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Abstract: This article proposes a control algorithm for an automotive suspension system to
improve ride comfort. The control method is based on the combination of Sliding Mode Control
(SMC) and Proportional-Integral-Derivative (PID), with parameters optimally selected by an in-
loop algorithm called OSMCPID. The system's performance is evaluated by simulation, which
goes through three specific cases. According to the article's findings, in the first two cases, the
average value of vehicle body displacement when using the proposed algorithm is only 7.71%
and 6.96%, respectively, compared to mechanical suspension. In the third case, vehicle body
displacement approaches zero once the road excitation signal ends. Meanwhile, the remaining
cases have a more significant gap. In addition, the phase difference of the control signal is slight,
while the chattering phenomenon almost does not occur when using the hybrid algorithm. In
general, the system can adapt to changing external conditions.

Keywords: Active suspension system, hybrid algorithm, chattering phenomenon, vehicle
vibration.

1. INTRODUCTION

Roughness on the road might cause the automobile to oscillate while it is in motion. This will
cause passengers to feel very uncomfortable. Additionally, the quality of the merchandise is
also impacted. There are several criteria used to assess vehicle oscillations. Commonly
employed metrics include the change in the sprung mass displacement, acceleration, and the
oscillation phase differential. The maximum values of the above criteria should be
considered for a single impulse or discontinuous oscillations. Their mean data will be
evaluated regarding continuous or periodic oscillations.

A suspension system is used to control the automobile's oscillations. Each type of
suspension system will have a variety of components. A passive suspension system uses a
metal spring and conventional damper. The overall stiffness of these elements has not
changed. Therefore, the vehicle's smoothness cannot be guaranteed. The spring and damper
stiffness must be altered to eliminate the vehicle's oscillation problems. In [1], Marenkov and
Baurova presented the air suspension mechanism. This suspension has variable-stiffness air
springs. Internal pneumatic pressure variations alter the spring's stiffness [2, 3]. In addition,
the suspension system employing a magnetorheological damper helps increase the vehicle's
movement stability. The magnetorheological damper utilizes electromagnetic force to control
the movement of liquid inside [4]. The oscillation quenching procedure can thus be adjusted
easily [5]. Active suspension technologies should be employed widely to improve oscillation
[6, 7]. For each position of the active suspension, there is an extra hydraulic actuator. This
actuator's operation depends on the movement of inside hydraulic valves [8]. These valves
work once control signals from the controller is received [9]. In general, an active suspension
system's performance can be more fantastic than other suspension systems.
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For fundamental control issues, the linearity of the object is frequently assumed. The PID
algorithm may be implemented if the controlled object has only one input and one output,
also known as the Single Input and Single Output (SISO) system. The PID controller has
three distinct phases. There will be a matching coefficient for each step [10]. The selection of
optimal parameters for this controller is essential. In [11], Han et al. presented a method for
adjusting the PID controller's coefficients based on fuzzy principles. In another study, Demir
et al. used fuzzy method to tune these factors [12]. The fuzzy algorithm described in [12] had
two inputs and one output. The defuzzification procedure was created from the perspective
of the designer. The membership functions of fuzzy algorithms were commonly trapezoidal
or triangular [13]. In certain instances, a Gaussian functional form might be utilized [14].
The fuzzy technique could make factors of the PID controller change continuously. This was
an effective adaptive response [15]. Furthermore, particle swarm optimization approaches
might optimize PID controller configurations [16-19]. When controlling both displacement
and acceleration, two PID controllers could be coordinated [20]. However, this might result
in undesirable interactions [21]. In [22], Nguyen et al. controlled active suspension with the
quarter-dynamics model using the Linear Quadratic Regulator (LQR) method. This
algorithm was often applied to Multi-Input and Multi-Output (MIMO) systems. This
approach was designed to minimize the cost function [23]. In order to efficiently solve the
Riccati algebraic equation, every oscillation state model of the automobile must be expressed
in the form of a state matrix [24]. When this controller had incorporated the "cancellation
term" further, it was referred to as i-LQR. Haddar presented this concept in [25].

The SMC technique was frequently applied to individuals with random or nonlinear
stimuli [26]. This approach employed Lyapunov theory to create asymptotically stable
controllers [27]. According to Nguyen [28], every controlled object would travel across the
sliding surface until a steady state was reached. The sliding surface was built according to
the model's high-order derivative signal [29]. Therefore, the actuator must be linearized into
an approximation of a linear differential equation. This procedure was established in [30] by
Nguyen et al. The order of the signal's derivative would depend on the system's order. The
control model got more complicated if a system had many more state variables [31]. Using
the SMC algorithm frequently resulted in the “chattering” effect. There might be a
disturbance in the control signals [32-34]. Combining the SMC algorithm with the fuzzy or
PID algorithm could help solve this problem. Then, the system's controller would be referred
to as a “hybrid control” [35, 36]. In addition, several more complex control algorithms [37-
39] were employed to regulate the performance of an active suspension system. Overall,
these strategies were also exceptionally practical.

An optimal algorithm (OSMCPID) is proposed in this work to control the suspension
system to limit the influence of chattering and suppress the system error. Two control signals
are used to synthesize the ultimate controller's control signal. The controller's parameters are
optimally selected by the in-loop algorithm. The integration method will depend on the
researchers' design perspective. This article is divided into four sections: Introduction,
Models, Simulation and result, and Conclusion.

2. MODELS

In this work, a model of the quarter-dynamic is utilized in order to simplify the modelling of
vehicle oscillation (Figure 2.1). This dynamic model incorporates both two mass, and the
suspension system containing the conventional spring and damping connects them. The
hydraulic actuator is installed with a suspension system to enhance ride comfort.
Consequently, a mechanical suspension system (passive) develops into an electronic
suspension system (active).

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



ENHANCING COMFORT AND STABILITY OF A VEHICLE SUSPENSION SYSTEM 45

T Sensor
E ms

OSMCPID K % ng Ai

B

Mu

Sensor

—_

Figure 2.1. Automobile dynamic model.

An automobile's dynamic model has two degrees of freedom for each direction of
movement, including z; and z,. Using mechanic theory, equations (2.1) and (2.2) describe
vehicle oscillations.

mz, =K(zu —ZS)+C(Z'H —Z'S)+FA (2.1)
-z,)-K(z,—z,)-C(z,-%,)-F, (2.2)

where m; and m, are sprung mass and unsprung mass, respectively; z; and z, are sprung mass
displacement and unsprung displacement, respectively; K is the suspension spring coefficient;
C is the suspension damper coefficient; and K7 is the tire spring coefficient.

In order to decrease the oscillation of an automobile, a hydraulic actuator should provide an
impact force. This force impacts the sprung and unsprung masses. The actuator force (F) is
created by the pressure difference between the two compartments within the actuator. This

force's magnitude is proportional to the piston's area, S, and the pressure differential, AP,
according to (2.3).

mz =K, (z

r

F,=S8,AP (2.3)

The actuator work thanks to the voltage signal provided by the controller. The internal
valves will travel when the voltage signalis delivered to the hydraulic actuator. This
movement changes the pressure of the fluid within the cylinder. A complicated multivariable
function was used to describe a dependence between the control signal, u(¢), the
displacement of valves, x5, and the pressure difference. Even the suspension system
displacement, x;, is a factor. This dependence is demonstrated by equations (2.4) and (2.5).

_! _
X, = . J‘(kwu(t) x‘w)dt (2.4)

4P=p,[ (xm/a —sgn(xw)AP)dt ~p,[ aPdt-p;S, [xdt  (25)

Using the original hydraulic actuator equations makes the design of the controller
extremely challenging. According to [30], the impact force, F4, produced by an actuator may
be linearized as (2.6), where & are coefficients.

F,=Eu(t)-&F,-&(2,-12,) (2.6)

According to [28], sprung mass' acceleration may be estimated as (2.7), where y is a
coefficient.
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i =—L(z -z 2.7
K} st ( 7 u) ( )
Let state variables:
X =z X, =2 X, =z, X, =z, x;=F,
Taking derivatives of state variables, we get (2.8) to (2.12).
X, =X, (2.8)
X, = L(—le —Cx, + Kx; + Cx, + x;) (2.9)
m\'
X, =X, (2.10)
x4=l(le+Cx2—(K+KT)x3—Cx4—x5) 2.11)
mll
X5 = 51”(1‘)_683352 + &%, — 6, (2.12)

Let ei1(?) be the error of two signals, include the output signal and the setpoint signal of
the sliding mode controller.

& (t)=y4(1)=¥(t) (2.13)
Take the derivative of both sides of (2.13), we obtain (2.14).
&(t)=y,()-y(t)=»,(t)—x, (2.14)
The second derivative of the equation (2.13) is shown in (2.15).
a()=5,(0-5()=5.()-—=(x-2) (2.15)
Take the derivative of both sides of (2.15), we get (2.16).
K .
o (1) =27 ()= (1) =37 ()~ (xi=2,) (2.16)

By continuing to derive both sides of (2.16), we can obtain (2.17).
" (1)=21 (-3 1)

2.17
= (1) — (K + oy — (K + K, )y = Coxy =, )~ (2.17)
stmu lms
Let's use the symbols as (2.18-2.23):
@:KC(LJij (2.18)
m, m,
2 2
‘92=(C—+C——K—§3j (2.19)
mS mu
0, =-C (£+ K+KT] (2.20)
m, m,
2 2
6’4=_(C_+C_—K_KT_§3] (2.21)
m, m,
% :_(£+£+52J (2.22)
ms mu
O, = Ko (2.23)
stmu

The effect of systematic noise #(¢) is ignored. The fifth derivative signal of the output is
written according to (2.24).
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Figure 2.2. Sliding surface.

Following the Lyapunov theory, a controlled object will return to a state of equilibrium
by sliding down the surface (Figure 2.2). Therefore, the sliding surface must be selected
according to the system's stability requirement. A sliding surface (2.25) is the function
dependent on the system’s error, e1(?):

o= izg " ( (2.25)
i=l j=0

Once a sliding surface has been established, it is simple to calculate output signals of the
sliding mode controller using an equation (2.26).

n n n—1 n-1
ul(l):Hé{yb(,")(l)—;Hkxk +Zzoee<" 2 +Jsgn(zlol9n (70 ( ﬂ (2.26)
- 4 i
(

A Lyapunov control function is chosen according to
(2.27), we obtain (2.28).

.27). Taking the derivative of

V(x) :%az >0Vx#0 (2.27)

V(x)=00 (2.28)
Take the derivative of the sliding surface (2.25). Then, substituting the result just found
and the control signal u1(¢) mentioned in (2.26) into (2.28), we obtain (2.29).

V(x)=-Josgn(c)<0 (2.29)
Let ex(¢) be the error of a PID controller, as (2.30).
e, (z‘)=ys2 (t)—y(t) (2.30)
A control signal, ux(?), is calculated using the following formula (2.31):
de, (1)

uz(t) K,e, (t +Kje2 dr+K,
(2.31)

Using the in-loop algorithm, the PID and SMC controller’s parameters are optimally
chosen to increase the system's responsiveness to changing external inputs. The schemata of
the control algorithm are shown in Figure 2.3. This algorithm is established found some of
the following points of view:

e Peak value and mean value of a vehicle body displacement are minimum
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e Peak value and mean value of a vehicle body acceleration are minimum

e The phase difference of oscillation is minimum

e Chattering phenomenon must not exist

The integrated controller's common control signal is determined by the control signals of
two distinct controllers. The process of calculation and simulation will be implemented as
soon as the controller has been fully designed.

Limitation

Limit = {K;, K; K}

Displacement of Acceleration of Phase diffarence Chattering
the sprung mass the sprung mass - phenomenon
Comparision
NO 3
Min
YES | Optimization
uy(t)
Zy
DISTURBANCE VEHICLE o
“ P r BODY -
Uy u A ~TAE
SMC ACTUATOR MODEL

Figure 2.3. Control system diagram.

3. SIMULATION AND RESULT

3.1. Simulation

The numerical simulation method was used for this research. In this article, MATLAB-
Simulink software is used. Three cases are investigated corresponding to the three types of
input stimulus signals (Figure 3.1). Input stimulus signals are the bumpy road surface. The
output of a simulation problem can include displacement values and acceleration values of an
automotive body. In each case, four situations are considered, including:

e An automobile utilizing the active suspension system controlled by a novel hybrid
method (OSMCPID) — The first situation.

e An automobile utilizing the active suspension system controlled by the SMC method —
The second situation.

¢ An automobile utilizing the active suspension system controlled by the PID method —
The third situation.

e An automobile utilizing the passive suspension system (None) — The fourth situation.
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Figure 3.1. The roughness of the road surface.

The specifications of a reference automobile are shown in Table 3.1.

Table 3.1. The reference vehicle.

Description Symbol | Unit | Value
Sprung mass My kg 470
Unsprung mass my kg 42
Tire coefficient Kr Nm! | 177000
Spring coefficient K Nm'! | 39500
Damping coefficient C Nsm! | 3150

3.2. Results and Discussion

Simulation results are discussed in three specific cases. The stimulus amplitude in all three

cases is r(f)
different.
The first case:

= 80 mm. However, the frequency and acceleration of the oscillation are

Sine-shaped stimulus is used for the first case. This is a low-frequency excitation. The
trajectory of the excitation signal varies cyclically with time. Therefore, the oscillation of the
vehicle also has a cyclical form. The change in vehicle body displacement can be observed in
Figure 3.2. For vehicles using only the mechanical suspension, the peak displacement value
can be up to 101.00 mm. This value is reached in the first half of the first phase of the

Copyright ©2024 ASSA.
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oscillation. From the second half of the first phase onwards, a maximum amplitude of the
oscillation is only 91.25 mm. The mean oscillation value determined based on the Root
Mean Square (RMS) criterion is 65.36 mm. The vehicle body displacement is able to be
declined once an active suspension is used instead. Once a PID controller is utilized to direct
an active suspension, the displacement value is reduced to 37.30 mm and 26.50 mm,
respectively, the peak and mean oscillation value. SMC controller can help reduce oscillation
values more than the PID controller, only 13.84 mm and 9.78 mm. In particular, if the
OSMCPID algorithm is utilized for a suspension system, the maximum value and mean
value of a vehicle body displacement are significantly reduced to only 7.12 mm and 5.04 mm.

Besides assessing the magnitude of the oscillation, the phase deviation of the oscillation
should also be considered. The slightest phase deviation belongs to the first situation
(OSMCPID). Meanwhile, the deviation between the second (SMC) and third (PID) situations
1s more significant than the fourth. Therefore, the OSMCPID algorithm can provide better
performance with high accuracy.

100 !
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Figure 3.2. Sprung mass displacement (The first case).

A vehicle's acceleration is the value used to evaluate the smoothness of a vehicle when it
oscillates. If the value of acceleration is high, there is a possibility that smoothness will be
reduced. The change of acceleration throughout the simulation period is illustrated in Figure
3.3. The acceleration of the vehicle body reaches its peak value at the first phase,
respectively 0.69 m/s?, 0.91 m/s?, 1.68 m/s?, and 1.90 m/s?, corresponding to the four
situations examined. In the following phases, the vehicle body acceleration oscillates with a
stable amplitude. The mean value of the vehicle body acceleration determined according to
the RMS criterion reached 0.07 m/s?, 0.11 m/s?, 0.28 m/s?, and 0.68 m/s?, respectively.
Compared with the fourth situation, the average acceleration value, once the OSMCPID
algorithm is used for the suspension system, is only 10.29%. In some situations, during phase
transition, the value of the acceleration may change suddenly. However, this change is quite
small. Therefore, this has no impact whatsoever on how smoothly the vehicle is. For
controllers established based on a SMC algorithm, a “chattering” problem will appear. This
problem causes signals of the oscillation to be continuously noisy. Therefore, the average
value of the oscillation can be increased. This only happens for the single SMC method for
an electronic suspension system. Meanwhile, an OSMCPID algorithm can eliminate this
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phenomenon if the controller's parameters are selected optimally. This is considered an
important advantage of this new algorithm.
2
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Figure 3.3. Sprung mass acceleration (The first case).

The second case:

In the following case, the pavement bump is random. This form of excitation has a very
high frequency, so the smoothness of the vehicle may be affected more than in the previous
case. The change of vehicle body displacement is continuous and does not follow any rules,
as demonstrated in Figure 3.4. Peak values of a vehicle body displacement corresponding to
four situations is 6.62 mm, 12.24 mm, 31.53 mm, and 100.43 mm, respectively. The
difference between the first and fourth situations can be up to 15.17 times. This is a huge
difference. In this case, the RMS criteria can also be used to evaluate oscillations over a
continuous time. The average value of the oscillation is 2.38 mm, 4.42 mm, 12.04 mm, and
34.19 mm. If mean displacement values of the last situation are taken as a fixed point, the
remaining values are 6.96%, 12.93%, and 35.21%, respectively. Just using the advanced
suspension system, automobile's oscillation can be better improved. This efficiency can be
further enhanced once the OSMCPID algorithm is utilized in order to control an active
suspension system.

Acceleration values of an automotive body in the second case are more significant than in
the first case. A graph in Figure 3.5 explains this. In Figure 3.5, the change of acceleration is
continuous and random. Peak and average acceleration values once the vehicle only has a
mechanical suspension system are 8.60 m/s?> and 2.81 m/s?>. This value can be reduced
slightly to only 7.44 m/s*> and 2.80 m/s? if an automobile utilizes an active hydraulic
suspension directed by a PID controller. The difference in values between these two
situations is relatively small. Because this is a nonlinear oscillation, the PID algorithm’s
efficiency for the suspension system is not high. As mentioned in the first section, the SMC
algorithm is more suitable for nonlinear systems. Peak value and average value of the
automotive body acceleration are decreased to 6.11 m/s? and 2.01 m/s? if the SMC controller
is utilized to direct the suspension system. Once the SMC and PID algorithms are combined,
it becomes a hybrid algorithm. The hybrid algorithm with optimally selected parameters is
called OSMCPID. This is the new algorithm that is used in this article. The control system's
performance will be much better if a controller is built based on this new method. The
maximum and average values of the oscillation have decreased sharply, to only 5.69 m/s’
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and 1.89 m/s?. In addition, the "chattering" phenomenon does not exist when using the new

hybrid algorithm. Meanwhile, this phenomenon still occurs if the controller is only

established based on a single SMC algorithm. This helps to demonstrate that the quality of

the OSMCPID algorithm is higher than that of a single SMC or PID algorithm.
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Figure 3.4. Sprung mass displacement (The second case).
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Figure 3.5. Sprung mass acceleration (The second case).

The third case:

In the last case, bump on the road takes the shape of a double step. The amplitude of the
stimulus will change in three steps. Therefore, the sprung mass displacement will change by
three steps. This change is shown in Figure 3.6. According to simulation results, the
automotive displacement will decrease in order of None, PID, SMC, and OSMCPID. This
order is valid for both steps of the oscillation. Since the time t = 6 s, the excitation signal
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ends, and the displacement of the vehicle body will tend to return to zero. However, this
value will fluctuate around zero for a short period before finally becoming zero. The
oscillation amplitude is minimal once the OSMCPID algorithm controls the active
suspension. In the other three situations, the amplitude of the oscillation is larger. Therefore,
the novel hybrid algorithm will help the vehicle quickly return to a steady state after the

stimulation from the road surface has ended.
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Figure 3.6. Sprung mass displacement (The third case).

In this situation, the acceleration of the vehicle's body also varies with each step of the
excitation signal. The highest and lowest values of the automotive acceleration still belong to
two situations: automobile utilizing a mechanical suspension system and automobile utilizing
a hydraulic suspension directed by the OSMCPID method, reaching 0.64 m/s> and 0.23 m/s?.
The chattering phenomenon still occurs once the SMC controller is utilized to control the
suspension system. Meanwhile, this phenomenon does not exist if the novel hybrid algorithm
is used (Figure 3.7). This is a harmful phenomenon, and it can harm vehicle oscillation.
Thanks to the new algorithm, the automobile's comfort and stability have been increased.

The values obtained from the simulation and calculation process are illustrated in Table
3.2.
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Table 3.2. Simulation results.
Average Maximum Average Maximum
displacement displacement acceleration acceleration
(mm) (mm) (m/s?) (m/s?)
The first case
OSMCPID 5.04 7.12 0.07 0.69
SMC 9.78 13.84 0.11 0.91
PID 26.50 37.30 0.28 1.68
None 65.36 101.00 0.68 1.90
The second case
OSMCPID 2.38 6.62 1.89 5.69
SMC 4.42 12.24 2.01 6.11
PID 12.04 31.53 2.80 7.44
None 34.19 100.43 2.81 8.60
The third case
OSMCPID 4.21 7.01 0.03 0.23
SMC 8.22 13.60 0.04 0.30
PID 22.89 37.50 0.10 0.56
None 49.47 87.16 0.19 0.64
5. CONCLUSION

Roughness on the road is the main causing of vehicle oscillation. These oscillations are able
to affect negatively the comfort and smoothness of an automobile when travelling on
different conditions. Suspension systems are fitted to the automobile to regulate and suppress
these oscillations. Once the mechanical suspension is combined with the hydraulic actuator,
it becomes an active suspension system (electronic suspension). An electronic suspension
brings better quality than a mechanical suspension system.

In this article, the author has proposed a novel hybrid control algorithm called OSMCPID.
This is an integrated algorithm. The final control signal is synthesized from two component
algorithms, SMC and PID. The controller factors are optimally selected based on the
vehicle's smoothness and stability considerations. Simulation is performed to evaluate the
controller’s performance. Three cases were examined; in each case, four situations were
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mentioned. The input of the simulation problem is the bumpy signals of the road, and the
output is the change in the automotive body's displacement and acceleration.

According to simulation results, both displacement and acceleration values are reduced
when an active hydraulic suspension is used. The peak and mean values of two values above
reach the minimum once the OSMCPID method is utilized to direct a suspension system.
Besides, the "chattering" phenomenon did not occur when using this new hybrid algorithm.
Vehicle smoothness and stability have increased dramatically.

The efficiency of the novel hybrid method, which is established in this article, has been
determined through simulation. However, there is still a problem: the acceleration signal
overshoots during phase transition. This problem can be improved by adding the fuzzy
algorithm to this original algorithm. In addition, some experimental processes also should be
performed in the future to evaluate this control algorithm's performance accurately.
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