to baseline, respec-
tively. Also, the first and second derivatives z, and z, in-
dicate the vertical velocity and acceleration of vehicle body
and wheels. Note that we assume velocity and acceleration in
the system are perpendicular to the ground. In addition, m,,
my, ks, k;, by, and b, are the mass, stiftness, vehicle body,
damping, and wheels, z, — z,, is the suspension deflection,
and z, — z, is the wheel deflection. Variable f, e is the
output force of the hydraulic actuator, which is placed
between the body and wheels. If f, = 0, the intended sus-
pension system will be inactive.

To design an active suspension system, the desired f,
value should be determined so that z, z,, and 2, have the
minimum value. We assume that all parameters are defined,
and all variables are measurable. This assumption is logical
because the variables can measure with different sensors in a
mechanical system. In practical applications, sensors are
installed on the vehicle and are used then. z, and its de-
rivative are the only variables that are not measurable
practically that is considered as indeterminacy. This struc-
ture is shown in Figure 2. The servo valve equations activate
the hydraulic actuator as follows. It is worth noting that the
input of the valve is current too.

(—xsp + isv) 3)

_x. =
sp T >

(2)

where i, is the input current of the valve and 7 is the
mechanical time constant of the servo valve, and x, is the
spool valve displacement (or input) which is attached to the
hydraulic actuator. Dynamic equations of the hydraulic
actuator are as follows:

fa = _“Aé (Zs - Zu) - ﬁfa + yApxsp

(4)

where By represents the backlash in the output of the so-
lenoid valve depicted in Figure 3. For this figure, we have
a=0b=0.1. It should be noted that the derivative of the
output with respect to the input is always either 0 or 1.
As seen in (3) and (4), i, is the only input and the only
parameter required to be calculated to reach the optimal f .
This structure as well is demonstrated in Figure 4 where P,
and P, are the direct and return pressures of the actuator,
respectively, and P, and P, are the pressures in the upper and
lower of the actuator cylinder chambers, respectively. Plus,
A, is the piston area and B=aCy -a=4f/V,y=
aC wA/1/p where B, is the bulk modulus of hydrauhc fluid,
V, is the volume of the hydraulic cylinder, C,, is the leakage
coeﬁﬁcient, C, is the discharge coeﬁﬁcient, w is the spool
valve area gradient, and p is the hydraulic oil density.
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FIGUure 3: Backlash of hydraulic actuator.
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3. Problem Description

The recommended method has two steps. In the first step, we
assume f, is the input of system (1). In this case, by con-
trolling the dynamic sliding mode, the desired smooth and
free of chattering, that is, f; will be calculated such that the
dislocation, velocity, and acceleration of the car body (z, Z,
and z, respectively) converge to 0, leading to more comfort
of the passengers.

In the second step, using another dynamic sliding mode
control, the smooth and free of chattering current of the
solenoid valve i, will be determined such that in (4), f,
follows the optimal f; value obtained in the first step.

To apply the suggested method, we define the following
state variables of (1):

.xl = Zs,
) (5)
x2 = Zs,
Hence,
X, =Xy,
6
bk b fa (©)
X, = ——x, ——x, +—%, + —z, +—.
mS mS mS mS S
On the other hand, (2) can be rewritten as
. b k b, b .
Z, = —x, +—x +| —-— |z,
mu mu mu mu
(7)

ks kt fa
+< H’TM mu) +fdlS

Also, as stated, f g that represents the terrains on the
ground is considered as the uncertainty,
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b, . k The type-2 fuzzy neural network presented is completely
fais = o +m_zr' (®) new (both membership functions and weights are type-2
u u

Also, (4) can be reformulated as well.
fu = _ﬁfa - (XA;XZ + OCA;Z.M + yApxspg(xsp’ fa)’

where

)

(10)

4. Type-2 Fuzzy System

In this section, the proposed type-2 fuzzy system is discussed
to predict the parameters of SMC. Numerous studies have
shown that type-2 fuzzy system performs better than type-1
fuzzy system. Figure 3 shows the structure of the proposed
type-2 fuzzy system.

where & ji and @ ;; are the upper and lower of the j™ input
and i neuron, respectively. Therefore, the outputs of the
first layer are as follows:

fuzzy sets) and is used for the first time in this article. This
type-2 fuzzy neural network is used to update sliding mode
control parameters (equation (15), A_1, A_2, A_3) according
to the amount of error. Figure 5 shows that the fuzzy system
considers the system parameters online and tunes the A
parameters. In the work of others, these parameters are
determined in trial and error way, but in our work, the
parameters are calculated online based on changes in sys-
tem’s dynamic. In the proposed method, data are first
collected to train the neural network. At this stage, rich data
are extracted both for the error-free system and by applying
some deliberate errors to the system. Naturally, the more the
system dynamics can be changed and the more the errors
applied, the more useful the data will be obtained for neural
network training.

The internal phase of the first layer calculations is given
as follows:

[(w=ci)s w<) ;

u] Cji 5 u] Cji’ 2\2 <Ci+Cﬁ

(- ci)s s 2

= 1 2

: jS(uj)=< 1, Cji SUjSCjs Qﬁ(uj)z (11)

1, 2

172 Cji+cji

22 2 (uj—c,) u;> ,

(=) > ! 2

n+l

1 n+l
Z-_ii;i(uj)),ﬂ,-(u) — exp<_zf‘1®2ﬁ(u1)>’ (12)

j=1
0;

{ Fi(u) = exp(—

where &; and @ ; are the upper and lower of the i neuron
(i=1,2,...,m), respectively. u € (uj), j=1,...,nis the
input vector, and ¢;; € [cj;, ci] is the center of all the RBF
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neurons. It should be noted that the left and right endpoints
of the second layer are as follows:
5 = 2?15-@1)52 Ty, + Xilann @i(u)clluiawij/ _XL9; (W)l O, t 2o éi(u)ciawi (13)
@ (M)O' + 21 =q+1 ) i (M)Uwi ' Zi:l @ i (M)Uwi + Zi:pﬂ @ i (M)O'wi
where p and g are the left and right switching points of the This equation can be reformulated as
type-2 fuzzy system, which can be calculated using the trial
and error method or the Karnik-Mendel (KM) algorithm. (3 Lb, Ak, Ak,
Also, m, w;, ¢, and g,, are the mean values of the first layer Y m m, el m, *1
neurons, the welghts, the center of weights, and the spread of
weights, respectively. Lastly, the general output of the net- " (Ast n Asks ) s+ (Ast ) 2 (20)
work can be derived as follows: mq mg " mg )"
5 .
y= % (14) +()‘zfd . )‘3fd) +< A3b5>x3 +(A3bs>éu'
m, m my
The gradient descent method is used to teach the net- . .
work. See [31, 32], for more details. Now, we replace the Z, from (7) into (16)
(o b Mk Ak b
5. The Designing of the Active Controller A N
As stated, f, is considered as the dynamic input control Mks  Asbg kg
. . : . - +| - +—== = x
signal (6) and is determined such that z,, z, and 2| m, m, m,
(x1, x,, x5 = X,) converge to 0 in a limited time. The cal-
culated value is the desirable force that needs to be generated + <A2b5 Asks _Asbs b Asb b_) z, (21)
by the hydraulic actuator. We name it f,; and determine it ms  mg  mgm, mgm,
using the dynan'iic' sliding mod'e control. To execute this MLk, Ab, k. Asb, K, )
controller, the sliding surface s is defined as + + ——-——— |z, +| — | f4
mS mS mu ms mu ms
s=Ax + A%, + A5, (15) ) N A 1 ) _A3bs
The optimal values of the control parameters (A;,1,,15) mg,  mg m, fa m )
are calculated at any time by the type-2 fuzzy system. We . o .
determine the constant coefficients of the surface so that the Again, considering that x; = x,, we have
following equation is Hurwitz:
2 o Ast /13ks A3bs bs )t3bs bs
Ap +Ap+A =0. (16) sl=| A 7 m, " m, m—u+75m—u X
The derivative of this surface is Aok, )L b, k, )L b, k, /\3 f
§= A%+ A%y + A%, = A Xy + A, X, + Ay (17) R m, )74
Now, using (6), we have (/\2 Asbg 1_M1>fd ( )fdzs (22)
b 3 b, I’ my my m
Xy=X, = —x;——x,+—Z, +—z +== (18)
mS mS mS mS mS <

Using this equation, the derivative of the sliding surface
is
$=24(x,)

S S S mS S

+A (—:;—xz—ﬁx1 +£z' +£zu+&)

+/\b Ask, Asbg by Asb, b Abb)

(Ab Asbs kg Asbg k, Abk)z

mS S u S u S u

For the purpose of simplicity, (22) can be rewritten using

the corresponding coeflicients:

S=kyx; +kyx, + ksz, + kg2,

) (23)
t+hksfathkefa+ksfas



Theorem 1. The following desirable input for the system (1)
or (6) converges the states x,, x,, x5 to 0 in a limited time.

o= kyxy +kyxy + sz, + kg2, + ks fa+1f,
d k6 >

(24)
n =|k7fdis| +6¢€e>0,

where f = sat(s/g) is the saturation function and ¢ is the
thickness of the border layer.

Proof. Considering the V = 0.5s* Lyapunov function, we
have

V =55 = s(kyx, + kyx, + kyz, + k2, + ks fy
+k6fd + k7fdis) =s(k;fais —nfs) = sks fais = ’7|fsl
<[ky faislls| =1l f o = (k7 fassl = 1)Is] = —¢ls| <0.
(25)
This concludes t, <|s(0)|/e where t, ,the limited time of

the states, is reaching the marginal layer around the sliding
surface. The suggested controller is pictured in Figure 1. O

5.1. Calculation of the Valve Current (Step 2). The purpose of
this step is the calculation of iy, from (3) such that f, in (4) or
(9) follows the f; desirable value that is obtainable in the first
step from equation (24). To this end and to obtain a smooth
and free of chattering i, that is practical, the dynamic sliding
mode control is employed. Now, the sliding surface is defined:

sp=M(famfa) + A5 (fo— fa)- (26)

Note that the optimal values of the control parameters
(A4, A5) are calculated at any time by the type-2 fuzzy system.
Also, the constant coefficients will be determined so that the
following equation is Hurwitz:

AP+ A5 =0. (27)
The derivative of this surface is
5'f=A4(fa—fd)+)‘5(fa—fd)- (28)
By replacing fa from (4) and f 4 from (20), we have
¢ :/14(fa—fd)+/\s(fa—fd)
= M(—ﬂfa - ocA;Xz + ocA;Eu + YA X9 + yAszpg')

ki Xy + kyty + Koz, + kyZ, + ks fq+1f.
+A p
6

+ /\5(—ﬂfa - ocA;x2 + ocA;z'u + yAszpg)

kyxy +kyx, +ksz, + kg2, + ks fa+nf,
+ A5 p .
6

(29)

Complexity

This can be organized as

Sf =< A4(XA +/‘, k >
k, k, k,
( )LsocA +/\4k6+)t5k6) +(/\5k—6>x1
(/1 adl 41, >z +<A4’7>f5
ks
( 5¢xA + A5 4+)L z ) +(A5%)zu (30)
+( ) +( ASﬁ) ( 4yApg) sp

+(AyAng +AsyA,9)xg, (4k—5)j‘d
6

(82

By replacing x,, Z,» f.» fa» and Xp> We have
k2A4'i— adl (-AyB) + <)L4¢xA2 At )
Sp=+ X,
b, k k k
s (—A4aAj, + A4kz> AsaAS + /\4k1 +As kﬂ
ki, ks Kk, k,
—k—A k—+—<A (XA +/1 k )
+ X1
k, k,
u( - aAl +)L4k >+/\k

k. ks K,
klk_+ oA, ( /14[;)/14k_6

b, b k ,
B annk) L

b , Lk k,
+i<—/l4aAP+A4k >+}L ocA +A—

ke

ks ks (ke ke 2k

kﬁ/\4k6+< m. " m, /\4ocAP+/\4k6
k, k, k
—;S< -A @Ay +/\4k )+A5k2

—B(-Ap) - ()L aA’ +A£>

1 fa
1 2, ke

+Zs <—)L4o¢Ap + A4k—6> + 158

(31)

+{ (AavA,g) +vAyg(-14B) + (mApg)}isv
{

+ +)L4yApg+/\5yAPg} Xgp

SRR R Bl
+ {A%} fot {A4aA§, + )L4k—:} Faie

This can be simplified as
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Sy =kgxy +koxy + kyoz, +kyZ, + ki fotkisfa (32)
+ k14xsp + leisv + k16fs + k17fs + k18fdis'

Theorem 28. The following input for systems (3) and (4) or
(3) and (9) causes f, — f 4 to converge to 0 in a limited time.

Mof s+ kisfs + k17fs +kgx; +kox,

sV k15

kiozy +kpnz, +kipfatkisfat+kuxg (33)
ks ’

N, = |k18fdis| +¢&¢e>0,
where f = sat(s;/¢) is the saturation function and ¢ is the
thickness of the marginal layer.
Proof. Considering the Lyapunov function V = 0.55?, we
have
Vo= 5;S; = s (kgxy +koXy + kyo2,, + k2, +kip f,
tkys fa+ kg + kysi + ko fo +kyr fo+ Kigfais)
=S5 (kisfais = 12 f s5) = kaISfdis - ’72|fsf|
< [kys f ais] Sf' ~ 1| f ol =(|k18fdis| - ’72)
= —s'sf| <0.

ﬂ

(34)

This concludes t, < [s (0)|/e where ¢, is the limited time of
the states reaching the marginal layer around the sliding
surface. The general structure of the proposed controller is
shown in Figure 5. As can be seen in this structure, using the
dynamic sliding mode control of the current without
chattering of the solenoid, inlet i, is determined so that the
output force of the hydraulic actuator follows our desired
force. In other words, it is defined such that f, - f; con-
verges to zero in a limited time. On the other hand, this
optimum force is determined and calculated by controlling
the dynamic sliding state and mechanical equations of the
suspension system to have the desired conditions of the
passenger and the vehicle. Note that in (24), there is a sign
function or discontinuity in f,; and is therefore without
switching, because the integrator acts as a low-pass filter. The
same is true for iy, and xg, in (3) and (33), and as a result,
they are smooth and without chattering.

According to the second part of (6), the dynamic slip
mode control causes x,, X,, an d x; = X, to converge to
zero and as a result,

bs‘éu + kszu = _fd’ (35)

meaning that signals z, and z, are also under control
indirectly.

In case of using the ordinary (instead of the dynamic)
sliding mode control to obtain iy, in (33), xg, is calculated
instead of i,. This yields the emergence of a discontinuity in
Xgp- Plus, the differential (3) needs to be solved. The solution

7
TaBLE 1: Parameters of suspension system.
Unit (dimension) Value Variable
Kg 240 m,
N/(m/s) 375 b,
N/m 14600 k,
Kg 45 m,
N/(m/s) 415 b,
N/m 124600 k,
5! 1 B
m? 3.3x1074 A,
S 1.30 T
N/m® 4,51 x 1013 «
Pa 10342500 b,
N/m*?kg'"? 1.54 x 10° y
0.1 T T T T T T

Z, (m)
- 5

-0.05

-0.1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time (s)

FIGURE 6: Terrain of the road 1.

of (3) means using an integrator that will increase the noise
effect plus pay attention, that in the ordinary sliding mode
control, the surface is defined as

sp=MAs(fa— fa) (36)

In this case, a chattering will appear in f, during the
calculation.

6. Simulation

In this article, MATLAB software version 2019a has been
used to model the suspension system and implement the
proposed control system. The values of the parameters used
for the suspension system are listed in Table 1 [7]. Plus, the
initial values of the controller parameters are chosen as

A =11, =61 =61, = 10,

(37)
Ay =0.2,6=20,¢ = 0.3.

To simulate, the terrains of the ground as the uncertainty
are applied to the wheels as

—0.05 sin(t), 0.3<t<1.8,
z, =14 0.05sin(t), 4.8<t<6.3, (38)
0, otherwise.

The simulation was performed with the MATLAB
software with sample time of 0.01 for a period of 7 seconds in
the active and inactive doses, and the results are shown in
Figures 6 to 15. In the simulations, two types of roughness
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FIGURE 9: Body acceleration.

have been applied on the road. The first case is shown in
Figure 6.

Figure 7 shows the results of the car body displacement
control signal for both passive and active controller (sliding
mode control with type-1 fuzzy and type-2 fuzzy systems).

Figure 8 shows the results of the vehicle body speed with
all three control systems.

The acceleration of the vehicle body is very important in
the comfort of the occupants and also in maintaining
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FIGURE 12: Body displacement (step).

stability. The performance results of the control systems for
the acceleration of the body are shown in Figure 9.

The control signals for both active controllers (sliding
model with type-1 and type-2 fuzzy systems) are shown in
Figure 10.

To further explore and challenge the control system, a
step roughness is also applied, as shown in Figure 11.

The performance of all three control systems for
roughness is shown in Figures 11 and Figure 12.

Figures 13 and 14 show the speed and acceleration of the
body for the roughness of Figure 11, respectively.

Finally, Figure 15 shows the control signals from both
active systems for stepped unevenness.

Observing the simulation results, we find that an active
control system is essential for vehicles. The active controller
has been able to prevent the vehicle body from oscillating
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well and provide the comfort for the passengers. A 10 cm
high step rug, which is one of the most challenging cases in
the field of suspension systems, was also applied to our
system, and the results show the high capability of the
proposed control method.

7. Conclusion

The vehicle suspension system has a fundamental and direct
effect on the comfort and convenience of the occupants.
Therefore, better and more accurate control of this system is

necessary and important. In the proposed approach, dy-
namic sliding mode control is used to improve the per-
formance of the active suspension so that both mechanical
and electrical equations of the suspension are considered,
this is why the equations used are so complex. Type-1 and
type-2 fuzzy systems were used to estimate the sliding mode
control parameters. An electric valve is used, and the
backlashing valve outlet activates the hydraulic actuator.
That is, despite the uncertainties in the system (ground
terrains), the only available signal is the inlet current of the
valve. Therefore, the smooth flow without chattering of the
solenoid valve is calculated in two steps such that the sus-
pension has the desired behavior. The proposed method is
without chattering and is also resistant to road uncertainties.
New methods such as type-3 fuzzy sliding mode technique
can be used to improve this work (as future research). This
method has a higher degree of freedom and it has more
control parameters. Other uncertainties such as the loose-
ness of the control valve and the nonadjustment of the tire
pressure can be considered.
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