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1. Introduction

The suspension system is an essential component 
of the car since it determines how comfortable 
the passengers ride and how well the car holds 
the road, which is essential for the ride’s safety. 
The spring and damper are installed parallel to 
each other between the wheel and the body of the 
vehicle, to form the vehicle suspension system, 
which supports the connection between the body 
of the car and its wheels. It is necessary to separate 
the body from road disturbances to increase 
ride quality, which is the primary challenge of 
suspension system regulation.  Moreover, to 
improve ride stability, it is essential to maintain 
tire contact with the road. With soft damping and 
larger suspension deflection, the optimal isolation 
of the sprung mass from road disturbances can 
be achieved for a given suspension spring. 
However, the best road contact can be attained 
by eliminating unwanted suspension deflections 
with stiff damping. Consequently, the quality of 
the ride and the stability of the vehicle are separate 
considerations (Mustafa, Wang & Tian, 2020).

Based on the simplified vehicle model, 
commercial vehicles use the passive suspension 
system to control their vertical motion dynamics. 
The passive suspension system limits the relative 
velocities of the body and of the wheels of the car, 
in order to provide the required ride characteristics. 

The disadvantage of passive suspension systems 
is that they cannot change their dynamics in 
real-time in response to the forces created by 
the irregular terrain. In contrast, semi-active and 
active suspension models have been developed 
to restrict these undesirable movements through 
masses with changeable dynamics (He et al., 
2021). Semi-active suspensions are those in which 
the stiffness coefficient of the elastic element and 
the damping coefficient of the damper element 
can be adjusted to meet the needs of control 
and regulation. Active suspension systems use 
a moving part called an actuator to put the right 
amount of force between the body of the car 
and the wheel axle. Furthermore, despite the 
fact that an active suspension system consumes 
a significant amount of power (Long et al., 
2020), it is widely acknowledged that it is an 
effective method for controlling the trade-off 
between competing performances and improving 
suspension performance. Also, automakers face a 
problem when they try to make driving safer and 
more comfortable: high-performance suspension 
systems can be made only with expensive 
and complicated energy-efficient systems. 
Nevertheless, suspension systems have a major 
impact on the subjective feeling of the car (Sun 
et al., 2014). Even though active suspensions can 
considerably improve ride comfort and safety 
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during travel, designing control algorithms for the 
active suspension system of a vehicle remains a 
challenge (Cao, Li & Liu, 2010). 

In recent years, many diverse control techniques 
have been developed, such as H∞ optimum control 
(Wang et al., 2015), linear parameter varying 
feed-forward control (Fleps-Dezasse et al., 2018), 
backstepping control (Hu & Lin, 2008), and the 
LQR control (Gokul Prassad & Malar Mohan, 
2019). The above methods suffer from several 
drawbacks since they rely on model-based control, 
which requires the creation of a mathematical 
model describing the dynamics of the model and 
applying analytical techniques to this model to 
generate suitable control laws. Nonlinear partial 
differential equations constitute the bulk of 
such mathematical models and are often used to 
describe physical phenomena.  Moreover, most of 
the control strategies mentioned before are based 
on accurate known models. Nevertheless, these 
controllers may be sufficient for the suspension 
system and may give decent trajectory tracking. 
However, the fundamental concern with these 
control systems is that the inescapable presence 
of parametric errors, the truncation of high-
order vibration modes, and the unknown road 
disturbances may worsen the vibration attenuation 
(Mustafa, Wang & Tian, 2019b).

Numerous advanced active suspension control 
approaches, such as sliding mode control 
(Mustafa, Wang & Tian, 2020), adaptive control 
techniques (Pan et al., 2017), intelligent control 
techniques (Shehata, Metered & Oraby, 2015), and 
hybrid-based advanced control (Zhao et al., 2016), 
have been presented to meet the performance 
criteria. The control strategy may be reliable and 
stable enough to counteract the nonlinearities of 
the model like parameter changes and/or outside 
disturbances. However, the control algorithms 
used in these systems have become increasingly 
complex, necessitating massive calculations to be 
performed in real-time. 

In this paper, a simple and effective control 
design is proposed to improve performance 
tracking and overcome the uncertainties of the 
nonlinear mathematical model. First, time delay 
control (TDC) is utilized, which has two parts: 
the time-delay estimation (TDE) component 
meant to cancel nonlinearities and uncertainties 
of the active suspension system and the dynamic 
target component meant to insert desired error 
dynamics into the plant (Jin et al., 2017). Due to 

the TDE technique, a little knowledge regarding 
the suspension model of the car is required based 
on the presumption that the unknown nonlinear 
function does not change considerably over a 
short enough time. Unfortunately, the estimated 
error in TDE appears because of measurement 
noise and discontinuous nonlinearities (Xia et al., 
2016). Second, to overcome the TDE shortcoming, 
an auxiliary radial basis function neural network 
(RBFNN) control is added as a powerful tool to 
reduce the TDE estimation error and improve 
the robustness and accuracy of the model output. 
Also, RBFNN has been widely used because it has 
a simple structure, good approximations, and can 
learn faster. Finally, the adjustability of the actuator 
components is the most important advantage of 
active suspension systems. If this flexibility is not 
used, i.e., if the control gain is selected as a constant, 
this will cause active suspension performance 
degradation under time-varying disturbances or 
tasks. To avoid this, an adaptive control law is 
combined with the RBFNN to adjust gains during 
operation. The essential advantage of the proposed 
controller is that it is easy to implement and design 
because it has a simple control structure. Besides, 
it has superior tracking accuracy and is insensitive 
to unforeseen disturbances. The entire control 
approach suggested in this paper will be referred 
to as Neural Network-Based Adaptive Time-Delay 
Control (TDANNC). 

The rest of this work is organized as shown below. 
Section 2 outlines the problem formulation of the 
nonlinear quarter-car active suspension system 
and the system requirements. A detailed design 
method for a time-delayed adaptive neural 
network controller is shown in Section 3, with the 
stability analysis being verified. The performance 
of the TDANNC controller is demonstrated in 
comparison with the ones of the neural network 
control (NNC), the TDC, the proportional integral 
derivative (PID), and the conventional passive 
system, through simulation results and discussions 
provided in Section 4. Lastly, Section 5 concludes 
this work.

2. Nonlinear Quarter-Car Model 
and System Requirements

2.1 Nonlinear Quarter-Car Active 
Suspension Model

In this subsection, the nonlinear quarter-car 
active suspension model, which has been widely 
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employed in different studies because it is easy to 
use and can capture many important features of 
an actual suspension system, is described in detail 
and shown in Figure 1.

Figure 1 describes the modeling of nonlinear 
quarter vehicle active suspension, where cm  is 
the sprung mass (i.e., it represents the chassis of 
the car), wm  is the unsprung mass (i.e., it displays 
the weight of the wheel of the car), whereas ( )F t , 

( , , )s c wF x x t , ( , , )c c wF x x t  , ( , , )kt w gF x x t , ( , , )ct w gF x x t 
 

stand for the active control force of the actuator, 
the spring and damper force of the suspension 
system and the spring and damper force of the 
wheel, respectively. The displacements of the 
body and axle masses are indicated by the symbols 

cx  and wx , respectively.

The dynamic model of the sprung and unsprung 
masses is given as (Pang et al., 2019):

( ) ( , , ) ( , , ) ( )
( ) ( , , ) ( , , )

( , , ) ( , , ) ( )

c c s c w c c w

w u s c w c c w

kt w g ct w g

m x t F x x t F x x t F t
m x t F x x t F x x t

F x x t F x x t F t

 = − − +


= + −
 − −

  

  

                  

(1)

 
where ( )cx t  and ( )wx t  are the sprung and 
unsprung mass accelerations, respectively, and 
the mathematical expression of ( , , )s c wF x x t ,  

( , , )c c wF x x t 
, ( , , )kt w gF x x t , and ( , , )ct w gF x x t   are 

defined as follows:
3( , , ) ( ( ) ( )) ( ( ) ( ))s c w s c w ns c wF x x t k x t x t k x t x t= − + −        (2)

1

2

( ( ) ( )), ( ( ) ( )) 0
( , , )

( ( ) ( )), ( ( ) ( )) 0
s c w c w

c c w
s c w c w

C x t x t x t x t
F x x t

C x t x t x t x t
− − >

=  − − ≤

   

 

           
(3)

( , , ) ( ( ) ( ))kt w g t w gF x x t k x t x t= −                      (4)
( , , ) ( ( ) ( ))ct w g t w gF x x t C x t x t= −                         (5)

where sk  and nsk  are the linear spring rigidity 
and spatial stiffness coefficients, respectively. 

tk  represents the tire stiffness coefficient and 
tC  is the damping coefficient, with 1sC  and 2sC  

which represent the damping coefficients when 
extending and compressing the piecewise linear 
damper, respectively.

The state-space and output equations for quarter 
vehicle suspension are as follows:

1 2

2

3 4

4

( ) ( )
1( ) ( )
( )

( ) ( )
1( )

( , , ) ( , , ) ( )

( , , ) ( , , ) ( , , )
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(
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F x

x t x t

x t
m t

x t x t

x t

x t F
m

t

 =

 =



=

− − +

+ −

− −



 =




 









 





   

(6)

( )cm t  is always changing due to variations in 
passenger numbers and vehicle body loads, so it 
is determined as the uncertain parameters of the 
control plant in this article, and it is assumed that 
the lower and upper bounds of ( )cm t , denoted as 

mincm  and maxcm , satisfy

{ min max( ) ( ) : ( )c c c c cm t m t m m t m∈ ≤ ≤               (7)

The performance output vector, which contains 
the relevant system quantities as will be defined 
later, in subsection 2.2.4, is the following:

( ) [ ]T
c dyn c wy t x F x x= −                            (8)

with ( , , ) ( , , )dyn kt w g ct w gF F x x t F x x t= +   , denoting the 
dynamic wheel load.

mc

mw

,( ),c c wF x x t , ,( )c ws x x tF

( )F t

cx

wx

, ),( gc wwF x x t , ),( gt wcF x x t 

gx

Figure 1. A quarter vehicle active suspension dynamics model
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2.2 System Requirements and 
Performance Evaluation

The following aspects are regarded to be active 
suspension system performance requirements:

2.2.1 Ride Comfort 

As it is  well known, the primary function of 
active suspension control is to design a controller 
capable of isolating the car body from external 
disturbances, i.e., minimizing the vertical 
acceleration of the car to ensure ride comfort. 

A simple yet widely used measure for ride comfort 
is the root mean square (rms) value of the vertical 
body acceleration ( )rmscx t  that should be reduced. 
Similarly, ( )max( )cx t  can be evaluated to 
consider peaks in the chassis acceleration signal, 
which are especially noticeable during singular 
disturbance events (Heißing & Ersoy, 2010).

2.2.2 Safety Requirement

For a safe ride, the contact between the tire and 
the road is essential. As a result, longitudinal and 
lateral force transfer is made possible, allowing 
the driver to control the vehicle by applying 
the brake, steering, and throttle. Therefore, the 
dynamic wheel load of the rms value of a quarter 
car should be constrained as follows:

( )dyn c wF m m g< +                                           (9)

where g  denotes the gravitational constant and
( )c wm m g+  denotes the static wheel load (Mitschke 
& Wallentowitz, 2004).

2.2.3 Suspension Deflection Requirement

Suspension deflection is well-known to be 
one of the basic performance requirements for 
suspension systems, as the large working space of 
suspension causes damage to vehicle components 
and increases the passengers’ discomfort. Besides, 
given the importance of suspension deflection on 
vehicle suspensions, the suspension dynamic 
displacement should be less than the allowable 
suspension travel, i.e.,

- - maxc w c w c wx x x x= − ≤ ∆                               (10)

where - maxc wx∆  represents the maximum value of 
the suspension deflection. The standard deviation 

-c w std
x x  is utilized for suspension deflection 

analysis rather than the rms value due to the dynamic 
change in the equilibrium position of the suspension 

produced by the asymmetric damping characteristic 
when the suspension is subjected to road-induced 
vibrations (Koch, Kloiber & Lohmann, 2010).

2.2.4 Performance Evaluation

The achievement of the suspension of all 
controllers is investigated in order to evaluate 
the performance of the proposed controller. 
As a result, the performance gains relative to a 
reference system are defined as follows: 

, 1 cont i
g obj

ref i

obj
P

obj
= −

                                    
(11)

 
where cont i

obj  represents the outputs of the 
controlled active suspension, such as root 
mean square (rms) value and peak values. 
Simultaneously, ref i

obj  is the performance of a 
benchmark suspension that serves as the reference. 
A positive value of performance gains ,g objP  
denotes a decrease in the absolute value of the 
corresponding quantity and thus an improvement 
in performance (Wang, Mustafa & Tian, 2018).

3. Proposed Time-Delay Adaptive 
Neural Network Control 
(TDANNC) Scheme 

3.1 Time-Delay Control  
Structure Design

Time-delay control (TDC) has been determined as 
a simple, efficient, and effective control strategy 
for variety of nonlinear plants (Kim et al., 2016). 
The TDC purposefully employs time-delayed 
information to eliminate unknown dynamics and 
unexpected disturbances while inserting the desired 
dynamics of the plant. The unknown nonlinear 
function is assumed to not change significantly for 
a sufficiently brief period of time by the time-delay 
estimation (TDE) method of the TDC. The TDE 
technique estimates and removes nonlinearities 
and uncertainties in the plant by carefully using 
time-delayed information of control inputs and 
state derivatives. Consider the second-order time-
varying nonlinear dynamical system shown below 
(Ahmed, Ghous & Mumtaz, 2022):

( ) ( ( ), ( )) ( ( ), ( ), , ( )) ( )z t z t z t z t z t t W t u tβ= + Γ +         (12)
where ( )z t  and ( )u t  denote the state variables 
and the control vector, whereas ( ( ), ( ))z t z tβ   
and ( ( ), ( ), , ( ))z t z t t W tΓ   represent the known 
dynamics and the unknown dynamics, and ( )W t  
represents the disturbance input.
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Equation (12) can be rewritten in another 
expression as follows:

( ) ( ( ), ( ), ) ( )z t z t z t t u t= Φ +                            (13)
with 

( ( ), ( ), ) ( ( ), ( )) ( ( ), ( ), , ( ))z t z t t z t z t z t z t t W tβΦ = − −Γ     (14)
The main purpose of TDC is to make the output 
( ( ) ( )y t z t= ) of the system to follow the desired 
input trajectory *( )y t . To this end, ( )* )  (y te y t= − ,  

( )* (  )y te ty= −   , and ( )* ( )  y te ty= −   were defined 
firstly. The desired error dynamics is defined 
as below:

( ) 0d pe t e e+ Λ + Λ =                                    (15)

where dΛ  and pΛ  are constant gains, whereas the 
control input can be selected as:

0
ˆ ( ( ),( () ), )zu tt z tu t= −Φ                              (16)

with
*

0 ( ) ( ) ( )d pu y t e t e t= + Λ + Λ                          (17)

The TDE, as a core component of TDC, is used 
to estimate the lumped dynamics ( ( ), ( ), )z t z t tΦ   
in a straightforward manner (Mustafa, Wang & 
Tian, 2019b).
ˆ ( ( ), ( ), ) ( ( ), ( ), )z t z t t z t z t t tΦ ≅ Φ − ∆               (18)

where ( ( ), ( ), )z t z t t tΦ −∆
 is the time-delayed 

value of ( ( ), ( ), )z t z t tΦ 
 with delayed time t∆ . 

From equations (13) – (18), one can get:
ˆ ( ( ), ( ), ) ( ) ( )z t z t t z t t u t tΦ = − ∆ − − ∆              (19)

As a result of equations (16) – (19), the TDC law 
is expressed as follows:

*( ) ( ) ( ) ( ) )( ) (d p zu t y t e t e t t t u t t= + Λ + +Λ − − ∆ − ∆     (20)

By substituting equation (20) into equation (13), 
the error equation can be obtained as follows:

ˆ( ( ), ( ), ) ( ( ),( ) ( ) ( ),) ( ) 0d p z t z t t z te t e t e t z t t+ Λ + Λ −+Φ Φ =      (21)

pΛ  and dΛ  in the equation mentioned above 
determine the dynamics of the stable closed-
loop error, which can be set using the Hurwitz 
criterion, while ˆ( ( ), ( ), ) ( ( ), ( ), )z t z t t z t z t tΦ −Φ  , 
the estimation error, is mostly bounded. However, 
because of the time delay t∆ , the estimation error 
does not have to be zero for actual engineering 
implementation. The estimation error is barely 
under bound with the required pΛ  and dΛ . In 
the following, an adaptive neural network is 
paired with time-delay control to compensate for 
the estimation error.

3.2 Proposed TDANNC Scheme

In this part, adaptive neural network control 
(ANNC) is used as an additional input to counteract 
the estimation error of the TDE. Figure 2 depicts 
the related architecture of the suggested technique. 
The total input signal is expressed as follows:

*( ) ( ) ˆ ( ( ), ) () )( ( )d p NNu t y t e z t t u tt e t= + Λ + −−ΦΛ 

  
(22)

where ( )NNu t  is the additional input of the RBF 
neural network control with an adaptive algorithm. 
Further, the new closed-loop error can be obtained 
as below:

( ) ( ) ( ) ( ( ))d p NNe t e t e t uz tϑ+ = ++ Λ Λ           (23)

where ( )zϑ  denotes the TDE error, which is 
defined as:

( ), ( ) ( ),ˆ( ) ) , )(( ), (z tz t z t z t z t tϑ = Φ −Φ            (24)

Figure 2. A quarter vehicle active suspension dynamics model
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In this paper, an ideal RBF neural network is used 
to design ˆ( )zϑ  in order to approximate ( )zϑ . 
The algorithm of RBF is represented as follows 
(Sifaoui et al., 2009):

* *ˆ( | ) ( )Tz W W h zϑ =                                    (25)

where *W  represents the optimal weight value, that 
must be met with * ˆarg min ( ) ( )W sup z zϑ ϑ = − ,  
and ( )2 2( ) exp / 2h z z c b= − −  denotes the 
Gaussian function for the hidden layer, whereas 
c  and b  represent the center and width of the 
Gaussian function, respectively.

The approximation error can be defined as:
*( ) ( )Tz W h zσ ϑ= −                                     (26)

where the approximation error σ  is mostly bound 
as maxσ σ≤ . 

The closed-loop error can be obtained by 
substituting ( )zϑ  from equation (26) into equation 
(23) as follows:

*( ) ( ( ) () ( ) )Nd N
T

pe t e t e t z u tW h σ+ Λ + +Λ + =    (27)

To compensate the estimation error, i.e.,  
( lim ( ) 0

t
e t

→∞
= ), the following equation should  

be satisfied:
*ˆ ˆ( | ) ( )T

NNu z W W h zϑ= − = −                        (28)

where Ŵ  denotes the estimated parameter for .W  
The adaptive law is formulated as follows (Cheng, 
Hou & Tan, 2009):

ˆ ( )TW E PBh zξ= −

                                      (29)
where ξ  is a positive constant.  and P B  will be 
defined later.

The new closed-loop error equation can be 
expressed as follows:

*( ) ( ) ( ) ( ( ))T
Np Nd u te t e t e t W h z σ= −Λ −Λ + ++    (30)

Let
0 1

0
1

p d

B

ψ
  

=  −Λ −Λ  


  =                                         

(31)

Now, equation (30) can be rewritten as follows:
* ˆ ) ( ) ][ TW WE h zE Bψ σ= + − +                  (32) 

Design a Lyapunov function such as:
* *1 1 ˆ̂( ) ( )

2 2
T TV E PE W W W W

ξ
= + − −

        
(33)

where * ˆW W−  represents the parameter 
estimation error, and P  is the positive-definite 
symmetric matrix, which satisfies the following 
Lyapunov equation.

T P Pψ ψ+ = −Γ                                          (34)

with 0Γ ≥ , and ψ  is given by equation (31).

Now, let * )ˆ[ ( ) ]T h zB W Wκ σ= − + , equation (32) 
can be rewritten as follows:

E Eψ κ= +

                                               (35)
Then,

*1 1 1 ˆ̂( )
2 2

T T TV E PE E PE W W W
ξ

= + + − 

  

     
(36)

By substituting E  from equation (35) into 
equation (36), one can obtain

( ) ( )

( )

*

*

1 1
2 2
1 ˆ̂( )

1 1
2 2
1 1 ˆ̂( )
2

T T T T

T

T T T

T T

V E PE E P E

W W W

E P P E PE

E P W W W

ξ

ξ

ψ κ ψ κ

ψ ψ κ

κ

= + + +

+ −

= + +

+ + −







     

(37)

Now, by substituting equation (34) into equation 
(37), one obtains:

( )
*

*

1 1
2 2

1 ˆ̂( )

1
2

1 ˆ̂( )

T T T

T

T T

T

V E E PE E P

W W W

E E E P

W W W

ξ

ξ

κ κ

κ

= − Γ + +

+ −

= − Γ +

+ −







             

(38)

By adding κ  into the above equation, noting that 
* *ˆ̂( ) ( ) ( ) ( )T T T TE PB W W h z W W E PBh z − = −   , one 

can obtain:

*

*

*

1 ˆ( ) ( )
2

1 ˆ̂( )

1
2

1 ˆ̂( ) ( )

T T T

T T

T T

T T

V E E E PB W W h z

E PB W W W

E E E PB

W W W E PBh z

ξ

ξ
ξ

σ

σ

= − Γ + −

+ + −

= − Γ +

 + − +  







         

(39)

By substituting the adaptive law equation (29) into 
the above, one can obtain:

1
2

T TV E E E PBσ= − Γ +

                             
(40)
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Since 1 0
2

TE E− Γ ≤ , therefore, the approximate 
error σ  can be sufficiently reduced by the 
adaptive neural network compensator, in order to 
obtain 0V ≤ .

Then it can be observed that E  and * ˆW W−  are all 
limited. The convergence is formulated as follow:

max max

min

2 ( )
( )

PBE λ σ
λ

≤
Γ                                  

(41)

where ( )λ ⋅  is the characteristic value, whereas 
maxλ  and minλ  are the maximum and minimum 

value of matrix, respectively.

4. Simulation Results and Discussion

The main purpose of car active suspension control 
is to reduce the acceleration of the body of the 
car in order to enhance the ride comfort. while 
keeping acceptable limits for both suspension 
deflection and dynamic wheel load, in order 
to guarantee ride safety. In this section, the 
TDANNC strategy is tested based on the quarter-
car active suspension model depicted in Figure 1.  
Numerical results are provided to demonstrate 
the efficiency of the control method described in 
this paper by comparing the performances of the 
conventional passive system, of the PID, of the 
TDC, and of the NNC controllers with that of the 
proposed controller. 

The quarter-car model is widely acknowledged 
as adequate for examining some suspension 
performance targets (Tusset, Rafikov & 
Balthazar, 2009). The quarter-car model 
illustrated in Figure 1 has the model parameters 
listed in Table 1. Two degrees of freedom (2DF) 
for vertical motion of the sprung and unsprung 
masses are taken into consideration in this work.

The parameters of TDANNC controller were set 
as follows:

10.1409pΛ = ,  8.1413d =Λ ,  1200ξ = , 
0 1000

1000 0
 

Γ =  
 

 and 0.001secdt = . The initial 

weight value is set to zero, while the ijc  and jb  
parameters of the Gaussian function are specified 
as [ ]2 1 0 1 2− −  and 1.0, respectively. The 
TDC and NNC parameters have the same values 
as the TDANNC parameters. In contrast, PID 
parameters are 5.4068pk = , 3.2513ik = , and 

0.0056dk = .

Note: All of the parameters used in this work 
were calculated using particle swarm optimization 
(PSO); for more information on PSO, see the 
work of Mustafa, Wang & Tian (2019b) and the 
references therein.

The simulation experiments are carried out for 
three distinct road profiles, namely:

Case 1: To demonstrate the efficacy of the 
proposed control law, the typical bump road is 
considered as the road disturbance. The typical 
bump road input is described in (Mitschke & 
Wallentowitz, 1972) as follows:

2(1 cos( t)), for 0, t

0,

b

bg

v Lh
L vx

else

π − ≤ ≤= 
        

(42)

where h  is half of the bump height ĥ , L  is the 
bump length and bv  is the speed of the vehicle 
passing by.

Case 2: The resonance frequency of the body 
of the car is approximately 4 Hz, so an external 
excitation at or near this frequency could result 
in an undesirable oscillation. The sinusoidal road 
profile (see (Mustafa, Wang, & Tian, 2019b)) is 

Table 1. The quarter-car model parameters

Model parameter Symbol Value Unit
Sprung mass mc 94.38 kg

Unsprung mass mw 23.92 kg
Primary spring stiffness cc 8400 N/m

Linear tire stiffness cw 152186 N/m
Friction force spring/damper F f,1 115 N

Friction scaling spring/damper k f,1 125 sec/m
Friction force chassis mass guides F f,2 20 N

Friction scaling chassis mass guides k f,2 125 sec/m
Tire damping coefficient dw 50 Nsec/m
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used to evaluate the effectiveness of the controller 
at frequencies close to the natural resonance of the 
system. The sinusoidal road input is represented 
as follows:

0.006sin 2gx tπ=                                       (43)

Case 3: The random profile is selected in order 
to show the effectiveness of the proposed control 
law. In this case, a class D road profile is chosen; 
the random road input is represented by equation 
(44) as (Mustafa, Wang, & Tian, 2019a):

0 0 0(t) 2 (t) 2 ( ) (t)g g qx f vx n G n vwπ π= − +

    
(44)

where 0f  denotes the cutoff frequency of the road 
space, v  is speed of the vehicle, 0n  is the spatial 
reference frequency, 0( )qG n  is the power spectral 
density of the road profile, and (t)w  is the input 
white noise. The random road excitation is shown 
in Figure 3.

Figure 3. The random road profile

4.1 Results and Discussion of the Bump 
Road Surface

Using TDANNC, NNC, TDC, PID controllers, 
and the conventional passive system, the dynamic 
response of the sprung mass acceleration, the tire 
deflection, and the dynamic wheel load during a 
car crossing over the bump road excitation are 
illustrated in Figures 4–6.

Figure 4. Sprung mass acceleration response under 
bump road excitation

The sprung mass acceleration response for 
various control strategies is shown in Figure 4. 

The highest values for the suggested controller, 
NNC, TDC, PID, and the conventional passive 
system, given in meters per square second, are 
1.3275, 2.1086, 2.9339, 3.0265, and 5.4958, 
respectively. With the suggested controller, the 
body acceleration has a numerical rms value of 
0.3431 m, compared to 0.5611 m of NNC, 0.8267 
m of TDC, 0.8928 m of PID, and 2.0695 m of 
the conventional passive system. Additionally, 
as compared to NNC, TDC, PID, and the passive 
system, the rms value of the body acceleration is 
reduced by the TDANNC by 38.85 %, 58.5 %,  
and 61.67 %, and by 83.42 %, respectively. 
When compared to existing controllers, it can be 
observed that the suggested controller exhibits a 
considerably quicker decline in the amplitude of 
the vehicle body acceleration, which would result 
in much improved ride comfort. 

As shown in Figure 5, the proposed controller 
reduces the peak-to-peak value of the suspension 
deflection. The maximum suspension deflection 
value of TDANNC is 0.0103 m.

Figure 5. Suspension deflection under bump road 
excitation

In contrast, it is 0.0149 m, 0.0115 m, 0.0185 m,  
and 0.0236 m for NNC, PID, TDC, and the 
conventional passive system, respectively. 
Meanwhile, the suspension deflection of the 
TDANNC is smaller than that of the other 
controllers. Furthermore, the steady-state error 
is reduced to zero, resulting in much improved 
vertical motion. Meanwhile, the supplied control 
action keeps the suspension deflection below the 
acceptable limit.

The dynamic wheel load response under bump 
road excitation is shown in Figure 6. The 
TDANNC controller performs a perfect result, 
by enabling both the steady-state error to rapidly 
tend to zero with a tolerable overshoot, and the 
driver to steer, brake, and accelerate the vehicle. 
For the TDANNC, NNC, TDC, PID, and passive 
systems, the maximum values of the dynamic 
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wheel load signals expressed in Newtons are 
588.6025, 627.0944, 674.7201, 707.5472 and 
789.0074, respectively.

Figure 6. Dynamic wheel load response under bump 
road excitation

4.2 Results and Discussion of the 
Sinusoidal Road Surface

The dynamic responses of sprung mass 
acceleration using the passive system, PID, TDC, 
NNC, and TDANNC controllers are shown 
in Figure 7 when the vehicle passes over the 
sinusoidal road excitation. It can be observed 
that the amplitude of the vertical acceleration of 
the body of the car decreases much more rapidly 
in the proposed controller compared to other 
controllers; this will result in a significantly more 
comfortable ride.

Figure 7. Sprung mass acceleration response under 
sinusoidal road excitation

4.3 Results and Discussion about the 
Random Road Surface

Figure 8 shows the dynamic response values of 
the sprung mass acceleration in the case of random 
road stimulation. From this figure, it can be 
observed that the suggested method has the lowest 
amplitude levels compared to other methods. The 
TDANNC minimizes the maximum rms values of 
the sprung mass acceleration by 26.14%, 7.58%, 
49.24%, and 56.51% relative to NNC, TDC, PID, 
and the passive system, respectively. For the tire 
deflection and dynamic wheel load responses, all 
controllers demonstrate an appropriate restriction 

that satisfies ride safety requirements. The 
results demonstrate again that an active vehicle 
suspension system controlled by TDANNC can 
provide a good reaction that fulfills the stability 
of the automobile and a better response in terms 
of ride comfort.

Figure 8. Sprung mass acceleration response under 
random road excitation

Besides, according to International Organization 
for Standardization (ISO) 2361, the sprung mass 
acceleration of a vehicle system in the frequency 
range between 4-10 Hz must be minimized 
to improve ride comfort (Li, Jing & Karimi, 
2014). Due to this factor, the results obtained 
for sinusoidal and random road excitations are 
presented in the frequency domain. Figures 9 
and 10 depict the modulus of the Fast Fourier 
Transform (FFT) of the sprung mass acceleration 
response from 0 to 10 Hz for sinusoidal and 
random road excitations, respectively.

Figure 9. Sprung mass acceleration (amplitude vs. 
frequency) under sinusoidal road excitation

Figure 10. Sprung mass acceleration (amplitude vs. 
frequency) under random road excitation
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4.4 Measurement Results  
and Discussion

To assess the proposed controller, the suspension 
performances of all controllers are visualized 
in spider charts. The resultant performance 
advantages with regard to the passive suspension 
system are displayed in the spider charts in 
Figures 11–13, for bump, sinusoidal, and 
random road profiles, respectively, based on the 
performance gains indicated in subsection 2.2.4 
and equation (11). 

It should be noted that the essential performance 
criteria for ride comfort and vehicle stability are 
car body acceleration ( )cx t , suspension deflection 

( ) ( )c wx t x t− , and dynamic wheel load ( )dynF t . 
Therefore, the primary objectives are to reduce 

( )cx t , c wx x− , and ( )dynF t  in order to enhance 
vehicle stability and ride quality.

Figure 11 displays the results according to the 
bump road profile; numerically, the proposed 
technique may greatly enhance ride comfort and 
safety. It is evident that the TDAFLC technique 
performs better than other controllers when 
compared to them in terms of max( )cx , c rms

x ,  
min( )cx , max( )c wx x−  and c w std

x x− . On the 
other hand, the suggested approach produces 
excellent responses in terms of max( )dynF  and 

dyn rms
F , guaranteeing that the suspension 

performances do not go beyond the boundary 
limits stated in subsection 2.2.

Figure 11. The controller performance measurement 
results under bump road profile

The controller performance measurement results 
for the active suspension system under the 
sinusoidal road profile are shown in Figure 12. It 
becomes clear that the proposed controller meets 

all the performance criteria with excellent results. 
Performance measurements of all the controllers 
on the random road profile are shown in Figure 13. 
Again, it is obvious that the proposed controller 
achieves superb results across the board in terms 
of performance requirements. It should be noted 
that performance degradations in suspension 
deflection ( max( )c wx x−  in Figure 12 and 

c w std
x x−  in Figure 13) are unimportant for all 

controllers because the passive reference exhibits 
extremely low suspension deflections.

Figure 12. The controller performance measurement 
results under sinusoidal road profile

Figure 13. The controller performance measurement 
results under random road profile

Even with varying road inputs, from Figures 11 – 
13, it becomes evident that the TDANNC method 
substantially improves the ride comfort and safety. 
Based on the results of the measurements, it is clear 
that the TDANNC method effectively provides 
sufficient suspension deflection space and minimal 
car-body acceleration while maintaining good 
dynamic wheel load responses. The suggested 
controller ensures safety and comfort for all three 
road profiles. 
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When the amplitude of the bumpy road surface 
is raised by 25 %, the performance advantage 
of TDANNC is further boosted. While retaining 
the rms limitations for dynamic wheel load and 
suspension deflection, the suggested controller 
may improve ride comfort by 30.25 %. However, 
other controllers violate the restrictions for 
dynamic wheel load and/or suspension deflection.

5. Conclusion

This paper proposes a new time-delay adaptive 
neural network control (TDANNC) to resolve 
the classic conflict between improving car 
ride comfort and keeping ride safety within an 
acceptable safety limit. The TDANNC comprises 
three parts: First, the model nonlinearity and 
external disturbances are replaced based on time-
delay control. Second, a radial basis function 
neural network is added to time-delay control to 
obtain a compelling tracking trajectory. Third, 
an adaptive law mechanism is used to achieve 

excellent overall performance across various 
road profiles, which can quickly and precisely 
adjust the neural network control gain online 
based on the control error. Under three different 
types of road disturbances, the performance of the 
proposed TDANNC is evaluated and contrasted 
with that of the conventional passive system, 
TDC, PID, and NNC controllers. The simulation 
results demonstrate the effectiveness and success 
of the proposed strategy. It can be concluded that 
the proposed controller improves ride comfort 
while ensuring ride safety, thus enhancing the 
performance of the active suspension system.
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