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This paper delivers findings on optimal robust control studies of
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of SMC in the chassis/internal subsystem is enhanced by modifying a
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Vibration control IR
boundedness of uncertainties in sprung masses that can guarantee the
stability of the control design. The responses of the proposed controller
have improved the disturbance rejection up to 60% as compared to the
conventional SMC controller design and shown the high robustness to
resist the effect of varying the parameter with minimal output
deviations. The study proved that the proposed SMC scheme offers an
overall effective performance in full car active suspension control to
perform a better ride comfort as well as the road handling ability while
maintaining a restriction of suspension travel. An intensive computer
simulation (MATLAB Simulink) has been carried out to evaluate the
effectiveness of the proposed control algorithm under various road
surface conditions.

This is an open-access article under the CC-BY-SA license.

1. Introduction

The suspension system provides control towards the vehicle itself for having good road
handling and ride comfort in the case of facing external disturbances and road irregularities
while driving. Nowadays, the most local automotive industry mostly implies conventional
suspension system'’s design that usually has an issue with load carrying, passenger comfort, and
road handling [1]. There are three main types of suspension that have been used/studied in-
vehicle systems, passive, semi-active and active suspension. The current automobile suspension
system implies passive components, also known as a conventional suspension system that
provides a non-controllable spring and damping coefficients with a fixed parameter. However,
the trade-off between ride comfort, handling quality, and load varying is difficult to achieve
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since the parameters are fixed. The difference for semi-active suspension systems is the
coefficient of dampers can be controlled [2]. In contrast to passive and semi-active, an active
suspension system is able to enhance energy externally by the use of a force actuator to provide
a closed-loop response for the system rather than dissipating the energy by the use of springs
in passive. Many researchers nowadays are interested in developed suspension with active
control automobile systems. Previous works of automobile systems focusing on the linear
model of active suspension are adopted to propose various control strategies for different
components to be controlled [1][2][3][4][5][6][7]- The proposed controller in the mentioned
references has greatly improved the suspension performance; however, the dynamical effect of
the system’s behavior is being ignored. In fact, it is well known that the actuator behaves far
from ideal in real life. In this work, the hydraulic actuator for the active suspension system
model is chosen where the real implementation with its dynamic could easily be controlled to
track the desired force with adequate techniques as reported in [8],[9],[10],[11],[12], and [13].

Most of the suspension control studies previously mainly focused on the quarter car model
and half car model of the vehicle. These models were chosen due to the simplicity of the
development of the mathematical modeling to represent the original system in an approximate
and simplified manner [14][15][16]. The major concern is how it behaves like a real system
since the full system of the vehicle or full car model is neglected. Therefore, the full car model is
adopted as vehicle modeling in this work because it acted more realistic with the real car
suspension system. The adopted model behaves similar to the real car model since it included
all four actuator forces that exhibit three rotations in which heave, roll, pitch motions which are
essential for the analysis of system performances whenever having a disturbance due to the
roughness of the road surfaces. Moreover, most of the linear vehicle models in previous studies
completely ignored the dynamical effect of system behavior in a specific condition. However, it
is well known that the system dedicated with actuator behaves as highly nonlinear
characteristics due to non-negligible dynamic and nonlinear components. This motivates the
work to propose a robust controller design for an active suspension on a non-linear suspension
system with an actuator dynamic included. The pairing of the nonlinear suspension system
under the subjection of external disturbances causes the system dynamics to be considerably
more complex. Thus, the controller design for a nonlinear system in this research work intends
to design a control approach with a good tracking performance that is robust and insensitive to
the parameter uncertainties and external disturbance. Based on intensive analysis of literature
review, the Sliding Mode (SMC) is recognized as a nonlinear robust control method that
possesses the dynamics of the system with an invariance property to uncertainties and external
disturbance rejection once the system dynamics are controlled in the sliding mode by an
appropriate design of switching function.

For a complex, full-scale model, the controller is designed for each of a separated subsystem
which is the chassis and the other four sub-suspension pairing with the hydraulic actuator
(actuation modules). The standard sliding surfaces offer limited flexibility on the constant gains
as the error variables that will lead to the lower tracking accuracy and disturbance rejection
ability. Thus, the proposed SMC controller in the chassis is designed with PID sliding surfaces
that are able to directly adjust the proportional, integral, and derivative coefficients until the
satisfied sliding condition can be achieved. The PID control algorithm is employed due to its
simple feasibility and independent tuning parameters as a constant coefficient that is added into
the sliding surfaces to improve the ability to resist the impact of external disturbances so that
the system can generate the desired tracking force which able to attenuate the effect of vertical
body motions and perform the better transient responses of the dynamic performances and
steady-state accuracy as compared to the standard one. As the major nonlinearities of the model
system come from the dynamic of the hydraulic actuator, the simple, robust SMC controller is
designed for each of the actuation modules where it is divided into the separate tracking
performance of the actuator force and the spool displacement. The developed control structures
are designed to tackle the nonlinearity properties and track the desired variables according to
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its requirement. In addition, a robust control strategy with appropriate intelligent parameters
tuning using particle swarm optimization (PSO) algorithm is utilized to obtain the optimal
control performances of the controller design that is able to effectively overcome the occurrence
of uncertainties and varying parameters in the system.

2. Methods

2.1. System Modelling

The inclusion of both pitch and roll motions in the suspension model serves what is known
as a full car model. The study of ride comfort and vehicle handling much more depends on the
combined effects of bounce, pitch, and roll for the development of a controller aimed towards
the improvement of the system. Yet, the full active suspension model with seven degrees of
freedom (7 D.O.F) that is utilized in this work inclusive of 3 DOF of vehicle body motions which
are heave, pitch, and roll motions, and other 4 DOF of vertical direction motions, which are the
front-right wheel, front-left wheel, rear-right wheel, and rear-left wheel motions. For simplicity,
the assumptions for the simplified full car model are considered as in the presented works
[2][17][18],

i.  Both suspension spring stiffness and damper behave as linear.

ii. The tire is modeled by linear spring while having no damping effect (neglected), and
the tire is always in contact with road surfaces.

iii.  The vehicle is a rigid body and has no rotational motion in the body and tire.

The simplified model of full-vehicle suspension system with 7 D.O.F is represented in Fig.
1(a),as used in [19], [15], [20], [21], [22]. The system consists of a single sprung mass (vehicle
body) denoted as Z,, connected to four unsprung masses denoted as Z,;, which refer to wheel
assembly were connected to the wheel at each corner. Spring force and damping force are
denoted as Fsiand Fg;, respectively. Briefly, all the notations with i = 1,2,3,4 correspond to
front-right (fr), front-left (fI), rear-right (rr), and rear-left (rl), respectively. The sprung
mass/chassis subsystem consists of 3 D.0O.F motions, including heave (Z3), pitch (6,) and roll
(¢p)- The active force, f5; is exerted by a hydraulic actuator located in between sprung and
unsprung masses. In addition, the road input denoted as Z, has been subjected to each corner of
the wheel.

hicl
u vehicle body 4 i=1234
fonz ' - >
M b sub-suspension —lw
q‘ T # .s ( Fs} I_I
road
RsTamor Servo-valve
(a) (b)

Fig. 1. Nonlinear active full car suspension system [22][23]

As the linear representation of system dynamics is insufficient and not always valid, a
nonlinear model of the full car active suspension system adapted from [24][23] is utilized for
the evaluation of the proposed controller design throughout this work. For the convenience of
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control, the model can be divided into two parts which are one on the internal chassis subsystem
of 3 D.O.F motion of vehicle body and the other one is on the four sub-suspension systems that
include the dynamic of hydraulic actuators, as depicted in Fig. 1(a).

The dynamic of 7 D.O.F of an active full car suspension can be derived by applying newton's
second law of motion. Before that, let us define the suspension travel that is known as the
expression as a function of the state components of physical relations within the chassis and its
every four corners,

AZ; = Z; — Zy; ; (i =1,2,3,4) ey
where,
Z1 = Zp + asin(6y) — csin(@yp) 2
Z, = Zy + asin(0y) + dsin(¢y) 3
Zz = Zy — bsin(8y) — csin(@y) 4)
Zy = Z), — bsin(8),) + dsin(¢,) )

where a, b, ¢, and d are the distances of each suspension to the chassis subsystem.

The governing equations of motion for full car active suspension system after derivation
from Newton’s second law are obtained as follows,

Chassis (vehicle body) system:

mbzb = _ksl(Zl u1) C81 (Zl u1) - ksz(ZZ - Zuz) -

oy (Z2 = Zuy) = ksy(Zs = Zuz) = €55 (Zs — Zuy) 6)
sy (Za = Zuy) = 5 (24— Z4,) + Fy
L6y = aky, (Zy = Zu,) + acy, (20— Zuy ) + aks, (2 — Zuy)+-

tacy, (2 = Zuy) = bhoy(Zs = Zug) = besy (Zs = Zyy ) — 7)

—bsy(Zy = Zuy) = bes, (Z = Zuy) + Fon

Ly = ks, (Zy = Zuy) + des, (Zy = Zuy) = chy(Z; = Zu)—
ey, (2; = Zuy) + dhy(Zs — Zyg) + deg, (Zs — Zuy) — ®

—chyy(Za = Zuy) = CCsy (Za = Zuy) + Fop

Four sub-suspension systems:

My Zy = koy (2o = Zuy) + 05, (21— Zuy ) = k(g = Ze) = o, )
muz.Z.Z = ksz(ZZ - Zuz) + Cs, (22 - éuz) - ktZ(Zuz - ZTz) - f:s‘z (10)
MuyZs = ksy(Zs = Zug) + o3 (Zs = Zug) = ks (Zug = Zrg) — f, (11)
MayZa = Koy (Zs = Zug) + 5 (Zs = Zuy) = keaZuy = Zr) — f, (12)

where kg; and c; are stand for spring stiffness and damping coefficient, respectively for each of
the corresponding suspension, ki, is a tire stiffness, m;, and m,,; are denoted for sprung and
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unsprung masses, respectively, I, and I, are respectively roll and pitch moment of inertia of

sprung mass. The relationship for actuation force exerted by, respectively, heave, pitch and roll
motions satisfies that

szf:?1+f:§2+f53+fs4 (13)
Fop = a(fs; + fs,) = b(fs3 + f5,) (14)
Fop = d(fsy + fs3) —c(fey + f5,) (15)

The dynamics of the hydraulic actuator, as referred to Fig. 1(b), are taken into account for a
full-scale nonlinear model of a car suspension, by which the force is produced by the
multiplication of the load pressure drops across the piston with the cross-sectional area of the
piston itself, which in the mathematical equation the force is given by,

fs; = Area of piston (A) x Load pressure (P) (16)

Fig. 1(b) clearly showed the piston of the actuator is controlled by means of the
voltage/current input to the electro-hydraulic servo valves in a three-lane four-way critical
spool valve system [25][26]. The hydraulic actuator force is produced through the high-
pressure differences that occur in the piston due to the movement of a spool valve (P;)
multiplied with the cross-sectional area (4) of piston itself. The governing equations for the
electro-hydraulic actuator can be structured into a simple form as modeled in [8][25][27][26],
where the derivatives of the load pressure are given by

P, = aQ, - fP, — aA(x, — %) 17)
By upon substitution of , 8, y, which expressed as,

43 1
a=7te ;o B=aCyn y=ade\/;

where V; is the total volume of the actuator, f, is the effective bulb modulus, C;,, is the total
leakage coefficient of a piston, C, is the discharge coefficient, w is the spool valve area gradient,
X, is the servo-valve displacement, and p is the hydraulic fluid density. In the meantime, the
resulting hydraulic flow rate, QL can be written as,

QL =vxy \/Ps - Sgn(xv)PL (18)

Then, assumed that servo valve that controls a motion of spool valve, x,, as approximately a
first-order linear system with a time constant, 7 [9], as described in (5),

Xy = 1(u — Xy) (19)
T

In addition, x € R?? is a state vector defined as in Table A in the Appendix.

2.2. Proposed Method

The design of active suspension control using the SMC approach is allocated for two
fundamental parts in the system by which the chassis and the other four sub-suspension
systems (actuation modules) as described in Fig. 2. The 3-DOF state variables in the chassis are
first to be observed during a maneuver of the vehicle under the subjection of road input
disturbances in order to minimize the undesired effect of heave, pitch, and roll motion on the
passengers due to road irregularities. The proposed SMC is designed by defining a PID control
algorithm as sliding surfaces on the dynamic of second-order chassis subsystem, and the
enhanced control law of SMC is obtained based on the equivalent control law approach and the
design of switching control through a Lyapunov stability function as to tackle the system’s
uncertainties. The second SMC design has two controllers that are formulated for each of the
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actuation modules, where it is divided into the separate tracking performance of the actuator
force and the spool displacement. First, to provide the keen tracking of desired actuator forces
by controlling the spool valve towards its desired position. Next, the needed spool valve position
is further used to design four local control inputs from the hydraulic actuator to be fed to the
system. Both controllers have employed first-order SMC control laws.

ACTUATION MODULES

i : Road
i Spool Valve J ! :
i position ! Disturbances
i (SMC) ; r(t) =0
i X3d, X7d) X11d, X15d i A/ +
+{ ; u;i Full Car Model -
i —>| Active Suspension —>O_ >
( )—'— i System
rell M | ’ 26,0 E
i Servo valve i
! » control input !
; (SMC) i
Xad) Xgd) X12d) X16d -
Chassis
(PID-smMC) |

Fig. 2. The proposed method

2.3. The Proposed PID-SMC Design in the Chassis Part

The chassis subsystem can be described by following six equations obtained from
mathematical modeling of the system, consider the separate function of the variables as follows,
(notation fr, fI, rr, rl used in the equations are stands for front-right, front-left, rear-right, and
rear-left respectively),

Xi = fi + gy (20)
With,
fro = ks 20 + kg s + kg xo + kg, 213 = (K, + gy, + ks, + K, ) 217
—|a(ks,, +ksj,) = blks,, + ks,,)| sinGero) = |d (ks + ks, ) =
—c (ksfr + ksrr)] sin(x,,) + Csp X2 F CspyXe + Cs,, X10 T sy X1a — (21)

- (csfr +Csp TG, T cs”) X18 — [a (csfr + csﬂ) - b(csrr + Csrl)] X..

X €05 (X19)xz0 — [d(Cs,, + Cs,,) — €(Cs,, + Cs,, )OS (X21)%52} /M

1
gis = M (22)
f20 = cos(xq9) X { aksfrxl + aksﬂxs — kaTTXQ - bksﬂx13 - [a (ksfr+. ..
(23)
+ksy,) = blks,, + ks,)| 217 = [a? (ks + ks, ) = 2 (Ks,, + ks, )] %
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x sin(xye) — [d (aks,, — bks,,) = c(aks,, — bksrr)] sin(xyy) + -
+ acy,, x, + acs, xg — bes, X1 — beg, x4 — [a (e, +65,,) —
= b(cs,, + s, |1 — [a? (s, + ks, ) = b2 (s, + K, )| cOS(rro)xa0 —
— |d(acs,, — bes,,) — c(acs,, — be, )| cos(a)xzs} /1y
G20 =7 24
faz = cos(xz1) X {= ch,, 21 + dk, x5 — ckg, xg + dhg, x15 — [d( st
ks, )] = ks, + ke Vray — |d (aks,, — by, ) = c (aks,, - bksw)] X...
x sin(xg) — [@? (ks + ks, ) = €2 (ks;, + ks, )] sinCray) — -
— ey, g + deg, X6 — CCs) X0+ deg g — [d (e + c5,) = @)
—c(cs;, + 5., )| 21 — [d (acy,, = bes,, ) = ¢ (acs,, — beg,, )| cos(rio)xag
—[a? (e, + ¢5,,) = €2 (cs,, + €5, )] OS2 )X} /1
922 = % (26)

In order to ensure a preferable control effort for each heave u,, pitch uy, and roll u,, for a

full car model, the controller is designed with defining the error between the actual and desired
trajectory as follows,

ez X17 — X17d
€| = | X19 — X194 (27)

€y X21 — X214

E =

where the desired trajectory for a chassis part of the system is denoted as x4, X194, and x,1 4.
The time derivatives of the error in (27) is

x17 - x17d — X18d
= x19 - x19d = [xzo - xzoa] (28)

— X224
The switching or sliding surface is designed by adopting PID control algorithm,

de
u,pID = kpe + kl J e dt + kda (29)

m' ('ho

- x21d

where k,, k; and k, are known as proportional, integral, and derivative control gains for the
defined errors, respectively. These gains are positive constant of non-zero scalars will be further
optimized using PSO algorithm.

Thus, PID sliding surfaces for heave, pitch, and roll are defined as
S =
S

[ kpzes + iz f e, dt + kuye, ]

= kpgeg + k,:g €g dt + kdgf;z (30)

G:?NU’
L .
|

|
lkwew + k,-q, f €y dt + kdq,ezJ
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The derivation of equation (30), along with the inclusive of system uncertainties in dynamic

Sz] kpzez + klZeZ + kdz(flS(x) + AflS(X)) + kdz(918 + A.918)71'2 - kdzx17d
= kpeee + kigeg + kag(f20(x) + Af20(X)) + kaqo(ga0 + Ag20)u, — kd9x19d

3‘ = [59
s J lkpgoe(p + kigey + kap(fo2 () + Afo2(X)) + kay(gaz + Aga2)u, — kdsz21d

of the chassis model yields,
I

(3D

The equivalent control input for sliding mode is chosen to be linear, which means having no
uncertainties by appointing a dynamic of sliding manifold S = 0 when S = 0

[ (kdzgls)_1 (kdz;ﬂd - kdzfls(x) - kpZe.Z - kizez) —!

Uzeq
Ugq = [u9eQI = | (kapg20) " (kd9x19d —kagfa0(x) — kpgeg — kieee) | (32)
Ugpeq _ . .
l(kd(pgzz) ! (kd(prId - kd(pfzz(x) - kp(pe(p - ki(pe(p)J

by defining & = kq,Xsq — ka;fis(x) — kp €, — kiye, 5 {i € 2,0, 5 9 = 17,19,21}, thus eq. (32)
becomes
uzeq (kdzgls)_lfz
Ueq = [ueeq] (kaz920)""¢o (33)
u(peq (kdzgzz)_lfq)
Nextis designing the switching control input to obtain the total control input for SMC design

It should be designed properly to compensate for the system’s uncertainties and thus stabilize
the chassis system. To find the total control input of SMC that has two terms (equivalent and

switching control inputs), defined as
Ugeq T 918~ ys
[uel - ueeq + gZO ues
Ugpeqt 922" Ugps
where g,g, 920 and g,, are the gains computed from (22), (24), (26), respectively

Considers the Lyapunov stability function as
(34)

o2, 1.2, 1.,
V = ESZ +ESQ +§S(p
which has been defined based on all three chassis’ sliding surfaces. Taking the first derivative of
(34),
V =5,5, 45659 + 5,5, (35)

By substituting Eq. (31-33) into (42) and recalled that kdi;gd
& ,where{i € z,0,¢; 9 = 17,19,21}, the equation then yields,

— ka;fre(x) =k €, —

[kazAfig(x) + kaztizs + Ag1s(918) ™ &7 + kazAg18(g1s) ™ Uzs]+-
+Sg [kaoAf20(x) + kaougs + Ag20(g20) " $o + kaogAgz0(gz0)  ues]+ (36)
+S. [kquAfZZ () + kaplps + Ag22(922) " €y + kapAga2(g22) uqos]
Now, the assumption of the upper bounds of the uncertainties has been made to be known

as in [23]. Hence, the relations of the boundedness are,
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NAfisCI < x18 5 Af20COl < x20 5 WAf220)I < X2
10g18(918) I <818 <1 ;5 [18920(920) I <6820 <1 5 [Aga2(ga2) Ml <855 <1
(37)

where Y15, X20, X22,, 6818, 820 , 822 are design parameters with positive values which are set
to satisfy the given inequalities. Thus, by implementing Eq. (37) into (36) yields

V= ”Szll()(lBkdz + 618"52') + Szkdzuzs + ”Sz||618”uzs”kdz+"
+ 1Soll(x20kae + 8200 1) + Sokaguas + 11Sgll820lluasllkag+.. (38)

+ ”Sw”()(zzkdq) + 622|€¢|)+S<pkd<pu<ps + ||S<p||822||u<p5||kd<p

Then, the switching control of SMC laws for heave, pitch, and roll (u,s, ugs, Uys) is designed
as follows,

kzs Sz kes 59 k(ps S(p
Uzs = — ;o Ugs =~ Tow o Ues =~ T 39
ST TTHGGNS T T T B lSell T T T T4 By IS, (39)
where k¢ = kk—;, kos = :—:Z, kys = :—L . Thus, substitute eq. (39) into (38), become,

V = IS llCxagkaz + 818lézl — k2) + 1Sl (x20 kao + 82089 — ko) +..

5ol Ceazkap + 6226 = ko) )
Ifk,, kg, k are set as follows,
k, = xiskaz + B1slYzl 5 ko = X20kae + B20lYol ; ko = X22kap + BZZ|Y¢| (41)
Therefore, the eq. (40) results to
V<0 (42)

With this satisfying condition, the proposed SMC control design has guaranteed the stability of
the chassis system. Nevertheless, the chattering phenomena that occur in the SMC phase may
degrade the robustness of the controller. In order to reduce the chattering, the boundary
thickness layer is introduced to approximate a discontinuous function in switching control law
as follow,

kzs Sz . kes 59 k(ps Sqo

Uyg = — ;o Ugs = — ;o Ups = —
BT U4 BlIS M+ T T T4 ByllSell 48 T T 14 By |S,[[+6

(43)

where § > 0 is a small positive scalar of the thickness boundary layer, which determines the
quality of the approximation.

From the dynamic of the chassis model, it is clear that the relation between u; and the
actuator pressure (state variables; x3, X7, X11, X15) is,

X3 X3

Uy 1 1 1 1 x Uy X

[ue =Ayla a -b —b] x| [”9 =AM |

Uy —c d - d Xy Uy X
where
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1 1 1 1
M=|la a —-b —b (44)
—c d —c d
3 u,
7 =4 M1 |ug (45)
X11 p u
X15 ¢

where M* = W+(WWT) ~1 is the pseudo-inverse of matrix N. The values of a, b, ¢, d, and Ap
are defined in table 1. The desired actuator pressures for the four subsystems are considered
as the states in (45). Thus, we define [X34 X74 X114  X154] = [X3 X7 X117 X15].
2.4. The SMC Design for Actuation Modules
A. Actuator Force (Pressure) Tracking

The SMC design for this part is to track the desired actuator force generated by the previous
controller design (PID-SMC) in order to determine the needed position of the spool valve. Apart

from this, this is predominantly insured by four local controllers for each subsystem
{a e (fr, fl,rr,rl)}. The desired actuator pressure is defined as

[Xdpsr Xapp  Xdprr Xdpe] = [X3¢ X74 X114 X154 (46)

The pressure generated by the actuator is given by (which can clearly refer to system
dynamic modeling equation),

xpa = _ﬁxpa - aAp( Zsqg — Zua) + Sign(ps - Sign(xva)xpayx/lps - Sign(xva)xpalxva
with,
fZa = _ﬂxpa - aAp(%sa - éua)
And,
92, = Sign(ps — sign(x,,)xp, v/ Ips — sign(xy )xp, %y, (47)

This notation is used in the place of state-space representation for the generalization of the
second module in every four actuators. For the second and third modules, the SMC control law
is designed based on the derivative of tracking error information, that is, the differences
between actual and desired state variables.

In the meantime, defining the second sliding surface,
Sza = xpa - xdpa (48)

It is taking a derivative of eq. (48) along with its derivation upon substitution of eq. (47),
yields

S2, = f2, T 92,%v, — Xap, (49)

Here the control input for the second SMC is defined as the state variables of the needed
spool valve position (x,,,), thus the total control input of x,,  is selected as

Xpg = xueqva + Xusy, (50)
The equivalent control input of SMC is set by appointing a dynamic of sliding manifold S= 0,

fZa + 92,Xv, — Xdp, = 0
(51)

xueqva = gza_l(xdpa - fza)
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The switching control is chosen as proportional rate reaching law which is defined to
sufficiently satisfy the reachability condition ss < 0 or ss < —n|s| withn > 0 [28].

Xus,, == G2, (@2,52,) (52)
Thus, the total SMC control input of Xy, results to,

Xp, = 92, Kap, — f2, — ©2,52,) (53)

Upon substitution of (55) into (61), the necessary spool valve position that will guarantee
the actual output force by the actuator to approach the desired force can be given as,

J'C + Bx, +aA z —2 —w, S
_ pdg B Pa P( Sa ”a) 2a”2a (54)

sign(ps — sign(xy,)xp, ¥/ Ips — sign(ey,)xp,|

where w,_ is chosen to satisfy sliding convergences in finite time as mentioned, with

vdg

{a e (fr, fl,rr,rD)}, the notation of (z;, — z,,) and (ésa - éua) are defined as suspension
travel and its rate, respectively. It is the expression as a function of the state components of
physical relations within the chassis (z, 6, @) and its four corners. Taking a derivative of
equations (2 - 5) yields the respective rate of suspension travels as shown below,

él =7p+ aébcos(eb) — cqbbcos(qob) (55)
éz =7, + aébcos(eb) + d(.pbcos(qob) (56)
Z3 = Zy — b8,c05(8,) — cppcos(y) (57)
24 =7, — bébcos(ﬂb) + d(kbcos(qob) (58)

where a, b, ¢, and d are the distances of each suspension to the chassis subsystem.
B. Spool Valve Displacement Tracking

The similar SMC design steps (in A) applied in this part to determine the required control
input u, for servo valve by having a good tracking of the desired spool valve position in the
previous SMC controller.

As known, the dynamic of spool valve dynamics in the system is given by,

1
Xog == (u— x,,a) (59)
Thus, the second sliding surface can be defined as,
S3a = Xy, — Xdv, (60)

[t is taking a derivative of (60) along with its derivation upon substitution of (59), yields

u— xva .

- xdua (61)
The equivalent control input of the third SMC is set by appointing a dynamic of sliding manifold
§=0,

S3a =

Ueq = Xy, — TXqy, (62)
The third switching control also is chosen as proportional rate reaching law (w3 ) that is
chosen to satisfy the reachability condition ss<0orss< —n|s| in finite time,

Us = —T (w3a53a) (63)

Erliana Samsuria (Enhanced Sliding Mode Control for Nonlinear Active Suspension Full Car Model)



International Journal of Robotics and Control Systems
Vol. 1, No. 4, 2021, pp. 501-522

512 ISSN 2775-2658

Briefly, the control input u is expressed as follows,

u=[Ya Uag Udp Udy]" (64)
Thus. the total SMC control input of u, results to,

Ug = Xg + T(;Cvda — w3,53,) (65)

Ug = (1 —1w3 )%y, + 103, %, + w.c,,da (66)
with defines the notation of {a € (fr, fl,rr,r])}.

2.5. Optimization using PSO Algorithm

There In obtaining the optimal controllable parameter used in the proposed SMC to assign
into the system, the tuning method applied is based on the PSO algorithm, which was formerly
introduced by James Kennedy and Russell C. Eberhart [29]. There are a lot of significant
parameters that need to be set to ensure the searching process for the optimal point within the
whole swarm. These particles include the number of particles that indicate the size of the
swarm, the iteration numbers, the components of velocity, and the coefficient of acceleration.

In the searching process, each current particle will accelerate to the new searching point in
every presence of a new position, depending on the velocity that will be set according to the
previous velocity and best position. Each particle changes the searching point or position, s;
with respect to its velocity, v; according to (67) and (68), respectively [30].

1 = wxvf + cirand;(pbest; — sF) + c,rand;(gbest; — sf) (67)

sktl = gk 4 pltt (68)

v

where i denotes as particle or agent values, k represents the iteration of particle while k + 1
as the future iteration of the particle, c; denotes the self-coefficient of acceleration for particle
itself, c, denotes the swarm-coefficient of acceleration in the entire group, w represents the
inertia weighting value, pbest represents personal best value (particle’s value), and gbest
represents global best value (groups). The rand; represents as the random numbers that are
to be assigned between [0,1].

The momentum and competency of the particles in terms of exploration (finding a good
optimum place through the different areas of swarm space) and exploitation (to search around
the target point) so that they would not diverge from the search space are much influenced by
the inertia weight. The best way is to set the inertia weight with a larger value at the beginning
of the iteration to make the particles move freely in their exploration to every space in the
swarm and decrease linearly with the iteration number to obtain a quick convergence and able
to perform the exploitation. The inertia weight condition stated in [31] in order to satisfy these
processes is given as,

Wiax — Wmin) ft

tm ax

t+1 _
w = Wmax — (

(69)
Where w4, and wy,;, stand for the minimum and maximum values of the inertia weight,
respectively, while the maximum number of iterations is denoted as t,,,, and the current
number of iteration is denoted as t.

Fig. 3 illustrates the process step of the PSO algorithm to tune control parameters of the
proposed controllers in obtaining an optimal value to guarantee the best performances of the
controller. Here, the PSO algorithm proposed to search the best value of the control gains of
PID in the sliding surfaces of the chassis and the control laws’ gains of SMC in the actuation
modules.
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3. Results and Discussion

The simulation design of the nonlinear full car active suspension system with the
adaptation of the proposed controller is carried out using MATLAB and Simulink based on the
dynamic equations established in previous chapters. The obtaining results are significant in
investigating the performances of the proposed PID-SMC-based active suspension along with
the comparison with the benchmark controller and passive suspension.

In the simulation, a conventional Sliding Mode Controller (SMC) is utilized as the
comparative method to evaluate the performances of the proposed controller for a nonlinear
active suspension system. Indeed, the control values of the benchmark controller also have
been tuned using the PSO algorithm so that the results to be compared are fair and
appropriately conducted. Model parameters of nonlinear full car suspension system were
adopted from [23] and [24], and the value of parameters used are tabulated in Table B as
attached in the Appendix section. The related values of parameters of the proposed controller
are tabulated as in Table 1. The values of boundedness constants from (49) are chosen based
on the work reported in [23]. The boundary thickness layer is set to 0.8 as it is the preferable
value to perform the best in obtaining the clear, smooth output results of the proposed
controller.

Table 1. Control’s parameter values

Description Parameter Value

X18) X20) X22 24
Boundary thickness layer gain é 0.8

System boundedness parameters

Desired trajectory X17d> X194 X21d> 0

3.1. Tuning Parameter based on PSO Algorithm

The implementation of PSO fed to the algorithm in the proposed PID-SMC control has
included the set values of their parameter as tabulated in Table 2. The number of particles
should be assigned with considerable not too large nor too low as it will slow down the
processing time when setting the large value of N. Otherwise, the particles might be trapped in
the local minima as if N is too low [32][33]. The values of acceleration coefficient for c¢; and
c, are set to be similar as suggested in [34][35][36]. During the running process, the inertia
weight will decrease linearly from within 0.9 to 0.4, which are set as maximum and minimum
values, respectively. The large value of inertia weight allows the particles to move freely in the
search space. Then it will decrease over time to focus the searching activity in a smaller region
[37]. The chosen maximum and minimum values of inertia weight are based on the other works
reported from [34][38][31].

Table 2. PSO Control’s parameter values

Description Parameter Value
Number of particles N 2.4
Maximum number of iterations tmax 50
Maximum Inertia weight Wimax 0.9
Minimum Inertia weight Wimin 0.4
Acceleration coefficient €1,C; 2
Dimension of problems 5

Integral Absolute Square Error (IASE) was utilized as an objective function that was used to
calculate the minimum error produced in searching for the best values. The vertical body, pitch
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and heave acceleration, suspension travel, and wheel deflection were considered as the fitness
function. It aims for minimizing the fitness function performance index as;

J=+l2+]z3+]s+]s

T 2 T oo 2 T 2 T 5

]=f dt+f 0, dt+f dt+f Z |Z; — Z,,;|"at
0 0 0 O i=frflrrrl

T
+ z |Zui = Zr
0 i=fr.flrrrl

Z

Pp

*dt
(70)
where T is the total time period.

The results from the tuning process in obtaining the optimal values of control parameters
of the proposed PID-SMC-based active suspension are tabulated in Table 3.

Table 3. Optimal values of control parameters of the proposed PID-SMC method

Controller Description Parameter Value
Proportional gain of respective heave, pitch, and roll Ky, kpg, kpe,) 25
Integral gain of respective heave, pitch, and roll kiz kig, ki(p, 13.9016
PID-SMC Derivative gain of respective heave, pitch, and roll Kaz Ko, kd(p, 5.7771
Spool position SMC gain W3, 17.4696
Control input SMC gain w3, 10000

*All the notations with i = 1,2, 3,4 correspond to front-right (fr), front-left (f1), rear-right (rr), and rear-
left () respectively.

3.2. Simulation Results

For the assessment of the controller response, a double bump input bump input was
implemented in this system as one of the types of road input profiles that acts as a road
disturbance [5]. For the front right, the amplitude of the first and second bump was equally set
to 0.11m and 0.5m respectively while front left is set to 0.08m and 0.03m respectively. Since it
is assumed that the car is moving forward with a constant speed in which v, = 22 m/s, the
delay time can be computed for exerting the disturbances to the rear wheels. The time delay is

7, =@ t+b / Vv, where a and b are Distance from center of gravity to front and rear axle, that have
set to 1.4m and 1.7m, respectively. As a result, the rear right and rear left were designed as

Zyry = err(t - T)
Zrrl = erl(t - T)

Some experimental simulation results are provided here to demonstrate the effectiveness
of the proposed PID-SMC controller. In this section, the performances of the full-scale vehicle
dynamic system are tested under the case of double bump input road profile, and the time
domain of the responses is analyzed.

First, it is important to check is the controllability of the force tracking controller [26]. The
force of tracking error of the hydraulic actuator model is measured using the proposed control
algorithm for the particular road profile as a function of target force is shown in Fig. 4. It can be
said that the output force generated by the hydraulic actuator has provided a good tracking
effort with smooth variations according to the desired signal against a road perturbation.

Fig. 5 illustrates the variations of sliding surfaces and their corresponding control input
signals for chassis state. From the figure, the sliding function is not zero (s # 0) when facing the
sudden changes in road profile but had settled down after a few seconds of reaction time. This
means that the sliding mode arrives at the sliding manifold right after it had to go around in the
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reaching surface up to about 0.6s to 1.5s (according to each chassis state). The control input
also showed zero fluctuations or signals once the sliding mode reached the sliding manifold.
This manner has maintained the stability of the control system since it has satisfied the sliding
condition to be converged and standstill in the manifold over a finite time.

Actuator Force Tracking Actuator Force Tracking

1000 & ! ‘ T T T Desired_Force 1000 ?. ‘ f Tlasaes Desired_Force
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Fig. 4. Performances of force tracking for each of four actuators
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Fig. 5. Sliding surface and control input of body heave motion

The time response for an acceleration of the chassis states in terms of body-heave response,
which is performance criteria related to riding comfort, also of pitch and roll response (vehicle
handling) are given in Fig. 6. From the figures, it can be seen that the proposed PID-SMC
controller outperformed the SMC controller that has attained a better transient behavior with
a smaller amplitude and minimal oscillations. A sudden change of the road profile has produced
a tremendous impact on the pitch and roll motions for active suspension control methods
causes the improvement to be lower than in heave motions. However, a qualitative analysis of
RMS values also proved that the proposed PID-SMC based active suspension control showed
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the superior performances improvement for heave, pitch, and roll accelerations with the
reduction of the percentage of respective 33.16%, 52.39%, and 48.94% over the SMC
controller, and of respective 67.78%, 52.74% and 50.98% over the passive suspension system.
These traits infer that the PID-SMC-based active suspension control possesses a good ride
comfort and vehicle handling ability on the chassis under bump excitation.

Vertical Body (Sprung mass) Acceleration Sprung mass Pitch Acceleration
T T

Time (s)

(a) Heave Acceleration

Sprung mass Roll Acceleration
T T T

T
I
!
]

ad/s?)

(r

Roll Acceleration

Time (s)

(c) Roll Acceleration

Fig. 6. Sprung mass acceleration responses

The responses of four suspension travel for active and passive suspension controls are
illustrated in Fig. 7. The resulting signals for both PID-SMC-based and SMC active suspension
controls have traveled within the permissible range limits (+10cm) in accordance with the
performances specifications. Besides that, the figures also indicated they both had improved
the rattle-space dynamic of the system with less noticeable vibrations/oscillations and faster
settling time once the road bump had been passed. The responses of suspension travel for both
PID-SMC-based and SMC active suspension controls in terms of RMS values are reduced
significantly as compared to the passive one. These indicated that the proposed active
suspension controls had the extent to improve the ride comfort performance of the system.

For road handling, considering the response of each of four tire deflections that determines
how well the tires make contact with road surfaces as depicted in Fig. 8. The proposed method
exhibits a smaller amplitude and is able to attenuate the vibration quickly after a short reaction
time. Indeed, it can be told through the comparative analysis of the improvement percentages
of tire deflections where the proposed method ensures an impressive reduction as much as
16.13%, 27.59%, 47.22%, and 44.12% over the SMC-active suspension and 10.35%, 16%,
52.5% and 51.28% over the passive suspension for a front-right, front-left, rear-right, and rear-
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left tires, respectively. It clearly implied that the PID-SMC-based method has a larger
improvement upon the SMC-active suspension and passive, with a better grip of all four tires
to the road surfaces when the vehicle is driven along the bumpy road. Hence, the major
reduction in vibration of tire deflections for the proposed method had secured the system and

ensured a preferable road handling ability of the active suspension system.
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4. Conclusion

Good vertical control of the system can be achieved by having a robust control strategy that
invariance to the perturbations of the road surfaces system uncertainties. Thus, this paper has
presented the control strategies that combine the PID control with sliding mode control for the
chassis subsystem in order to handle the perturbations by developing the needed tracking force
to the actuation modules. Numerical and simulation results indicated that the performances of
the acceleration of chassis states (heave, pitch, and roll motion), suspension travels, and wheel
deflections for each of the tires in the case of the proposed controller outperformed the
conventional SMC and passive suspension system. The combination of PID sliding surfaces and
sliding mode control laws shows the controller exhibits good transient responses and higher
percentages reduction in terms of RMS values as compared to the standard SMC laws. This
attribute corresponds to the fast responses to alleviate the roll, pitch, and roll effects arising
from the road irregularities. Moreover, they also demonstrated the effectiveness of the
proposed SMC control structures had provided a stable impressive tracking control capability
with smaller tracking errors that converge to zero, regardless of the input condition of the road
disturbances. Hence, it has proved that the proposed method is splendidly robust and capable
of achieving the trade-offs performances of ride comfort and road handling ability under the
existences of uncertainties, parameter perturbations, and external road disturbances.
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Appendix

Table A. State Vector of the dynamic system
Subsystem State Vector Model Variable  Definition

X4 Zyy Front-right unsprung mass displacement
X2 éul Front-right unsprung mass velocity
X3 Ay Front-right actuator load pressure
Xy Zy, Front-right spool valve position
Xs Zy, Front-left unsprung mass displacement
X6 éuz Front-left unsprung mass velocity
X7 A, Front-left actuator load pressure
Four local Xg Zy, Front-left spool valve position
wheels X9 Zyg Rear-right unsprung mass displacement
X10 éu3 Rear-right unsprung mass velocity
X11 Ag Rear-right actuator load pressure
X1 Zyy Rear-right spool valve position
X3 Zy, Front-left unsprung mass displacement
X14 éu4 Front-left unsprung mass velocity
X15 A, Front-left actuator load pressure
X16 Zy, Front-left spool valve position
_ X17 Zy Heave displacement of the sprung mass
Chassis X18 éb Heave velocity of the sprung mass
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Subsystem State Vector Model Variable  Definition

X19 o, Pitch angle of the sprung mass

X20 éb Pitch angular velocity of the sprung mass
X1 Op The roll angle of the sprung mass

X22 <;;b Roll angular velocity of the sprung mass

Table B. Values of the Model Parameters

Parameter Symbol Value
Sprung mass my, 1500 kg
Unsprung mass my, 59 kg
Front spring stiffness kg1, ks 35000 Ns/m
Rear spring stiffness kg3, Kgy 38000 Ns/m
Wheels stiffness et keo Kes Kea 190000 N/m
Front damping coefficient Cs1,Cs2 1000 N/m
Rear damping coefficient Cs3,Csa 1100 N/m
Actuator Parameters a B,y 1 ;}4551(51)(()%)0; /I;Iné%;’k{g’l /2
Area of piston Ay 3.35x10-* m?
Pressure supply to piston Py 10 342 500 Pa
Servo-valve time constant T 0.003s
Centre of gravity to front axle distance a 1.4 m
Centre of gravity to front axle distance b 1.7 m
Centre of gravity to the right side c 1.5m
Centre of gravity to the left side d 1.5m

*All the notations with i = 1, 2, 3,4 corresponds to front-right (fr), front-left (f1), rear-right (rr)

and rear-left (rl), respectively.
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