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 

Abstract—  This paper aims to control roll, pitch and vertical 

displacement of the suspended mass in a passenger vehicle 

during on-road drive by means of controlling the active 

suspension system. One of the goals of this control is to isolate 

the suspended mass in the vehicle from any road perturbation to 

ensure a big amount of comfort to the passengers (less roll, less 

pitch and less vibrations). Two strategies are used: the first one 

is based on the adaptive super-twisting second order sliding 

mode control, while the second one lies on the Lyapunov theory. 

We validate both strategies on a double lane change test, and a 

slalom steering test at 100km/h. For this purpose, in addition to 

the active suspension control, we develop a full-vehicle model 

that presents reliable results in many situations during 

maneuver like road-bends, bumps, braking and accelerations. 

 

I. INTRODUCTION 

A vehicle may maneuver in normal situation (straight road, 

bends, bumps) or faces critical situations like avoiding other 

vehicles and hard cornering. In all these cases the driver may 

behave in a wrong way; sudden or hard steering will create a 

lateral acceleration on the vehicle’s body which leads to an 

aggressive roll rotation of the suspended mass; sudden braking 

or hard accelerating will create a longitudinal acceleration 

which leads to a pitch rotation of the suspended mass. Besides 

these actions, and in addition to the road perturbations a 

vertical displacement may occur on the suspended mass. The 

latter is then exposed to roll, pitch and vertical displacement.  

The suspension system acts on each corner of the vehicle 

to attenuate the negative effects of these behaviors and to 

guarantee a specific performance of the suspended mass. The 

choice of the kind and the parameters of the suspension system 

can modify this performance. There are three kinds of 

suspension system, the passive, semi-active and active 

suspension system which are described in [1].  

In this paper, we will discuss the control of the active 

suspension system formed by a spring, a damper and an 

actuator to develop an added active force in order to balance 

the undesirable loads transfer to reject roll, pitch and vertical 

displacement of the suspended mass in a passenger vehicle, 

which leads to isolate the chassis from any perturbation and 

improves passengers comfort. To do that, we will develop in 

Section II a credible full vehicle model that matches with many 
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situations during maneuver like road-bends, bumps, braking 

and accelerations. This model will be used to validate the 

performances of our controllers developed in Section III, the 

first controller is based on the adaptive super-twisting second 

order sliding mode control; and the second one is based on 

Lyapunov’s equations. The goal of these controllers is to 

isolate the chassis from any road perturbation by ensuring less 

roll, pitch and vertical displacement of the suspended mass. In 

Section IV we will validate these controllers using 

Matlab/Simulink. Finally, conclusion and perspectives are 

presented in Section V.  

   

II. FULL VEHICLE MODEL 

A. Vertical model 

1) Quarter vehicle vertical model 

Fig.1 shows the quarter vehicle vertical model, where 𝑚𝑠, 
𝑚𝑢𝑠, 𝑘𝑡, 𝑐𝑡, 𝑘𝑠, 𝑐𝑠, U, 𝐹𝑠, and 𝐹𝑧, are respectively, the quarter 

vehicle suspended mass, unsuspended mass, tire stiffness 

coefficient, tire damping coefficient, suspension stiffness 

coefficient, suspension damping coefficient, actuator force of 

the active suspension system (active force), total suspension 

force and vertical force on the wheel. 𝑧𝑠 𝑎𝑛𝑑 𝑧𝑢𝑠 are 

respectively the vertical displacement of the suspended mass 

and the unsuspended mass, 𝑧𝑟  𝑎𝑛𝑑 𝑔 are respectively the 

vertical profile of the road and the gravitational constant.  

 Around the equilibrium, the equations that describe the 

system variations are:  

 𝐹𝑠 = −𝑘𝑠(𝑧𝑠 − 𝑧𝑢𝑠) − 𝑐𝑠(𝑧̇𝑠 − 𝑧̇𝑢𝑠) + 𝑈 (1) 
 𝑧̈𝑢𝑠 = −𝑚𝑢𝑠𝑔 − 𝐹𝑠 + 𝐹𝑧 (2) 

 𝐹𝑧 = −𝑘𝑡(𝑧𝑢𝑠 − 𝑧𝑟) − 𝑐𝑡(𝑧̇𝑢𝑠 − 𝑧̇𝑟) (3) 
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Fig.1 quarter vehicle vertical model 



 

 

 

To express 𝑧𝑠 and 𝑧̇𝑠, we need to develop the full vehicle 

vertical model  

 

2) Full vehicle vertical model 

In order to express each corner vertical displacement, and 

to express the roll, pitch and center of gravity vertical 

displacement, we will develop, in the following, a full vehicle 

vertical model (see Fig.2). 

Equations (1), (2) and (3) are valid for each corner, let 𝑖 =
{𝑓, 𝑟} index for front and rear, and 𝑗 = {𝑟, 𝑙} index for right 

and left respectively. 

 𝐹𝑠𝑖𝑗 = −𝑘𝑠𝑖𝑗 (𝑧𝑠𝑖𝑗 − 𝑧𝑢𝑠𝑖𝑗) − 𝑐𝑠𝑖𝑗 (𝑧̇𝑠𝑖𝑗 − 𝑧̇𝑢𝑠𝑖𝑗) + 𝑈𝑖𝑗  (4) 

 𝑧̈𝑢𝑠𝑖𝑗 = −𝑚𝑢𝑠𝑖𝑗𝑔 − 𝐹𝑠𝑖𝑗 + 𝐹𝑧𝑖𝑗 (5) 

 𝐹𝑧𝑖𝑗 = −𝑘𝑡𝑖𝑗 (𝑧𝑢𝑠𝑖𝑗 − 𝑧𝑟𝑖𝑗) − 𝑐𝑡𝑖𝑗 (𝑧̇𝑢𝑠𝑖𝑗 − 𝑧̇𝑟𝑖𝑗) (6) 

Let 𝜃, 𝜑 𝑎𝑛𝑑 𝑧 be respectively the roll, pitch and vertical 

displacement of the suspended mass, then each corner vertical 

displacement 𝑧𝑠𝑖𝑗 can be written as a function of these three 

states variables (𝜃, 𝜑 𝑎𝑛𝑑 𝑧). 

 𝑧𝑠𝑓𝑟 = 𝑧 − 𝑡𝑓 𝑠𝑖𝑛 𝜃 − 𝑙𝑓 𝑠𝑖𝑛 𝜑 (7) 

 𝑧𝑠𝑓𝑙 = 𝑧 + 𝑡𝑓 𝑠𝑖𝑛 𝜃 − 𝑙𝑓 𝑠𝑖𝑛 𝜑 (8) 

 𝑧𝑠𝑟𝑟 = 𝑧 − 𝑡𝑟 𝑠𝑖𝑛 𝜃 + 𝑙𝑟 𝑠𝑖𝑛 𝜑 (9) 

 𝑧𝑠𝑟𝑙 = 𝑧 + 𝑡𝑟 𝑠𝑖𝑛 𝜃 + 𝑙𝑟 𝑠𝑖𝑛 𝜑 (10) 

where 𝑡𝑓 , 𝑡𝑟 , 𝑙𝑓 and 𝑙𝑟  are respectively half front track, half 

rear track, wheelbase to the front and wheelbase to the rear. 

𝑧𝑠̇𝑖𝑗 are calculated by time derivative the four above 

equations. 

 𝑧𝑠̇𝑓𝑟 = 𝑧̇ − 𝑡𝑓𝜃̇ 𝑐𝑜𝑠 𝜃 − 𝑙𝑓𝜑̇ 𝑐𝑜𝑠 𝜑 (11) 

 𝑧𝑠̇𝑓𝑙 = 𝑧̇ + 𝑡𝑓𝜃̇ 𝑐𝑜𝑠 𝜃 − 𝑙𝑓𝜑̇ 𝑐𝑜𝑠 𝜑 (12) 

 𝑧𝑠̇𝑟𝑟 = 𝑧̇ − 𝑡𝑟𝜃̇ 𝑐𝑜𝑠 𝜃 + 𝑙𝑟𝜑̇ 𝑐𝑜𝑠 𝜑  (13) 

 𝑧𝑠̇𝑟𝑙 = 𝑧̇ + 𝑡𝑟𝜃̇ 𝑐𝑜𝑠 𝜃 + 𝑙𝑟𝜑̇ 𝑐𝑜𝑠 𝜑 (14) 

The dynamics 𝜃̈, 𝜑̈ 𝑎𝑛𝑑 𝑧̈ of the suspended mass are 

determined using the suspensions’ forces 𝐹𝑠𝑖𝑗 , the effect of the 

lateral acceleration 𝑎𝑦 and the longitudinal acceleration 𝑎𝑥. 

𝑀𝑠, ℎθ 𝑎𝑛𝑑 ℎ𝜑 are respectively the total suspended mass, the 

distance between the center of gravity of the suspended mass 

and the roll rotation center and the distance between the center 

of gravity of the suspended mass and the pitch rotation center. 

𝐼𝑥 and 𝐼𝑦  are respectively the moment of inertia of the 

suspended mass around x axis and y axis. 

 θ̈ = {
(−𝐹𝑠𝑓𝑟 + 𝐹𝑠𝑓𝑙) 𝑡𝑓 + (−𝐹𝑠𝑟𝑟 + 𝐹𝑠𝑟𝑙)𝑡𝑟

+𝑀𝑠(ℎθ + 𝑧)𝑎𝑦
} 𝐼𝑥⁄  (15) 

 𝜑̈ = {
− (𝐹𝑠𝑓𝑟 + 𝐹𝑠𝑓𝑙) 𝑙𝑓 + (𝐹𝑠𝑟𝑟 + 𝐹𝑠𝑟𝑙)𝑙𝑟

+𝑀𝑠(ℎ𝜑 + 𝑧)𝑎𝑥
} 𝐼𝑦⁄  (16) 

 𝑧̈ = {𝐹𝑠𝑓𝑟 + 𝐹𝑠𝑓𝑙 + 𝐹𝑠𝑟𝑟 + 𝐹𝑠𝑟𝑙 −𝑀𝑠𝑔} /𝑀𝑠 (17) 

To calculate 𝑎𝑥  𝑎𝑛𝑑 𝑎𝑦, we need to develop the model of 

the lateral and longitudinal vehicle dynamics. 

B. Lateral and longitudinal vehicle models 

Let 𝛿𝑓𝑙 𝑎𝑛𝑑 𝛿𝑓𝑟 the front wheels steer angles (left and right 

respectively), let 𝐹𝑥𝑖𝑗  𝑎𝑛𝑑 𝐹𝑦𝑖𝑗 respectively the longitudinal 

and lateral forces applied to the wheel ij (see Fig. 3), 

𝐹𝑥𝑖𝑗  𝑎𝑛𝑑 𝐹𝑦𝑖𝑗 depend on 𝐹𝑧𝑖𝑗 and are calculated from the 

Dugoff tire forces model presented in [3].  
 

𝑥̈ = 𝑦̇̇ + (𝐹𝑥𝑓𝑙 𝑐𝑜𝑠 𝛿𝑓𝑙 + 𝐹𝑥𝑓𝑟 𝑐𝑜𝑠 𝛿𝑓𝑟 + 𝐹𝑥𝑟𝑙 + 𝐹𝑥𝑟𝑟 −

              𝐹𝑦𝑓𝑙 𝑠𝑖𝑛 𝛿𝑓𝑙 − 𝐹𝑦𝑓𝑟 𝑠𝑖𝑛 𝛿𝑓𝑟)/𝑀  (18) 

 𝑎𝑥 = 𝑥̈ − 𝑦̇̇ (19) 

 

 𝑦̈ = −𝑥̇̇ + (𝐹𝑥𝑓𝑙 𝑠𝑖𝑛 𝛿𝑓𝑙 + 𝐹𝑥𝑓𝑟 𝑠𝑖𝑛 𝛿𝑓𝑟 + 𝐹𝑦𝑟𝑙 + 𝐹𝑦𝑟𝑟 

      +𝐹𝑦𝑓𝑙 𝑐𝑜𝑠 𝛿𝑓𝑙 + 𝐹𝑦𝑓𝑟 𝑐𝑜𝑠 𝛿𝑓𝑟)/𝑀 (20) 

 𝑎𝑦 = 𝑦̈ + 𝑥̇̇ (21) 

 

̈ = {−𝑡𝑓(𝑐𝑜𝑠 𝛿𝑓𝑙 𝐹𝑥𝑓𝑙 − 𝑐𝑜𝑠 𝛿𝑓𝑟𝐹𝑥𝑓𝑟 + 𝑠𝑖𝑛 𝛿𝑓𝑟𝐹𝑦𝑓𝑟 −

             𝑠𝑖𝑛 𝛿𝑓𝑙𝐹𝑦𝑓𝑙) + 𝑙𝑓(𝑠𝑖𝑛 𝛿𝑓𝑙𝐹𝑥𝑓𝑙 + 𝑠𝑖𝑛 𝛿𝑓𝑟𝐹𝑥𝑓𝑟 +

             𝑐𝑜𝑠 𝛿𝑓𝑙𝐹𝑦𝑓𝑙 + 𝑐𝑜𝑠 𝛿𝑓𝑟𝐹𝑦𝑓𝑟) − 𝑙𝑟 (𝐹𝑦𝑟𝑙 + 𝐹𝑦𝑟𝑟) −

                   𝑡𝑟(𝐹𝑥𝑟𝑙 − 𝐹𝑥𝑟𝑟)}/𝐼𝑧   (22) 

 

where 𝑎𝑥 , 𝑎𝑦 𝑎𝑛𝑑  ̈ are respectively the longitudinal 

acceleration, the lateral acceleration, and the yaw acceleration, 

M is the total vehicle mass and 𝐼𝑧 is the moment of inertia of 

the vehicle around z axis. 

 

III. CONTROLLERS DESIGN 

In order to control roll, pitch and vertical displacement, we 

notice that the control inputs in (15), (16) and (17) are inside 

𝐹𝑠𝑖𝑗, they are the active forces (actuators outputs 𝑈𝑖𝑗) described 

Fig. 3 Horizontal plan vehicle representation 

Fig.2 Full-vehicle vertical model 



 

 

 

in (4). The system is over-actuated since  θ, 𝜑 𝑎𝑛𝑑 𝑧 are the 

state variables to be controlled and 𝑈𝑓𝑟 , 𝑈𝑓𝑙 , 𝑈𝑟𝑟 𝑎𝑛𝑑 𝑈𝑟𝑙  are 

the control inputs. 

We define intermediate control inputs as follows: 

 𝐸𝜃 = (−𝐹𝑠𝑓𝑟 + 𝐹𝑠𝑓𝑙) 𝑡𝑓 + (−𝐹𝑠𝑟𝑟 + 𝐹𝑠𝑟𝑙)𝑡𝑟 (23) 

 𝐸𝜑 = −(𝐹𝑠𝑓𝑟 + 𝐹𝑠𝑓𝑙) 𝑙𝑓 + (𝐹𝑠𝑟𝑟 + 𝐹𝑠𝑟𝑙)𝑙𝑟  (24) 

 𝐸𝑧 = 𝐹𝑠𝑓𝑟 + 𝐹𝑠𝑓𝑙 + 𝐹𝑠𝑟𝑟 + 𝐹𝑠𝑟𝑙 (25) 

 These equations can be written in the form 

 (

𝐸𝜃
𝐸𝜑
𝐸𝑧

) = (

−𝑡𝑓 𝑡𝑓 −𝑡𝑟
−𝑙𝑓 −𝑙𝑓 𝑙𝑟
1 1 1

    
𝑡𝑟
𝑙𝑟
1
)

⏟              
𝐴 (

 
 

𝐹𝑠𝑓𝑟
𝐹𝑠𝑓𝑙
𝐹𝑠𝑟𝑟
𝐹𝑠𝑟𝑙)

 
 

 (26) 

Then, the system to be controlled, given by the equations (15), 

(16) and (17), can be rewritten as:  

 {

θ̈ = {𝐸𝜃 +𝑀𝑠(ℎθ + 𝑧)𝑎𝑦} 𝐼𝑥⁄                   

𝜑̈ = {𝐸𝜑 +𝑀𝑠(ℎ𝜑 + 𝑧)𝑎𝑥} 𝐼𝑦⁄                  

𝑧̈ = {𝐸𝑧 −𝑀𝑠𝑔}/𝑀𝑠                                  

  (27) 

Where 𝐸𝜃 , 𝐸𝜑 𝑎𝑛𝑑 𝐸𝑧 are the new control inputs to the 

system. 

 In section (III.A.1) and (III.A.2) we will develop two higher 

level controllers, respectively, the adaptive super twisting 

second order sliding mode control and a controller based 

directly on the Lyapunov’s theory, where  𝐸𝜃 , 𝐸𝜑 𝑎𝑛𝑑 𝐸𝑧 are 

the higher level control inputs to control the state variables 

θ, 𝜑 𝑎𝑛𝑑 𝑧𝑠 and let them follow respectively the desired 

reference variables θ𝑑𝑒𝑠 , 𝜑𝑑𝑒𝑠  𝑎𝑛𝑑 𝑧𝑑𝑒𝑠. 
In section (III.B) we will develop the low level controller 

where 𝑈∗𝑖𝑗 are the control inputs  to the system.  

Let  𝑒𝜃 = 𝜃 − 𝜃𝑑𝑒𝑠 (28) 

 𝑒𝜑 = 𝜑 − 𝜑𝑑𝑒𝑠 (29) 

 𝑒𝑧 = 𝑧 − z𝑑𝑒𝑠 (30) 

the errors between the three states and their corresponding 

desired variables. 

A. Higher level controllers 

1) Adaptive super twisting second order sliding mode 

control 

This controller aims at reducing the roll, pitch and vertical 

displacement errors and their time derivatives, their 

corresponding sliding variables are chosen as follows: 

 𝑠θ = 𝑒̇𝜃 + 𝑘𝜃𝑒𝜃 (31) 

 𝑠𝜑 = 𝑒̇𝜑 + 𝑘𝜑𝑒𝜑 (32) 

 𝑠z = 𝑒̇𝑧 + 𝑘𝑧𝑒𝑧 (33) 

where 𝑘𝜃 , 𝑘𝜑 𝑎𝑛𝑑 𝑘𝑧 are positive control parameters to be 

adjusted. 

The control inputs  𝐸θ, 𝐸𝜑 𝑎𝑛𝑑 𝐸𝑧 are in the form: 

  𝐸θ = 𝐸1θ + 𝐸2θ + 𝐸𝑒𝑞θ (34) 

 𝐸𝜑 = 𝐸1𝜑 + 𝐸2𝜑 + 𝐸𝑒𝑞𝜑 (35) 

 𝐸𝑧 = 𝐸1𝑧 + 𝐸2𝑧 + 𝐸𝑒𝑞𝑧 (36) 

where    {

𝐸1i = −𝛼𝑖|𝑠𝑖|
1/2𝑠𝑖𝑔𝑛(𝑠𝑖)

𝐸̇2i = −𝛽𝑖𝑠𝑖𝑔𝑛(𝑠𝑖)            
𝑖 =    𝜃 ; 𝜑; 𝑧.               

 (37) 

(𝛼𝑖  𝑎𝑛𝑑 𝛽𝑖 are also controller gains to be adjusted). 

and 𝐸𝑒𝑞θ, 𝐸𝑒𝑞𝜑  𝑎𝑛𝑑 𝐸𝑒𝑞𝑧 are respectively 𝐸θ, 𝐸𝜑 and 𝐸𝑧 when 

𝑠̇𝑖 = 0. After some simple calculations, we can find: 

 𝐸𝑒𝑞θ = −𝑀𝑠(ℎθ + 𝑧)𝑎𝑦 + 𝐼𝑥𝜃̈𝑑𝑒𝑠 − 𝑘𝜃𝐼𝑥(𝜃̇ − 𝜃̇𝑑𝑒𝑠) (38) 

𝐸𝑒𝑞𝜑 = −𝑀𝑠(ℎφ + 𝑧)𝑎𝑥 + 𝐼𝑦𝜑̈𝑑𝑒𝑠 − 𝑘𝜑𝐼𝑦(𝜑̇ − 𝜑̇𝑑𝑒𝑠) (39) 

 𝐸𝑒𝑞z = 𝑀𝑠𝑔 +𝑀𝑠𝑧̈𝑑𝑒𝑠 − 𝑘𝑧𝑀𝑠(𝑧̇ − 𝑧̇𝑑𝑒𝑠) (40) 

The super-twisting sliding mode controller is known for its 

robustness against parameters uncertainties and disturbances. 

It converges to the sliding surface in finite time. However, it 

could cause chattering once the equilibrium is reached. For 

that reason, the controller is made adaptive by multiplying the 

gains 𝛼𝑖  𝑎𝑛𝑑 𝛽𝑖 by  
|𝑠𝑖|

|𝑠𝑖|+𝜀𝑖
 , where 𝜀𝑖 are small positive 

constants. The aim of such term is to attenuate the controller 

gains near to the equilibrium, and then reduce chattering; while 

maintaining the gains far away from the equilibrium to 

guarantee fast convergence. 

2)  Controller based on the Lyapunov theory 

This controller aims at reducing the roll, pitch and 

vertical displacement errors, and their time derivatives by 

ensuring exponential convergences. Let 𝑉𝑖 =
1

2
𝑠𝑖
2 positive 

definite Lyapunov functions, their time derivative 𝑉𝑖̇ = 𝑠𝑖𝑠𝑖̇ 
should be negative, then 𝑠̇𝑖 = −𝛼𝑖𝑠𝑖, where 𝛼𝑖 are positive 

gains to be adjusted, we add to the equations of roll and 

pitch their error time integrator to reduce steady state error. 

 𝑠θ = 𝑒̇𝜃 + 𝑘1𝜃𝑒𝜃 + 𝑘2𝜃 ∫𝑒𝜃𝑑𝑡 (41) 

 𝑠𝜑 = 𝑒̇𝜑 + 𝑘1𝜑𝑒𝜑 + 𝑘2𝜑 ∫ 𝑒𝜑𝑑𝑡 (42) 

 𝑠z = 𝑒̇𝑧 + 𝑘1𝑧𝑒𝑧 (43) 

 

𝑠̇θ = 𝑒̈𝜃 + 𝑘1𝜃𝑒̇𝜃 + 𝑘2𝜃𝑒𝜃 = −𝛼𝜃(𝑒̇𝜃 + 𝑘1𝜃𝑒𝜃 +

𝑘2𝜃 ∫𝑒𝜃𝑑𝑡), 𝑠̇𝜑 = 𝑒̈𝜑 + 𝑘1𝜑𝑒̇𝜑 + 𝑘2𝜑𝑒𝜑 = −𝛼𝜑(𝑒̇𝜑 +

𝑘1𝜑𝑒𝜑 + 𝑘2𝜑 ∫ 𝑒𝜑𝑑𝑡),  

𝑠̇z = 𝑒̈𝑧 + 𝑘1𝑧𝑒̇𝑧 = −𝛼𝑧(𝑒̇𝑧 + 𝑘1𝑧𝑒𝑧),  
After some simple calculations, we can find the high level 

control inputs as follows:  

 

𝐸θ = −(𝛼𝜃 + 𝑘1𝜃)𝐼𝑥(𝜃̇ − 𝜃̇𝑑𝑒𝑠) − (𝛼𝜃𝑘1𝜃 + 𝑘2𝜃)𝐼𝑥(𝜃 − 𝜃𝑑𝑒𝑠) 

 −𝛼𝜃𝑘2𝜃𝐼𝑥 ∫(𝜃 − 𝜃𝑑𝑒𝑠)𝑑𝑡 − 𝑀𝑠(ℎθ + 𝑧)𝑎𝑦 + 𝐼𝑥𝜃̈𝑑𝑒𝑠 (44) 

 

 𝐸𝜑 = −(𝛼𝜑 + 𝑘1𝜑)𝐼𝑦 − (𝛼𝜑𝑘1𝜑 + 𝑘2𝜑)𝐼𝑦(𝜑 − 𝜑𝑑𝑒𝑠) 

−𝛼𝜑𝑘2𝜑𝐼𝑦 ∫(𝜑 − 𝜑𝑑𝑒𝑠)𝑑𝑡 − 𝑀𝑠(ℎ𝜑 + 𝑧)𝑎𝑥 + 𝐼𝑦𝜑̈𝑑𝑒𝑠(45) 

 



 

 

 

 𝐸𝑧 = −𝑀𝑠(𝛼𝑧 + 𝑘1𝑧)(𝑧̇ − 𝑧̇𝑑𝑒𝑠) − 𝛼𝑧𝑘1𝑧𝑀𝑠(𝑧 − 𝑧𝑑𝑒𝑠) +
𝑀𝑠𝑔 +𝑀𝑠𝑧̈𝑑𝑒𝑠 (46) 

B. Low level controller 

Once  𝐸𝜃 , 𝐸𝜑 𝑎𝑛𝑑 𝐸𝑧 are obtained from one of the 

controllers discussed before, we can deduce 𝐹𝑠𝑖𝑗  by doing the 

pseudo-inverse matrix to (26), then we obtain: 

 

(

 
 

𝐹𝑆𝑓𝑟
𝐹𝑆𝑓𝑙
𝐹𝑆𝑟𝑟
𝐹𝑆𝑟𝑙)

 
 
= (𝐴𝑇 . 𝐴)−1. 𝐴𝑇 (

𝐸𝜃
𝐸𝜑
𝐸𝑧

) (47) 

  Finally, by substituting 𝐹𝑠𝑖𝑗  by their values in (4), we 

find the control outputs: 

𝑈∗𝑖𝑗 = 𝐹𝑠𝑖𝑗 + 𝑘𝑠𝑖𝑗 (𝑧𝑠𝑖𝑗 − 𝑧𝑢𝑠𝑖𝑗) + 𝑐𝑠𝑖𝑗 (𝑧̇𝑠𝑖𝑗 − 𝑧̇𝑢𝑠𝑖𝑗) (48) 

We denoted by 𝑈∗𝑖𝑗 instead of 𝑈𝑖𝑗  the controllers outputs 

because the actuators have some limitations.  

C. Actuators limitations 

 The model of the actuator is not developed in this paper. 

However, in order to make the forces developed by the 

controller reliable, we need to take into consideration the 

actuator’s limitations [9]: 

 Time response (0.1 sec). 

 Maximum/minimum force values ( +/- 9800N)  

 

IV. SIMULATION AND VALIDATION 

In this section, we will validate the two controllers 

developed in the previous section using two scenarios. All 

vehicle’s and controllers numerical values parameters are 

defined in [11], here in Table 1 we cite the values (SI units) of 

some important parameters. 

Table 1 Vehicle parameters 

M 1286.4 𝑡𝑓 = 𝑡𝑟 0.773 

𝑚𝑢𝑠𝑖𝑗 40 𝑙𝑓& 𝑙𝑟 1 & 1.6 

𝐼𝑥 534 𝑘𝑠𝑓𝑙 = 𝑘𝑠𝑓𝑟  22639 

𝐼𝑦 1860 𝑘𝑠𝑟𝑙 = 𝑘𝑠𝑟𝑟 12548 

𝐼𝑧 1970 𝑐𝑠𝑖𝑗 700 

  The first scenario is a double lane change maneuver test 

after 10 seconds from starting the test (in the first 10 seconds 

a motor torque is applied to accelerate the vehicle to a desired 

speed), which is considered as a frequent situation that hardly 

solicits the lateral dynamics of the vehicle. The second 

scenario is a slalom test at 100 km/h as starting speed, which 

is an aggressive situation that could drive the vehicle outside 

the stability region. 

The goal is to isolate the suspended mass from any 

perturbation, then the desired variables are 𝜃𝑑𝑒𝑠 = 0; 𝜑𝑑𝑒𝑠 =
0;  𝑧𝑑𝑒𝑠 = 0. 

A. Double lane change maneuver 

The double lane change test is a widespread test, the front 

wheels steering angle is shown in Fig. 5.  

Fig. 6 shows the motor torque applied to the rear wheels 

which can make a considerable acceleration to the body of the 

vehicle with a big amount of jerk. 

The speed of the vehicle is shown in Fig. 7, it increases 

quickly in the first 10 seconds due to high motor torque and 

then slowly due to low torque. 

As an influence on the body of the vehicle, we can notice the 

following. In the first 10 seconds, the suspended mass is 

exposed to a considerable pitch rotation in the open loop 

operation mode due to the motor torque applied to accelerate 

the vehicle (see Fig. 10). We can see clearly that the 

controllers improve the performance of the suspended mass 

by eliminating jerk effect, they suppress almost entirely the 

pitch rotation. 

 In the next 10 seconds, the suspended mass is exposed to a 

considerable roll rotation in the open loop operation mode due 

to the double lane change maneuver (see Fig. 9). We can see 

clearly also the improvement provided by the controllers that 

drastically decrease the lateral acceleration effect induced by 

the steering operation and suppress almost entirely the roll 

rotation. 

Fig. 11 shows also the vertical displacement in controlled and 

open loop operation. This vertical displacement is a 

combination of all perturbations during maneuver and is 

considered as vibrations to be attenuated in order to ensure 

passengers comfort. Since the test solicits especially the roll 

motion, the vertical displacement is not highly disturbed, 

however, we can see clearly that with the proposed 

controllers, these vibrations are highly attenuated with respect 

to the open loop operation. 

Fig. 8 shows the additive active forces of the suspension 

system on each corner, developed by the actuators to isolate 

the suspended mass from any perturbation. The developed 

forces are far from the saturation limit imposed by the 

actuators. To explain the controllers output chattering in the 

first 10 seconds, we notice that the vehicle suspended mass 

has very weak solicitations in this duration (roll, pitch and 

vertical displacement dynamics are near to zero), then the 

active forces demanded by the actuators should be small, but 

in fact, these forces are calculated by doing the pseudo-

inverse matrix described in (47) to a vector who has small 

values near to zero, which will cause problems in the internal 

dynamics and create these chattering. 

Fig. 5 double lane change steer 

Fig. 4 actuator model 



 

 

 

                  Fig. 6 Chicane motor torque 

             Fig. 7 Vehicle speed 

   Fig. 8 actuators outputs (active forces) 

       Fig. 10 Pitch rotation of the suspended mass 

Fig. 11 Vertical displacement of the suspended mass 

B. Slalom steering test at 100 km/h  

The slalom steering test is considered as an aggressive test 

to make sure that the suspension system is still efficient. In 

our paper we use it to validate that the active suspension 

system can isolate the suspended mass even under hard 

situations and at high speed. From this test we can also deduce 

that if the driver steers suddenly at a high speed avoiding an 

obstacle, the vehicle could remain stable and under control. 

Fig. 12 shows the front wheels steering angle with an 

increasing amplitude at a frequency of 0.5 Hz which is 

considered as an aggressive steering. 

The speed of the vehicle decreases with time due to the 

aggressive slalom steering without motor torque besides road 

friction, and is shown in Fig. 13. 

Fig. 14 shows the additive active forces of the suspension 

system on each corner, developed by the actuators to isolate 

the suspended mass from any perturbation. We can notice that 

both controllers provide almost similar control inputs. 

Fig. 15 shows the roll response in the open-loop and 

closed-loop with both controllers. It is obvious that without 

controllers the suspended mass has a high roll rotation that 

reaches 6 degrees. However in the controlled operation mode 

the roll rotation of the vehicle is highly reduced. 

Fig. 16 shows the pitch response of the suspended mass 

with and without controllers. Note that the pitch angle in the 

open loop operation case is not highly solicited in this 

maneuver. However, controlling the pitch angle may be 

critical in some other scenarios and the two controllers 

developed show a significant reduction of the pitch rotation 

with respect to the open loop case. 

 Fig. 17 shows the vertical displacement response of the 

suspended mass with and without controllers which is not 

very affected even in the open loop operation mode. 

Fig. 12 Slalom steer front wheels angle 

      Fig. 13 Vehicle speed 

Fig. 9 Roll rotation of the suspended mass 

 



 

 

 

          Fig. 14 Control inputs (active suspensions forces) 

Fig. 15 Roll rotation of the suspended mass  

              Fig. 16 Pitch rotation of the suspended mass 

        Fig. 17 Vertical displacement of the suspended mass 

V. CONCLUSION AND PERSPECTIVE 

The goal of this paper is to isolate the suspended mass from 

any perturbation by controlling the roll, pitch and vertical 

displacement of the chassis. Two different controllers have 

been proposed in this paper, the first is based on the super-

twisting sliding mode approach, and the second is based on 

Lyapunov’s theory. The objective is highly reached with both 

proposed control strategies, which have been validated on two 

test scenarios that solicit the vehicle in hard situations. We 

noticed that the active suspension control has high accuracy, 

it can suppress almost entirely roll, pitch and vertical 

displacement of the suspended mass in a passenger vehicle. 

Concerning a comparison between these two approaches, we 

can deduce that the controller based on Lyapunov theory has 

more accuracy, due to the chattering coming from manual 

adjusted gains in the Sliding mode controller. In our next 

work, we will validate these operated approaches using 

Scaner Studio simulator, we will also focus on how to 

improve the lateral dynamics (avoid oversteering and 

understeering) during maneuver on hard cornering by making 

a specific roll angle to compensate the loads transfers. We will 

emphasize the coordination between the active suspension 

control system and other stabilizing controllers as Active 

front steering, differential braking, etc., in order to improve 

their behaviors in a “Global Chassis Control” context. 
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