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Abstract

This research proposes a hybrid control algorithm to enhance smoothness in a vehicle’s motion. The control signal is
synthesized from two separate controllers, Proportional Integral Derivative (PID) and Sliding Mode Control (SMC), to
achieve superior control performance. The novelty of the proposed control algorithm lies in using a double-loop algo-
rithm to determine the controller parameters. The algorithm proposed in this research involves two computational pro-
cesses to determine the model’s optimal values including the raw value and the acceptable value. The proposed control
algorithm has been simulated considering three specific cases corresponding to the three types of road stimuli. The
results demonstrate that the values of sprung mass displacement and acceleration dropped considerably with the
application of the proposed algorithm. Moreover, the change in vertical force at the wheel is also reduced with the appli-
cation of the algorithm particularly in the third case where the vertical force at the wheel has reached to zero. The
average values of vehicle body displacement are found to be 166.17 mm (for passive case), 54.20 mm (for PID), and
42.52 mm (for SMC). The proposed control algorithm managed to reduce this value to 8.95mm as evidenced by
simulation results. Finally, the response of the control system when subjected to an excitation signal from the road sur-
face further demonstrates efficacy of the proposed hybrid control algorithm.
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taken into account. On the other hand, the continuous
or periodic oscillations involve consideration of their
average values.

The oscillations in a vehicle can be kept under con-
trol with the help of a suspension system. Each kind of
a suspension system requires a different set of parts. A
passive suspension system utilizes metal springs and
standard dampers. The stiffness of these components
remains unchanged. Therefore, smoothness in a vehi-
cle’s motion cannot be guaranteed. In order to resolve
the vehicle’s oscillation issues, it is necessary to vary the
stiffness of spring and damper. Nguyen® introduced an
air suspension system, which uses variable stiffness air
springs. Variations in internal pneumatic pressure affect
the spring’s stiffness.*> Besides, the suspension system
using a magnetorheological damper helps to improve
the vehicle’s stability during its motion. The magnetor-
heological damper uses electromagnetic force to regu-
late the flow of internally circulated liquid, thus making
it possible to flexibly change the oscillation quenching
process.®” Active suspension systems should be used to
mitigate oscillations more flexibly.® '® An active sus-
pension system contains an extra hydraulic actuator
that works based on the opening and closing of the
servo valves. These valves operate when a control signal
is received from the controller.'" In general, an active
suspension system demonstrates superior performance
as compared to other suspension systems. The perfor-
mance of an active suspension system depends on the
underlying control algorithm. The controllers can be
divided into several types: linear control, nonlinear con-
trol, intelligent control, adaptive control, etc.

For simple control problems, the plant is often
assumed to be linear and thus a Proportional Integral
derivative (PID) algorithm can be used in case of a
Single Input Single Output (SISO) system. The PID
controller consists of three operations, each having a
corresponding coefficient.'? The tuning of these coeffi-
cients is critical. Mohammadikia and Aliasghary'? pro-
posed a method to adjust the PID controller’s
coefficients based on fuzzy rules. The proposed fuzzy
algorithm consisted of one input and two outputs. The
defuzzification process was designed based on experi-
ence and experiments. In general, the membership func-
tions in fuzzy algorithms are triangular, trapezoidal, or
Gaussian.'"* Fuzzy algorithms can be divided into
smaller layers corresponding to the three operations of
the PID controller.!> Additionally, particle swarm
methods may be employed to tune and configure the
PID controller.'® ' If two quantities of a plant (such as
displacement and acceleration) need to be controlled,
two PID controllers can be combined.”® However, this
may cause unwanted couplings and interactions. Park
and Yim?' used the Linear Quadratic Regulator (LQR)
algorithm to dynamically control an active suspension
system using a quarter-model by optimizing the cost

function.?* The state space model of the vehicle under
oscillations was written in the form of a matrix repre-
senting system states to solve the Riccati algebraic
equation.”> When a LQR controller is further inte-
grated with the cancellation term, it becomes intelligent
(i-LQR) as introduced by Haddar.>* However, the
effectiveness of the above algorithms is not guaranteed
when applying them to control the systems having non-
linear oscillation. Therefore, these algorithms should be
replaced or combined with more complex nonlinear
control techniques.

Sliding Mode Control (SMC) algorithm is often
used for plants that have nonlinear or random sti-
muli.>> The control algorithm relies on Lyapunov the-
ory to design the asymptotically stable controllers.?
The quantity being controlled is driven onto the sliding
manifold to achieve a steady state.”” The sliding mani-
fold in the present work, has been developed using the
higher order derivatives based on the derived model
reported in Nguyen et al.>® Therefore, it is necessary to
linearize the actuator dynamics into an approximate
linear differential equation as highlighted in Nguyen.*
The order of the derivative signal depends on the sys-
tem order. The model becomes more complex and
sophisticated for systems with several state variables.*°
SMC algorithm inherently suffers from chattering phe-
nomenon leading to noisy control signals.*’* The
fuzzy algorithm can be combined with SMC algorithm
to form a “hybrid controller” to solve this problem.**
Other advanced control algorithms used in control of
an active suspension are reported in References 35-39.
In general, the effectiveness of these methods is
outstanding.

Based on the abovementioned discussion, the SMC
algorithm can help reduce suspension system oscilla-
tions. However, it inherently suffers from the “chatter-
ing” phenomenon, negatively affecting the system’s
performance resulting in an oscillatory behavior. A
SMC algorithm can be highly effective when applied to
control a specific object. If the system has several para-
meters that need to be controlled, we may need to use
multiple SMC algorithms. However, combining the
algorithms may be computationally more complex and
expensive. On the other hand, we cannot achieve ideal
performance level with a single sliding mode controller.

The PID controller is quite simple, computationally
inexpensive, and highly systematic. With real-time con-
trol capabilities, the PID controller has been the main
workhorse in industry for decades and is suitable for
dynamic systems with varying conditions. However,
they are sensitive to noise and measurement errors.

Given the pros and cons of each of PID and SMC
based laws, formulating an integrated controller by
combining PID and SMC will provide opportunity to
get benefits from both control techniques. This results
in obtaining superior control performance compared to
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individually applying each of the aforementioned con-
trol technique. In addition, the “chattering” phenom-
enon can be largely eliminated and the algorithm design
process becomes simpler compared to using two inte-
grated SM controllers. Finally, the proposed hybrid
control approach can be widely applied in various
applications, thanks to the systematic characteristics of
the PID algorithm.

This research proposes a PID-SMC hybrid control
method to improve the performance of the active sus-
pension system. The final control signal is synthesized
by integrating the two-component signals during the
design process. The novelty of the proposed control law
relies on harnessing prominent features of both control-
lers; PID and SMC. Moreover, in contrast to most of
the reported studies for example, References 23, 40-42,
which used a single loop algorithm to determine the
optimal values of the controller parameters, the present
study introduces a novel double-loop method to esti-
mate the required parameters more accurately.

The remaining article is organized in four sections;
Section “Dynamic model and controller design” presents
dynamics of a quarter-model and the proposed control
algorithm. Simulation results are discussed in Section
“Simulation results.” Finally, Section “Conclusion”
comments on conclusion and briefly mention the future
work.

Dynamic model and controller design

There are several types of dynamic models commonly
used to simulate vehicle oscillations. For vehicle control
problems, dynamics of a quarter-model is often used,
which includes the hydraulic actuator as illustrated in
Figure 1. The separation between sprung and unsprung
masses is also shown. Motion of the two masses can be
formulated as in (1, 2) based on the D’Alembert
principle.

msd—t; =Fs+ Fp+ Fy )
dz?
mud—;zl:FTngfFDfFA (2)

where m; is sprung mass, 1, is unsprung mass, Fy is
spring force, Fp is damper force, F, is actuator force,
Fr is tire spring force, z, is sprung mass displacement,
and z, is unsprung mass displacement.

The spring force, damping force, and tire force can
be respectively given by (3)—(5).

FS = S(Zu *Zs) (3)

dz, dzg
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Figure I.

Dynamics of the quarter-model.

Fr =T(z —z) (5)

where S is spring coefficient, D is damper coefficient,
and T is tire spring coefficient.

The force generated by the actuator is determined by
the linearized equation given in (6)

dF 4

Z yiu(t) = voFa — 73(

dzy dzs> (6)

dr o dr

where vy, v,, and +y; are coefficients.

Given the nonlinear nature of the vehicular system,
a robust and nonlinear control algorithm, SMC is pro-
posed and is applied to this model.

Let e(f) be the error between the setpoint signal
v51(?) and the output signal y(7). That is,

ei(t) = ya (1) = (1) (7)

For the system to be stable, the error signal e;(f) must
approach to zero. This value will oscillate around the
sliding surface and move toward a stable position as
illustrated in Figure 2.

To simplify the problem, a linear sliding surface (8)
is often used.*

de d%e d"2e d"le

=det+ Mo + e+ Dy +
s(e) = doe + g+ D 2dmr T el

(8)

The coefficients ¥; in (8) must be the coefficients of the
polynomial P(p) given in (9) such that P(p) is a Hurwitz
polynomial.

P(p) =g+ Op + p® + .. + D op" T+ p" (9)

The sliding condition of the control problem to bring
the error to zero systematically is given in (10).

d
—ssgn(s) <0

0 (10)
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Figure 2. Sliding surface.

Consider a nonlinear plant of order » with the model
given in (11) as,

dx
dt
de
dt

=X

= X3

dxn -1

dt
dx,
dt

=X,

= f(x1,x2, ...

2 Xn) (1)

Assuming that the output of the model is a state
variable,

(12)

From (8), the sliding surface s(¢) can be rewritten as
in (13),

»i(t) =x

n—1

n—1 i n—1 1 1
d'e d'ysp d'y;
= 19,‘—. = 19,' p - 19,' - 13
O 2 T 2 a1
Let
— niiﬁ‘diyﬂ (14)
Vs1 — i dﬂ-
The sliding function (13) becomes,
n—1
s(e):)ﬁ—Zﬂ,-le (15)

i=0

Substituting (15) in (10), we obtain,

Ay R dxig
— Vi <0 16
(dl S, o) (16
If the setpoint signal yy; is constant, that is,
dyst
- = 17
o (17)

The control signal u;(¢) gets the form given in (18),

n—2
u (1) = — (Z Fixi 12 +f(x1,xz,...,xn)> + sgn(s)
i=0
(18)

SMC technique is applied to the suspension system
model with five state variables x| to x5 given in (19) as,

X1 = Zs
_ dzg

X2 = E

X3 =2z, (19)
_dzy

X4 = E

xs = Fy

Taking the derivative of the variables given in (19), we
obtain (20) as,

du_

a7

dx 1

7; = m—s(—le — Dxy + Sx3 + Dxy4 + xs)

dX3

- 20
T (20)
d 1

% = oo (S0 + Do = (8 + T)vs — Dry —xs)

dxs

o v T y3xXs — Yoxs + yqu(t)

Taking the first to the fifth derivative of the output
signal.

@:dx]

a A (21)
T )
e )
d;t);1 - _ memu (Sx; + Dxy — (S + T)x3 — Sxq — x5)

(24)
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SD(m; Tmy )X1 Taking the derivative of (29), we obtain (30),
- , + (Dzm;1 +D2m;1 _S—’)/3))C2 dV(X) B Sds (30)
ay_ (s + -1 =S
TR D(=Sm; " — (S + T)my " )x3 dt dt
+ (—Dzms‘l ~D’m;' + (S+T) +y3)x4 Taking the fifth derivative of (7), we get (31). Then,
| taking the derivative of (27), we get (32),
+ (—Dm; —Dm; —'yz)x5
Ty ey _ dya &y
+ ——u (¢ = S
XMy, 1(0) dr e dr S
(25) ds dSe] d*e de d?e, de
| D8 5,20 9,20 9,2 9,
(25) can be rewritten as follows, dt  dr drt dr dr? dt
(32)
M — box. + (1) (26) Combining equations (31) and (32), we get (33)
dl‘s ay Zl nXn aruq 5 s
ds &’ Vi d’y d*e &3 61 d? e] de,
- - —
where, PR S O — e 192 193 + oy ar
= Ty ' (33)
4 = Tyl)(*lmsflm; 1 Substituting (26) into (33) results in (34),
=SD(m™ ! + m~! 5
bi=S5 (ms " ) é = a1 —a Z bpxy — ayuy (t) + O —— dey
I - dt dr dt*
by=D(m;' +m,') —S—v, (34)
d361 d261 de €l
by = —D(Sm;' + (S + T)m,") + O —= pr + 95— a7 1945
by= —D(m ' +m ')+ (S+T)+ Combining (28) and (34), we obtain (35),
bs = —D(m ' + —
5T ( My ) e ds dSySI b — )49 d*e
The sliding surface (15) becomes (27), dr df nz_:l wn — azt (1 L
de d?e de,
4 + 9 + 9 + 04—
Za a_de g Ly da Yar 3dt Yar
L drt ar dr e
Ys1
= —a b,x,
+ 133dd + O4e; dr anl
d* d?
(27) - [ <_al Z bn-xn ;1 1.92 te}l
The control law u(?) is chosen according to (28). n=1
d 61 d4 "e
dsysl d €1 d3€1 + 133 + 1‘94 + P g (Z "3 —n >>
u(t) = — | —a Z buxy + —=— + + % —
a = dt dt* dt +ﬁde1+ﬁde1 0de1 0@
s d2e Lo de 4 N d* e, Var 2an 3de 4t
gm0 e 2 g d*e,
n=0 = — Psgn Z 3, ey
(28) ;
where P is a positive coefficient. = — Psgnls)
(35)
Stability proof Substituting (35) into (30) finally results in (36),
The Lyapunov control function given in (29) is a posi- v (x)
tive definite function Vx# 0. 7l Psgn(s)s<0 Vx #0 (36)

V(x) = %sz>0Vx #0 (29)

According to (29) and (36), the system reaches a steady
state.
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Figure 3. Schematic of the proposed hybrid PID-SMC
algorithm.

The proposed hybrid PID-SMC controller is shown
in Figure 3, which optimizes the system’s overall per-
formance. The double-loop method must undergo two
steps to determine the raw and acceptable values. The
raw value is determined from the first loop with wider
steps. However, the accuracy is not high. Therefore, it
is necessary to introduce the second loop with finer
steps to compute accurate values (Figure 3). The sys-
tem’s stability is evidenced by choosing optimal values
of the PID controller. These values are selected so as to
minimize the system error. This process is performed in
two loops.

Let e5(7) be the error signal corresponding to the
PID controller.

ex(t) = yo(t) = 12(1) (37)

The control signal uy(¢) is determined using (38) as,

us (1) = Kpes (1) + K; Je2(7)d7 * KDdeazl—t(t)

0

(38)

The overall control signal of the hybrid controller is
given by (39) as,

u(t) = uy (¢) + up(2) (39)

Several methods can be used to determine the para-
meters of the PID controller, such as using the Ziegler
Nichols method, Genetic Algorithm (GA) solution,
fuzzy set or Particle Swarm Optimization (PSO) algo-
rithm, etc. In this study, we propose a double-loop
algorithm for determining the PID controller para-
meters. As illustrated in Figure 3, the algorithm consists
of two processes: (i) Define raw values of the controller

parameters, (ii) Determine their acceptable values. In
terms of the first process, the limits of the parameters
need to be predefined. The values within the range are
used to run simulations for the vibration problem. The
corresponding output values are obtained for each
parameter, including vehicle body displacement and
acceleration and error signal e(¢). The algorithm selects
the controller’s parameters that result in minimal error
signal. Based on this criterion, the optimal value can be
determined. Assuming that in the limited range of para-
meters, there are m parameters of Kp, n parameters of
K;, and p parameters of Kp, the number of cases to run
the simulation is equal to the product m X n X p.
Therefore, the number of simulation runs will be huge
if the division of the range of values is small. We can
use a reasonable division to find the required para-
meters to overcome this problem. However, the raw
value needs to be accurate.

The second process involves determining the accep-
table values. The fine value is determined from the
original raw value obtained from the first process. The
division of this range is smaller (i X j X k) to ensure
accuracy.

The double-loop optimization algorithm is mathe-
matically formulated in (40) and (41), which respec-
tively correspond to the first process and the second
process.

Kp = myjin 2 m 2 Mgy
Sfor Ki = Myin 2 12 Py
KD = Pmin * P * Pmax
lf e(t) = e(t)min
KPo = KPraw
K[o = Klraw (40)
KDo = KDraw
KP = KPO +m
else K =Kpp+
Kp = Kpo +p
KP = imin D imax
fOf‘ KI :jmin ] ]mux
KD = kmin ik kmax
if @(t) = e(t)min
KPO = KPaccept ( 41)

KIO = K]accept
KDo = KDaccept

Kp = Kpo +i
else K[ :K10+j
Kp = Kpo + k

For the first loop, the range of parameters should be
predefined. Besides, a reasonable value of the smallest
division also needs to be determined. These values are
used in the calculation and simulation processes. The
optimal value (raw value) can be obtained once the con-
dition related to minimizing the error signal is satisfied.
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Table I. Simulation parameters.

Description Symbol Value Unit
Sprung mass my 510 kg
Unsprung mass my 54 kg
Spring coefficient S 45,000 N/m
Damper coefficient D 3700 Ns/m
Tire coefficient T 174,000 N/m

The second loop is similar to the first loop. However,
the range of values for this loop is reduced based on the
initialized raw values.

Simulation results

The performance of the proposed hybrid PID-SMC
strategy is characterized in simulations conducted in
MATLAB/Simulink® 2021 environment running on a
PC with core 19-12900K and 32GB RAM. The simula-
tion parameters are given in Table 1. These parameters
are determined based on mechanical simulation carried
out in CARSIM® software.

Simulations are conducted for three cases corre-
sponding to the four types of roughness on the road. In
each case, four situations are considered. In the first sit-
uation, the vehicle uses a passive suspension system.
The second situation involves an active suspension sys-
tem with application of PID controller while in the
third situation, SMC is applied to the active suspension
system. The PID-SMC hybrid integrated controller is
shown in the last situation.

In the first case, cyclic pavement excitation with a
sinusoidal function is used as illustrated in Figure 4.
The displacement of the vehicle body is also shown in
this figure. The amplitude of oscillations in the vehicle
is the largest and reaches up to 131.85mm in the case
when the vehicle only uses a mechanical suspension sys-
tem. This value can be reduced to 51.02 and 40.56 mm
if the vehicle uses the active suspension system con-
trolled by PID or SMC algorithms respectively. When
SMC algorithm is combined with PID algorithm, this
value can be further reduced to only 8.98 mm. In addi-
tion to considering the maximum value of oscillations,
the average values should also be considered when
assessing vehicle oscillations. The average value is cal-
culated for the case when the vehicle oscillates continu-
ously. Based on Root Mean Square (RMS) criteria, the
average value of the displacement can reach 87.32,
36.15, 28.67, and 6.32mm respectively for the four
situations under investigation.

The change in acceleration of the sprung mass over
time represents the smoothness of vehicle’s motion as
shown in Figure 5. If acceleration is unreasonably high,
vehicle comfort may be affected. In the first phase of
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Figure 5. Sprung mass acceleration — Case |.

the oscillation, the acceleration reaches its maximum
value of 0.74m/s> (PID-SMC), 3.02m/s* (SMC),
2.96m/s*> (PID), and 3.61 m/s*> (passive). The average
value of acceleration is 0.11, 0.51, 0.62, and 1.48 m/s2
respectively for the four situations under consideration.

The vehicle is unstable when the wheel separates
from the road surface. At that time, the vertical force
at the wheel has reached zero. The greater the variation
in the dynamic load, the higher the risk of the vehicle
falling into instability. This problem can be resolved in
a better way if the vehicle uses an active suspension sys-
tem with the proposed hybrid PID-SMC algorithm.
The change in dynamic load is not large as shown in
Figure 6.

In the second case, a single trapezoidal form of pave-
ment stimulus is used (see Figure 7) to determine the
stability of the system after application of the excitation
signal. The results indicate that displacement of the
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vehicle body exhibits a huge peak when the vehicle does
not have an active suspension system (Figure 7). These
values gradually decrease corresponding to the other
three situations. The maximum values of the four situa-
tions are found to be 9.63 mm (PID-SMC), 41.62 mm
(SMC), 51.17mm (PID), and 108.30mm (passive),
respectively. After the excitation signal from the road
surface is ceased to zero, the vehicle body continues to
oscillate with a small amplitude for a certain time if the
vehicle only uses the passive suspension system. In
contrast, the active suspension system offers more sta-
ble decay of oscillations. Since this is not a continuous
excitation, therefore, the average value of the oscilla-
tions is not considered.

The changes in acceleration and vertical force are
shown in Figures 8 and 9 respectively. The acceleration
and the force tend to be opposite to each other. In this
case, the sprung mass acceleration is not high for all the
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situations because the acceleration and frequency of the
excitation signal are quite small. This causes the value
of the dynamic force at the wheel to change only within
a small range. So, the vehicle is still in a steady state,
and the interaction between the wheel and the road sur-
face is always guaranteed.

In the above two cases, the amplitude and frequency
of the stimulus are still not large. Therefore, the vehicle
oscillation is not much affected. To investigate the oscil-
lations more critically and comprehensively, the third
case considers excitations with relatively larger frequen-
cies and amplitudes as shown in Figure 10. The results
indicate more variations in the vehicle oscillations.

The acceleration of the sprung mass can reach very
large values of up to 9.90m/s* corresponding to the
fourth situation as shown in Figure 11. For the other
situations, the maximum values of acceleration are
found to be only 1.67, 6.73, and 6.60 m/s* respectively.
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Figure 12. Vertical force — Case 3.
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In this situation, the vertical force at the wheel can
almost reach its limited value (approximately zero) if
the vehicle uses only a conventional passive suspension
system thus making the vehicle unstable. This is shown
as an instability state in Figure 12. However, this state
only lasts for a very small amount of time. If the ampli-
tude and frequency of the stimulus continue to increase,
the wheel may become completely detached from the
road surface. In contrast to passive suspension, the sta-
bility of the vehicle is always ensured when the vehicle
uses an active suspension system particularly when con-
trolled by the proposed hybrid PID-SMC algorithm.

In the last case, a random pavement excitation is
used. Referring to Figure 13, the signal has a frequency
and an amplitude that change continuously over time.
Therefore, it causes the vehicle body to oscillate
continuously. The results in Figure 13 show that the
maximum displacement of the car body can go up to
51.07 mm if the car only has a conventional suspension
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PID
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h

Displacement of the sprung mass (mm)
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Figure 13. Displacement of the sprung mass — Case 4.

system. This value is reduced by about half, to
25.47mm, when we use the active suspension system
controlled by the traditional PID controller. This figure
drops slightly to 20.34 mm if SMC controller takes the
place of the PID controller. Finally, vehicle vibrations
can be suppressed almost entirely once the suspension
system is controlled by the hybrid algorithm proposed
in this article (4.52 mm). Compared to the passive situa-
tion, the average displacement value of the PID-SMC
situation is only about 8.94%.

In this case, the value of the vehicle body accelera-
tion changes drastically. SMC algorithm causes the
acceleration of the vehicle body to increase compared
to the passive situation, while the value obtained from
PID situation is approximately same as the passive situ-
ation. In contrast to this, the peak and average values
of acceleration can be significantly reduced with the
application of the proposed PID-SMC hybrid algo-
rithm as evident from Figure 14. To achieve this, the
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hydraulic actuator of the active suspension system
needs to work harder, leading to a drastic change in the
vertical force. This is a slight limitation of the algo-
rithm proposed in this work. However, the system’s
stability is still guaranteed (Figure 15).

Overall, the results for the SMC or PID situations
are similar with negligible errors. The efficiency of the
suspension system can be significantly improved when
we use the proposed hybrid controller as demonstrated
in the present work.

The simulation results can be tabulated in a compact
form. Tables 2 to 5 respectively present the results cor-
responding to Case 1-4. In fact, computing and pro-
cessing systems onboard the vehicle often have more
limited processing capabilities than high-performance
personal computers with customized configuration. The
limited onboard processing power can lead to delays in
control. To solve this problem, we can combine some
adaptive delay compensation techniques with the exist-
ing algorithm.

Conclusion

This research improves rider’s comfort by reducing
vehicle oscillations using an active suspension system.
In particular, control of the suspension system is rea-
lized by proposing a proposed hybrid PID-SMC algo-
rithm, which is developed based on quarter-model
dynamics. Simulations results using three stimuli from
road, each characterizing four situations, demonstrate
that the active suspension system is capable of
significantly reducing oscillations to provide better ride
comfort. The maximum and average displacements of
vehicle body as well as acceleration values have

Table 2. Case |: Sine wave excitation with a small amplitude and frequency.

Parameter Value PID-SMC SMC PID Passive

Displacement of the sprung mass (mm) Maximum 8.98 40.56 51.02 131.85
Average 6.32 28.67 36.15 87.32

Acceleration of the sprung mass (m/s?) Maximum 0.74 3.02 2.96 3.6l
Average 0.1 0.51 0.62 1.48

Vertical force of the wheel (N) Minimum 33242 2757.5 2995.7 2969.0
Average 4556.0 4565.1 4568.3 4615.7

Table 3. Case 2: Trapezoidal pulse excitation.

Parameter Value PID-SMC SMC PID Passive

Displacement of the sprung mass (mm) Maximum 9.63 4].62 51.17 108.30
Average

Acceleration of the sprung mass (m/s?) Maximum 0.19 0.76 0.75 0.95
Average

Vertical force of the wheel (N) Minimum 4244.1 4100.5 4106.6 4140.9

Average
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Table 4. Case 3: Sine wave excitation with a high amplitude and frequency.

Parameter Value PID-SMC SMC PID Passive
Displacement of the sprung mass (mm) Maximum 12.95 60.82 7691 246.73
Average 8.95 42.52 54.20 166.17
Acceleration of the sprung mass (m/sz) Maximum 1.67 6.73 6.60 9.90
Average 0.35 1.61 2.01 6.11
Vertical force of the wheel (N) Minimum 1799.7 547.2 1083.7 169.4
Average 4575.6 4652.6 4688. | 5374.6
Table 5. Case 4: Random excitation.
Parameter Value PID-SMC SMC PID Passive
Displacement of the sprung mass (mm) Maximum 4.52 20.34 25.47 51.07
Average 2.19 9.6l 11.83 24.49
Acceleration of the sprung mass (m/s?) Maximum 1.98 4.99 3.77 3.99
Average 0.68 1.56 1.28 1.26
Vertical force of the wheel (N) Minimum 469.8 1505.4 2560.5 2933.6
Average 4766.7 4657.4 4607.7 4595.5
decreased significantly by the application of the hybrid 3. Nguyen TA. Advance the stability of the vehicle by using

control algorithm. Moreover, the change in vertical
force is also reduced using the proposed algorithm.
Thus, the proposed hybrid algorithm overperforms
than the passive system as well as an active suspension
system controlled only with a PID or SMC algorithm.
In near future, we plan to combine the fuzzy algorithm
with the hybrid PID-SMC algorithm to further reduce
chattering which occurs during some oscillation time.
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