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Abstract: The active suspension systems offer substantial benefits in ride comfort, handling control over traditional
passive systems. In this paper, the evaluation of various controllers including the proportional-integral-derivative
(PID) controller and the state feedback (SF) controller on the dynamics performance of active suspension systems is
presented. Unlike the majority of the previous studies, the nonlinearities and actuator saturation in the mathematical
model of the suspension system have been considered for more reasonable representation of the real system. To attain
a better performance of the two proposed controllers, a swarm bipolar algorithm (SBA) technique has been introduced
to improve the searching process for the optimal values of the controllers’ adjustable parameters. The simulation results
using MATLAB show that the proposed controllers exhibit a good performance in normal operation and in a robustness
test involving system parameters’ changes. In terms of improving the response of the system, the SBA-PID controller
shows a better response than that of the SBA-SF controller.
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1. Introduction

Due to its importance to provide a comfort ride
and stability performance with the presence of road
disturbance, suspension system is one of the most
potential components in the car. The suspension
system connects a car to its wheels through a network
of springs, shock absorbers, and linkages. A
mechanism that physically separates the vehicle's
body from its wheels is known as the suspension
system. Road comfort is directly improved by the
suspension system of the vehicle by minimizing the
vertical acceleration transmitted to the passenger [1-
3]. Over the past few decades, a significant amount
of study has focused on the examination of a variety
of suspension system types, such as passive,
semiactive, and active suspension systems [4]. In
particular, a basic passive suspension system consists
of a spring that works as an energy storing element
and a damper that works as an energy dissipating
element [5]. Unlike the passive suspension system,
the semiactive type employs an adjustable damper to
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reduce the suspension vibration after the presence of
road disturbances [6]. Since the vibration reduction
capabilities of previous two types are restricted, the
active suspension system has a hydraulic actuator that
allows the suspension force to be adjusted based on
the vehicle's road condition [7]. The utilization of
feedback control has been proven over the years as a
good mechanism that could be used to improve the
performance of the control system [8]. In this regard,
various attempts have been made to apply different
feedback controller frameworks for suspension
systems to achieve a better ride comfort. In the
context of linear models, Sam et al. [9] proposed a
robust strategy based on Proportional-Integral
Sliding Mode Control (PI-SMC). A quarter-car
model is used in the study. The mathematical model
of the suspension system is presented in a state space
formulation. The results of the PI-SMC controller
show a better performance compared to the Linear
Quadratic Regulator (LQR) method and the passive
suspension system. Another application of SMC into
the suspension system was implemented by [2, 4].
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Zhou [2] developed an optimal SMC to improve the
dynamic quality of SMC control for an active
suspension system. Genetic Algorithm (GA) is
introduced to tune the weight coefficients of the
SMC's control law. The simulation results show that
the optimal SMC based on GA controller has better
control performance than the traditional SMC
controller. Zhang [4] presented a feed-forward and
feedback SMC for active suspension systems based
on quarter-car model. Based on reading some state
variables of the suspension system, an analytic term
and a disturbances compensation term are developed
to improve the performance of the SMC. The result
of a numerical example is shown that proposed feed-
forward and feedback SMC has a better effect to
attenuate the random road surface disturbances than
traditional SMC controller. In addition, Salem and
Aly [10] presented a comparative study between the
PID controller and a Fuzzy Logic Controller (FLC)
to control an active suspension system. The outcomes
showed that the FLC provides good results compared
to those of the PID controller. Moreover, Romsai et
al. [11] proposed an optimized approach for the
classical PID controller based on Lévy-flight
intensified current search optimization approach.
Recently, Al-Khazraji [3] presented a
Proportional-Derivative State Feedback (PDSF)
controller approach. Two meta-heuristic
optimizations named Bees Algorithm (BA) and Grey
Wolf Optimization (GWO) are proposed to optimize
the feedback gain matrix of the PDSF controller
based on the Integral Time of Absolute Error (ITAE)
index. The results show the superiority of the BA-
based PDSF controller in terms of reducing the ITAE
index in comparison with the results obtained from
GWO based PDSF. Abut and Salkim [12] presented
a comparative study between Linear Quadratic
Regulator (LQR), FLC, and fuzzy-LQR control

algorithms to the suspension system for active control.

It was found that the car’s ride comfort has been
significantly improved by the fuzzy-LQR control
method. An LQR control strategy utilizing Ant
Colony Optimization (ACO) in the active suspension
system was presented by Manna et al. [13]. They used
it in an experimental setting on a quarter-car model.
In three track profiles, the suggested approach was
experimentally contrasted with the traditional LQR
and Model Predictive Control (MPC) approaches. In
comparison to the classically tuned LQR and MPC,
the results demonstrated that the proposed method
significantly reduced the acceleration of the body due
to uneven road profiles. It has also been demonstrated
to greatly enhance vehicle handling and passenger
comfort.
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For more reasonable representation of the real
system, many papers have considered the
nonlinearity in the modeling of the suspension system.
In this direction, Aldair et al. [14] presented an
optimized Fractional Order PID (FOPID) controller
for a nonlinear active suspension system. Sadeghi et
al. [15] developed a nonlinear PD controller approach
for a nonlinear quarter car suspension system. The
proposed controller is compared with the results of a
fuzzy-PID controller show that the proposed
controller is more stable and has less damping in
response while the system speed is improved. In
another work, Nagarkar et al. [16] compared the
performance of the PID controller and that of the
LQR controller in controlling the nonlinear
suspension system. Sun et al. [17] proposed an
adaptive backstepping control scheme for nonlinear
suspension systems to improve ride comfort in the
presence of parametric uncertainties. Liu et al. [18]
proposed an adaptive sliding fault tolerant controller
to stabilize a nonlinear active suspension system.
Differential evolution (DE) algorithm and linear
matrix inequalities (LMIs) are introduced to design
appropriate parameters of the sliding surface.
Simulation results illustrate the effectiveness of the
proposed strategy. Zhao et al. [19] proposed a dual
adaptive robust controller (ARC) for a nonlinear
active suspension system. The tunable parameters in
the control law are optimized by solving LMI with
kidney-inspired algorithm. The effectiveness and
robustness of the proposed controller are
demonstrated via excessive simulation experiments
over different road conditions.

In the above-mentioned literature, some of the
limitations  still available  for  practical
implementation are described as follows:

e Studying the effect of the nonlinearities in the
damper and the spring of the suspension system
has not extensively considered.

e The challenging to provide comfort ride and
stability performance with the presence of the
actuator saturation is not extensively considered.

e The mismatched uncertainty in the mass of the car
body has not extensively considered.

To address these limitations, this study proposes
and compares the performance of two control
frameworks including the PID controller and the SF
controller. In this context, determining the two
controllers’ design variables to generate control
signals that make the nonlinear system follow a
desired performance is a very challenging task. In
particular, many authors choose to utilize
metaheuristic optimization methods to find the best
controller adjustable parameters since they are more

DOI: 10.22266/ijies2024.0831.66



Received: May 1, 2024. Revised: June 8, 2024.

effective than using the trial-and-error method [20-
23]. The metaheuristic algorithms have been
successfully applied to solve a wide range of
optimization-related problems [24-27]. To address
the tuning problem in this work, the recent Swarm
Bipolar Algorithm (SBA) has been employed.

To end this, the rest of this paper is organized as
follows: Section 2 gives the mathematical model of
the nonlinear active suspension system. In Section 3,
the PID and SF controllers have been explained.
Section 4 presents the SBA. The validation of the
proposed optimized controllers is reported in the
Section 5 and finally, the conclusion is summarized
in Section 6.

2. System modeling

First, the mathematical model of the active
suspension system is given in this section. The active
suspension system can be represented by the 2DOF
Mass-Spring-Damper (MSD) system, as illustrated in
Fig. 1 [9] in which m}, and m,, are the masses of the
car body and the wheel, respectively,
Fs, Fg, F4 and F; are the forces that are generated by
the wheel spring, the wheel damper, the actuator, and
the spring of the tire, respectively, d is the road
disturbance, x; and x, are the positions of the car
body and the wheel, respectively, x; and x, are the
velocities of the car body and the wheel, respectively,
and X5 and %, are the acceleration variables of the car
body and the wheel, respectively.

Based on the Newten's law, the motion equation
for the masses of the car body and the wheel are given
by [11]:

mpX3 = —Fs — Fg + F, (1)
myX, = Fs+ Fqg — F, — F¢ (2)

The nonlinear force ( Fg) iscomputed as follows
[16] [28]:

Fs = ksl(Xl - XZ) + Ksn (X1 — X2)3 (3)

The nonlinear force ( Fq) is computed as follows
[18] [19]:

Fq = ca1(% — %) + con(Xg — X3)° 4
The force ( F;) is computed as follows [16] [18]:
Fi = ki(x; — d) ®)

where kg, kgp, Cq1, Cspp and kK are  the linear
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Figure. 1 Active suspension system

stiffness coefficient of the spring, the nonlinear
stiffness coefficient of the spring, the linear damper
coefficient of the spring, the nonlinear damper
coefficient of the spring, and the stiffness coefficient
of the spring in the tire. By substituting Egs. (3) and
(4) into Egs. (1) and (2), we obtain:

mpks = — (kg (X1 = Xz) + Kgn (%1 —%3)%) —
(Cdl(xl - XZ) + Csn(xl - XZ)Z) + Fa (6)

mw).(4 = (ksl(xl - XZ) + ksn(xl - X2)3) +
(Cdl(xl - XZ) + Csn(xl - XZ)Z) - Fa - (kt(XZ -
d)) W)

For the purpose of the control design, the state
variable equations of the nonlinear suspension
system are defined as:

X1 = X3 (8)

Xy =Xy )
o1 3
X3 = m_b((—(ksl(x1 —Xz) + Kgn(x4 —x3)°) —
(cai(ky = %2) + csn (X1 — X)) + Fp)) (10)

X4 = miw ((ksl(X1 —%3) + Kgn(x1 —%2)%) +
(Cdl().(l - XZ) + Csn(xl - XZ)Z) - Fa - (kt(Xz -

a)) (12)
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3. Controller design

In this section, the details and the procedure of
designing the PID controller and the SF controller for
the nonlinear suspension system are presented. These
controllers designed for the suspension system aim to
increase car handling and passenger comfort by
reducing the vibrations that occur in passive
suspension systems. Specifically, the PID and the SF
controllers are frequently engaged in controlling
linear systems, where the PID controller design
parameters can be found using the classical
techniques, such as Ziegler-Nichols method for the
PID controller and the pole placement method for the
SF controller. However, to utilize these controllers
for nonlinear systems, the system is required to be
linearized around an operation point. However, this
approach could be practically applied for systems that
have a small region of operation [29]. To overcome
this restriction, in this paper, the swarm optimization
is proposed to handle the tuning process of the PID
and the SF controllers' design variables for the
nonlinear suspension system.

3.1 The PID controller

The PID controllers have been successfully
implemented in various control design problems [30-
31]. The objective of the PID controller design is to
manipulate the dynamic of the system to maintain the
system in a stable state and/or reach a desired state
[32]. Particularly, the control action (u) of the PID
controller results from the summation of three terms,
as shown in Fig. 2.

After measuring the output (y) of the process, the
error (e) is determined by subtracting the reference
(i.e. the desired output) (y.) from the measured
output (y). Then, the proportional term adjusts u
based on the weighted gain K, of e of the process.
Moreover, the integral term adjusts u based on the
weighted gain K; of the integration of the process
error. Finally, the derivative term adjusts u based on
the weighted gain Ky of the rate of change of the

Reference Error Control Law
Vr + e T u
1]
y K de
Measured Qutput > Ky @

Figure. 2 The System with the PID controller
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Figure. 3 The system with the SF controller

process error. The final control law of the PID
controller is defined as follows [33, 34]:

t d
u=er+Kif0edt+Kdd—: (12)

3.2 State feedback controller

The SF controller is a promising approach to
design a controller, provided that the states of the
system are measurable and that the system is
controllable. The SF controller shapes the response of
the system by adjusting the system poles’ location
towards the desired location [35]. The SF controller
is depicted in Fig. 3.

The control action u of the SF controller is
computed based on the matrix gains K of the system
states, as given below [36]:

Ky1
K
u(t) = - Kzi [X1 Xz X3 X4] (13)

Kxa

4. Swarm bipolar algorithm

Optimization is a work to find the most
appropriate or acceptable solution among the set of
solution candidates for a defined problem.
Optimization is essential and critical in the real world,
especially in the engineering and industrial fields [37].
In many optimization studies, the set of solution
candidates is limited to the defined constraints. In
other terms, these constraints are also called hard
constraints. Meanwhile, the quality of the chosen
solution is measured by using the objective function
[38], also called soft constraints. Meanwhile, the
decision variables construct the solution set and are
used in the objective function. These three aspects
(constraints, accuracy, and decision variables) are
fundamental to any optimizations [39].
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In this work, the tuning process of the PID and the
SF controllers is formulated as an optimization
problem, as opposed to the case of using the trial-and-
error method, which is a time-consuming method.
Subsequently, the optimization problem is solved by
applying the swarm bipolar algorithm (SBA)
technique. The SBA is a meta-heuristic optimization
technique introduced by Kusuma  and
Dinimaharawati [40] in 2024.

As its name suggests, SBA is constructed based
on swarm intelligence to consist of a certain number
of autonomous agents. The bipolar term comes from
the concept that the swarm is split into two equal-
sized sub-swarms as shown in Fig. 4. In Fig. 4, the
first sub-swarm is colored red, while the second sub-
swarm is colored green. The objective of splitting the
swarm and introducing multiple references as
proposed in this work is to diversify the motion of the
swarm. This diversification is designed to improve
the exploration capability so that it can help the
swarm to escape from the local optimal. Some swarm
members may move toward the local optimal, but the
others may move to other alternatives [40].

The pseudo code of the SBA is given in
Algorithm1. During the initialization phase, all
swarm members are distributed uniformly within the
search space as given in Eq. (13). It means that the
sub swarm members are also distributed uniformly

L

-i
gl
C +
i

fimest sub swarm member

@
@
2" finest sub
SN ml“rll::-vr .
® r,

L
-
middle-bEtwegn 2 finest . 17 finest sub
. b swarm members SWETTT Fremiber

(©)
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within the search space. Four directed searches are
performed sequentially by each swarm member in
each loop of iteration. The first search is the search
toward the finest swarm member as given in Egs. (17)
and (18). The second search is the search for the
finest sub-swarm member as given in Egs. (19) and
(18). Each sub-swarm member follows its own finest
sub-swarm member. The third search is the search
toward the middle between the two finest sub-swarm
members as given in Egs. (20) and (18). The fourth
search is the search relative to a randomly picked sub-
swarm member from the opposite sub-swarm as
given in Egs. (21), (22) and (18). The illustration of
these four searches is presented in Fig. 5.

Figure. 4 Illustration of two equal size sub swarms

2" finest sub

ST e T b .
F
" ¥

— I.1"f'|n|e-s.t sub
swarm member

, O
.1._.

(d)

Figure. 5 lllustration of four searches: (a) first search, (b) second search, (c) third search, and (d) fourth search
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Algorithm I: SBA's pseu

do code

begin
foreachs € Sdo
generate initial solut

end for
fort =1tot,, do
foreachs € Sdo

O©COoO~NO UL, WN P

first search using Eq.
update s, and sg, using Eq. (14) to Eg. (16)
10 second search using Eqg. (19) and Eqg. (18)

ion using Eq. (13)

(17) and Eq. (18)

update s, and sy, using Eq. (14) to Eq. (15)

11 update s, and s, using Eq. (14) to Eq. (16)
12 third search using Eq. (20) and Eq. (18)
13 update s, and sy, using Eq. (14) to Eq. (16)
14 fourth search using Eq. (21), Eq. (22), Eq. (18)
15 update s, and sg;, using Eq. (14) to Eqg. (16)

16 end for
17 end for
18 return s,
19 end
Sij = Sbj T r1(Suj — Sij) (13)
r (spf(si) < f(sp)
Sb = { sy, else (14)
sL, = {si,f(si) <f(ssp1) A1 <i< g (15)
Ssp1, €lse
o =[5l < fsa) AT2 <i<n(s) g
Ssb2s else
Cij =Sij + ri(Spj — Tr2Sij) (17)
r (e, f(c) < f(sy)
51T { s, else (18)
( )
_ Sij +r1(ssb1,j - rzsl]) 1 <is— =
Ci'j n(s) .
Sij + 1"1(5sb2,j - 1‘251]) —— <i< n(s)
19)
C - 51] + rl(M —_ rZSi,j) (20)
U(sy, S@) 28 << n(s)
St = (21)
U(S@ ,Snes) 11 <1< —= n(S)
2
o = {si_j +ry(sgj — 12835),f(s0) < f(sp) 22)
b Si,j + rq (Si,j - rZSt,j) , else

SBA

Control Law
L 4 u

| PID COEtroller II

Measured State

Figure. 6 Proposed PID controller tuned by SBA

SBA

h 4

| le, sz, KxSx Kx4 |

Control Law
u

\
| SF Controller I

3

Measured States

[x1 % X3 X4]

Figure. 7 Proposed SF controller tuned by SBA

Table 1. Quarter car active suspension system parameters

Parameters Value
Body mass (my,) 290Kg
Wheel mass (m,,) 59 Kg
Linear stiffness of the 14500 N/m
spring (kg))
Nonlinear stiffness of the 160000 N/m?
spring (Ksp)
Stiffness of the tire spring (k;) 190000 N/m
Linear damping factor of the 1385.4 Ns/m
damper (c))
Nonlinear damping factor of 170 Ns?/m?
the damper (c,)

Table 2. Parameters of road profile

Parameter Value
Ay 0.1m
Ly 5m
V¢ 45 km/h
tsim 4s
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5. Computer simulation results

In this section, the simulation results of the PID
and the SF controllers to control the nonlinear
suspension system utilizing MATLAB are presented.
The system's parameters are provided in Table 1 [18].
The configuration of the PID and SF controllers
based SBA optimization are shown in Figs. 6 and 7.
The profile of the road disturbance is represented as
[18]:

d={%%1_““@%?9)'03%m35 (23)
0, otherwise

where tg, IS the simulation time, 4,, is the
amplitude of the bump, § is a coefficient computed
based on the length (L,,) of the bump and the
forward velocity of the car (v,) as follows:

§="tm (24)

Ve

The numerical value of the road profile is
reported in Table 2.

Egs (8)-(11) are used to simulate the dynamics of
the suspension system. The Root Mean Square
Error (RMSE) criterion was selected as a cost
function for the SBA to improve the performance of
the PID and the SF controllers. This RMSE index is
given by [41]:

RMSE = [-%%_, e,? (25)

m=1

where e, is the error between the body mass
position x; and the desired position (i.e.xq = 0).

It must be pointed out that the input force of the
actuator to the suspension system is saturated by
+800 N. As a result, the tuning process of the
controllers based on the SBA for the nonlinear
suspension system can be formulated as an
optimization problem, as follows [3]:

minimize RMSE(var)
s.t (26)
—800 > u > 800

where RMSE is the objective function that needs to be
minimized. The decision vectors ( var) are the PID
controller's gains ( K, K; and Kq4), as given in Eq.
(12) and the SF controller's feedback gain matrix
(Kx1, Ko, Ky3,and Kyy), as given in Eq. (13). The
parameters of the SBA are provided in Table 3. The
best setting of the SBA parameters is selected after
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repeating the simulation several times with different
values until achieving the desired control
performance.

Table 3. SBA's parameters

Parameter Value
Population size (N) 25
Number of iterations (Tp,.4) 35
Coefficient value (a) 2

x10°
10 T

SBA-PID
SBA-SF
al-\ L\

[\
N

T\ \
‘ \

0 5 10 15 20 25 30 35
Iteration

Figure. 8 SBA's convergence for the SF and the PID
controllers without actuator saturation

©
—

RMSE
~

4

Table 4. Optimal setting of the controllers without
actuator saturation

Controller | Parameters | Values
Kp 762
SBA-PID K, 620
Kq 1290
Ky, 6240
K, 3720
SBA-SF 2
Ky, 4850
Ky, 400
1000 T T
SBA-PID
SBA-SF
500 /‘
N
% -500
-1000
-1500 ‘
_20000 0.5 1 15 2 2.5 3 3.5 4

Time (sec)

Figure. 9 Control law of the controllers without actuator
saturation
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0.1 T T
A === Road Disturbance
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SBA-SF
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||
||
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||
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Position (m)

0.04

0.02 f\
0.01 /
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Figure. 10 Suspension system response without actuator
saturation

Table 5. Performance comparison without actuator

saturation
Index SBA-PID  SBA-SF  Ref.[18]
RMSE 0.0042 0.0052 0.013
| Max(x,) | 0019 | 0022 | 0025 |

5.1 Scenariol: without actuator saturation

For the purpose of comparison with the results of
paper [18], in this subsection the saturation limit of
the control input u will not impose a constraint in the
optimization problem as given in Eqg. (26). The
convergence behaviour of the SBA is shown in Fig.
8. The values of the designed parameters for the PID
and the SF controllers are given in Table 4. Figs. 9
and 10 illustrate the control law and the response of
the two controlled systems, respectively. The
corresponding numerical value of the RMSE index
and the maximum car body displacement Max(x,)
are reported in Table 5.

It can be seen from Table 5 the two measured
including the RMSE index and the value
Max(x,) are improved by the SBA-PID and SBA-SF
in comparison with the result in Ref. [18]. The
percentage of improvement in the RMSE index was
67.7% for the SBA-PID and 60% for the SBA-SF.
Moreover, the improvement in the value
Max(x,) was 24% for the SBA-PID and 12% for
SBA-SF.

5.2 Scenariol: with actuator saturation

The limitations of actuators commonly cause the
control input saturate. Actuator saturation affects
almost all practical control systems [42]. In this
subsection the saturation limit of the control input u
imposes a constraint in the optimization problem as
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given in Eq. (26). In this regard, the convergence
behaviour of the SBA is shown in Fig. 11. The values
of the designed parameters for the PID and the SF
controllers are given in Table 6. Figs. 12 and 13
illustrate the control law and the response of the two
controlled systems, respectively. The corresponding
numerical value of the RMSE index and
the Max (x) value are reported in Table 7.

SBA-PID [
45 SBA-SF ||
A\
35 L
] \ \
3
: \
25 \
2 L
15 \\
\\
1
0 5 10 15 20 25 30 35

Iteration

Figure. 11 SBA's convergence for the SF and the PID
controllers with actuator saturation

Table 6. Optimal setting of the controllers

Controller Parameters Values
K, 2850
PID Controller K; 50
Kq 1900
Ky, 4840
K 1420
SF Controller 2
Ky, 950
Ky, 100
600
SBA-PID
400 SBA-SF
200 r\
g ° ="
l-% -200 \
-400
-600
-800
0 0.5 1 1.5 2 25 3 3.5 4

Time (sec)

Figure. 12 Control law of the controllers with actuator
saturation
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From Fig. 11, it can be observed that the control
signals for the two controllers are within the
acceptable force range of the actuator. Moreover, in
Fig. 12, it can be seen that the SBA-PID controller
has achieved better performance than that of the
SBA-SF. This result can be validated numerically
from Table 7, where it is obvious that the value of the
RMSE index for the SBA-PID controller (0.012) is
less than the value of the RMSE index for the SBA-
SF controller (0.013). Moreover, the value
Max(x,) of the SBA-PID is 0.054 which is less than
the value Max(x;) of the SBA-PID which is 0.056.

0.1 T T T

Road Disturbance
SBA-PID
SBA-SF

0.08
0.06
0.04 A
0.02 /

\

-0.02

Position (m)

0 0.5 1 15 2 25 3 35 4
Time (sec)

Figure. 13 Suspension system response with actuator
saturation

Table 7. Performance comparison with actuator saturation

Index  SBA-PID  SBA-SF
RMSE 0.012 0.013
| Max(x,) | 0054 | 0056 |
400
SBA-PID
\ SBA-SF
200 \
0\ A —
E-ZOO
-400\
-600
>8000 0.5 1 15 2 25 3 3.5 4

Time (sec)

Figure. 14 Control law of the controllers when the mass
of the car body increased by 20%
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In practical, the mass of the car body varies with
the number of passengers in a car. Therefore, to
evaluate the robustness of the two controllers against
the uncertainty in the mass of the car body, it was
assumed that the mass of the car body is changed by
+20% of its value. Figs. 14 and 15 show the control
law and the response of the two controlled systems
when the mass of the car body is increased by 20%,
respectively. The corresponding numerical value of
the RMSE index and the value Max(x;) are reported
in Table 8.

Figs. 16 and 17 show the control law and the
response of the two controlled systems when the mass
of the car body is decreased by 20%, respectively.
The corresponding numerical value of the
RMSE index and the value Max(x;) are reported in
Table 9.

0.1 r T T
Road Disturbance
SBA-PID
0.08 I \ SBA-SF
0.06 I A
0.04 / \
0.02 / \

Position (m)

0 >
e
-0.02
0 0.5 1 15 2 2.5 3 35 4

Time (sec)

Figure. 15 Suspension system response when the mass of
the car body increased by 20%

Table 8. Performance comparison when the mass of the
car body increased by 20%

Index SBA-PID SBA-SF
RMSE 0.012 0.013
| Max(x;) | 0054 | 0056 |
600
SBA-PID
200 A SBA-SF
200 l
A
LgL-ZOO
-400
-600
8003 05 1 15 2 25 3 35 4

Time (sec)

Figure. 16 Control law of the controllers when the mass
of the car body decreased by 20%
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Figure. 17 Suspension system response when the mass of
the car body decreased by 20%

Table 9. Performance comparison when the mass of the
car body decreased by 20%

Index SBA-PID  SBA-SF
RMSE 0.012 0.013
| Max(x,) | 0054 | 0056 |

It can be revealed based on Figs. 14 and 16 that
the control signal for the two controllers with the two
cases is within the acceptable force range of the
actuator. Moreover, in Figs 15 and 17, it can be seen
that the SBA-PID controller has achieved better
performance than that of the SBA-SF. This result can
be validated numerically from Tables 8 and 9. Table
8 illustrates that the value of the RMSE index for the
SBA-PID controller (0.12) is less than the value of
the RMSE index for the SBA-SF controller (0.013) in
the case when the mass of the car body is increased
by 20%. Moreover, the value Max(x,) of the SBA-
PID is 0.054 which is less than the value Max(x,) of
the SBA-PID which is 0.056. Table 9 illustrates that
the value of the RMSE index for the SBA-PID
controller (0.012) is less than the value of the
RMSE index for the SBA-SF controller (0.013) in the
case when the mass of the car body is decreased by
20%. Moreover, the value Max(x,) of the SBA-PID
is 0.054 which is less than the value Max(x,) of the
SBA-PID which is 0.056.

These results sufficiently indicate that the SBA-
PID controller has stronger robustness in improving
vehicle body stability and ride comfort in the
presence of the uncertainty in the mass of the car
body.

6. Conclusion

The goal of the suspension system is to isolate the
car-body from the road irregularities while improving
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the road-holding characteristics. After a survey of the
previous research studies on the controlled
suspension system, it was observed that the majority
of these studies are limited to linear model and/or
without considering the saturation in the actuator. To
address the nonlinearities and actuator saturation in
controlling the suspension system, this paper
proposed a designing of the PID controller and the SF
controller to act as the active controllers for the
suspension system. The two controllers’ parameters
were tuned using a recent development algorithm
named swarm bipolar algorithm (SBA) technique
based on minimizing the RMSE index. The
numerical simulation results using MATLAB show
that the RMSE of the SBA-PID controller is less than
the RMSE of the SBA-SF controller, which leads to
improve the ride comfort.

Notation list:
d Dimension
objective function

i index for swarm member

J index for dimension

s swarm member

S population size

S lower boundary

Sy upper boundary

Sp the finest swarm member
Ssp  the finest sub swarm member

St randomly picked swarm member
ry floating point uniform random [0,1]
Iy integer uniform random [1,2]
t Iteration
t,  Mmaximum iteration

U uniform random
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