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Abstract: This paper deals with the active vibration control of a quarter-vehicle suspension system.
Damping control methods investigated in this paper are: higher-order sliding mode control (HOSMC)
based on super twisting algorithm (STA), first-order sliding mode control (FOSMC), integral sliding
mode control (ISMC), proportional integral derivative (PID), linear quadratic regulator (LQR) and
passive suspension system. Performance comparison of different active controllers are analyzed in
terms of vertical displacement, suspension travel and wheel deflection. The theoretical, quantitative
and qualitative analysis verify that the STA-based HOSMC exhibits better performance as well as
negate the undesired disturbances with respect to FOSMC, ISMC, PID, LQR and passive suspension
system. Furthermore, it is also robust to intrinsic bounded uncertain dynamics of the model.
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1. Introduction

Suspension systems are considered important in terms of providing ride ease to passengers,
capability of handling road disturbances, and stabilizing constancy of vehicles. Immense attention
has been given to vehicle suspension systems in the automobile industry. Suspension systems aim
to improve three main contradictory indices that are: suspension deflection, ride ease, and road
disturbances [1]. Furthermore, in order to control vehicle body vibration, suspension systems should
be capable of adjusting the system energy, retaining the tyre grip and reducing the effect of external
disturbances such as braking and steering in this way ride comfort can be enhanced [2,3].

There are three fundamental kinds of damping suspension systems: passive, semi-active and active.
Passive suspension is the least complex system and has numerous advantages. But, the disadvantage of
passive suspension is the limit of overcoming unwanted oscillations that occurs due to rough road
surfaces [4]. Under normal parameters, passive performance is confined as it includes fixed spring
and damper. Similarly, its efficiency depend on the fixed standard of certain automobile parameters.
Thus, to achieve better performance results, semi-active suspension systems using variable damper are
introduced. In contrast to passive, semi-active damping system needs considerably less energy, and it
is additionally non-complicated and convenient system. Therefore, it can provide significant progress
in ride performance. Karnopp presented skyhook control methodology, which is widely used control
approach for semi-active suspension systems as it can decrease the ‘resonant peak’ of vehicles and can
help in achieving better ride performance [5]. In semi-active, magneto-rheological dampers (MR) are
one of the most studied approach due to their low power consumption and protection specifications [6],
but they only disintegrates energy and if the power fails, they act as passive suspension systems so
their performance are also limited. Therefore, active suspension systems using hydraulic, air, or electric
power actuator are introduced. Active suspension system composes of power source which generates
desired force. Also, it does not consume energy while producing forces which avoid suspension
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deflection [7]. An additional benefit of the active suspension is that unlike passive and semi-active
suspension systems, it gives dynamic compensation [8].

Active control forces can be implemented by hydraulic, pneumatic or electromagnetic actuators
commonly located in parallel with a spring and a damper [9]. Pneumatic actuators are simple,
which is their greatest advantage. Hydraulic actuators are well known for their performance in
high-power applications. In contrast to hydraulic and pneumatic, accuracy is always much higher
in electromagnetic [10]. A new cascade control approach to the active suspension of forest machines
using pneumatic actuators and parallel mechanical structure is proposed in [11]. However practically,
the force of suspension cannot act directly as the suspension system, thus the suspension force is
applied using the hydraulic actuator dynamics in [12]. The electromagnetic actuator replaces the
damper and the hydraulic actuator, forming with the spring an oil-free suspension in [13]. A modified
energy-saving skyhook for active suspension based on a hybrid electromagnetic actuator is developed
in [14]. An active vehicle suspension control approach with electromagnetic and hydraulic actuators is
presented in [15].

It is well known that an active damping suspension is an efficient way to enhance the suspension
performance and has arduously studied [16]. Various active control strategies are presented based on
control methods to improve ride performance. The more effective the control strategy, the better the
performance will be. Thus, the selection of control approach for suspension has major impact on the
system efficiency. PID controllers are not well suitable as they are incompetent of handling built-in
uncertainties [17]. Also, the system robustness reduces with structural uncertainties, so adjusting the
gains of PID control law is challenging issue [18]. Many studies concerning active control strategies have
been presented during last decades, such as fuzzy logic control [19], H∞ control [20], and backstepping
and control [21].

To attain high level of precision, robust control laws are required. Thus, it draws special
attention to more advanced active control strategies, for example FOSMC, ISMC, and HOSMC with
variant algorithms that can offer an efficient systematic approach to monitor the desired trajectories
accurately [22]. LQR is entirely a linear control method whereas FOSMC is a robust control strategy
for handling complex systems. Terminal sliding mode control and ISMC are robust techniques of
control system, but there is always a discrepancy between the mathematical and physical model,
due to mismatched disturbances that cause disparities in the physical model [23–25]. It is well known
that FOSMC is insensitive to parameter variations and external disturbances. Whereas, HOSMC is
robust against system structure changeability unlike other active control strategies. It reduces harmful
oscillation to its maximum level [26]. Hence, HOSMC has all the qualities of SMC and it provides the
sliding variable and its derivatives a finite time convergence [27]. Furthermore, the STA algorithm
offers finite time stabilization for all the states [28].

In this paper, mathematical model of active suspension system and active model-based dynamic
control approaches, i.e., SMC, ISMC, HOSMC are presented. This study deals with theoretical,
qualitative and quantitative analysis. The performance of SMC, ISMC and HOSMC are compared with
each other, and with conventional LQR, PID, and passive suspension system by using road profile
with bump and pothole. It is known that a road with bumps and potholes effect the ride comfort and
vehicle stability thus to improve the ride performance, HOSMC based on STA is introduced. Designed
controllers are tested by the execution of simulation using MATLAB/Simulink on quarter-vehicle
suspension to verify the efficiency of active damping control algorithms in terms of wheel deflection,
suspension deflection, and vehicle displacement.

The organization of the paper is as follows: In Section 2, mathematical representation of
active suspension quarter-car model is derived. Active control strategies: FOSMC, ISMC, HOSMC,
LQR, PID are briefly proposed along with the stability analysis of FOSMC and ISMC in Section 3.
The qualitative and quantitative analysis of the proposed controllers along with traditional suspension
system are compared and deliberated in Section 4. Lastly, Section 5 executes the conclusion and future
work of the paper.
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2. Mathematical Model of Quarter-Car Active Suspension System

2.1. Mathematical Model

The quarter-car model with active suspension is mostly considered by experts as it holds a simple
design. So, it can effectively be expanded to full vehicle model. In Figure 1, quarter-car model is given
which is subjected to uneven road surface excitation. In this model, the mass supported by suspension
refers to the sprung mass, while wheel and shaft are included in the unsprung mass. Mathematical
modeling helps in representing the state–space model of system. The mathematical expression for the
quarter-car are obtained by taking the sum of forces acting in the vertical direction on the sprung and
unsprung masses. The numerical values of parameters of quarter-car suspension model is presented
in Table 1.

Table 1. List of parameters of quarter-car model.

Model Parameters Symbol Representation Values Standard Units

dwh Damping Unsprung Coefficient 1000 Ns/m
dc Damping Sprung Coefficient 18,000 Ns/m

Cwh Stiffness Value of Wheel 16,182 N/m
Cc Stiffness Value of Suspension Spring 190,000 N/m
Mc Sprung Mass or Vehicle Body Mass 290 Kg

Mwh Unsprung Mass or Suspension Mass 60 Kg

Figure 1. Active suspension system [29].

This model has dynamic characteristics that helps in understanding the system behavior by
explaining the correlation between input and output of the system.

Figure 2 represents two-degree of freedom (DOF) quarter-car model, where Xc and Xwh represent
vertical displacement of sprung and unsprung masses. Furthermore, F(t) represents control input and
Xg is the road surface input of the system.

(a) (b)

Figure 2. Suspension models of quarter-car (a) Passive suspension system (b) Active suspension system.
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2.2. Active Suspension System

The equation of motion is defined as:

McẌc = −dc(Ẋc − Ẋwh)− Cc(Xc − Xwh) + F(t) + d (1)

MwhẌwh = dc(Ẋc − Ẋwh)− dwh(Ẋwh − Ẋg) + Cc(Xc − Xwh)− Cwh(Xwh − Xg)− F(t)− d (2)

Let us assume that X, u and ud represent the state vector, control input and road disturbances
where state variables are as follows:

X1 = Xc − Xwh

X2 = Ẋc

X3 = Xwh − ud

X4 = Ẋwh

(3)

Xc − Xwh and Xwh − ud are vehicle suspension travel and wheel deflection. Ẋc and Ẋwh are vehicle
body and wheel velocity respectively. In addition, Ẍc and Ẍwh are vehicle body and wheel acceleration.
Hence, in matrix form, we can write:

X =


X1

X2

X3

X4

 =


Xc − Xwh

Ẋc

Xwh − Xg

Ẋwh

 (4)

where u(t) = F(t) and ud = Ẋg. Furthermore, d is bounded external disturbances, i.e., d ≤ |s|∆ ,
where ∆ > 0. Hence, the equations of motion can be presented in more expedient state-space form:

Ẋ(t) = AX(t) + Bu(t) + Eud + Md (5)

or in matrix form, it can be written as follows:
Ẋ1

Ẋ2

Ẋ3

Ẋ4

 =


0 1 0 −1
− Cc

Mc
− dc

Mc
0 dc

Mc

0 0 0 1
Cc

Mwh

dc
Mwh

− Cwh
Mwh

− dc+dwh
Mwh




X1

X2

X3

X4

+


0
1

Mc

0
− 1

Mwh

 u(t) +


0
0
−1
dwh
Mwh

 ud +


0
1
0
−1

 d (6)

The model can be extracted as follows:

Ẋ1 = X2 − X4

Ẋ2 = − Cc

Mc
X1 −

dc

Mc
X2 +

Cc

Mc
X4 +

1
Mc

u(t) + d

Ẋ3 = X4 − ud

Ẋ4 =
Cc

Mwh
X1 +

dc

Mwh
X2 −

Cwh
Mwh

X3 −
dc

Mwh
X4 −

dwh
Mwh

X4 −
1

Mwh
u(t) +

dwh
Mwh

ud − d

(7)

The model presented in (7) has numerous advantages. Due to its simple, and low dynamic order
it helps in understanding the dynamic behavior of vehicle. Furthermore, it also provides good basis
for designing the active damping controllers.
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3. Control Methods

3.1. PID Controller

PID controllers are frequently selected for feedback control in automated industry. To measure
the resulting error, the PID controller calculates the gap within the measured value of process and
optimal set point value. PID has the potential of reducing the steady-state error by regulating the
process control inputs.

Figure 3 demonstrates the block diagram of PID controller for the active suspension system.
Building blocks of PID controller includes three special variables which in result becomes the reason of
the name of controller, i.e., Proportional, Integral and Derivative denoted by kp, ki and kd. respectively.
These variables are tuning gains of this controller.

u(t) = kpe(t) + ki

∫
e(t)dt + kd

de(t)
dt

(8)

where e(t) = yre f − y represents the change among the existing value y and relative reference value
yre f of the system.

Figure 3. Block diagram of PID controller interface.

3.2. Linear Quadratic Regulator

In vehicle suspension control studies, the LQR control scheme is significant. The effectiveness of
this technique is that the performance indicator elements are measurable as per the requirements of
user or other restraints. The state-variable form of the system is written as follows:

Ẋ(t) = Cx(t) + Du(t) (9)

State and control vector are x(t) ∈ Rn and u(t) ∈ Rm, when the initial condition is zero. Here,
we suppose that our states are measurable. As state-variable feedback control (SVFB) provides essential
closed-loop properties. So, state-variable feedback regulator is written as:

u(t) = −Gx(t) (10)

where G is the matrix of feedback gain and u(t) is the control input. Substituting (10) in (9) yields:

Ẋ(t) = (C− DG)x(t) (11)

The general form of the cost function of the n-th order system is written as follows [30]:

M =
∫ ∞

0
[XT(t)Q(t)X(t) + uT(t)R(t)u(t)]dt (12)
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To build an optimal SVFB, first we need to define performance index.

M =
1
2

∫ ∞

0
(x(t)TQx(t) + u(t)T Ru(t))dt (13)

where matrix Q and R are representing diagonal matrices of admissible order. Now, replacing the
SVFB control in (13), we get:

M =
1
2

∫ ∞

0
x(t)T(Q + GT RG)xdt (14)

Therefore, feedback gain G is represented as follows:

G = R−1DT P (15)

where P is the auxiliary matrix which must satisfy the Riccati equation as given below:

PC + CT P− PDR−1DT P + Q = 0 (16)

In control theory, Riccati equation has great significance. By using the quadratic equation, we can
solve the auxiliary matrix P if the entries of matrices Q, R, C and D are known.

3.3. First-Order Sliding Mode Control

FOSMC strategy is acknowledged as one of the efficient solution for vibrant workplace with
higher-order systems as it offers robust feedback for nonlinear dynamic systems. In FOSMC design
process, performance specifications and closed-loop stability are two primary objectives. Initially, it is
essential to find sliding mode surface that enables the system to reach its destined final value. It helps
the system to remain unaware of the internal and insignificant disturbances. Final phase is to design
feedback control law which directs the controlled variable to its target value. By using sign function,
sliding surface is given as follows:

s =
(

d
dt

+ λ

)
e (17)

where e = yre f − y and y = Xc − Xwh. Now, for the stability condition, consider Lyapunov function
as follows:

n =
1
2

s2 (18)

ṅ = sṡ (19)

The time derivative of (17) is derived as follows:

ṡ = ë + λė (20)

By using (7) in (20) yields:

ṡ =ÿre f − Ẋ2 + Ẋ4 + λẏre f − λ(X2 − X4)

=ÿre f

(
− Cc

Mc
X1 −

dc

Mc
X2 +

dc

Mc
X4 + d

)
+

(
Cc

Mwh
X1 +

dc

Mwh
X2 −

Cwh
Mwh

X3 −
dc

Mwh
X4

+
dwh
Mwh

X4 +
1

Mwh
ud − d

)
+ λẏre f − λ(X2 − X4)−

(
1

Mc
+

1
Mwh

)
u(t)

(21)
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Using (21) and (17) in (19) we get:

ṅ =s[ÿre f − Ẋ2 + Ẋ4 + λẏre f − λ(X2 − X4)]

=[ÿre f −
(
− Cc

Mc
X1 −

dc

Mc
X2 +

dc

Mc
X4 + d

)
+

(
Cc

Mwh
X1 +

dc

Mwh
X2 −

Cwh
Mwh

X3 −
dc

Mwh
X4

+
dwh
Mwh

X4 +
dwh
Mwh

ud − d
)
+ λẏre f − λ(X2 − X4)−

(
1

Mc
+

1
Mwh

)
u(t)]s

(22)

Thus, the stability condition can be written as follows:

ṅ ≤ −ξ |s| (23)

The Lyapunov function should be V > 0 and V̇ ≤ 0. Initially, the system states will be directed
to the sliding mode surface and then hold them on the sliding mode surface as far as the source
approaches asymptotically; where ξ is the positive constant. The above expression is known as
reaching or sliding condition of the system.

For FOSMC, the standard form of discontinuous control law is given as follows:

UD = ksgn(s) (24)

where k is constant parameter for manual configuration and is culpable for the reaching part. Chattering
phenomena in FOSMC drops the performance of the system which occurs close to the desired
equilibrium position. This issue could be fixed more comprehensively if the discontinuous control UD
is defined as in [31].

UD = k
s

s + δ
(25)

Chattering can be minimized up to significant level through the manual adjustment of the
parameter δ, which is the chattering control component. If e(t) is zero, then system can remain on the
sliding mode surface all the time. Thus,

ds
dt

= 0 (26)

Feedback control design for SMC consists of two parts, i.e., equivalent control and switching
control. Equivalent control Ueq is accountable to hold the system trajectories on the sliding surface,
while switching/discontinuous control UD is responsible for moving the system trajectories in the
direction of sliding surface. Ueq can easily be solved when ṡ = 0. Control law for SMC can be expressed
as follows:

u(t) = Ueq + UD (27)

We can achieve Ueq by setting ṡ = 0 in (21) as follows:

Ueq =

[
1

Mc
+

1
Mwh

]−1
(ÿre f − f1 + f2 + λẏre f − λ(X2 − X4)) (28)

where

f1 = − Cc

Mc
X1 −

dc

Mc
X2 +

dc

Mc
X4 + d

f2 =
Cc

Mwh
X1 +

dc

Mwh
X2 −

Cwh
Mwh

X3 −
dc

Mwh
X4 −

dwh
Mwh

X4 −
1

Mwh
u +

dwh
Mwh

ud − d
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Now, combining with the discontinuous control while considering the technique of nullifying
chattering, the controller can be written as follows:

u(t) =
[

1
Mc

+
1

Mwh

]−1
(ÿre f − f1 + f2 + λẏre f − λ(X2 − X4)) + k

s
s + δ

(29)

3.4. Integral Sliding Mode Control

High oscillations in FOSMC harm the performance, decrease the life of actuators and increase the
settling time whereas, integral sliding mode minimizes the cost functionality and unwanted oscillations
in which system dynamics are weedy against the disturbances. In ISMC, trajectories of the system begin
from the sliding surface while the reaching phase is eradicated. The ISMC improves the performance
by generalizing higher-order system derivatives and adding trajectories into the sliding surface of the
system. It also controls the matched disturbances and sustains the model monotonically. States are
moved towards sliding manifolds, and sustainability relies on sliding boundaries. The sliding surface
for ISMC can be defined as follows [32]:

s = ė + λe + zi (30)

where zi is representing an integral part, which helps in termination of the uncertainties of the system.
The time derivative of the surface ṡ = 0 to maintain the system on the required path. In this way,
the trajectories of the system do not leave the surface ṡ = 0, i.e.,

ṡ = ë + λė + żi = 0 (31)

By using (19) the stability analysis of integral SMC is as follows:

ṅ = s(ë + λė + żi)

≤ −ξ |s| − σ(s2)
(32)

where σ and ξ are positive factors.
The equivalent controller for ISMC can be obtained as follows:

Ueq =

[
1

Mc
+

1
Mwh

]−1
(ÿre f − f1 + f2 + λẏre f − λ(X2 − X4) + zi) (33)

Let the total ISMC can be obtained by using Equations (33) and (25) in (27) with invoking the
effect of robustness:

u(t) =
[

1
Mc

+
1

Mwh

]−1
(ÿre f − f1 + f2 + λẏre f − λ(X2 − X4) + zi) + k

s
s + δ

(34)

3.5. High Order Sliding Mode Controller with Super Twisting Algorithm

To improve the system performance, second-order sliding mode controller based on STA is
proposed. When the boundary is known STA generates control function continuously, thus sliding
variable and its derivative are driven to zero in predetermined time in the presence of matching
uncertainties with bounded gradient. Since the integrand function of STA contains discontinuous
function, the chattering is not eliminated but is rather weakened. In contrast to other second-order
sliding mode controllers, STA is suitable for controlling the system that appears in the first derivative
of the sliding surface (s).
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The physical meaning switching/discontinuous control UD is to make the trajectories of the
system to move towards (sliding surface) HOSMC can be expressed as follows:

u(t) = Ueq + UD (35)

The equivalent control is obtained by referring to (28)

Ueq =

[
1

Mc
+

1
Mwh

]−1
(ÿre f − f1 + f2 + λẏre f − λ(X2 − X4)) (36)

where

f1 = − Cc

Mc
X1 −

dc

Mc
X2 +

dc

Mc
X4 + d

f2 =
Cc

Mwh
X1 +

dc

Mwh
X2 −

Cwh
Mwh

X3 −
dc

Mwh
X4 −

dwh
Mwh

X4 −
1

Mwh
u +

dwh
Mwh

ud − d
(37)

Super twisting algorithm is used for UD representing discontinuous part of the total control law.
The STA was introduced as follows [33]:

UD = −k1 |s|
1
2 sgn(s) + ρ (38)

where ρ̇ is defined as follows:

ρ̇ = −k2sgn(s)

= −k2sgn(ẏre f − Ẋ1 + λ(yre f − X1))
(39)

Here, k1 and k2 gains are designed and selected as 1.5
√

θ and 1.1
√

θ, respectively, where θ is the
positive constant. This algorithm only works with bounded gradients when the controller is designed
to maintain the sliding surface. By using equations of the system, equivalent control (33) and STA for
the direct control (38), the control signal of the proposed HOSMC for active quarter-vehicle suspension
system is calculated as follows:

u(t) =
[

1
Mc

+
1

Mwh

]−1
(ÿre f − f1 + f2 + λẏre f − λ(X2 − X4)− k

∣∣∣ẏre f − Ẋ1 + λ(yre f − X1)
∣∣∣ 1

2

sgn(ẏre f − Ẋ1 + λ(yre f − X1)) + ρ

(40)

If HOSM is properly designed the convergence of HOSMC can be asymptotic and it can totally
remove the chattering effect.

4. Numerical Simulation Results and Discussion

This section presents numerical simulations results to show the effectiveness of the developed
methods. It also demonstrates the impact of various controllers on the system performance. Before
illustrating the numerical simulations discussion, a brief description about practical implementation
of active vibration control is deliberated. A practical test rig (Quanser) active quarter-car suspension
system consists of an amplifier, data acquisition card and a personal computer. The test rig is consisted
of three plates led on four columns using linear bearings. The topmost plate is the vehicle body mass
Mc, the middle plate is the wheel axle assembly with mass Mwh and the lowest plate is for road inputs
driven by a DC motor. There are springs between the plates that present Cc and Cwh. Also, the linear
bearings generate damping with dc and dwh, respectively. To measure the acceleration of vehicle body
an accelerometer is used. Three encoders are used to measure the vehicle body displacement Ẋc,
suspension deflection travel (Xc − Xwh), and road input Xg. A DC motor placed between sprung
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(vehicle body) and unsprung (tire) masses is used to generate desired forces u(t) based on active
control laws to overwhelm vibrations of the sprung mass [27].

In this study, simulation based on mathematical model active control algorithms such as PID, LQR,
SMC law, ISMC law and HOSMC law are implemented using MATLAB/SIMULINK. Performance of
the suspension system in terms of ride performance and vehicle handling is taken into consideration
under road disturbances. The main objective is to attain small amplitude value for vehicle body
displacement Ẋc, suspension travel (Xc − Xwh) and wheel deflection (Xwh − ud).

Figure 4 shows the block control system of active suspension. The main goal of the controller is
to decrease the acceleration and displacement with respect to the open-loop or passive suspension
system, to give ride comfort to passengers. The problem is to find the suitable SMC signal u(t) that
derives system states to the desired trajectory, i.e., X(t) = Xd. The controller gain is chosen suitably by
hit and trial method until the error X(t)− Xd approaches to zero.

Figure 4. Schematic diagram of the closed-loop control system.

External disturbances d are added to the system as shown in Figure 5.

Figure 5. Road disturbances.

Table 2 represents the control parameters for each control strategy.

Table 2. Active controller’s parameters.

Active Controllers k δ λ k1 k2 Q R kp ki kd

HOSMC - - 100 31.5 2.2 - - - - -
ISMC 10 0.5 50 - - - - - - -

FOSMC - - - - - diag(1000, 20, 80) 1 - - -
LQR 20 0.04 3 - - - - - - -
PID - - - - - - - 100 4000 50
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Figure 6 shows the road disturbances to test the active damping control performances.
The simulation time for each simulation is set to 6 s with frequency 8 HERTZ by following equation.

xg =


c(1− cos8πt) 1 ≤ t ≤ 2
d(1− cos8πt) 3 ≤ t ≤ 4

0 otherwise
(41)

where c = 0.03 and d = −0.01.

Figure 6. Road Disturbances.

Figures 7 and 8 show the comparison performance of all proposed controllers in terms of vehicle
vertical displacement and suspension deflection.

Figure 7. Vehicle body displacement.

Figure 8. Suspension deflection.
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Moreover, Figure 9 shows the performance comparison analysis of all proposed controllers in
terms of wheel deflection of the system.

Figure 9. Wheel deflection.

Figure 10 shows the control efforts of each controllers, i.e., PID, LQR, SMC, FOMSC, ISMC and
HOSMC. It can be clearly seen that sliding mode control laws produce better performance for active
vehicle control. Simulation results prove that PID and LQR give better road holding than passive
suspension, while SMC and ISMC achieve better control ride performance. Of all, STA-based HOSMC
provides better road holding against road disturbance and also provides superior performance to other
active proposed controllers.

Figure 10. Control Efforts.

It can be clearly noticed that the classical PID and FOSMC performance are superior than passive
suspension system and it also reduces the undesired oscillations known as chattering. Although the
ride comfort is enhanced by using LQR and ISMC, but the output obtained by STA-based HOSMC
yields better performance. When active control signals are applied to the system, the suspension
deflection reduces, as seen in the latter figure.

The performance index (PI) which is used to calculate various algorithms is stated as follows:

PI =
1
2

∫ t

0
HT

p ZHpdt (42)



Algorithms 2020, 13, 10 13 of 15

where Hp represents displacement vector, Z is an identity matrix. HRMS
p is the root mean square value

of displacement sprung and unsprung masses of the system, which are calculated as follows:

HRMS
p =

√
1
2

∫ t

0
[h(t)]2 dt (43)

ḦRMS
p =

√
1
2

∫ t

0

[
ḧ(t)

]2 dt (44)

where h(t) and ḧ(t) show the vertical displacement of the sprung mass of the system. The performance
indices values of different proposed active controllers are shown in Table 3.

Table 3. Performance indices of different proposed active controllers.

Sprung Mass Active Controller PI HRMS
p ḦRMS

p

Passive 0.00075 0.0222 0.7583
PID 0.00060 0.0209 0.6556
LQR 0.00054 0.01989 0.5799

Body displacement FOSMC 0.00043 0.01792 0.4478
ISMC 0.00021 0.01298 0.3007

HOSMC 0.00019 0.01156 0.2883

Nonlinear control techniques, FOSMC and ISMC have an edge over linear control techniques
i.e., PID and LQR. It is evident from the results that STA-HOSMC addresses all the problems and
yields better performance as compared to other control algorithms.

5. Conclusions

In this paper, active damping control strategies such as FOSMC, ISMC and HOSMC are developed
for the quarter-car model to improve the performance for ride ease. The designed sliding mode
strategies are compared with LQR, PID and traditional passive suspension system. The performance of
each active control is analyzed in terms of vertical displacement, suspension travel and wheel deflection
by the execution of simulations using MATLAB/Simulink on the active vehicle suspension system.
Also, the performance indices-based performance of controllers are calculated. The quantitative and
qualitative analysis verified that the STA-based HOSMC has the ability to diminish the external road
disturbances that effects the vehicle stability and provides better control performance to FOSMC,
ISMC, PID, LQR and passive suspension system. In future work, this research study can be expanded
to design real time optimal nonlinear state feedback control of vehicle suspension to improve the ride
ease and vehicle stability.
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