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ABSTRACT: 

In recent years, the use of active control mechanisms in active suspension systems has attracted considerable attention. 

The main objective of this research is to develop a mathematical model of an active suspension system that is subjected 

to excitation from different road profiles and control it using H∞ technique for a quarter car model to improve the ride 

comfort and road handling. Comparison between passive and active suspension systems is performed using step, 

sinusoidal and random road profiles. The performance of the H∞ controller is compared with the passive suspension 

system. It is found that the car body acceleration, suspension deflection and tyre deflection using active suspension 

system with H∞ technique is better than the passive suspension system. 
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1. Introduction 

The purpose of suspension system is to improve the ride 

comfort, road handling and stability of vehicles. 

Suspension consists of springs, shock absorbers and 

linkages that connect a vehicle to its wheels. The main 

function of vehicle suspension system is to minimize the 

vertical acceleration transmitted to the passenger which 

directly provides road comfort. Current automobile 

suspension systems using passive components can only 

offer a compromise between these two conflicting 

criteria by providing spring and damping coefficients 

with fixed rates. A good suspension system should 

provide good vibration isolation and a small “rattle 

space” that is the maximum allowable relative 

displacement between the vehicle body and various 

suspension components [1]. A passive suspension has 

the ability to store energy via a spring and to dissipate it 

via a damper. An active suspension system has the 

ability to store, dissipate and to introduce energy to the 

system depending upon operating conditions [2]. Active 

suspension can give better performance of suspension by 

having force actuator, which is a close loop control 

system. The controller will decide either to add or 

dissipate the energy from the system with the help of 

sensors as an input. Sensors will give the data of road 

profile to the controller. Therefore, an active suspension 

system is needed with an active element inside the 

system to give both conditions so that it can improve the 

performance of the suspension system[3-6].  

In recent years more attention has been devoted to 

the development of active suspensions. Various 

approaches have been proposed to solve the crucial 

problem of designing a suitable control law for these 

active suspension systems. In many control applications, 

it is expected that the behaviour of the designed system 

will be insensitive to external disturbance and parameter 

variations. It is known that feedback in conventional 

control system has the inherent ability of reducing the 

effects of external disturbances and parameter variations 

[7-9]. The H∞ method addresses a wide range of control 

problems by combining the frequency and time-domain 

approaches. The design is an optimal one in the sense of 

minimization of the H∞ norm of closed-loop transfer 

function. The H∞ model includes coloured measurement 

and process noise. It also addresses the issues of 

robustness due to model uncertainties. It is applicable to 

the SISO and MIMO systems [10]. In this study, the 

active suspension system is synthesized based on H∞ 

techniques for a quarter car model to improve the ride 

comfort and road handling. Comparison between the 

performance of passive and active suspension systems is 

performed using different road profile.  

2. Mathematical modelling 

Hydraulic actuators are added to the passive system to 

achieve an active suspension system as shown in Fig. 1. 

The advantage of such a system is that even if the active 

hydraulic actuator or the control system fails, the passive 

components come into action. The equations of motion 

are written as, 

    0 ussausssss zzCzzKzm    (1) 

   
  0



rust

susasussusus

zzK

zzCzzKzm 
 (2) 

If the control force from the hydraulic actuator ua = 0 

then Eqns. (1) and (2) become the equations of passive 

suspension system [11, 12].  
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Fig. 1: Active suspension system model of a quarter car 

Considering ua as the control input, the state-space 

representation of Eqns. (1) and (2) becomes, 
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Where szz 1 , szz 2 , uszz 3  and uszz 4 . Block 

diagram [13] of control system used to develop active 

suspension system is shown in Fig. 2. In order to develop 

an active suspension system, pressurized hydraulic fluid 

source, pressure relief valve to control the pressure of 

hydraulic fluid, direction control valve and hydraulic 

cylinder are used. The hydraulic cylinder converts the 

hydraulic pressure into force to be transmitted between 

the sprung and the unsprung masses. 
 

 

Fig. 2: Block diagram of control system 

The hydraulic actuator installed in between the 

sprung and unsprung masses is shown in Fig. 3. It 

includes a valve and a cylinder. Uh is the actuator force 

generated by the hydraulic piston. 31 xxX act   is 

actuator displacement. Uh (equal to Ua) is applied 

dynamically to improve the ride comfort according to the 

variation of the road roughness and load input [14]. The 

actuator force Uh is given by, 

lh APU       (7) 

Where A is the piston area and equals to upper (Au) or 

lower (Al) area of the chamber. Pl is the pressure drop 

across the piston. The derivative of Pl is given by, 

)(
4

42 xxAPCQP
v

ltpl
t 


   (8) 

Where Vt is the total actuator volume.  is the effective 

bulk modulus of the fluid. The hydraulic load flow is 

lu qqQ   with qu and ql being the flows in the upper 

and lower chamber respectively. Ctp is the total leakage 

coefficient of the piston. The valve load flow is given by, 

   /)sgn( 566 xxPxCQ sd     (9) 

Where Cd is the discharge coefficient.   is the spool 

valve area gradient. x5 is the pressure inside the chamber 

of hydraulic piston and x6 = xsp is the valve displacement 

from its closed position.  is the hydraulic fluid density. 

Ps is the supply pressure. As the term  56 )sgn( xxPs 

may become negative, Eqn. (9) is replaced with the 

corrected flow equation as, 

 


 56
656

)sgn(
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xCxxPQ s

ds


   (10) 

The spool valve displacement is controlled by the input 

to the valve Uc, which could be a current or voltage 

signal. Eqns. (1) – (10) are rewritten as follows, 
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Where   56563 )sgn(/)sgn(sgn xxPxxP ss  . 

Thus, Eqns. (11) – (16) become the state feedback model 

of active suspension system [13]. The open loop passive 

and closed loop active suspension systems are simulated 

with the parameters as given in Table 1. 
 

 

Fig. 3: Hydraulic valve and cylinder 

Table 1: Suspension system model parameters 

Parameter Value Unit Parameter Value Unit 

Ms 250 kg Mus 50 kg 

Ka 16.812 kN/m Kt 190 kN/m 

Ca 1 kNs/m B 1 /s 
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An H∞ design technique meets the performance 

objectives for the nominal actuator model. However, this 

model is only an approximation of the true actuator. To 

make sure that controller performance is maintained 

even with model error and uncertainty, the model with 

robust performance is designed. Then, μ synthesis is 

used to design a controller that achieves robust 

performance for the entire family of actuator models that 

takes uncertainty into account [15]. The process is 

shown in Fig. 4. The plant, P, has two inputs - the 

exogenous input, w, that includes reference signal and 

disturbances, and the manipulated variables, u. There are 

two outputs - the error signals, z and the measured 

variables, v. All these variables are generally vectors 

except P and K are scalar matrices [14].  
 

 

Fig. 4: Standard configuration of H∞ controller 

For the quarter car model, the main control 

objectives are formulated in terms of passenger comfort 

and road handling. These objectives relate to body 

acceleration, ab, and suspension travel, sd. Weighted 

functions [15] are used to model the external 

disturbances to quantify the design objectives as shown 

in Fig. 5. The feedback controller uses the measurements 

y1 and y2 of the suspension travel, sd, and body 

acceleration, ab, to compute the control signal, u. This 

control signal drives the hydraulic actuator. The road 

disturbance, r, which is modelled as a normalized signal, 

d1, which is shaped by a weighting function Wroad. On 

both measurements, sensor noise is modelled as 

normalized signals, d2 and d3, which are shaped by 

weighting functions Wd2 and Wd3. The control objectives 

can be re-interpreted as a disturbance rejection goal. The 

goal is to minimize the impact of the disturbances, d1, d2, 

and d3, on a weighted combination of suspension travel 

(sd), body acceleration (ab), and control effort (u). The 

H∞ norm (peak gain) can be considered as the measure 

of the effect of the disturbances. Then, the requirements 

can be met by designing a controller that minimizes the 

H∞ norm from the disturbance inputs, d1, d2, and d3, to 

the error signals, e1, e2, and e3 [13]. The Simulink 

models of passive and active suspension systems are 

shown in Fig. 6 and 7 respectively.  
 

 

Fig. 5: Overview of active suspension system with H∞ controller 

 

 

Fig. 6: Simulink model of passive suspension system 

https://en.wikipedia.org/wiki/Vector_(geometry)
https://en.wikipedia.org/wiki/Matrix_(mathematics)
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Fig. 7: Simulink model of active suspension system with H∞ controller 

3. Results and discussion 

Simulations using Simulink models of quarter car with 

and without H∞ controller were undertaken. 

Performances of the suspension systems in term of ride 

quality and car handling were assessed for the road 

disturbances input. The parameters are considered to 

achieve small amplitude value for suspension travel, 

wheel deflection and car body acceleration. The steady 

state for each part should be fast. Suspension travel, 

wheel travel, car body acceleration and displacement for 

quarter car are obtained as shown in Figs. 8 – 10 for step 

input zr = 0.1 (P1), sinusoidal input (bumpy road, P2) 

and random road input (P3). For these road profiles, 

Table 2 gives the peak values of the various parameters. 

Both the peak values of system responses and settling 

time of excitation from the active suspension system 

have been reduced when compared to the passive 

suspension system for all the parameters of sprung mass 

acceleration, suspension travel (road holding) and tyre 

deflection for the considered step, sinusoidal and random 

road profiles. 

 

  

Fig. 8(a): Car body acceleration for step input zr = 0.1  Fig. 8(b): Suspension travel for step input zr = 0.1 
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Fig. 8(c): Wheel travel for step input zr = 0.1 

 

Fig. 9(a): Car body acceleration for sinusoidal input 

 

Fig. 9(b): Suspension travel for sinusoidal input 

 

Fig. 9(c): Wheel travel for sinusoidal input 

 

Fig. 10(a): Car body acceleration for random road input 

 

Fig. 10(b): Suspension travel for random road input 

 

Fig. 10(c): Wheel travel for random road input 

Table 2: System performance vs. Road profiles 

Response vs. 

Road profiles 

Passive suspension 

system 

Active suspension 

system 

P1 P2 P3 P1 P2 P3 

Car body 
acceleration 

(m/s2) 

22.28 4.57 15.45 1.56 0.32 1.03 

Suspension 

travel (cm) 
13.35 6.32 10.75 0.93 0.44 0.75 

Wheel travel 

(cm) 
10.0 0.65 6.76 0.7 0.05 0.47 

 

The time domain responses of active suspension 

system with H controller and passive suspension 

system are shown in Fig. 11. The body acceleration is 
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body acceleration is the largest to emphasize the 

suspension deflection. The balanced design achieves a 

good trade-off between body acceleration and 

suspension deflection. In order to validate the response 

of H controller,  controller is used and their 

performances are compared as shown in Fig. 12. The H 

controlled active suspension system responses correlate 

well with those from the suspension system with  

controller. 
 

 

Fig. 11: Time-domain response of the closed-loop models to the 

road disturbance signal 

 

Fig. 12: Time-domain response of the closed-loop models to the 

road disturbance signal using µ-controller 

4. Conclusions 

The methodology was developed to design an active 

suspension for a passenger car by designing an H 

controller, which improves performance of the system 

with respect to design goals compared to passive 

suspension system. Mathematical modelling has been 

performed using a two degree of freedom quarter car 

model for passive and active suspension systems. The 

bounce motion was considered to evaluate the 

performance of suspension with respect to body 

acceleration, suspension travel and wheel travel. H 

controller design approach has been examined for the 

active system. The performance of active suspension 

system with H controller has been found to be much 

better than that of passive suspension system. By 

including an active element in the suspension, it is 

possible to reach a better compromise than the passive 

system. The  controller has been implemented to 

validate the developed H controller. The time domain 

responses of the body travel, body acceleration and 

suspension travel with H controller were found to 

correlate well with the  controller model. 
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