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To facilitate the performance of the active suspension system, the optimization of a new reaching law of the active suspension
sliding mode controller based on cuckoo algorithm is addressed in this paper. Firstly, a linear model of the active suspension
system is built. Then, according to the features of the new exponential reaching law, an active sliding mode control scheme based
on the new sliding mode reaching law is designed. Finally, the simulation results are separated into two stages to verify the
suitability and superiority of the proposed control scenario.

1. Introduction

Because of the rapid development of the manufacturing in-
dustry, the realization of enhancement for both quantity and
quality of products has been changed from a simple realization
to a more accurate and intelligent realization. Specifically,
China’s car manufacturing has faced with higher demand in
recent years. For instance, to get more smoothness and
comfortless by improving the active suspension system’s
performance indexes, various excellent and efficient control
schemes for the active suspension system have been proposed
in the field of automobile control [1-7]. Pan and Sun designed
an output feedback finite-time control method to solve the
problem of how to stabilize the perturbed vehicle active
suspension system. A disturbance compensator with finite-
time convergence performance is proposed to compensate the
unknown external disturbance [2]. In their later studies, Pan
et al. also proposed an adaptive fault-tolerant method to
synthesize compensation controllers for nonlinear active
suspension systems with dead-zone actuators and random
faults. An actuator fault compensation scheme is proposed,
which can achieve arbitrarily small tracking errors in the
presence of nonlinear actuators with random faults [5]. And
there are more and more control strategies for active

suspension, such as Hoo control [4, 8-11], optimal control
[12-15], neural network control [16-19], LQG control [20, 21],
predictive control [22], and sliding mode control [14, 23].
Sliding mode control has many advantages, such as fast
response, insensitivity to disturbance, and no need for an
online recognition system. Many scholars have studied sliding
mode control schemes and applications [24, 25]. Jiang et al.
focused on the event-triggered fuzzy sliding mode control of a
networked control system with semi-Markov process control.
The reachability of the predefined switch surface and the ideal
sliding motion of the fuzzy sliding mode controller are
established. The numerical simulation of the single-link robot
arm system verifies the applicability of the proposed research
results [24]. Zhen et al. not only proposed a novel linear
sliding surface based on the observer and output information
but also designed the corresponding sliding mode control law
to ensure that the sliding surface almost reaches the target by
the adaptive method [25]. Some scholars design the sliding
mode controller according to the active suspension system
and make the vehicle have better performance of vehicle
suspension under the action of the sliding mode controller
[26-28]. In [26], the authors designed a sliding mode con-
troller which combined two sliding modes to limit the vertical
displacement of the front body and the rear body. The
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simulation results are verified under three different as-
sumptions. In [27], Jiang and Karimi studied the sliding mode
control problem of nonlinear stochastic Markov jump sys-
tems with uncertain time-varying delays, in which a fuzzy
observer system was constructed to transform the system into
two lower-order subsystems. On this basis, the adaptive
controller is synthesized by using the information of bounded
time delay. The effectiveness of the method is verified by a
single-link robot arm model. Wang et al. introduced the SMC
strategy into the study of discrete-time Markov jump SPSs,
using this method to study the sliding mode control problem
of the slow sampling singularly operating system with Markov
jump parameters, which made a certain contribution to the
application of sliding mode control [28]. Yang et al. studied
sliding mode control for a class of discrete-time switched
systems. It is a great breakthrough in the sliding mode control
field in that the residence duration switching rule is con-
sidered in the research of sliding mode control [29].

The design of the sliding mode control scheme has been
improved in the literature, but the parameter selection of the
sliding mode controller is also essential. And different pa-
rameters will lead to a substantial gap in the performance of
the controller. With the development of the optimization
algorithms, this problem has been solved to a large extent. In
[30], Khoudiri et al. proposed a new optimal sliding mode
controller with fixed switching frequency for the boost
converter. The range of parameters of the sliding mode
controller is obtained by using the simplex method, and then
the particle swarm optimization algorithm (PSO) is used to
find the parameters that make the controller obtain the best
performance. In [31], Sun selected the output function of the
controller and the system following error function as the
fitness function of the particle swarm optimization algorithm.
By using the optimized parameters, the performance of the
controller was significantly improved. Gao et al. designed a
sliding mode controller for the 4-DOF active suspension
model and optimized the parameters of the sliding mode
controller with genetic algorithm so that the performance of
the active suspension could be improved [32].

All the above scholars have largely optimized the pa-
rameters of the sliding mode controller. Nevertheless, tradi-
tional optimization algorithms such as particle swarm
optimization (PSO) and genetic algorithm (GA) are prone to
fall into the local optimal solution, and the implementation
process is too complex. This paper will use the superior cuckoo
algorithm to optimize the parameters of the new exponential
reaching law in active suspension. Cuckoo search (CS) al-
gorithm is favored by many scholars due to its simple
structure, few control parameters, excellent search path, and
strong global optimization ability. As one of the performance
indexes of active suspension, the dynamic deflection of sus-
pension reflects the severity of vibration during driving, which
is closely related to the impact of the vehicle body on the

mtkt —Cs (Xs - xt) + kt (xt - xr) - ks (xs - xt) =-U,
msjes + ¢ (xs - xt) + ks (xs - xt) =U,
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ground and the driving stability of the vehicle. At the same
time, considering the service life of the vehicle suspension, the
fitness function of cuckoo algorithm is designed based on the
dynamic deflection of suspension. In the design process of the
active suspension sliding mode controller, most scholars still
use the traditional reaching law design method. According to
the new sliding mode reaching law proposed in [33], a sliding
mode control scheme for active suspension based on the new
exponential reaching law is designed in this paper. In this
paper, a new exponential reaching law is proposed by adding
exponential parameters |x,|? to the original ordinary reaching
law. It enables the new approach rate design method to op-
timize the index of x,, more quickly and efficiently. The dif-
ficulty of this method lies in the selection of x,,. This parameter
should be of sufficient importance to the control model. When
optimizing this parameter, it should be able to optimize other
performance indexes, so as to achieve the best effect.

To solve the above problems, a sliding mode controller
parameter optimization method based on cuckoo algorithm
is proposed. The main contributions of this paper are as
follows: (1) a sliding mode controller based on the new
reaching law is built; (2) cuckoo search algorithm is used to
find the best parameters of the active suspension sliding
mode controller; (3) in the analysis of simulation results, the
controllers under different reaching laws and before and
after algorithm optimization are compared twice. To sum up,
some scholars have improved the sliding mode control
method, while others have improved the parameter selection
scheme. Therefore, the motivation of this paper is to opti-
mize the parameters by using the cuckoo search algorithm
with superior performance after improving the approach law
of the sliding mode control scheme based on the reaching
law. The sum of the two optimization methods makes the
performance of the sliding mode controller reach the best.

The rest of this paper is arranged as follows: the active
suspension model is established in Section 2. In Section 3,
the new exponential reaching law is used to design the
sliding mode controller, and the relevant parameters of the
algorithm are given. The simulation results of the two
schemes are given in Section 4. And the conclusion of this
paper is presented in Section 5.

2. General Linear Active Suspension Model

In the traditional passive suspension research and design
process, it is difficult to consider both smoothness and
control stability. The active suspension can adjust the output
force to maintain a reasonable height from the ground to
improve the handling stability, stability, and trafficability of
the vehicle. In this paper, the 1/4 active suspension model
shown in Figure 1 is selected as the control object.

The dynamic model of the system obtained in Figure 1 is
as follows:
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FIGURE 1: Suspension model.

where m, and m, denote the sprung and unsprung masses,
respectively; k; is the stiffness of the suspension; k; stands for
the tire stiffness; ¢, represents the damping coeflicient; x, and
x; are the vertical displacement of the sprung mass and the
displacement of the unsprung mass, respectively; x, is the
vertical road disturbance; and U indicates the actual control
force. The suspension springs and tires are assumed to be
linear, and the whole model is therefore linear. The selection
of state-space variables is as follows:

X = [xl, x2, X3, x4]T)

X, = X,
X, = X, (2)
X3 = %,
X4 = X,

Then, the state-space expression can be expressed as
follows:

X = AX + BV + GW. (3)

The matrix parameters in the state-space expression are

r 0 0 1 0 7

k, k., ¢ ¢ (4)
L m m; mg  mg]
[ 1 11"
B={0o0 -— —|,
L mt ms
- T
G= OOEO]
L my

3. Sliding Mode Control Design

3.1. Sliding Mode Controller Based on the New Approach Law.
Last several years, sliding mode control has attracted in-
creasing attention due to its fast response to input and
insensitive to perturbation. Sliding mode control consists of
two parts: approach motion and sliding mode motion. The
approach process is the normal motion stage of the system
under continuous control. All its trajectories in the state
space are located outside the switching surface or passing
through the switching surface in a limited way. Sliding mode
motion is the phase in which the system moves near the
switching surface and along the switching direction towards
the stable point. A new exponential approach law is adopted
to reach the sliding mode surface more quickly:

SN (x) = —esgnSy (x) — k|xn|uSN (x),
>0, (5)
k>0.

Compare the above formula (5) with
S, (x) = —&,5gnS (x) — kS (x). (6)

In the new exponential reaching law (5), the special
function |x,|* of the state variable is added, and a is a
constant. The control effect of the performance index of
variable |x,|? is affected by its exponential composition with
the system variable x,,, where Sy(x) and Ss(x) denote the new
and common sliding surface, respectively; sgn is a symbolic
function, when s is greater than 0, it is taken as 1, and when s
is less than 0, it is taken as —1; and ¢, ¢, k, and k, are all
coefficients. Zhang et al. [33] proved that the new expo-
nential approach law can effectively accelerate the conver-
gence process of selected state variables.

The existence of the sliding surface makes the sliding
mode control asymptotically stable and has good quality.
The sliding surface also represents the ideal dynamic
characteristics of the control system. The sliding surface of
the active suspension is designed as follows:

{S(X) =CX,

C=[c¢ ¢ ¢ 1], @)

where c¢;, ¢;, and c¢; are constants. In sliding mode control,
the constants ¢y, ¢,, and ¢; must satisfy the Hurwitz criterion
to make the system stable. In the design of switching hy-
perplane, W is ignored, and it is considered added in the
design of control.

The matrix transformation is performed as follows:

B
2]
BZ
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The transformation matrix is
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The standard types can be obtained as follows:

[Xl}:[z}u 1}12][X1:|+|:~0 ]V+|:G11:|W, (11
X, Ay Ap lL X, B, 0

_ X
S(x)=[C, G, ] x| (12)
where
~ _ - ~ m, — My
C=cr'=[C. C =[c ¢, ¢ —=
[ . 2] 16 6 oy

(13)

According to (11) and (12), the following equation can be
obtained on the sliding surface:

~_1 ~
X, =-C,'C,X,, (1
(mt —myC; * 0)’
. ~71 ~
X, = (Au ~ALG, cl)xl. (15)
The characteristic polynomial of (15) is
D=+t e, Kk, ka
m, — myc, m, —me; M, —m,
(16)

According to the Hurwitz criterion, the following re-
strictions can be obtained:

c,c3—¢; >0,
¢, (m, —myc3) >0, (17)
¢, (myc, —myc;) >0.

By combining sliding variable (12) with (3) and (15), the
control force can be obtained as follows:

Uy = —(cB)™! [CAX + CGW + esgnS(x) + k|xn|aS(x)].
(18)
For the actual vibration reduction system, since the
external disturbance W is difficult to be detected and esti-
mated online, it is required to decouple the control from the
external disturbance and make the coefficient of disturbance

equal to 0. The following can be obtained: ¢; < 0,¢, > 0,and
C3 = 0.

Uy = ~(CB)™'[CAX +esgnS(x) +k|x,|"S(x)].  (19)

Then, define the Lyapunov function:

V(x) = %sz. (20)

The derivative of this formula can be obtained as
V(x) = SS. If the system keeps V (x) < 0 in the normal state,
then Lyapunov’s theory tells us that the system will even-
tually reach the sliding surface.
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3.2. Parameter Setting of Cuckoo Search Algorithm.
Although the sliding mode control has good performance,
the selection of controller parameters has a very obvious
impact on the control effect. The new sliding mode approach
law parameters are optimized by using the cuckoo search
algorithm, and the optimal performance of the controller is
obtained. The algorithm not only has few control parameters
and is not controlled by complex external instructions but
also can effectively deal with complex optimization problems
such as single peak value and multipeak value. Moreover,
when cuckoo search algorithm performs global search based
on Levy flight, the value of frequent small steps and occa-
sional big steps makes it to have rich search behavior in the
solution space, and the search direction is flexible.

Cuckoo search algorithm is an efficient metaheuristic
optimization algorithm proposed by Xin She Yang and
Suash Deb of Cambridge University, which imitates
cuckoo’s special breeding and reproduction mode. In nature,
cuckoos do not build their own nests. Instead, they look for
other birds’ nests to lay eggs in and let other birds help them
hatch and reproduce. However, there is a chance that the
host will find the intruder’s eggs, at which point the host will
choose to clear them or abandon the nest. Cuckoo search
algorithm meets the following rules:

(1) Each cuckoo generation lays only one egg and
randomly chooses the nest for parasitic breeding.

(2) In the randomly selected generation group, the best
offspring can carry out the operation of reproducing
the next generation.

(3) The number of nests N remains unchanged, and the
probability that the eggs are found to be foreign eggs
by the host of the nest is Pa. Pa € [0, 1].

Levy flight search method with strong randomness has
been applied in cuckoo algorithm:

X1 =X, +a®Levy(s), (21)

where X,,; and X, denote the nest positions of the t+ 1 and ¢
generation, respectively; o represents the step control quantity;
® denotes point-to-point multiplication; # is the number of
bird’s nests, which also represents the number of feasible
solutions; Levy(s) is the random search path; and s is the
random step size of the Levy flight. The expression is as follows:

u

s§=—0
|v|1//3
u-~ N(O, 02),
(22)
v~ N(0,1),

. p (1 + B)sin(7f3/2)
By ((1+B)2)2#12 |

When the situation in criterion (3) occurs, regardless of
the effect of the solution, it will be cancelled. For the cuckoo
algorithm, a new nest will be created at this time. The
updated formula for the location of the new nest is

Xpew = X, + r@Heaviside (Pa - e)® (X, - X;),  (23)

where X, is the newly built nest; r and e are the random
number of uniform distributions; and X; and X j are the
positions of any two nests. The optimization scheme is
shown in Figure 2.

As an important index of suspension design, the dy-
namic deflection of suspension is of great significance. Only
by ensuring the performance of the dynamic deflection of
suspension can the impact of the buffer block under the bad
road surface be prevented from causing vehicle damage.
Meanwhile, the output control force affects the service life of
the suspension, so the fitness function and constraint
conditions of cuckoo algorithm are designed in this paper as
follows:

RM
min J = SCS—SMC’
s.t|U| < 1000N,

where RMSqg_gvc is the root-mean-square value of the
suspension dynamic deflection optimized by cuckoo algo-
rithm and RMSg is the root-mean-square value of the
suspension dynamic deflection not optimized. Because the
minimum value of the fitness function can ensure that the
performance of the optimized controller in the aspect of the
dynamic deflection of the suspension is significantly im-
proved, U is the output force of the actuator.

4. Simulation Results

The selected parameters of the suspension system and
controller are shown in Table 1.

Pavement excitation is selected as grade C pavement, and
the expression is

z{ = —2nnyvz (t) + 21ng\|G (ng )V w (). (25)

The simulation curve of the road surface is shown in
Figure 3.

To more intuitively explain the new approach law for
active suspension and the superiority of cuckoo algorithm,
this section divides the simulation results into two parts for
comparative analysis. By substituting the parameters into the
matrix, CB is found to be a nonsingular matrix. And the
dynamic parameters of the C matrix can be obtained
according to equation (17). The parameters of the general
approach law are selected by the test method within the
optimization range.

4.1. Comparison between the New Approach Law and the
Ordinary Sliding Mode Controller. The active suspension is
taken as the control object, and the state variable in the new
approach law (5) is set as x,; that is, the displacement of the
car body is taken as the main optimization object, and
MATLAB/Simulink is used for simulation. The simulation
results are shown in Figures 4-6.
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FIGURE 2: Optimization scheme.

TaBLE 1: Suspension parameters.

Serial number Parameter Unit Value
1 m, kg 320
2 m, kg 16

3 k, N/m 33000
4 k, N/m 185000
5 s Ns/m 1013
6 v m/s 10

7 Pa — 20%
8 €, — 0.06
9 k, — 100
10 . - 11
11 cl — -3
12 c2 — 4
13 n — 20

From the simulation results, it can be found that the
sliding mode controller based on the new approach law has
an obvious advantage in the aspect of suspension dynamic
deflection than the ordinary sliding mode controller. In the
body acceleration, the advantage is not obvious. The effect
of two sliding mode controllers is almost the same in the
dynamic displacement of the tire. Based on the analysis in
Figure 3, it can be known that the sliding mode controller
based on the new approach law makes the stable rate of the
state variable x, faster, and the two performance indexes
related to x; in active suspension are the dynamic deflection
of suspension and the dynamic displacement of the tire.
This shows that the sliding mode controller based on the
new approach law still has a good effect in active sus-
pension. In this paper, RMS is used to compare the effect of
simulation results. The dynamic deflection of suspension is
based on RMS 0.0099 of the new sliding mode approach
law. The RMS of the ordinary sliding mode is 0.0103, and
the dynamic deflection performance of suspension is im-
proved by 4%.
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FIGURE 4: Dynamic deflection of suspension.

4.2. Comparison of Cuckoo Search Algorithm Optimization
and the Unoptimized Controller. Although based on a new
reaching law of sliding mode controller has good perfor-
mance, in order to achieve the optimal performance of the
suspension dynamic deflection, the selection of controller
parameters is very important; this paper adopts the cuckoo
algorithm based on the sliding mode controller of a new
sliding mode reaching law parameters’ optimization,
according to the design of fitness function, algorithm iter-
ative 200 times, and fitness curves are shown in Figure 7.
When the optimal result is reached, the value of the new
approach law parameter ¢ is 0.0444 and k is 13.9254. This
paper also provides a comparison with other control
methods. The fuzzy controller has the advantages of ro-
bustness, adaptability, and fault tolerance. A two-dimen-
sional active suspension fuzzy controller is designed in this
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paper, which takes acceleration and velocity v as the input
and force u as the output. a’s universe is [-8, 8], V’s universe
is [-1, 1], «’s universe is [-1000, 1000], and fuzzy universe is
[-3, 3]. [NB, NS, Z, PS, PB] is used as the fuzzy language in
this paper. The choice of the membership function is the
triangle, and the method of eliminating fuzzy is a bifocal
method. Fuzzy rules are shown in Table 2.

The three suspension performance indicators are shown
in Figures 8-11 shows the output control force of the
suspension.

According to the simulation results, it is found that,
after the active suspension has a very superior performance
index, the cuckoo search algorithm completes the opti-
mization target according to the requirements of the fitness
function again; that is to say, within the limit of the output
force, the dynamic deflection index of the suspension is
optimized to ensure the service life of the active suspension.
The sliding mode controller optimized by CS algorithm



8 Complexity

TaBLE 2: Fuzzy rules.

Vel A NB NS Z PS PB
NB PB PB PS PS z

NS PB PS PS Z NS
Z pPS PS Z NS NS
PS PS z NS NS NB
PB Z NS NS NB NB
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TaBLE 3: Simulation suspension optimization results.

RMS (suspension deflection)

Optimization effect

General sliding mode 0.0103 —
New sliding mode 0.0099 4%
Fuzzy control 0.0134 -30%
Optimized sliding mode (CS) 0.0094 8.7%
performs better than the fuzzy controller in acceleration References

and suspension dynamic deflection. In terms of the tire
dynamic displacement index, the effect of the three con-
trollers is very close. The root-mean-square value of the
suspension dynamic deflection optimized by these con-
trollers is shown in Table 3.

5. Conclusions

In this paper, cuckoo search algorithm is used to optimize
the active suspension sliding mode controller which adopts
the new exponential reaching law parameters. Compared
with the traditional sliding mode controller design scheme,
the active suspension control effect is further improved.
The feasibility of the optimization scheme is proved. In
future studies, more complex suspension models and al-
gorithms with stronger optimization ability can be com-
bined to make the performance of active suspension better
and better.
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