
Vol.:(0123456789)

SN Applied Sciences (2020) 2:190 | https://doi.org/10.1007/s42452-020-1945-7

Research Article

Backstepping LQG controller design for stabilizing and trajectory 
tracking of vehicle suspension system

Akshaya Kumar Patra1

Received: 17 May 2019 / Accepted: 3 January 2020 / Published online: 10 January 2020 
© Springer Nature Switzerland AG 2020

Abstract
The aim of this paper is to design a backstepping linear quadratic Gaussian controller (BLQGC) for a vehicle suspension 
(VS) system to improve the ride comfort by absorbing the shocks due to a rough and uneven road. For designing of the 
BLQGC, a forth order linearized model of the VS system is considered. In this control strategy, the conventional linear 
quadratic regulator is re-formulated with a state estimator based on the backstepping control approach to improve the 
control performance. The validation of improved control performance of BLQGC is established by comparative result 
investigation with other published control algorithms. The comparative results clearly reveal the better performance of 
the proposed approach to control the oscillation of the VS system within a stable range in terms of accuracy, robustness 
and handling uncertainties.
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1 Introduction

In recent times, many researchers in the field of vehicle 
suspension (VS) system dynamics have devoted to arrive 
at an optimal solution with a compromise between vehi-
cle handling, ride comfort and stability. There is a need 
for better approach today as the above problems are very 
much evident in the modern vehicle cases. Specific to the 
large sedan and luxury cars, even if excellent ride qualities 
are achieved, it is limited to acquiring adequate handling 
behaviour. With reference to sports vehicles, although it is 
provided with very good handling capability, but fails to 
provide desirable ride quality. There are many options in 
between for variations in the designing stage of the vehi-
cle manufacturers to meet the customer needs. Designing 
point of view, passenger comfort and vehicle control are 
the two primary objectives to be considered. Road distur-
bances such as bumps or potholes are to be handled not 
to sacrifice the passengers comfort. At the control stage 

these factors are generally considered either through 
keeping the vehicle body from rolling and pitching exces-
sively, or by maintaining good contact between the tire 
and the road.

Now a day’s hydraulic dampers (shock absorbers) and 
springs are extensively used for vehicle suspensions. As 
a principle, these are charged with the job of absorbing 
bumps, minimizing the vehicle’s body motions during 
acceleration, braking and turning of the vehicle, and keep-
ing the tires in contact with the road surface. However, 
from the design point view these objectives are contradic-
tory to each other to achieve all simultaneously at their 
optimum level.

The spring and the damper are the two essential com-
ponents in VS design. The spring design mostly depends 
on the weight of the vehicle. The damper design is based 
on the suspensions placement on the compromise curve 
and so it is essential to be perfectly chosen to make the 
optimal vehicle performance for any type of vehicle. For 
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ideal performance, the damper should act such that pas-
sengers isolate from low-frequency road disturbances and 
absorb high frequency road disturbances. High damping 
is essential to achieve for best isolation of passengers from 
low-frequency disturbances.

However, even though it is desirable to design a high 
damping system, it is on the other degrade the high fre-
quency absorption rate. In other way, providing low damp-
ing the damper offers adequate high-frequency absorp-
tion in terms of scarifying low-frequency isolation. To meet 
these contradictory objectives, it is essential to design and 
focus on automotive suspensions without compromising 
any of the factors mentioned above. As a solution to the 
above, three types of suspensions can be improved. These 
are passive, fully active, and semi-active type of suspen-
sions. The spring and damper are the two basic compo-
nents of the conventional passive suspension. Both the 
components are considered and fixed at the design stage. 
The suspension stores energy in the spring. Later it dis-
sipates energy through the damper.

It is very much needed for further research to develop 
robust control algorithms to enhance the performance of 
VS system. This in turn enhances the vehicle capabilities 
to handle the aforementioned issues. An ideal design of 
suspension system needs to achieve many performance 
characteristics such as: (1) control of body movement (2) 
control of suspension movement and force distribution. 
Performance point of view the suspension should able 
to isolate the body for comfort against the road impact 
and inertial disturbances. These are generally associated 
with cornering and braking or acceleration of the vehicle 
system [1]. As discussed above, many performance objec-
tives are conflicting in nature, that to enhance one the 
other factor degrades. Considering all the objectives, as a 
goal for the designing of a suspension system is difficult 
to meet [2]. Minimisation of vertical force to the passen-
gers can be achieved by minimizing the vertical vehicles 
body acceleration of the suspension. Another factor which 
plays a vital role in passengers comfort is the optimal con-
tact between wheel and road surface and this is essential 
in various driving conditions in order to maximize safety 
factor [3]. Among few design in the past, the system pre-
sented in [4] based on unconstrained optimizations for 
passive suspension (PS) system case is widely accepted 
and used. This successfully performs to achieve the desira-
bility of low suspension stiffness, reduced unsprung mass, 
and an optimum damping ratio for the better controllabil-
ity. As the PS system performs satisfactorily some extent, 
it is considered in many applications for the VS system. 
However, both the suspension spring and damper do not 
supply energy to the suspension system. They only con-
trol the motion of the vehicles body and wheel by limiting 
the suspension velocity. This is computed according to the 

rate specified by the designer. To overcome this issue, the 
Active Suspension (AS) system is considered as an efficient 
option for this application. The AS systems have the abil-
ity to dynamically respond to changes in the road profile. 
It is due to this fact that it can supply energy to produce 
relative motion between the body and the wheel. Sensors 
are provided in suspension system to measure the param-
eters dynamically. The parameters such as body velocity, 
suspension displacement, and wheel velocity and wheel 
and body acceleration are sensed and computed for the 
controller as input parameters [5]. An AS can be thought 
as the integration of the passive components to actuators 
that supply additional forces. These additional forces are 
computed by a feedback control law based on the input 
data from the sensors fixed to the vehicle. For modelling 
the real time dynamic conditions, the uncertainties due to 
system design and other external disturbances are needed 
to be considered for the controller. This motivates for a 
better control design to increase the robustness and con-
trollability under uncertainties and disturbances.

During the past three decades, so many control strat-
egy techniques are suggested and tested by absorbing 
the shocks due to a rough and bumpy road in case of VS 
system. Time-discrete and switching PID control strategy 
is implemented in VS problems with variable control gains 
based on the measured suspension variables [6, 7]. How-
ever, the optimal gain parameter setting, a lesser range 
of robust control and need of change of gain setting with 
varying conditions are the major limitations to limit the 
real time application of these controllers. Among other 
projected robust control algorithms applied for limiting 
the oscillation and velocity of the VS system are fuzzy-logic 
control [8–13], fuzzy-PID control [14], genetic algorithm 
[15], neural network [16], neuro-fuzzy (NF) control [17], 
linear quadratic regulator (LQR) [18], H-infinity (H∞) con-
trol [19, 20], and sliding mode (SM) control [21–23]. How-
ever, even if these control techniques are implemented 
effectively by absorbing the shocks due to the rough and 
bumpy road in case of VS system with enhanced accuracy 
and damping of oscillation, still fail to handle various con-
straints and random change found in a suspension envi-
ronment. These control algorithms are not fully insensitive 
to the disturbances and the uncertainties of the model in 
spite of the improved performance. Hence, optimal con-
trol parameters setting for still better performance and for 
avoiding slow response following road disturbance (road 
impact), the current work suggests an alternative novel 
hybrid technique based on the backstepping control and 
LQR concept.

In this study, a hybrid concept based on backstepping 
control approach and principles of linear quadratic regula-
tor is projected with the title backstepping linear quadratic 
Gaussian controller (BLQGC). The hybrid approach concept 
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leads to an enhanced control performance with respect to 
robustness and time delay compensation characteristics 
to counteract the negative impact of associated errors, 
disturbances and uncertainties. The novel idea followed 
in this formulation is to modify LQR with a state estimator 
according to the approach of backstepping. The states of 
the VS system are estimated recursively based on the back-
stepping approach to improve the system performance. 
Secondly, a stabilizing control law is formulated by using 
the backstepping control approach [24–27]. Application 
of the suggested approach (BLQGC) to control the oscilla-
tion and velocity in vehicle suspension system results to 
ensure a high noise elimination capability, better capabil-
ity to handle uncertainty, enhanced robustness, improved 
accuracy, and better stability in comparison to other well 
established approaches.

This manuscript is organized as follows. Section 2 con-
cisely illustrates the VS model with mathematical details 
reflecting to its dynamic characteristics of its suspension 
vibration process. Also, it clearly demonstrates the simu-
lation execution of the system on MATLAB environment. 
A detailed presentation on how the control technique is 
formulated and how it is implemented for this problem is 
presented in Sect. 3. Comparative results of the proposed 
approach with other published control techniques and 
the related analysis are provided in Sect. 4. The conclud-
ing comments are summarized in the Sect. 5.

2  Problem formulation and modeling

2.1  System overview

The overall closed loop model of VS system is depicted 
in Fig. 1a. The road disturbance w(t) and �(t) are reflected 
as the process disturbance and the sensor noise respec-
tively in this study. The controller receives information 
about the oscillation of the VS system as input to provide 
the optimal control force u(t) , and it is applied in-between 
the unsprung and the sprung mass to reduce the relative 
motion between them.

2.2  Modelling of VS system

In the year 1958, the concept of VS system was emerged 
into limelight. It has been found in the later period that the 
vibration suppression capability is limited in case of tradi-
tional PS and semi-active suspension systems. This leads 
to focus on an AS system with additional control forces as 
a better alternative to the above drawbacks to suppress 
the oscillations and used in modern vehicle industry. The 
major factor that differentiates the active suspension sys-
tem performance wise is the ability to inject energy into 

vehicle dynamic system via actuators unlike dissipates 
energy in case of conventional suspension system. To pro-
duce a desirable control force to handle the variety of road 
disturbances in real time applications, actuators are placed 
in between the unsprung and the sprung mass in AS sys-
tem. The most challenging task of designing an AS system 
is to enhance the ride comfort by absorbing the shocks 
due to the rough and bumpy road. The force actuator in 
the case of the AS system is capable to add and also dis-
sipate energy from the system. This results an increase in 
the ride comfort and vehicle handing due to the capability 
of the suspension system to regulate the vehicle altitude 
and to eliminate the adverse effects of braking and vehicle 
roll during cornering and braking. The schematic model of 
the VS system is illustrated in Fig. 1b.

All the physical activities of the VS system are math-
ematically formulated and specified by Eqs. (1) and (2). All 
nomenclature and specifications for VS model are shown 
in Tables 1 and 2 respectively. The simulation model of the 
VS system is established based on the Eqs. (1) and (2) as 
displayed in the Fig. 1c.

2.3  Linearization of VS system

Figure 1c shows the non-linear model of VS system, and its 
simplified form is shown in Fig. 1d. The state-space equa-
tion of the VS model with w(t) and �(t) can be expressed 
as [18]:
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vertical displacement of the unsprung mass x
2
(t) , verti-

cal velocity of the sprung mass ẋ
1
(t) , and vertical veloc-

ity of the unsprung mass ẋ
2
(t) . The Am, Bm, Cm, Dm and 

Bd represent the matrices of the state-space model of VS 
system. The state-space matrices are found out from the 
linearization of the system dynamics nearby the reference 

Fig. 1  a Closed loop VS model with BLQGC; b schematic model of the VS system; c simulation model of the non-linear VS system; d simpli-
fied diagram of VS system
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point. The detailed derivation is described in the literature 
[18]. In the current study the initial reference such as the 
oscillation and the velocity of the suspension system are 
taken as zero. In MATLAB, the command ‘linmod’ is used 
to evaluate the state-space matrices on the VS model as 
depicted in Fig. 1c. The VS model is linearized surrounding 
the reference point for the design of robust controllers to 
control the oscillation and the velocity of the suspension 
system within the stable range.

2.4  Performance analysis of VS system

There are four poles in VS system. Out of them one pole 
lies in right hand side of the s-plane. As a result, the sys-
tem becomes unstable. This needs the design of an adap-
tive controller for improving the stability of the system by 
means of shifting the poles into the left hand side of the 
s-plane. The VS system SIMULINK model in the open loop 
form is depicted in Fig. 1c. The VS system consists of two 
inputs and two outputs. The control force u(t) and road dis-
turbance (impact) w(t) are the two inputs of the VS system. 
The oscillation and velocity of the suspension system are 
the two outputs of the VS system. An uncontrolled oscilla-
tion and velocity of the suspension system is being observed 
owing to the application of a vertical impulsive road distur-
bance of 0.1 m on the unsprung mass in case of VS system. 
The irregular oscillation and velocity of the suspension sys-
tem are illustrated in Fig. 2a, b. Figure 2a, b illustrates the 
unstable dynamics under various model uncertainties and 
disturbances. These unstable dynamics can be reduced by 
applying the suitable control algorithms. In this case, the 

Table 1  VS model states and 
parameters

Symbol Description

w(t) Road disturbance input acting on the unsprung mass
x
1
(t) Displacement of the Sprung mass in vertical direction

x
2
(t) Displacement of the unsprung mass in vertical direction

[x
1
(t) − x

2
(t)] Oscillation of suspension system

u(t) Applied control force between the sprung and unsprung mass

Table 2  VS model specification values

Symbol Quantity/meaning Value Unit

m
1

Sprung mass (mass of the vehicle sup-
ported by the suspension)

2500 kg

m
2

Unsprung mass (mass of the axle and 
wheel)

320 kg

k
1

Spring constant of suspension system 80,000 N/m
k
2

Spring constant of wheel and tire 500,000 N/m
b
1

Damping coefficient of suspension 
system

350 N s/m

b
2

Damping coefficient of wheel and tire 15,020 N s/m

Fig. 2  a Response of oscillation of the suspension system with road 
impact; b response of velocity of the suspension system with road 
impact
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oscillation of the suspension system is the most essen-
tial outcome needs to be controlled within a stable range 
through suitable control techniques, and velocity of the 
suspension system is analyzed in order to view the motion 
trajectory.

3  Control algorithms

The BLQGC control algorithm is demonstrated in this sec-
tion. The closed loop system response with respect to sta-
bility, accuracy and robustness are analyzed. The control 
specifications such as settling time (s), steady-state error (%), 
overshoot (m) and undershoot (m) are also evaluated and 
examined with proper validation of the controller action.

3.1  Design of BLQGC

The linearized model of the VS system as discussed in 
Sect. 2.3 has been taken for the formulation of the suggested 
control algorithm to regulate the oscillation and the velocity 
of the suspension system. For accomplishing an upgraded 
performance and the adjustment of controller parameters 
of the suggested BLQGC, it is integrated to the linearized 
model of the VS system as illustrated in Fig. 3. The BLQGC is 
designed by integrating a state estimator with the LQR. The 
state estimator is utilized to pull all the states of the system 
towards the operating point to enhance the control action. 
The linearized model of the VS system with w(t) and v(t) is 
formulated as follows:

(4)ẋm(t) = Amxm(t) + Bmu(t) + Bdw(t)

(5)y(t) = Cmxm(t) + �(t)

The both �(t) and w(t) are the Gaussian noise vectors. The 
mathematical demonstrations are as:

The both w(t) and v(t) are uncorrelated, therefore it can 
be defined as follows:

where Q
2
 and R

2
 are symbolized as the positive semi-def-

inite intensity matrices of the w(t) and �(t) respectively. 
Figure 3 illustrates the linearized model of the VS system 
with the LQR gain Kc and backstepping controller gain Kb . 
The computational methods of Kc and Kb are described 
in Sects. 3.1.1 and 3.1.2 respectively. The calculation of 
the Transfer Function (TF) of the BLQGC is described in 
Sect. 3.1.3.

3.1.1  LQR gain Kc

The Kc is evaluated with respect to the VS system dynamics 
for the minimum value of the quadratic performance index 
j as specified in the Eq. (10).

(6)
E{w(t)} = 0

E{�(t)} = 0

}

(7)E
{
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}
= Q

2
�(t − �)
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}
= R

2
�(t − �)

(9)E
{
w(t)�T (�)

}
= 0

(10)j =

∞

∫
0

[
xm(t)

TQ
1
xm(t) + u(t)T R

1
u(t)

]
dt

Fig. 3  Closed loop VS model with BLQGC in the state-space representation
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where Q
1
= CT

m
q
1
Cm . The Q

1
 , q

1
 , and R

1
 are denoted as the 

positive semi-definite weighted matrix of state, the inten-
sity of a weighted matrix of state, and the positive definite 
weighted matrix of input respectively. The Kc is estimated 
for the minimum value of the quadratic performance 
index as specified in the Eq. (11).

where 
∏

k is the solution of the Controller Algebraic Ric-
cati Equation (CARE). The CARE is specified as follows [24]:

3.1.2  Backstepping controller gain Kb

The states of the VS model are estimated recursively based 
on the backstepping approach to improve the system per-
formance. The estimated state-space equation of the VS 
system is defined as:

(11)Kc = R−1
1
BT
m

∏
k

(12)AT
m

∏
k

+
∏
k

Am −
∏
k

BmR
−1
1
BT
m

∏
k

+CT
m
q
1
Cm = 0

(13)

dx̂m(t)

dt
= Amx̂m(t) + Bmu(t) + Kb[r(t) − y(t) − ŷ(t)]

= (Am − BmKc − KbCm)x̂m(t) + Kb[r(t) − y(t)]

ŷ(t) = Cmx̂m(t)

⎫⎪⎬⎪⎭

where x̂m(t) and ŷ(t) are denoted for the estimated state 
and estimated output respectively. The Kb can be com-
puted as follows [24]:

where 
∑

b is the solution of the Lyapunov Equation (LE). 
The LE is specified as follows [24]:

where Kc is evaluated in such a manner that (Am − BmKc) is 
to be Hurwitz. The In is an identity matrix with size of n × n , 
and n is the order of the matrix Am.

3.1.3  TF of BLQGC

The TF of BLQGC, K (s) is evaluated with the use of Kb and 
Kc . The K (s) of BLQGC is defined as:

The packed matrix notation of K(s) is specified as fol-
lows [24]:

(14)Kb =
∑
b

CT
m
R−1
2

(15)
∑
b

(Am − BmKc) + (Am − BmKc)
T
∑
b

+BdQ2
BT
d
+ In = 0

(16)K (s) = Kc(sIn − Am + BmKc + KbCm)
−1Kb

(17)

Fig. 4  The flow chart of 
proposed control algorithm 
(BLQGC)
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The quadratic performance index j is a time integral of 
the sum of transient energy and control energy stated as 
a function of time. Thus, to minimize that particular quad-
ratic performance index j by suitably selecting the state 
weighted matrix Q

1
 , input weighted matrix R

1
 and to solve 

the Riccati equation subjected to system conditions in 

order to determine the optimal control parameters. Two 
control parameters R

1
 and Q

1
 regulate the control input u(t) 

and system outputs respectively. The controller is tuned by 
changing the intensity of Q

1
 matrix to achieve the required 

output. The response of the uncontrolled process in Fig. 2a 
shows a larger effect of road impact in the oscillation of the 
suspension system. For controller design, thus maximum 
weightage is given to the states responsible for the oscilla-
tion of the suspension system. The weighted matrices and 
therefore chosen as 1000 ∗ CT

m
∗ Cm , R

1
= 1 , Q

2
= 0.01 , and 

R
2
= 0.0025 . The entire control algorithm of BLQGC is also 

described through a flow chart as shown in Fig. 4.

4  Result and discussions

Time domain responses of oscillation and velocity, stabil-
ity, and robustness of the closed loop VS system with pro-
posed BLQGC are described in detail in this section. The 
proposed control approach is compared with other popu-
lar control algorithms to justify its enhanced performance.

4.1  Performance analysis of VS system with BLQGC

In this section, all physical activities of the closed loop VS 
model with suggested BLQGC are examined under dif-
ferent conditions and the huge deviation of road impact. 
The time domain response of the oscillation and the veloc-
ity of the suspension system with 0.1 m impulsive road 

Fig. 5  a Response of oscillation of the suspension system with road 
disturbance based on BLQGC; b response of velocity of the suspen-
sion system with road disturbance based on BLQGC

Fig. 6  Control force generated by BLQGC
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disturbance (road impact) at the simulation time of 1.0 s 
is displayed in Fig. 5a, b. The output results clearly specify 
the suspension system attains the zero oscillation and zero 
velocity with less settling time and also attains the balance 
position where the system is absolutely steady. To achieve 
the enhanced system response, the required control force 

u(t) is generated by the suggested BLQGC and demon-
strated in Fig. 6.

4.2  Robustness of the BLQGC

Figure 7a, b illustrates the oscillation and the velocity of 
the VS system with suggested BLQGC under the huge 
deviation of road impact w(t) . The time domain outcomes 
under several road disturbances show the enhanced per-
formance of the closed loop VS model with BLQGC. Overall 

Fig. 7  a Oscillation of the suspension system with deviation 
of ± 40% road impact based on BLQGC; b velocity of the suspension 
system with deviation of ± 40% road impact based on BLQGC

Fig. 8  a Location of VS system poles in s-plane; b location of closed 
loop VS system poles in the s-plane
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in each case, the VS system achieves finally zero oscillation 
and zero velocity with less settling time. As indicated by 
the results, the suggested controller’s robust performance 
under the huge deviation of road disturbances compared 
to other published control techniques is much better.

4.3  Stability analysis

There are four poles in VS system. Out of them one pole is 
in the right hand side of the s-plane as displayed in Fig. 8a. 
Therefore, the system is unstable. For enhancement of 
stability of the VS system, the BLQGC is developed and 
implemented in the VS system. As a result four poles of the 
VS system are dragged towards the left hand side of the 
s-plane as displayed in Fig. 8b. Consequently the system 
stability is enhanced due to the suggested BLQGC.

Figure 9 illustrates the magnitude plots result of the 
open loop and closed loop VS system to verify and analyze 
the stability conditions. From both the magnitude plots, 

it is observed a better smoothness referring to the wider 
stead state stability of closed loop system than the open 
loop system. In other words the bandwidth is increased 
in case of a closed loop VS system with BLQGC than the 
open loop VS system. This clearly indicates a faster sta-
ble dynamics, and also it results zero oscillation and zero 
velocity with less settling time in case of the closed loop 
VS system. This justifies better stability during system 
operation.

4.4  Comparative study

The proposed BLQGC control approach is compared with 
other popular control approaches such as PID, fuzzy, NF, 
LQR, H∞ and SM to justify its enhanced performance as a 
controller. Figure 5a illustrates the effect of road impact in 
the oscillation of the suspension system with the proposed 
BLQGC approach. Table 3 presents a comparative analy-
sis with respect to settling time (s), peak overshoot (m), 
peak undershoot (m), noise (%), and steady state error ess . 
The effect of road impact in the oscillation of the suspen-
sion system applying different control approaches such as 
PID, fuzzy, NF, LQR, H∞ and SM is also presented in Table 3 
based on the references [6, 11, 17, 18, 20, 23] respectively. 
Similar working conditions are followed with the same 
level of actuator and sensor noise in all control techniques 
application for comparison.

The oscillations of the suspension system under 
0.1 m impulsive road disturbance are tested. The cor-
responding results are presented for the various con-
trol approaches along with the proposed BLQGC with 
respect to time domain specifications such as overshoots 
(m), undershoots (m) and settling time (s). The results 
signify the better controllability of the BLQGC. The 
simulation results also demonstrate the high noise and 
chattering elimination capability with high robustness 
for the proposed approach. Overall, by looking to the 
above comparative analysis, the findings of suggested 
approach advantages are the higher accuracy and stabil-
ity, more robustness, high noise elimination capability, 
and better capability to handle uncertainty under vari-
ous conditions and huge variation of road impact.

Fig. 9  The magnitude plot of the open and closed loop VS system

Table 3  Comparative result 
analysis related to oscillation of 
the suspension system

Controller PID [6] Fuzzy [11] NF [17] LQR [18] H∞ [20] SM [23] BLQGC (proposed)

Road disturbance (m) 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Settling time (s) 4.2 4.1 3.7 3.4 3.1 2.9 2.5
Peak overshoot (m) 0.0050 0.0049 0.0047 0.0045 0.0041 0.0040 0.0036
Peak undershoot (m) 0.0042 0.0045 0.0046 0.0042 0.0042 0.0041 0.0040
Noise (%) 10 10 5 5 5 4 1
ess(%) 0 0 0 0 0 0 0
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5  Conclusion

In this paper a novel control strategy BLQGC is proposed 
based on backstepping control approach. To justify its 
enhanced performance, it has been applied and tested 
to control the oscillation and the velocity of the suspen-
sion system in the vehicle. Initially, the VS system is mod-
elled as a forth order state-space representation. Then 
the proposed control approach BLQGC is designed. In 
suggested BLQGC, state estimator based on the back-
stepping approach is utilized to enhance the control 
performance. The comparative results clearly reflect that 
the suggested BLQGC is arrive at better performance 
than the other control approaches such as PID, fuzzy, 
NF, LQR, H∞ , and SM, with respect to stability, reliabil-
ity, and robustness under various abnormal conditions 
and disturbances. The related better performance of 
the suggested approach (BLQGC) in terms of improved 
accuracy and stability, enhanced robustness, high noise 
elimination capability, and better capability to handle 
uncertainty justify its real time application.

The results imply that this type of robust control 
strategy can be implemented in real time using an inte-
grated embedded system for control the oscillation and 
the velocity of the suspension system in the vehicle. The 
focus on the future studies will be on two major topics:

(1) Robust control methods
(2) Performance evaluation

However, during the pre-implementation stage the 
future direction in research will be for developing more 
accurate time dependent mathematical models to test 
and verify the practical scenario.

6  Summary of this manuscript

• Development of a SIMULINK model of a VS system.
• Design of a novel BLQGC to regulate the oscillation of 

the VS system within a stable range from − 5 to + 5% of 
road disturbance and return to smooth ride within 5 s.

• Evaluation of the control actions of the BLQGC under 
huge deviation of road impact.

• Comparative investigation to certify the better 
response of the BLQGC.
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