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Abstract: This paper considers a full-vehicle model with preview control 
travelling on a random road. The road roughness is modelled as the PSD of  
the random road irregularity provided by integrated white noise which is 
estimated by a deterministic step input. The response of the vehicle model is 
optimised to improve the vehicle performance given by a performance index 
which is the weighted integral of suspension working space, tyre deflection and 
control force. The RMS values of control force, suspension space and tyre 
deflection are computed using the method of spectral decomposition. The 
results show that there is a substantial improvement in the vehicle performance 
in the case of linear-quadratic regulator with preview control compared to the 
linear-quadratic regulator without preview control. 

Keywords: full vehicle model; random road; active suspension; preview 
control; spectral decomposition. 
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1 Introduction 

In recent years, the design of active and semi-active vehicle suspension systems for better 
comfort has been one of the vital research areas when analysing vehicle vibration: Qatu  
et al. (2009), Qatu (2012), Sharma (2017), Sharma et al. (2020), Palli and Ramji (2015) 
and Tseng and Hrovat (2015). Active suspension systems use actuators that generate a 
controlled force counteracting the external excitation as a function of vehicle response. 
Many authors have done research in the active suspension field and shown that the 
preview control in an active control scheme improves vehicle performance well: Birla 
and Swarup (2015), Gong et al. (2011) and Paden et al. (2016). A quarter vehicle model 
has been considered with the active suspension problem design in stochastic optimal 
control format for direct computation of vehicle response has been formulated in the past: 
Nagarkar et al. (2018). Thompson and Pearce (2001) derived a faster and easier method 
for estimating the performance index in the case of a quarter-car vehicle model with 
limited road preview. This method is extended to a half-vehicle model for computing the 
performance index: Thompson and Davis (2003). A more concise way of computing the 
performance index, root mean square (RMS) values of control force, wheel travel and 
tyre deflection was demonstrated by Thompson and Pearce (2003). In a further 
development, a spectral decomposition method was used for computing the RMS values 
accurately for the control force, suspension space and tyre deflection of half vehicle 
model: Thompson and Davis (2005). A nonlinear half-vehicle model with a preview is 
considered and its random response is obtained by the spectral decomposition technique: 
Gopala Rao and Narayana (2008). There is a significantly improved performance 
observed in the front wheel responses with an increased preview distance and it saturates 
after a particular preview distance. The rear-wheel road holding response is observed 
almost the same as the front-wheel road holding response. Prabakar et al. (2009) used a 
preview-based H-∞ active control system and obtained the optimal response of a semi-
active controlled magnetorheological half-car model. The sky-hook controller as a 
feedback controller and the preview data as a feed-forward control for improving ride 
comfort has been used by researchers: Göhrle et al. (2014). Wu et al. (2017) derived the 
augmented error methodology for the design of an optimal preview controller and 
presented the tracking responses of the controller with preview and non-preview with a 
reference signal. The implementation of preview control in tracked vehicle active 
suspension has been investigated in the past: Youn et al. (2017). These authors proposed 
a method for estimating the road disturbance data at the front wheel and utilised this 
information for controlling the following wheels of the vehicle. A quarter-car vehicle 
with a single-degree-of-freedom seat suspension model for improving ride quality has 
been analysed in the past: Alfadhli et al. (2018). This study, it is proposed a cost-effective 
control method in which the preview information was taken from the vehicle suspension 
dynamics instead of from a road profile. A pre-determined feedback-based static preview 
controller was proposed and results show that the proposed controller yields sub-optimal 
performance: Hamada (2019). A remarkable variety of actuators and advanced control 
schemes have evolved over the last few years to improve ride comfort and handling: 
Bhardawaj et al. (2020), Sharma and Sharma (2019), Palli et al. (2021) and Sharma et al. 
(2021b, 2021c). Many of the studies considered quarter or half-car vehicle models in the 
design of the active control suspension systems. But in reality, it is more appropriate to 
consider the bounce, pitch and roll motions of the vehicle in the design of active 
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suspension controllers: Gupta et al. (2016), León-Vargas et al. (2018) and Haddar et al. 
(2021). 

In recent years, full-vehicle models have been used in the design and analysis of 
vehicle suspension control systems. Pedro et al. (2018) considered a full vehicle model to 
design an intelligent controller and carried out the robustness analysis for parameter 
variations and disturbances. A genetic algorithm for determining the optimum 
proportional integrator multi input multi output controller tuning parameters for a full car 
lab setup model with active suspension has also been applied in the past: Haemers et al. 
(2018). Jing et al. (2018) designed a robust H-∞ controller for reducing the vibration 
disturbance to the passengers in the specified frequency range. They adopted a full 
vehicle model for the controller design and the variations in the suspension parameters 
are included in the study. As compared to quarter or half-car, a full-car vehicle model 
considers the roll dynamics and therefore considers the influence of the anti-roll bars as 
well. A half-car model can consider the pitching effect but not the roll: Desai et al. 
(2021), Sharma et al. (2021a). Several researchers have used different active control 
strategies with full car models for the improvement of ride control, stability and vehicle 
performance in the past: Göhrle et al. (2013, 2014, 2015), Kim et al. (2002), Ulsoy et al. 
(2012) and Youn et al. (2014). 

In this study, the preview active suspension control of a full vehicle model has been 
investigated for overall response control of bouncing, pitching and rolling motions 
simultaneously. The vehicle’s response to random road action is optimised based on 
preview control. The choice of optimal preview control is concerned with operating a 
dynamic system at a minimum cost. The previous investigations suggest that preview 
control is capable of reducing the vertical acceleration of the vehicle’s centre of gravity 
with optimal control thus providing better ride comfort as compared with non-preview 
suspension control. The road is formulated as a result of first-order filtered random white 
noise. Using the spectral decomposition method with minimum computational effort, the 
suspension control force, tyre deflection and wheel suspension travel and passenger 
riding comfort are computed for the full vehicle model. The realisation of preview control 
strength on the full vehicle suspension performance under random road excitation is the 
novel part of this work. 

2 Dynamic equations of motion of a full vehicle model 

The full-vehicle model is shown in Figure 1. 
The equations for the considered model are written as: 

• For vehicle body bounce motion, 

1 2 3 4cMy U U U U= + + +  (1) 

• For vehicle body pitching motion, 

( ) ( )1 2 3 4yyI θ U U a U U b= − + + +  (2) 

• For vehicle body rolling motion, 

( ) ( )2 4 1 3xx dI U U U U c= + − +φ  (3) 
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• For front right wheel, 

( )1 11 1 1 1tr fm y k y h U= − − −  (4) 

• For front left wheel, 

( )1 22 3 3 2tf fm y k y h U= − − −  (5) 

• For rear right wheel, 

( )2 13 5 5 3tr rm y k y h U= − − −  (6) 

• For rear left wheel, 

( )2 24 7 7 4tf rm y k y h U= − − −  (7) 

2 cy y aθ c= − − φ  

2 1 1 1 2 2 3 3 4y U U U U= + + +α β β β  (8) 

4 cy y aθ d= − + φ  

4 1 1 2 2 3 3 4 4y U U U U= + + +β α β β  (9) 

6 cy y bθ c= + − φ  

6 2 1 3 2 3 3 5 4y U U U U= + + +β β α β  (10) 

8 cy y bθ b= + + φ  

8 3 1 4 2 5 3 4 4y U U U U= + + +β β β α  (11) 

where 
2 2 2 2

1 2
1 1; ;

yy xx yy xx

a c a d
m I I m I I

= + + = + +α α  

2 2 2 2

3 4
1 1; ;

yy xx yy xx

b c b d
m I I m I I

= + + = + +α α  

2 2

1 2
1 1; ;

yy xx yy xx

a cd ab c
m I I m I I

= + − = − +β β  

2

3 4
1 1; ;

yy xx yy Ixx

ab cd ab d
m I I m I

= − − = − +β β  

2

5
1 .

yy xx

b cd
m I I

= + −β  
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Figure 1 Full-car model 

 

2.1 State-space conceptualisation 

Representing the equations (1)–(7) in state-space model, 

z Az Ku Rw= + +  (12) 

where 

[ ]1 2 3 4 5 15 16
Tz z z z z z z z= … … … …  (13) 

with 

11 1 2 2 1; ;fz y h z y y= − = −  

3 9 1 4 10 2; ;z y y z y y= = = =  

25 3 6 4 3; ;fz y h z y y= − = −  

7 11 3 8 12 4; ;z y y z y y= = = =  

19 5 10 6 5; ;rz y h z y y= − = −  

11 13 5 12 14 6; ;z y y z y y= = = =  

213 7 14 8 7; ;rz y h z y y= − = −  
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15 15 7 16 16 8; ;z y y z y y= = = =  

1 9 2 10 3 11 4 12; ; ; ;y y y y y y y y= = = =  

5 13 6 14 7 15 8 16; ; ; .y y y y y y y y= = = =  

A, K and R are the matrices for the vectors describing the system, control force and road 
input respectively. z(t), u(t) and w(t) are the matrices for the system state, controlling 
force and white noise vectors. The vectors are as follows: 

1 2

3 4

A A
A

A A
 

=  
 

 

1

1

1

1

2

0 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 1 1

0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

tr

tf

k
m

A

k
m

 
 − 
 
− 
 
 

=  
 
 −
 

− 
 
 
  

 

2 8 8 3 8 8[0] ; [0]A A× ×= =  

2

2

3

4

4

0 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 1 1

0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

tr

tf

k
m

A

k
m

 
 − 
 
− 
 
 

=  
 
 −
 

− 
 
 
  
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1 1 2 3
1

1 2 3 4
2

2 3 3 5
3

3 4 5 4
4

10 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0

m

mk

m

m

 
 
 

− 
 
 =

− 
 
 

− 
  

α β β β

β α β β

β β α β

β β β α

 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

R

− 
 − =
 −
 − 

 

1 2 1 2

T
f f r rw h h h h =    

[ ]1 2 3 4u U U U U=  

( )1fh f t T= −  

( )2fh f t T= −  

where T1 and T2 are preview time and wheelbase preview time; hf and hr represent front 
and rear wheel unit step road inputs. 

Power spectral density (PSD) of the random road profile is considered as expressed in 
Thompson and Davis (2005) 

2
( ) ,cVω

ω
Φ =  (14) 

where c is the constant corresponding to the roughness of a given road, ω and V denote 
angular frequency and vehicle velocity. The RMS response of the considered model to 
the unit step input can be obtained by using this relation is considered as given in Davis 
and Thompson (2001). 

From now on, the state vector z(t) corresponding to step input will be taken 
equivalent to the response of the system to random excitation input. 

The RMS values of z(t) and u(t) can be expressed as considered as expressed by 
Thompson and Pearce (2001). 

0
( ) ( ) 2 ( ) ( )T Tz t z t πcV z t z t dt

∞
=   (15) 

0
( ) ( ) 2 ( ) ( )T Tu t u t πcV u t u t dt

∞
=   (16) 
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3 Solution of optimal preview controller equations for a full vehicle model 
using spectral decomposition analysis 

The objective is to optimise the system regarding the minimisation of the weighted sum 
of suspension stroke, road holding and control force at the front and rear wheels. 

The overall performance index is expressed by, 

( )

( ) ( ) ( )
( ) ( )
( ) ( )

1

2

1

2

22 2 2 2
1 2 3 4 1 11 2 3 4

0
2 22

2 1 2 3 3 4 4 3

22
5 5 6 6 5

22
7 7 8 8 7

f

f

r

r

J ρ u ρ u ρ u ρ u q y h

q y y q y h q y y

q y h q y y

q y h q y y dt

∞
= + + + + −

+ − + − + −

+ − + −

+ − + − 


 (17) 

where ρ1, ρ2, ρ3, ρ4, q1, q2, q3, q4, q5, q6, q7 and q8 are weighting factors selected. 
The performance index is written in matrix form as 

( )
0

,T TJ zQz uBu dt
∞

= +  (18) 

where 

[ ]1 2 3 4 5 6 7 80 0 0 0 0 0Q diag q q q q q q q q=  

[ ]1 2 3 4B diag ρ ρ ρ ρ=  

Preview control force, 

( ) ( ) ( )b fu t u z t u r t= +  (19) 

Feedback and feed-forward components ub and uf are given by, 
1 T

bu B K S−= −  (20) 

1 T
fu B K−= −  (21) 

and S is derived by solving the matrix Riccati equation, 
1 0TA S SA SKB KS Q−+ − + =  (22) 

On substitution of equations (19)–(21) in equation (12), 
1 ( )T

cz A z KB K r t Rw−= − +  (23) 

1 T
cA A KB K S−= −  (24) 

In equation (19), r(t) can be written as, 

0cr A r SRw= + =  (25) 

The solution of the equation (25) is given as 
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( )
( ) ( )
( ) ( )

1 1

2 2

0

( ) ( )
1 1 2 1

( ) ( )
3 2 4 2

( ) exp ( ) ( )
T Tc c

T Tc c

T
c

A T τ A T τ

A T τ A T τ

r t A t τ SRw τ dτ

e Sd U T t e Sd U T t

e Sd U T t e Sd U T t

∞

− −

− −

= −

= − + −

+ − + −


 (26) 

Equations (23) and (25) are expressed as, 
1

.
0

T
c

T
c

z z RA KB K
w

r r SRA

−−      
= +      −−      

 (27) 

Writing the equations in diagonal form, eigenvalues and eigenvectors can be evaluated as 
follows. 

1
11 12 11 11

22 22

0
0 0 00

T
c

T
c

V V V V λA KB K
V V λA

−       
=       −−       

 (28) 

Now, submatrix Ac written in spectral decomposition form as 1
1111 .cV A V λ− =  

Let 1
1111V U− =  and 

11 12

220
a

b

x U U z
x U r
     

=     
     

 (29) 

by substituting equation (29) in equation (27), 

11 12

22

0
0 0

a a

b b

x λ x U U R
w

x λ x U SR
         

= +         −         
 (30) 

The solution of equation (30) is obtained as 

( ) ( )

( ) ( )

0 1 2
1 1

0 1 2

3 4
2 2

3 4

0
0

a a a
f fλt b b ba

λt
b a a

r r
b b

x x x
h t T h t T

x x xx e
x e x x

h t T h t T
x x

      
+ − + −               =     −         + − + −        

 (31) 

where h(t) represents the unit step function. 
From equation (26), using 22 22 ,T

cA V λU=  we get 

1 1 2 2

1 1 1

1

1 2 3 4

22 22 1 22 22 2 22 22 3

22 22 4

(0) T T T Tc c c cA T A T A T A T

λT λT λT

λT

r e Sd e Sd e Sd e Sd
V e U Sd V e U Sd V e U Sd
V e U Sd

= + + +
= + +
+

 (32) 

and 

( )1 2

1 2

0 12 22 22 1 22 2

0 22 1 22 2

λT λTa

λT λTb

x U V e U Sd e U Sd
x e U Sd e U Sd

 + 
=    +   
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( )
( )

1

1

1 11 12 1

1 22 1

λT
a

λT
b

x e U U S d
x e U S d

−

−

 − 
=   

   
 

( )
( )

1

1

2 11 12 2

2 22 2

λT
a

λT
b

x e U U S d
x e U S d

−

−

 − 
=   

   
 

( )
( )

2

2

3 11 12 3

3 22 3

λT
a

λT
b

x e U U S d
x e U S d

−

−

 − 
=   

   
 

( )
( )

2

2

4 11 12 4

4 22 4

λT
a

λT
b

x e U U S d
x e U S d

−

−

 − 
=   

   
 

The direct way of computing z(t) and u(t) are obtained analytically as follows: 
To compute the matrix Pyy 

† ††
0 0

( )
( ) ( ) ( ) ( ) ,

( )
a

xx a b
b

x t
P x t x t dt x t x t dt

x t
∞ ∞    = =   

    (33) 

where ‘†’ is the complex conjugate transpose. 
The elements in the above matrix are calculated by 

0
( , ) ( ) ( ) ,xxP i j x i x j dt

∞
= ∗  (34) 

where * denotes complex conjugate. 
The above equation is written as, 

( ) ( )(
( ) ( ))

( ) ( )((
( ) ( ))) *

0 1 1 2 1
0

3 2 4 2

* * *
0 1 1 2 1

* *
3 2 4 2

( , ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( )

i

j

λ t
xx

λ t

P i j e x i x i U t T x i U t T

x i U t T x i U t T X

x j x j U t T x j U t T

x j U t T x j t T e dt

∞
= + − + −

+ − + −

+ − + −

+ − + −


 (35) 

The equation (35) can be written as 

( )0 1 2 3 4
1( , )xx

i j
P i j P P P P P

λ λ
= + + + +

+
 (36) 

*
0 0 0( ) ( )P x i x j=  

( )( )
* *

1 0 1 0 2

* *
1 2 1 20

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )i

P x i x j x i x j
x i x i x j x j x j

= +

+ + + +
 

* * * *
2 3 5 5 3 4 5 5 4

* * *
3 3 4 3 4 4

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

P x i x j x i x j x i x j x i x j
x i x j x i x j x i x j

= + + +
− − −

 

where *
5x  = x0(i) + x1(i) + x2(i) + x3(i) + x4(i). 
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The equation (29) is written as 

11 12

22
.

0
a

b

z V V x
r V x
     

=     
     

 (37) 

From the equation (35), the mean squared z(t), 

2zz sd zzP πC Vp=  (38) 

where 

[ ]
†

11†
11 12 †0 22

.zz xx
Vp zz dt V V P
V

∞  
= =  

   (39) 

From equation (16), preview control optimal force, 

1 ,aT T

b

x
u B G L

x
−  

= −  
 

 (40) 

where L = [SV11SV12 + V22]. 
The mean squared control force, 

2 ,uu sd uuP πC Vp=  (41) 

where 
1 † 1 .T

uu xxp B K LP L KB− −= −    (42) 

4 Results and discussion 

The following parameters for vehicle and road models are considered as an example. 

1 2 1 2

2 2
1 2

3 4

5 6
1 2 5 6

6
9 10 13 14 1 2 3 4

1,136 kg, 2,400 kgm , 400 kgm , 63 , 63 kg,
60 kg, 60 kg, 182, 470 N/m, 1.15 m,

1.65 m, 0.505 m, 0.557 m, 10 , 10 ,
10 , 0.5.

xx yy

tf tf tr tr

M I I m kg m
m m k k k k a
b c d c m q q q q
q q q q ρ ρ ρ ρ

−

= = = = =
= = = = = = =

= = = = = = = =
= = = = = = = =

 

In Figure 2, the performance index is plotted for preview distances (0 and 2 m) at 
different speeds. It is observed from figure that performance improves as preview 
distance increases and saturates after a certain preview distance. Therefore, a limited 
preview distance exists after which the advantage of the preview control is saturated. 

Figure 3 shows the RMS bounce acceleration response of sprung mass with preview 
and without preview for different speeds of the vehicle. It can be observed that the 
bounce acceleration response improves with the look-ahead control compared to the 
response without look-ahead control. The bounce acceleration performance improves as 
the preview distance increases, but it saturates beyond a particular preview distance. 

Figure 4 shows RMS pitch acceleration values as a function of the velocity of the 
vehicle at Pd = 0 and Pd = 2 m. It is seen that preview control has a substantial effect on 
pitch acceleration at all velocities. 
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Figure 2 Performance index variation with velocity at Pd = 0 and Pd = 2 m (see online version  
for colours) 

 

Figure 3 Comparison of RMS sprung mass bounce acceleration between preview and non-
preview cases at different velocities (see online version for colours) 

 

Figure 4 Comparison of RMS pitch acceleration between preview and non-preview cases at 
different velocities (see online version for colours) 
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Figure 5 Comparison of RMS roll acceleration between preview and non-preview cases at 
different velocities (see online version for colours) 

 

Figure 6 Comparison of RMS road holding between preview and non-preview cases for the left 
wheels at different velocities (see online version for colours) 

 

Figure 7 Comparison of RMS road holding between preview and non-preview cases for the right 
wheels at different velocities (see online version for colours) 
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Figure 8 Comparison of RMS road suspension stroke between preview and non-preview cases 
for the left wheels at different velocities (see online version for colours) 

 

Figure 9 Comparison of RMS suspension stroke between preview and non-preview cases for the 
right wheels at different velocities (see online version for colours) 

 

Figure 10 Variation of RMS control force at left with velocity (see online version for colours) 
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Figure 11 Variation of RMS control force at right with velocity (see online version for colours) 

 

Figure 5 shows RMS roll acceleration as the function of the velocity of the vehicle for the 
preview and non-preview cases. It is seen that roll acceleration performance improves 
substantially with the preview control at all velocities. 

The road-holding responses at the left and right wheels are shown in Figures 6 and 7. 
The rear wheels exhibit good road-holding performance when compared with the front 
wheel response. The preview control (pd = 2 m) effect on the performance of front-wheel 
road holding is improved significantly when compared to the front-wheel road-holding 
performance without preview control. The rear wheel road-holding performance is 
improved marginally with preview control (pd = 2 m). 

In Figures 8 and 9, the suspension stroke responses at left and right tyres are plotted. 
The response of the rear wheels is good when compared with front-wheel response. The 
front wheels stroke performance is greatly improved with the preview control at all 
velocities. The preview control effect on the rear wheel suspension stroke response is 
similar as seen in the case of road-holding performance. 

The left and right suspension forces are plotted at different velocities for preview and 
non-preview cases in Figures 10 and 11. The left and right suspension control forces of 
the vehicle with preview control are reduced considerably when compared with the 
control force of the vehicle without preview. The reason could be that the control force is 
one of the terms in the performance index which is minimised as per the preview control 
law. The front and rear wheel control forces with preview control are less compared to 
the control forces of the vehicle without preview. 

5 Conclusions 

The response of a seven-degree-of-freedom full car model active preview control 
suspension system has been studied for overall performance improvement of the vehicle 
suspension system. Random road input is equivalently modelled with unit step inputs. 
The spectral decomposition method was used to reduce the computational effort to 
determine the vehicle response and control forces. Using preview control improves 
overall vehicle performance compared to the non-preview control. However, the benefit 
of the preview control is saturated beyond a particular preview distance. The vehicle’s 
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bouncing, pitching and rolling comfort has been significantly improved. Preview control 
also improves the response, such as front tyres road holding, rear tyres road holding, front 
wheels suspension stroke, and rear-wheel suspension stroke of the vehicle. It is seen that 
the better performance of the preview control system is more pronounced in response to 
the front wheels compared to the response of the rear wheels. 
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