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Abstract. Suspension systems with terrain preview have wide 

applicability for off-road and military vehicles moving on rough 

surfaces. Preview control of active suspension systems gives it great 

flexibility in controlling system behavior. The focus of the study is 

evolutionary multi-objective optimization of preview controlled active 

suspension system with several objectives for controller design. The 

suspension model with base system data and passive response has been 

explained along with the structure of the preview controller. Multiple 

conflicting objectives to achieve ride comfort, good handling and road 

grip are identified and a modified NSGA-II algorithm is used to obtain 

the trade-off solutions.  Thereafter a decision making approach is 

suggested to select optimum gains for the controller. The obtained 

optimal solutions are compared with the reference vehicle and other 

multi-objective optimization strategies. The proposed strategy improves 

on the reference vehicle objectives along with showing the benefits of 

multi-criteria approach. 

Keywords: Genetic Algorithm; Active Suspension; Multi Objective 

Optimization; Preview Control 

1 Introduction 

 

The arising health problems of operators of off-road vehicles highlight the effort 

needed in the design of effective seat and cabin suspensions. The vibrations 

transmitted to the driver caused by the unevenness of the road create comfort 

problems. With a conventional passive suspension system the ride quality is seriously 
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impaired on rough terrain when the suspension working space is fully used up and the 

bump-stops come into play. This is especially the case with military and specialist 

off-road vehicles and has become a significant challenge with the requirement for 

higher speeds. One means of overcoming this problem is the use of some form of 

adjustable or active element within the suspension system, which can be further 

improved if combined with terrain preview, Fig. 1. Preview control is to utilize 

deterministic knowledge of future disturbances to achieve smoother and more 

effective control. 

For a military vehicle survival on the battlefield is dependent on many factors, the 

most important being; size, shape, armour, signature, fire power, speed, acceleration 

and type of terrain. One of the main contributions to survivability is speed. The main 

problems to be overcome with achieving and maintaining a higher speed are the 

power plant, transmission, vehicle weight and suspension [10]. The suspension will 

affect both crew fatigue and the variation in ground contact pressure. The variation of 

ground contact pressure will affect both the agility and mobility (traction and 

handling) of the vehicle. Current passive suspension systems have approached the 

situation where improvements have only a minor effect on their performance at 

isolating the crew and minimising the ground contact pressure variation. This is 

because of the development effort over many years and the compromises that have to 

be made in the design of conventional suspension systems. To overcome these 

limitations and effectively take into account current terrain characteristics an active 

suspension with preview offers a possible solution. 

Work on vehicles with preview based active suspension systems started seriously 

in about 1985 [11], though there is some earlier work in [12, 13]. A review of the 

important contributions to this field is given in [11]. In this paper it was noted that 

"…preview active suspension will be judged subjectively to be not very different from 

a non-preview active suspension, unless they are operating on special test surfaces…" 

an example of a special test surface given was very rough terrain. [14] documents 

work on a US Army funded investigation into the potential of active suspension with 

preview. This investigation showed a possible speed increase of 40 % for the same 6 

Watt absorbed power criterion. 

The implementation using a single preview gain on a quarter-car was performed in 

[9] and using multiple preview gains and in simulation to a half-vehicle model in [15]. 

Implementation of an active suspension system with preview on a wheel military is 

given in [18].  Problems identified in [9, 15] were the variation in preview gains with 

speed and amplitude of the bump or step, need of multiple objectives and method for 

selection of gains. This work addresses these problems by looking at the selection of 

the preview gains using evolutionary multi-objective algorithms.  

The above discussion not only brings out the dilemma a suspension designer has to 

face but also suggests the limitations of a system with fixed setting of stiffness and 

damping ratio. Suspension design problem is inherently a problem with multiple 

conflicting objectives. In this work we have tried to maximize ride comfort by 

studying various objective parameters like body  acceleration, suspension space,  

chassis displacement, tyre force etc. and have shown the trade-offs between them. In 

Section 2 the suspension model is explained. Section 3 deals with defining the fitness 

functions and elaborates the methodology for optimization. Section 4 shows the 

results obtained while Section 5 concludes the work. 



 
 

Fig. 1(a) Overview of a vehicle with an active suspension with terrain preview 

(b) Active Suspension System Model with Preview 

 

2 ACTIVE SUSPENSION MODEL 
 

In this section a model of a single wheel station model is developed. The model is 

based on the one given by Purdy [8] with the addition of bump/rebound stops and the 

possibility of the tyre leaving the ground. A diagram of the suspension model and a 

photograph of the test rig are shown in Fig. 1 (b) and Fig. 2 (a). The model will not be 

developed fully here and the interested reader is directed to the references for further 

information on the modelling. 

In this model, Figure 1 (b), the inputs are; flow-rate from the servo-valve qi, the 

terrain profile/tyre motion zg/zt and the terrain preview signal zp. Applying Newton’s 

laws of motion to the body and un-sprung masses gives 

 

 2s s p b s um z P a k z z  
      (1) 

 

   2u u t t u p b s um z k z z P a k z z   
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Where the brackets ‹› indicate that that part of the expression is only active when 

the bump/rebound stops are active or the tyre is on the ground. Flow continuity in 

volume 1 gives; 
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       (3) 

 

The change in pressure in volume 1 is given by; 

 

1 d dP k a
        (4) 

 

Flow continuity in volume 2 gives 
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       (5) 



The servo valve is modelled using a second order transfer function with a natural 

frequency of 90 Hz and a damping ratio of 0.7 with flow saturation. These equations 

have been implemented in Matlab/ Simulink using the data in Table 1. The frequency 

response of the model and rig is given in Fig. 2 (b) [8] for different values of the flow 

restriction R. This figure shows the close correlation between the model and real 

system. 

The model has been incorporated into a control scheme with both terrain preview 

and closed-loop elements, Fig. 3. The closed-loop component design is covered in [8, 

9, 15, 16] and will not be discussed here. The model has been incorporated into the 

closed-loop and terrain preview system shown in Fig. 3 and Fig. 4. The preview 

controller is unusual in that transport delays are used to maximise the use of the 

preview information available while keeping the complexity low. This also allows the 

controller to use different rates for each element; closed-loop, preview sensor and 

controller. In the current work the rate used was 1.0 kHz. The implementation of the 

controller onto the experimental suspension is performed using a dSpace system, 

directly from a Matlab/Simulink model. 

To validate the controller the implementation of a preview controller with a single 

gain K0 with different preview distances xp, which relates to the preview time tp by the 

speed of the vehicle. The frequency response for two preview times is given in Fig. 5 

(a) and 5 (b). In these figures there is a close correlation between the model and 

experimental results. There are two interesting aspects to these plots; first, in Fig. 5 

(a) there is some benefit to the use of a single terrain preview gain and variable 

preview time, in this case the benefit is about 5 dB, for more information on this see 

[9], the extension of this idea into a half vehicle model is given in [15]. Secondly, in 

Fig. 5 (b), the effect of whole sine waves in the preview distance is seen by the 

presence of zeros, which is similar to the effect of wheel base filtering [17]. In this 

case the transmissibility is getting larger. 

 

  
Fig. 2 (a) Photograph of the test rig and (b) Open-Loop Frequency Response Gain 

Ride Height/Input for Different Values of Flow Restriction R (dash/dot) and 

Experimental (solid) [8]. 

 



 
 

Fig. 3 Active Suspension Top Level Controller Structure 

 

 
 

Fig. 4 Terrain Preview Controller with 10 gains 
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Fig. 5 Frequency response gain body acceleration/ground input, (a) Tp = 0.075 s 

and (b) Tp = 0.5 s [9] 

 

In this section a non-linear model of a single wheel station active suspension 

system was developed and shown under a restricted set of conditions to produce 



responses that correlate closely to those measured on an experimental test rig of the 

system. This has been done in open-loop, closed-loop and terrain preview conditions. 

 
Suspension Parameter Value Suspension Parameter Value 

Sprung Mass 180 kg Flow Coefficient 0.6110-3  

Unsprung Mass 23 kg Flow Restriction 1.251010  

Disc Spring Stiffness 300 kN/m Bump/Rebound Travel 0.02 

Tyre Stiffness 233 kN/m Bump/Rebound Stiffness 1.1 MN/m 

Diameter Floating Piston 0.03 m Preview Distance 1.0 m 

Piston Diameter 0.028 m Number of Preview Gains 5 

 

Table 1 Suspension data. 

3 Methodology 

3.1   Fitness Functions 

The major objective of the controller design is to reduce the exposure of the driver 

and crew to vibration. Vehicle suspension design must fulfil some conflicting criteria. 

Among those is ride comfort which is attained by minimizing the acceleration of the 

sprung mass. Also good handling of a vehicle is a desirable property which is 

achieved by minimizing the variation in vertical tyre force. Among the other desirable 

features of a suspension is the minimization of the maximum travel of suspension 

which is called suspension working space in vehicle dynamics literature and is also a 

design constraint. This work has considered the effects of a number of possible 

measures for possible objective functions for the suspension system:  

1. Body r.m.s (root mean square) acceleration 𝒂𝒓𝒎𝒔  - It is defined as 

 

𝑎𝑟𝑚𝑠 = √
( 𝑎𝑛

2𝑛=𝑁
𝑛=1 )

𝑁
  Where N is number of samples 

 

It is a good indicator of passenger comfort, as minimizing it leads to lower 

acceleration values experienced by driver. Since 𝑎𝑟𝑚𝑠   has time dependency, 

the results may be misleading if sample time is not specified. 

2. Vibration Dose Value(VDV)-  ISO 2631 defines Vibration Dose Value [2], 

using fourth-order powers of acceleration as 

𝑉𝐷𝑉 =  
𝑇

𝑁 
 𝑎𝑛  

4

𝑁

𝑛=1
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3. Vertical Chassis Displacement- The r.m.s value of the displacement is 

taken as an objective and it relates to the ground clearance. 

4. Suspension working space- It is the distance between the car body and the 

tyre which is restricted to the suspension travel limit. Suspension travel is 

important from a packaging point of view and is given by zsprung-zunsprung. Hitting 

the suspension travel limits when driving over a speed bump or into a 



pothole causes not only considerable passenger discomfort but also increased 

wear and tear of vehicle components. 

5. Tyre Force- It is an indicator of road handling and performance. Vertical 

road-wheel contact force N is optimized whose mean value is the static road-

wheel contact force. The r.m.s value of its deviation from mean value is 

taken as an objective for minimization. Since normalized values have been 

used, so its mean value is 1. 

 

Fig. 6 - Input terrain with bump of height 10 cm 

3.2 Multi-Objective Genetic Algorithm Architecture 

Evolutionary Algorithms are generally applied to the controller design problem to 

produce a fast and efficient control algorithm [1, 6]. They have the benefit of 

converging to the global optima in non linear systems. We have used modified 

NSGA-II Algorithm [4] in our work. It is a popular non-domination based genetic 

algorithm for multi-objective optimization.  

Initially the population is initialized randomly. Thereafter it is sorted based on non-

domination into many fronts. The first front being completely non-dominant set in the 

current population and the second front being dominated by only the first front 

members and so on. Each individual in various fronts are assigned fitness based on 

their front value. In addition to fitness value a new parameter called crowding 

distance which is a measure of how close an individual is to its neighbors is 

calculated. Large average crowding distance will result in better spread of population. 

Parents are selected from the population by using binary tournament selection based 

on better rank and higher crowding distance. The selected population generates 

offspring’s from crossover and mutation operators. Real- coded GA's use Simulated 

Binary Crossover (SBX) operator for crossover and polynomial mutation. The 

population with the current population and current offspring’s is sorted again based 

on non-domination and only the best N individuals are selected, where N is the 

population size. The important characteristic of these solutions is that none of them 

are dominated by the other ones. The designer based on his needs or using some 

decision making process chooses one of these solutions. 

 In our model, the 5 preview control gains are the variables which need to be 

adjusted to attain the objectives. Hence multi-objective study to find control gains 

which determine the preview signal that should be fed in the system to get optimal 

trade-off between 2 objective values is done. Classical approach of using weighted 

sum fails in presence of concavity in objective space and requires multiple runs.  

 



We have considered 3 cases of bi-objective optimization problems 

 Case 1 RMS acceleration and vertical chassis displacement 

 Case 2 Vibration Dose Value and maximum suspension working space 

 Case 3 Vibration Dose Value and RMS Normalized Tyre force 

For all cases the convergence with multi-objective NSGA-II was found to be very 

slow hence local search was integrated with it to speed up the process. Initially 

population size of 100 is used for 100 generations and the final solution set is taken as 

input points for local optimizer fgoalattain MATLAB function. It was observed that 

the diversity of pareto front was compromised after local search. Hence the 

population obtained by the local optimizer was again fed as initial population of GA 

to increase diversity and give a well spread trade off front.  Larger population sizes 

and generations were found to slightly improve the results but computational cost was 

restricted. Simple, regular road profiles [7]; sine-wave holes [1] and actual 

measurements of road profiles [3] etc have been examined in literature. In all our 

simulations we have used terrain inputs with constant vehicle velocities, Fig. 6. 

4 Results 

4.1 Case 1 

From discussion in Section 1 the multi-objective character of the problem was 

established. Most of the suspension system designs aim at minimizing body 

acceleration. It is to be noted that for a comfortable ride, the driver and crew would 

also desire less vertical displacements. In Fig. 7 we have shown the trade-off front 

obtained between them using the multi-objective optimization approach for a vehicle 

velocity of 20 m/s and 100 mm height of terrain step. Ten different runs were taken to 

establish the non-dominated front. 

After obtaining the trade off front a decision making process must be invoked to 

give final gain values which can be used in the vehicle. If the user has predefined 

notion of relative importance between the two objectives then such knowledge can be 

used for decision making. Such a weighted approach between two objectives can be 

used to obtain final solution. The problem arises when the trade-off front has concave 

portions for which, such a weighted approach may fail. In this case we choose a 

solution B in central region of the trade-off front for analysis. 

Fig. 8 shows the displacement values for the 3 solutions marked on the pareto front 

along with no preview control case. It can be seen that the extreme solutions on the 

pareto front are not preferred due to large value of the other objective. Fig. 7 (b) 

shows the comparison of acceleration values obtained for Solution B marked on the 

trade off front comparing it with no-preview control case. The simultaneous many-

fold reductions in both acceleration and displacement values for Solution B compared 

to reference case shows the benefits of using preview controller with multi-objective 

analysis.  

Fig. 8 (b) shows the gain values obtained for different trade-off solutions. The 

solutions are sorted with acceleration values and Solution A, B and C is shown in it. 

From Fig 8 (b) the variation of gains to obtain different trade-off solutions can be 



visualized. Gain 3 and Gain 5 have slight variation on most of the trade-off front 

while they are mainly instrumental in getting minimum displacement solutions. Since 

in the central region, some gains have negligible variation hence there values can be 

fixed and regression using other effective gains can be done to establish relationship 

between input gains and objectives. 

 

Fig. 7 (a) Trade off front between acceleration and body displacement (b) 

Comparison of acceleration values of Solution B with no-preview case 

 

 

Fig. 8 – (a) Comparison of displacement values for solutions (b) Value of 

controller gains for all solutions on pareto front 

4.2 Case 2 

The road holding quality of a vehicle is defined by the vertical normalized tyre force 

(NTF) which is an indicator of handling performance. The tyre force is normalized by 

(msprung+ munsprung)×g where msprung is the sprung mass and munsprung is the un-sprung 

mass. When the NTF is below its mean value of 1, it indicates poor road holding. A 

value of zero indicates that the wheel has lost contact with road surface. Using the bi-



objective optimization technique the trade off front obtained between VDV and r.m.s 

of deviation of NTF from mean is shown in Fig. 9 (a). In calculating the r.m.s NTF 

values greater than mean value of 1 are ignored since they do not correlate directly to 

road handling. The vehicle speed is constant at 20 m/s with a bump of 100 mm size is 

taken. In bi-objective problems if the trade-off front has a knee-region, it is advisable 

to select a solution that lies in the knee region. Such a solution is almost always 

preferred because deviating from the knee region means that a small change in the 

value of one of the objectives would come from a large compromise in at least one 

other objective. A recent study suggested a number of viable ways of identifying a 

knee point in a two-objective front [4].  Using the knee region approach for decision 

making the resultant solution Q is shown in Fig. 4 along with extreme solutions P and 

R. It is interesting to note that another objective, suspension travel is found to be 

monotonically varying for all solutions on pareto front as shown in Fig. 9 (b). Hence 

single objective optimization minimizing only VDV gives large suspension travel and 

poor road holding. 

 

 

Fig. 9 (a) Trade off front between VDV and r.m.s value of normalized tyre force 

deviation from mean (b) Bar graph showing the suspension travel values for all trade 

off solutions obtained in 9 (a) 



 

Fig. 10 – (a) Trade off front for VDV and suspension travel (b) Bar graph showing 

the NTF values for all trade off solutions obtained in 10 (a) 

4.3 Case 3 

For a suspension system, the goal of ride comfort conflicts with the restriction of 

staying within the limits of suspension travel. Hence rattle space is taken as an 

objective along with VDV. The vehicle speed is taken to be 20 m/s with a bump of 

100 mm size. The trade off front obtained is shown in figure. Here a more refined 

decision making process is used. Although a knee region may not exist in all trade-off 

frontiers, a visual inspection of trade-off front shown in Fig. 10 reveals that it exhibits 

a knee. Since the knee portion is not very sharp and finally single solution has to be 

selected hence other secondary objectives can be taken into account as deciding 

factors. In this case we plot the NTF values for all solutions on the pareto front. The 

solution lying in the knee region with minimum NTF value is finally selected since it 

shows a good trade-off between all three objectives.  Solution B shown in Fig. 10 has 

been selected as a knee region solution while solution A and C correspond to 

extremes of pareto front. It is seen that solution B has about five-fold reduction in 

maximum suspension travel as compared to solution A, with little differences in NTF 

and VDV values. 

5 Conclusions 

The work analyses multi-objective optimization based approach to select the preview 

gains for controller design of active suspension system. Comparisons with controller 

without preview control shows manifold improvement on all objectives while single 

objective optimization comparison shows the benefits of having global search. It 

provides a useful insight into evolutionary multi-objective optimization to obtain 

optimum solutions with good trade-off between the conflicting desirable objectives. 

Final decision making process for controller gains can be made using information of 

secondary objectives and front geometry. The work can be further extended to a 

holistic approach, combining the above optimization study and decision making with 



learning tools like neural network to incorporate speed and terrain height. This would 

give a robust preview controller which can be applied online for off-road and military 

vehicles. 
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