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Abstract: A suspension system plays a crucial role in ensuring the smoothness of a car when
traveling on roads. This paper proposes using the active suspension system equipped with a
hydraulic actuator to replace a conventional passive suspension. Unlike previous publications, this
study uses a Hybrid proportional-integral-derivative (PID) algorithm, combining a conventional
PID controller and a fuzzy solution with two distinct inputs. The coefficients of the PID controller
are flexibly adjusted by the fuzzy algorithm. Therefore, it can more respond to complex motion
conditions. Calculations are performed with the MATLAB-Simulink software for four specific
cases. According to the research findings, the maximum and root mean square (RMS) values of
vehicle body acceleration and displacement significantly decrease when applying the hybrid
algorithm to the active suspension system. In the last case, these values are only 16.69% and
36.90% when comparing Fuzzy PID and Passive situations. In general, the smoothness of the
sprung mass can be guaranteed in all survey cases.

Keywords: Active suspension system, hybrid PID algorithm, Fuzzy PID controller, dynamics
vehicle.

1. INTRODUCTION

Automotive vibration is an exciting topic that attracts many researchers. Car vibrations have
an essential influence on the stability and smoothness of the vehicle when traveling.
Suspension systems are fitted on cars and other vehicles to control their vibration [1]. A
conventional suspension system, also known as a passive suspension (mechanical suspension),
has three essential components: metal springs, dampers, and lever arms or multi-link bars. This
simple suspension system is commonly used on most vehicles today. Its cost is relatively low,
but its efficiency is not high. Therefore, the components of the passive suspension system
should be improved to enhance the quality of the system. In [2], Yoon et al. came up with the
idea of using electromagnetic dampers instead of conventional passive dampers. For this
suspension system, the damper's force could be controlled by an electric current applied to
electrodes inside the shock absorber. According to Zheo et al. [3], spring stiffness could be
controlled by utilizing air balloons instead of metal springs. The suspension system
performance could be improved by using the above two solutions. However, they only partially
met requirements regarding stability and smoothness. Pan and Sun proposed using the active
suspension system to ensure the criteria of road holding and ride comfort [4]. Unlike air spring
and electromagnetic damping suspension, the active suspension system was equipped with an
additional hydraulic actuator that might generate large impact forces, according to Kilicaslan
[5]. The performance of active suspension systems is often higher than other systems.

Many studies related to suspension control have been published in a past decade. In [6],
Jeong et al. designed the linear quadratic (LQ) controller for the suspension model of 2 degrees
of freedom (DOFs) and 7 DOFs. This algorithm aimed to minimize the cost function of the
controller. Algorithm parameters could be determined using various solutions, such as ant



ADJUSTING THE PARAMETERS OF A PID CONTROLLER... 117

colony optimization [7] or in-loop solution [8]. A Gaussian filter was used to limit the noise
from the outside; therefore, it became the LQG controller [9].

When considering the oscillating system to be nonlinear, Wang et al. applied a robust
predictive control method for a suspension system with a spatial model [10]. To improve the
stability of nonlinear control algorithms, Li et al. used Hw nonfragile optimization method,
which considered the delay of the hydraulic actuator [11]. Using the sliding mode control
(SMC) algorithm was a suitable solution for nonlinear systems. In [12], Ovalle et al. introduced
a continuous sliding mode controller for the quarter model. For uncertain systems [13],
retrofitting observers was necessary [14, 15]. The SMC algorithm might bring high
performance to the system, but chattering phenomena still existed when applying this
algorithm to oscillating systems. In [16], Nguyen showed the in-loop method to define the
parameters for the sliding mode controller. This method was implemented based on
minimizing the RMS values of acceleration and displacement. A newer improvement was
shown in [17], where the optimization considered the oscillations' phase difference. In addition,
the combination of the SMC algorithm and the fuzzy algorithm could help limit chattering in
many situations, according to Golouje and Abtahi [18] and Shaer et al. [19].

Recently, fuzzy control algorithms have been widely applied in many studies on active
suspension control [20, 21]. In [22], Mustafa et al. used a fuzzy algorithm with three
membership functions of triangular shape. Each function had five steps: negative large (NL),
negative small (NS), zero (ZE), positive small (PS), and positive large (PL). Meanwhile, Wang
et al. used only a simple membership function related to error e(t) for the fuzzy controller of
the suspension system [23]. The membership functions of a fuzzy system could be the same
or different, symmetric or asymmetric [24]. This depended on the designer's point of view.
Fuzzy controllers could be optimized using particle swam optimization (PSO) algorithms,
which describe the properties of animals such as cuckoos [25], bees [26], etc. In addition,
combining fuzzy algorithms and other algorithms could help improve the controller's
efficiency [27, 28].

The use of fuzzy algorithms to adjust the parameters of the PID controller is a fascinating
idea that has attracted more interest from many researchers. Unlike optimization methods like
PSO [7, 25, 26] or in-loop [8, 16, 17], fuzzy algorithms could generate dynamic changes in
different controls instead of just finding a specific optimal value [29]. In [30], Nguyen and
Nguyen used a simple fuzzy algorithm with one input. The input signal was the system's error
after it had been derivative twice, while the output signal was the value of the coefficients kp
and ;7 of the PI controller. In [31], Khodadadi and Hamid Ghadiri used a fuzzy controller with
two inputs: velocity and acceleration. The membership functions used in [31] were triangular
and trapezoidal. Fuzzy rules were often chosen symmetrically and described through fuzzy
surfaces [32, 33]. Constructing fuzzy rules and membership functions significantly depended
on the designer's experience. In some cases, the process of determining these rules could be
derived from other algorithms [34, 35]. In general, the active suspension system might respond
well to changing external conditions once the PID controller parameters were flexibly adjusted
by the fuzzy algorithm [36-38]. This was proven through simulation and experiment [37, 39].

Based on the above evaluation and analysis, we propose to use the PID algorithm to control
the active suspension system. A new fuzzy algorithm dynamically fine-tunes controller
parameters; hence, it is called hybrid PID control. Fuzzy algorithms in previous studies often
only had symmetric or straightforward forms [30-33]. Therefore, it could only provide ride
comfort under certain conditions. In this work, an asymmetric fuzzy algorithm is designed as
an alternative to conventional fuzzy algorithms. This helps to ensure the car's smoothness when
oscillating without affecting other problems. This is a new contribution to the paper,
demonstrated through simulation results. This paper content is divided into four parts:
introduction, mathematical model, result and discussion, and conclusion.

Copyright ©2024 ASSA. Adv. in Systems Science and Appl. (2024)
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2. MATHEMATICAL MODEL

The mathematical model of the system and the control method are presented in this section.

Fig. 1. Dynamic models.

Consider a suspension dynamics model, as shown in Figure 1. This is called a quarter
model, with two masses, mg and m,,, corresponding to z; and z,, displacements. Applying
d'Alembert's principle, we can obtain the following equations:

Fis —Fs—Fp —F, =0, (D
Fiu+FS+FD+FA_FT=O’ (2)
where:
F;; — Inertia force of spung mass, N:
Fis = ms X Z; (3)
F;,, — Inertia force of unsprung mass, N:
Fy = my X Zy; (4)
Fs — Spring force, N:
Fs = Kg X (z,, — 2,); (5)
Fp — Damping force, N:
FD = KD X (Zu - ZS)I (6)
Fr — Tire force, N:
Fr = Kr X (2, — 2y); (7)

F, — Actuator force, N;
K — Spring coefficient, N/m;
Kp — Damping coefficient, Ns/m;
K — Tire coefficient, N/m;
mg — Sprung mass, kg;
m,, — Unsprung mass, kg;
Zs; — Sprung mass displacement, m;
Z,, — Unsprung mass, m.
Substituting equations from (3) to (7) into (1) and (2), we get:
mg X Zg = Kg X (z, — z5) + Kp X (2, — Z5) + F4 (8)
my X Zy =KTX(ZT_Zu)_KSX(Zu_Zs)_KD ><(Z.u_Z.s)_FA (9)
The actuating force of the actuator, F,, is generated by the pressure difference between the
chambers inside the hydraulic cylinder (Fig. 1). Therefore, it is determined by equation (10).
Fy, = Sp X AP (10)

Copyright ©2024 ASSA Adv. in Systems Science and Appl. (2024)
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The variation of fluid pressure between chambers is a complex function that depends on
the fluid flow. According to [16], this value is defined as follows:
1
(Py — AP x sgn(xz,))\2 V x AP
p 4xpB
The displacement of the servo valve, xg,, plays an essential role in changing the fluid

pressure between chambers. This displacement depends on the control signal supplied by the
controller, i(t).

1
AP = — X CdXWXxS,,( —Sp X (Z; —7,)| (A1)

Ce

Xep = =T X Xgp + kg X () (12)
where:
Sp — Piston cross-sectional area, m
AP — Pressure difference, N/m?
C; — Leakage coefficient
C4 — Discharge coefficient
w — valve area gradient coefficient
p — hydraulic oil density, kg/m’
V — Cylinder effective volume, m?
P, — Initial pressure, N/m?
S — Fluid bulk module, N/m?
7— Time coefficient, s
k., — servo valve coefficient, m/A
Combining (10), (11), and (12), we get an approximate linear equation (13) (see [33, 40]).
Fo=a; Xi(t) —a, X Fy+ az X (2, — z5) (13)
with ¢; are the coefficients of equation the (13).
Let e(t) be the error between the output signal y(t) and the reference signal y,.f(t).

2

e(t) = Yrer (1) — y(8). (14)
The purpose of the control is to make the value of error approaches zero, that is:
Mini
le(t)] —— 0. (15)

As suggested above, this study uses a traditional PID control algorithm to eliminate the
error e(t) when the car oscillates. The PID algorithm has three stages corresponding to three
functions: proportional, integral, and derivative. Therefore, the final control signal is
synthesized from these three components.

de(t)

i(6) = kp X () + k; j ()t + kp x

In the equation (16), the coefficients kp, k;, and kp play an important role in ensuring the
controller's performance. Many methods are used to find the optimal values for these
coefficients (described in the previous section). However, optimal values are fixed in all cases.
In fact, these values are only suitable for some instances, not all. Therefore, it is necessary to
flexibly tune the controller coefficients to suit each vehicle's movement conditions. In this
paper, a fuzzy algorithm is used to adjust the coefficients of the PID controller. Unlike previous
studies, this fuzzy algorithm has an asymmetrical form. This aims to ensure that vehicle body
displacement and acceleration are as minimal as possible.

: (16)

Copyright ©2024 ASSA. Adv. in Systems Science and Appl. (2024)
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Fig. 2. Control system diagram.

The control system diagram is illustrated in Figure 2. According to this description, the
values of the coefficients kp and k; are flexibly adjusted by the fuzzy algorithm, while the
value of the kj coefficient is unchanged (this is because the kj coefficient is extremely
sensitive, so it should be chosen within a small range). The fuzzy algorithm used in this study
has two inputs: vehicle body displacement (the first input) and vehicle body acceleration (the
second input). These two parameters can be obtained with sensors on the vehicle's body. They
are multiplied by gain coefficients (k; and k,) before becoming the formal input of the fuzzy
algorithm.

Figure 3 depicts the membership function of the coefficient kp, while Figure 4 gives
information about the membership function of the coefficient k;. In Figure 3, we use
trapezoidal membership functions with three levels: POS (positive), NEU (neutral), and NEG
(negative). However, the membership function of the coefficient k;, which is depicted in
Figure 4, has seven steps: VLNEG (very large negative), LNEG (large negative), NEG
(negative), NEU (neural), POS (positive), LPOS (large positive), and VLPOS (very large
positive). Although the input ranges of these two membership functions are similar, the output
variation is entirely different. For Figure 3, the output of the membership function changes
only over a small range, while the output of Figure 4 changes continuously over a more
extensive range.

The membership function of the proportional coefficient is designed so that its output value
is always high, corresponding to each level. This helps control signal amplification when
needed. Unlike kp, the membership function of coefficient k; is divided into more levels,
which is suitable for different oscillation conditions. According to this idea, the system will
not operate under minor oscillation conditions. In fact, the design of the membership function
depends mainly on the perspective and experience of the researcher.

Copyright ©2024 ASSA Adv. in Systems Science and Appl. (2024)
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Fig. 3. Membership function (kp coefficient).
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The defuzzification process is performed based on the weighted sum (WTSUM) method,
according to the equation (17).

m
Y =Biy1+ Baya + -+ BmYm = Z wiy; =y @(x) (17)
i=1
with:
Y1 Wy (x)
B; V2 wy(x)

w; Yy =1Y3|, D(x) = |ws(x) |

iz B’

Vi e
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Fuzzy rules are described in Table 1 (kp coefficient) and Table 2 (k; coefficient). These rules
are plotted in Figures 5 and 6. As shown above, the fuzzy rule established in this study has an
asymmetric form. This is a novelty of the paper compared to other studies.

Table 1. Fuzzy rules (kp coefficient).

1% input 2" input Output
NEG NEG NEG
NEG NEU NEG
NEG POS NEU
NEU NEG NEG
NEU NEU NEU
NEU POS POS
POS NEG NEU
POS NEU POS
POS POS POS

Table 2. Fuzzy rules (ki coefficient).

1% input 2" input Output 1% input 2" input | OQutput
VLNEG VLNEG VLNEG NEU POS POS
VLNEG LNEG LNEG NEU LPOS POS
VLNEG NEG LNEG NEU VLPOS LPOS
Copyright ©2024 ASSA. Adv. in Systems Science and Appl. (2024)
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VLNEG NEU NEG POS VLNEG NEG
VLNEG POS NEG POS LNEG NEU
VLNEG LPOS NEU POS NEG NEU
VLNEG VLPOS NEU POS NEU POS
LNEG VLNEG LNEG POS POS POS
LNEG LNEG LNEG POS LPOS LPOS
LNEG NEG NEG POS VLPOS LPOS
LNEG NEU NEG LPOS VLNEG NEU
LNEG POS NEU LPOS LNEG NEU
LNEG LPOS NEU LPOS NEG POS
LNEG VLPOS POS LPOS NEU POS
NEG VLNEG LNEG LPOS POS LPOS
NEG LNEG NEG LPOS LPOS LPOS
NEG NEG NEG LPOS VLPOS VLPOS
NEG NEU NEU VLPOS VLNEG NEU
NEG POS NEU VLPOS LNEG POS
NEG LPOS POS VLPOS NEG POS
NEG VLPOS POS VLPOS NEU LPOS
NEU VLNEG NEG VLPOS POS LPOS
NEU LNEG NEG VLPOS LPOS VLPOS
NEU NEG NEU VLPOS VLPOS VLPOS
NEU NEU NEU

The process of calculation and numerical simulation will be carried out after completing the
design of the control algorithm for the active suspension system.

3. RESULT AND DISCUSSION
3.1. Condition

Car vibrations are described in four cases, corresponding to the four types of excitations from
the road surface (Figure 7). The first and second cases use time-varying cyclic excitation
signals. The pulsed excitation signal is used in the third case, while the last case uses a random
bump. The first and third cases have low frequencies, while the others have higher frequencies.

In addition, these stimuli have large amplitudes except for the first case.
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Fig. 7. Road roughness.

Numerical simulation is carried out with the MATLAB software. The parameters that are
used for the calculation are referenced in Table 3. Three simulation situations are considered
in each case: Hybrid PID, Traditional PID, and Passive. This aims to compare values obtained
between situations, including maximum values and RMS values.

Copyright ©2024 ASSA Adv. in Systems Science and Appl. (2024)
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Table 3. Simulation parameters.

Symbol Description Value Unit

Ks Spring coefficient 43x10° N/m
Kr Tire coefficient 3.8x10° N/m
Kp Damping coefficient 176x10° Ns/m
M Sprung mass 470 kg
My Unsprung mass 48 kg
a Hydraulic Actuator coefficient 539103 N¥?/kg!?m!2v
a Hydraulic Actuator coefficient 1 1/s
as Hydraulic Actuator coefficient 551x10* N/m

3.2. Simulation results

The first case:

According to Figure 7, the road bump in the first case has a sine waveform with a small
amplitude and frequency. During the survey period (10 s), the amplitude of the stimulus signal
did not exceed 30 mm. The change in body displacement is illustrated in Figure 8 with three
situations: Hybrid PID, Traditional PID, and Passive. According to these results, the maximum
displacement value when the car uses only mechanical suspension is 31.73 mm. The figures
for the remaining situations are 16.65 mm and 7.58 mm, respectively, for Traditional PID and
Hybrid PID. An evaluation of the RMS value of the displacement is necessary because this is
a continuous oscillation. According to this criterion, the RMS values of three situations reach
22.19 mm, 11.54 mm, and 5.34 mm, respectively. When using a typical PID controller, the
oscillation phase deviates slightly from the Passive situation. This phase difference is
improved significantly once the Fuzzy-PID hybrid algorithm is applied.

—— Hybrid PID
30 Traditional PID ||
Passive

201 il
=
g
E oot \ i
g
3
o
ol A
=
e
=] f
=]
RS
w-10F il
8
=
o
=

=20 il

30 F il

Il 1 1 Il Il L Il L 1
0 1 2 3 4 5 6 7 8 9 10

Simulation time (s)

Fig. 8. Vehicle body displacement (the first case).

The change in body acceleration, in this case, is quite small (Figure 9). Their maximum
values obtained from the simulation are 0.52 m/s?, 0.32 m/s?, and 0.27 m/s?, respectively.
These values are obtained at the first stage of the stimulation process. After that, they gradually
decrease and oscillate steadily with a smaller amplitude. The phase difference between the
signals still exists, but it is not too large. The RMS values obtained for all three scenarios are
0.11 m/s?, 0.05 m/s?, and 0.03 m/s?, respectively.

Copyright ©2024 ASSA. Adv. in Systems Science and Appl. (2024)
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The second case:

In the second case, the road excitation used remains a cyclic sine. However, the amplitude
and frequency of the excitation signal are significantly enhanced. According to Figure 7, the
peak amplitude of the excitation is up to 100 mm, while the frequency is 0.637 Hz. Therefore,
the displacement of the vehicle body changes much more strongly than in the first case (Figure
10). According to the results obtained from the calculation process, the peaked displacement
of the vehicle body can be up to 133.10 mm, corresponding to the RMS value of 76.48 mm.
When using the active suspension system controlled by Traditional PID algorithm, these
values drop sharply to 53.05 mm and 32.26 mm, respectively. In particular, if the Hybrid PID
algorithm is used, these values are guaranteed to be stable (28.55 mm and 14.94 mm). In terms
of applying Traditional PID algorithm, the phase difference occurs more strongly, while this
is negligible when using the fuzzy algorithm to adjust the controller's parameters.
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Fig. 10. Vehicle body displacement (the second case).

Similar to the first case, the vehicle acceleration in this case also peaks at the first phase of
the oscillation. This value may be up to 3.46 m/s? if the car only uses the passive suspension
system. Once a modern active suspension system is fitted, the maximum value of acceleration
drops sharply to only 2.14 m/s? and 1.09 m/s?, respectively, for Traditional PID and Hybrid
PID. In subsequent phases, the vehicle body acceleration changes periodically with time, with

Copyright ©2024 ASSA Adv. in Systems Science and Appl. (2024)
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a smaller amplitude. There is a significant phase difference between two situations: Passive
and Traditional PID. This is a significant limitation when using this algorithm to control the
suspension system. Looking at Figure 11 more closely, we can see that the vehicle body's
acceleration changes asymmetrically. This is because the fuzzy rule is chosen asymmetrically.
This is a novelty in the study because it provides different results than previously published
papers. This helps to ensure that the value of acceleration is small and does not cause a phase
difference.
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Fig. 11. Vehicle body acceleration (the second case).

The third case:

The third case uses a pulsed excitation signal with a height of 100 mm (Figure 7). The
wheel is subject to sudden excitation. Therefore, the body is raised by a significant amount:
149.95 mm (Passive), 57.05 mm (Traditional PID), and 21.42 mm (Hybrid PID) (Figure 12).
Because these are discontinuous excitation signals, we do not consider their RMS values.

The pulsed excitation signal causes a considerable acceleration of the vehicle body. This
value increases suddenly to 23.76 m/s?> when cars only use passive suspension. This value
slightly decreases to 16.88 m/s?> when applying Traditional PID algorithm to control the
suspension system. In the case of using Hybrid PID algorithm, the peak value of acceleration
declines sharply, reaching only 7.80 m/s? (Figure 13). These values decrease to zero after the
stimulus ends. In two situations where the controller is used, these values may fluctuate briefly

before returning to a stable position.
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Fig. 12. Vehicle body displacement (the third case).
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Fig. 13. Vehicle body acceleration (the third case).

The fourth case:

When the vehicle is traveling on the road, the wheels often encounter stimuli that take on
a random form (Figure 7). These stimuli have significant frequencies and amplitudes, which
vary continuously over time. According to Figure 14, the displacement of the vehicle body
changes continuously and follows the stimulus signal of the road surface. The RMS values of
three situations: Passive, Traditional PID, and Hybrid PID, reach 37.09 mm, 12.15 mm, and
6.19 mm, respectively, while their peak values are 109.37 mm, 38.19 mm, and 19.07 mm.
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Fig. 14. Vehicle body displacement (the fourth case).

According to the results illustrated in Figure 15, the change in body acceleration over time
is significant. The maximum acceleration of the body can be up to 13.68 m/s? if the automobile
does not have the active suspension system. In contrast, this value is only 19.07 m/s? once the
car is equipped with the active suspension system controlled by Hybrid PID algorithm.

In general, the active suspension helps to ensure more ride comfort than conventional
mechanical suspension. The vehicle's smoothness can be improved when applying Traditional
PID control algorithm. However, a significant phase difference occurs. If Hybrid PID
algorithm is used, the values related to vehicle body displacement and acceleration can
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decrease more sharply. Besides, the phase difference is also solved thoroughly. The hybrid
algorithm, shown in this study, provides more performance than conventional algorithms.
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Fig. 15. Vehicle body acceleration (the fourth case).
Table 4 summarizes the results obtained from the simulation.

Table 4. Simulation results.

| Hybrid PID | Traditional PID | Passive
The first case
Max RMS Max RMS Max RMS
Displacement (mm) 7.68 5.34 16.65 11.54 31.73 22.19
Acceleration (m/s?) 0.27 0.03 0.32 0.05 0.52 0.11
The second case
Max RMS Max RMS Max RMS
Displacement (mm) 28.55 14.94 53.05 32.26 133.10 76.48
Acceleration (m/s?) 1.09 0.56 2.14 1.03 3.46 1.91
The third case
Max RMS Max RMS Max RMS
Displacement (mm) 21.42 57.05 149.96
Acceleration (m/s?) 7.80 16.88 23.76
The fourth case
Max RMS Max RMS Max RMS
Displacement (mm) 19.07 6.19 38.19 12.15 109.37 37.09
Acceleration (m/s?) 6.30 1.55 10.27 2.76 13.68 4.20

4. CONCLUSION

The roughness of the road is the primary source of excitation, which causes car vibrations.
Active suspension can control car vibrations more effectively than passive suspension. When
evaluating vehicle smoothness, the maximum and RMS values of body displacement and
acceleration should be taken into account.

In this study, we design a Hybrid PID controller to control the modern suspension system.
This is a combination of conventional PID algorithms and fuzzy algorithms, allowing flexible
controller parameter adjustment. The paper's results show that body displacement and
acceleration values significantly decline when using the Hybrid PID algorithm in all four
survey cases. In addition, the phase difference is negligible. In general, the smoothness of the
vehicle body has been more guaranteed when applying this new algorithm. In this work, some
problems still exist and cannot be resolved, including: 1) the change of acceleration is not
smooth sufficient (the second case); 2) the convergence of displacement is not fast sufficient
Copyright ©2024 ASSA. Adv. in Systems Science and Appl. (2024)
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(the third case); and 3) the effects of disturbances have not been fully mentioned. These will
be addressed in future work.
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