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Abstract 
During the design of a suspension system, a number of conflicting requirements has to be 

met. The suspension setup has to ensure a comfortable ride and good cornering 

characteristics at the same time. Also, optimal contact between wheels and road surface is 

needed in various driving conditions in order to maximize safety. Instead of a passive 

suspension, present in most of today’s cars, an active suspension can be used in order to 

better resolve the trade-off between these conflicts. However, this is generally accompanied 

by considerable energy consumption. 

In this report an active suspension is investigated which is capable of leveling the car during 

cornering theoretically without consuming energy. Simulations using a full-car model show 

that this maximizes the car’s cornering velocity. As extreme cornering may be required to 

remain on the road or to avoid an obstacle, implementing the active suspension system 

improves safety. As the active part of the suspension takes care of realizing good cornering 

behaviour and of static load variations, the primary suspension springs can be tuned purely 

for optimizing comfort and road holding. Simulations show that the required energy for 

leveling the car during cornering is negligible, so it can be concluded that the active 

suspension system is able to economically level the car. 

Furthermore, the active suspension’s potential for improving comfort is examined using a 

quarter-car model in combination with the skyhook damping principle. Performing 

simulations with an unrestricted actuator shows that comfort can slightly be improved with 

little actuator action and without deteriorating road holding and suspension travel. Further 

improving the comfort level requires more actuator action and results in considerable 

degradation of road holding and suspension travel. Performing simulations including 

actuator dynamics and force limitation shows that comfort can be improvement with only 5 

[%] with this active suspension. However, improving comfort with the active suspension 

does not require but actually produces a small amount of energy as it functions as a skyhook 

damper. 

The groundhook damping principle in combination with a quarter-car model is used to 

investigate the possibilities of improving road holding with the active suspension. Performing 

simulations with an unrestricted actuator on a deterministic road surface shows that 

variations in force between tire and road are reduced considerably at the expense of 

deteriorating comfort. However, performing simulations including actuator dynamics and 

force limitation show that the active suspension is hardly able to improve road holding 

because of the large required forces to be produced by the actuator. Moreover, because the 

enormous peaks in power require extremely powerful electric actuators it is not very 

interesting to apply the presented active suspension system in combination with the 

groundhook damping principle. Furthermore, the improvement when driving over a 

stochastic road surface is marginal and accompanied by an unacceptable deterioration in 

comfort.  
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Samenvatting 
Bij het ontwerp van een wielophanging dient rekening gehouden te worden met een aantal 

tegenstrijdige eisen. In tegenstelling tot een passieve wielophanging, die gebruikt wordt in 

het merendeel van de huidige auto’s, is een actieve wielophanging beter in staat deze 

conflicten op te lossen. Dit gaat echter meestal gepaard met een aanzienlijk energieverbruik. 

In dit verslag is een actieve wielophanging onderzocht die theoretisch geen energie verbruikt 

bij het vlak houden van de auto tijdens het nemen van bochten. Simulaties met een volledig-

voertuigmodel tonen aan dat dit de bochtsnelheid maximaliseert. Omdat extreem 

bochtenwerk nodig kan zijn om op de weg te blijven of een obstakel te ontwijken vergroot 

de toepassing van deze actieve wielophanging de veiligheid. Omdat het actieve deel van de 

wielophanging voor een goed bochtgedrag zorgt en variaties in belading van de auto op kan 

vangen, kunnen de primaire veren aangepast worden voor het optimaliseren van comfort en 

wegligging. Simulaties tonen aan dat het energieverbruik voor het vlak houden van de auto 

tijdens bochten verwaarloosbaar is. Daarom kan geconcludeerd worden dat de actieve 

wielophanging in staat is de auto op een energiezuinige manier vlak te houden. 

Bovendien zijn de mogelijkheden voor comfortverbetering door het gebruik van de actieve 

wielophanging onderzocht door middel van een kwart-voertuig model in combinatie met het 

‘skyhook’ demper principe. Simulaties met een ideale actuator tonen aan dat het comfort 

lichtelijk verbeterd kan worden met weinig inspanning en zonder de wegligging en veerweg 

aan te tasten. Het verder verbeteren van comfort vergt meer inspanning en tast de 

wegligging en veerweg aanzienlijk aan. Simulaties waarin de actuatordynamica en de 

begrenzing van de produceerbare kracht zijn meegenomen, laten zien dat het comfort 

slechts met 5 [%] verbeterd kan worden door middel van de actieve wielophanging. Hierbij 

verbruikt de ophanging echter geen energie, maar kan zelfs gebruikt worden om energie op 

te wekken omdat deze functioneert als een demper. 

Het ‘groundhook’ demper principe, in combinatie met een kwart-voertuig model, is gebruikt 

om de mogelijkheden van de actieve wielophanging voor het verbeteren van de wegligging 

te onderzoeken. Simulaties met een ideale actuator op een deterministisch wegdek tonen 

aan dat krachtvariaties tussen band en wegdek aanzienlijk worden verminderd ten koste van 

een verslechtering van het comfort. Simulaties waarin de actuatordynamica en limiet van de 

produceerbare kracht zijn meegenomen laten echter zien dat de actieve wielophanging 

nauwelijks in staat is om de wegligging te verbeteren door de grootte van de te produceren 

krachten. Omdat enorme vermogenspieken bovendien extreem krachtige elektrische 

actuatoren vereisen is het niet interessant om de actieve wielophanging in combinatie met 

het ‘groundhook’ demper principe toe te passen. Daarnaast is de verbetering tijdens het 

rijden over stochastisch wegdek marginaal en gaat dit gepaard met een onacceptabele 

verslechtering van het comfort.  
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1 Introduction 
The Society of Nature and Environment (“Stichting Natuur en Milieu”, SNM) states that 

mobility by car must become cleaner, more quiet and more efficient. This is possible and 

attractive because of technical innovations and developments. SNM organises the project 

“Challenge Car in the Future” (“Uitdaging Auto in de Toekomst”) to accelerate mobility 

becoming more sustainable. 

At the end of 2005 SNM challenged the three technical universities of the Netherlands 

(Delft, Eindhoven and Twente) to design an appealing sustainable mobility solution for the 

year 2020 in close cooperation with the Dutch automotive sector. The solution needs to 

create demand for these vehicles, which will encourage the development of sustainable 

mobility solutions by the car industry. 

As from autumn 2005 a student team of the three universities, accompanied by university 

staff, has been working on the design of this car. Four students from Delft Technical 

University have created a vision of automobility in 2020, the exterior and interior design. 

Every component of the vehicle should agree with the sketched vision of automobility in 

2020, which can be found in [Lammers, 2006]. Twente University also provided four students 

who have been working on the user interface of the vehicle, Advanced Driver Assistance 

Systems (ADAS), the improvements in safety on network level resulting from using ADAS and 

the credibility of the sketched vision of automobility in 2020. Finally, five students from 

Eindhoven Technical University have designed two modular powertrains and the suspension 

system of the vehicle. More information on the powertrain installed in the vehicle is 

provided in [Scheffer, 2007]. For the structure and organization of the project, SNM has 

been assisted by the consultancy and engineering office DHV. More information about this 

project can be found on: http://www.autoindetoekomst.nl 

This car, together with the vision of the 2020 society, has been presented at the pavilion ‘Car 

in the Future’ at the Amsterdam Motor show AutoRAI and the AutoVAK in March 2007. The 

AutoRAI association has provided financial support and a stand at a premium location. More 

information on the pavilion and its content can be found in Appendix I. 

The specifications of the car are determined by its use and character corresponding to the 

vision of automobility in 2020. The packaging and dimensions of the vehicle are given in 

Figure 1.1 and Figure 1.2. Its mass is 850 [kg] (empty), its range is 450 [km], its power is 60 

[kW], its top speed is 140 [km/h] and the duration for standstill to 100 [km/h] is 12 [s]. These 

characteristics are primarily important for powertrain design, but the mass is also very 

important for the design of the suspension system. 

http://www.autoindetoekomst.nl/
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Figure 1.1: Packaging of the vehicle 

 

 

Figure 1.2: Dimensions of the vehicle 
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This report focuses on designing the suspension system for the above mentioned car. During 

the design of a suspension system, a number of conflicting requirements has to be met. For 

example, the suspension system has to provide a comfortable ride and good cornering 

characteristics simultaneously. The first requirement generally needs soft suspension 

springs, whereas the second one requires hard suspension springs. 

An active suspension system can be used to optimize ride comfort and road holding. 

Furthermore, it is capable of decreasing the rolling of the vehicle’s body during cornering 

and therefore maintaining an optimal orientation of the tires with respect to the road. 

However, generally an active suspension consumes a considerable amount of energy. 

The goal of this report is to investigate the capabilities of an active suspension to level the 

car during cornering in an energy efficient way. If this can be achieved, maximum lateral 

acceleration may increase due to optimal orientation of the tires with respect to the road. 

The complicated and space consuming suspension geometry used in most of today’s cars can 

then be replaced with a much simpler and more compact one. Moreover, in case the active 

suspension system is able to realize good cornering characteristics, softer springs can be 

installed in order to improve the ride comfort. 

In this report an active suspension is investigated which is capable of leveling the car during 

cornering theoretically without consuming energy. Using full-car model simulations, the 

improvement in the maximal lateral acceleration is investigated for a quasi-statically 

situation. Extreme cornering may be required to remain on the road or to avoid an obstacle 

and therefore safety is increased in case the lateral acceleration is maximized. Furthermore, 

the investigated suspension’s potential for actively improving comfort and road holding 

capabilities is examined. A quarter-car model using an unrestricted active suspension is used 

to show the maximum achievable improvement with the chosen controllers. Hereafter a 

quarter-car model including actuator dynamics and a limitation of the force which the 

actuator can produce, shows the improvement which can be realized with the considered 

active suspension system. 

An introduction into the tasks of the suspension, its design conflicts and the advantages of 

an active suspension system is given in Chapter 2. The design of the active suspension 

system, capable of economically leveling the car during cornering, is treated in Chapter 3. In 

Chapter 4 the methods for preventing rolling of the vehicle’s body discussed in literature and 

used in practice, and the improvement in lateral acceleration, are investigated. Controllers 

for improving comfort and road holding used in literature are analyzed in Chapter 5 and 6, 

respectively. These chapters also present the maximum achievable improvement with the 

chosen controllers and the improvement which can be realized with the investigated active 

suspension system. Finally, conclusions are drawn and recommendations are given in 

Chapter 7. 



 

4 
 

2 Tasks of the suspension 
The main task of the suspension system is to provide a comfortable and safe ride. Usually 

the suspension consists of passive force elements which are designed to optimize the trade-

off between ride comfort, suspension travel and wheel load variations. Thanks to the 

suspension, the human body is protected against uncomfortable bumps in the road. By 

selecting the right spring and damper characteristics, the suspension functions as a filter and 

only passes those frequencies which are less uncomfortable for the human body. However, 

the characteristics should also guarantee a safe ride. Therefore, the wheel load variation 

should be small in order to prevent the wheels from losing contact with the road. All this 

should be achieved in the available suspension travel. 

The only contacts between car and road are the four contact patches of the tires and it is 

very important to exploit these areas optimally. Therefore, usually a system of links connects 

the unsprung mass (wheel, brake, steering hub) to the sprung mass (car body). The 

geometry of these links is a trade off between optimal orientation of the wheels with respect 

to the road in case of suspension travel caused by bumps in the road and suspension travel 

caused by cornering. This will be explained in the next section. 

Another trade off comes to light when the car is cornering. The springs should be stiff 

enough to avoid exaggerate rolling of the car’s body, because otherwise the suspension 

geometry should be able to extremely compensate for this situation. Often, an anti-roll bar is 

used in order to prevent exaggerate rolling. Then, the spring stiffness can decrease in order 

to improve comfort. However, the anti-roll bars stiffness is limited because it is undesirable 

to transmit vibrations due to road irregularities from one wheel to the other. 

The above mentioned conflicts will be examined in the first part of this chapter. Hereafter, 

the advantages of installing an active suspension system will be discussed. 

 

2.1 Suspension design conflicts 

During cornering the car’s tires produce so-called slip forces in lateral direction 

[AutoTechnology, 2001]. These forces, displayed as horizontal arrows in Figure 2.1, result in 

an unfavorable deformation of the contact patch and a counter clockwise torque around a 

horizontal axis through the car’s centre of gravity. Additional vertical reaction forces, the 

vertical arrows in Figure 2.1, counteract the torque and prevent the car from rolling over. In 

case of a passive suspension system, these reaction forces will cause the springs on the left 

side of the car to further compress and on the right side of the car to expand which causes 

some roll of the car’s body. Depending on the geometry of the suspension links, the 

orientation of the wheels with respect to the car’s body will change during suspension 

travel. 
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Figure 2.1: Slip forces and load transfer forces 

 

In case of a trailing arm geometry, the single suspension link connecting each wheel to the 

chassis rotates along a lateral axis with respect to the chassis. During cornering the tires will 

therefore take over the angle of the car’s body, which also results in a deformation of the 

contact patch. This combination leads to an undesirable contact patch, with a smaller area 

and a non-homogeneous pressure distribution, as is presented in Figure 2.2. 

 

 

Figure 2.2: Contact patch deformation during cornering 

 

The trailing arm suspension will force the camber angle of the tires to take over the roll 

angle of the vehicle’s body. This characteristic is described by the value 1°/° 

(1 °camber/°body roll). In case of cornering, it would be desirable to have a suspension 

system that provides so-called counter-camber (camber<0) during cornering: -1°/°. The 

negative camber angle will result in a favorable deformation of the contact patch, which in 

combination with the unfavorable deformation due to the slip forces will lead to a desirable 

contact patch, as is displayed in Figure 2.3. 
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Figure 2.3: Contact patch deformation during cornering 

 

Most of today’s suspension systems vary between 0°/° (rigid axle) and 1°/° (trailing arm). 

Examples are the double wishbone, the multi-link and the McPherson suspension system. 

The absence of counter-camber suspension systems can be explained by the fact that such a 

suspension system will result in extreme camber and therefore extreme tire wear in case of 

encountering a bump in the road or an extremely loaded car. This is visualized in Figure 2.4. 

 

 

Figure 2.4: Contact patch deformation when encountering a bump 

 

Another method of improving cornering behavior is by means of introducing non-zero static 

camber, for which the results are represented in Figure 2.5. 
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Figure 2.5: Introducing non-zero static camber 

 

Usually, all suspension systems other than 1°/°-systems will carry out a small lateral 

movement during suspension travel because the links in the system describe a circular arc. 

The lateral movement, displayed in Figure 2.6, causes the tire to deform and results in extra 

tire wear. This is prevented in case of 1°/°-systems like a trailing arm suspension. 

 

 

Figure 2.6: Lateral movement during suspension travel 
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Modern suspension systems provide possibilities for optimizing the trade-offs, but will never 

be able to eliminate the conflicts. Moreover, they are complex and space consuming. For 

example, Figure 2.7 shows that the front double wishbone and rear multi-link suspension of 

the 2005 Honda Accord Coupe occupy a considerable space of the car’s interior. 

 

 

Figure 2.7: 2005 Honda Accord Coupe suspension system 

 

2.2 Advantages of an active suspension 

In an active suspension system, the passive force elements are replaced or assisted by active 

force elements. These elements are able to produce a force when required and act 

independent of the suspension condition. Therefore, the trade-off between ride comfort, 

suspension travel and wheel load variations can be better resolved. 

Furthermore, an active suspension system can be used in order to eliminate body roll during 

cornering. As a consequence, the wheels can be oriented optimally with respect to the road 

both in case of encountering a bump and during cornering. The mentioned trade-off 

disappears, and also an anti-roll bar is not needed anymore. Thanks to this system, the 

complicated and space consuming suspension links can be replaced with a compact and 

simple trailing arm suspension. The compact suspension system allows for designing a 

smaller and lower car without affecting its interior space. This leads to lower air drag. 

Also, static load variations can be taken care of. In case of an active suspension system with 

variable spring stiffness, this stiffness can be adjusted proportionally to the change of mass. 

As a consequence, the natural vertical frequency of the car’s body will not change and can 

be chosen at a frequency which is less uncomfortable for the human body. 

In case of a passive suspension system, a significant portion of the available suspension 

travel is used to take care of static load variations and of body roll caused by cornering. The 

active suspension system can take care of these variations by adjusting its stiffness. 

Therefore, a lower initial stiffness can be used which is favourable for the comfort level. 
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An active suspension system introduces the possibility to adjust the suspension setup to the 

type of driving situation and to individualize the handling characteristics and comfort level of 

the vehicle. The short trip to the supermarket may well be a bit bumpy, but the long boring 

drive to office should rather be more comfortable. Thanks to this, a possible passenger is 

able to serenely check his or her e-mail, schedule a meeting or glance through the minutes 

of yesterday’s meeting without getting carsick. 

Because every single person is different, everybody puts different demands on the 

suspension characteristics. Because the car may be used by different persons every now and 

then, the suspension of the car should be adjustable such that a broad spectrum of 

handling-, steering- and comfort characteristics can be achieved. One could think of a system 

which allows the driver to switch between pre-programmed suspension conditions, from 

soft to hard and several conditions in between, or a manually programmed condition. 

Everyone can then drive the car he or she prefers. 

Thanks to the development of a large number of Advanced Driver Assistance Systems 

(ADAS), the active safety of future cars will increase tremendously. Nevertheless, the 

suspension should always guarantee maximal grip on the road surface to take care of 

unexpected hazardous situations. 

The price of energy is ever increasing and thus an important issue in designing a car is its 

energy consumption. An active suspension system provides a lot of possibilities to improve 

the ride but often consumes a large amount of energy. It is an enormous challenge to make 

it energy efficient. An addition may be to implement dampers which are capable of 

converting their dissipated power into electrical power. In Appendix II simulations are 

performed in order to determine the amount of energy that is dissipated by the dampers on 

different road classes. Results show that, except in case of poor road quality, only a small 

amount of energy is dissipated by the dampers. Therefore, this option is not further 

investigated in this report. 
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3 Active suspension system 
In this chapter, an active suspension system is considered which can prevent suspension 

travel under a varying load, theoretically without consuming energy. Therefore, it is 

extremely suitable for leveling a car during accelerating, braking and cornering, or for taking 

care of static load variations. Furthermore, a mathematical model of the system will be 

derived which can be used by a controller in order to level the car or improve the comfort 

level for example. 

 

3.1 Active suspension system design 

The average force in the suspension struts differs from the static value during cornering and 

in order to eliminate body roll the length of the struts should remain the same. By using the 

principle of a lever, the varying load can be counterbalanced by a constant force at a varying 

distance from the fulcrum. This is visualized in Figure 3.1. In case the system perfectly 

eliminates body roll, the lever will not rotate. Because all relevant forces are perpendicular 

to the direction of adjustment (horizontal arrows) of the fulcrum and constant force (hollow 

arrow), the adjustment will not cost any energy. 

 

 

Figure 3.1: Lever 

 

A possible application of this concept is presented in Figure 3.2. The load, coming from the 

wheel, is applied to the lever at the top left corner of the picture. The primary spring 

(represented by the upper cylinder) takes care of this initial load, caused by the vehicle’s 

mass. The system also contains a pretensioned secondary spring (represented by the lower 

cylinder). It is initially positioned such that it points to the fulcrum and therefore does not 

produce any torque with respect to the fulcrum. The triangular frame which connects all the 

elements represents the car’s chassis. If the load changes, caused by cornering for example, 

the secondary spring is repositioned such that it neutralizes the load variance. As a result, 

the lever does not rotate and body roll is prevented during cornering. Because the shape of 

the lever is a circular arc which radius is equal to the compressed length of the secondary 

spring, this spring is always be oriented perpendicularly to the lever and its length will not 

change. Repositioning the secondary spring will therefore not require any energy. 

load 
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Figure 3.2: Concept 1 

 

A variant of this system is displayed in Figure 3.3. Here, the secondary spring is shifted 

backwards and the force of the secondary spring is transmitted by a pushrod. Because of the 

lower inertia of the pushrod, the bandwidth of this concept will increase compared to the 

bandwidth of concept 1. However, implementing the pushrod introduces extra, undesirable 

sliding contact points. 

 

 

Figure 3.3: Concept 2 

 

In the two presented concepts, the orientation of the secondary spring force is adjusted. 

Another option is adjusting the position of the fulcrum. This concept is depicted in Figure 3.4. 

Here, the fulcrum is able to slide up and down in a slot. This system requires some kind of 

sliding contact and a linear actuator. This may cause additional wear and require excessive 

maintenance of the system. 

load 

fulcrum 
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Figure 3.4: Concept 3 

 

Concept 4, visualized in Figure 3.5, makes use of two levers and one actuated fulcrum. The 

effect of the spring can be regulated by sliding the fulcrum up and down. Again, this system 

requires some kind of sliding contact and a linear actuator. 

 

 

Figure 3.5: Concept 4 

 

In all mentioned concepts the force has to be transmitted to the lever by some kind of 

sliding contact. This may cause additional wear and therefore a rotary contact is preferred. 

Moreover, rotary actuators are far more common than linear actuators. As concept 1 is the 

most simple, the sliding contact in this concept will be replaced by a rotary contact. The 

result is presented in Figure 3.6.  

 

fulcrum 

load 

load 

fulcrum 
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Figure 3.6: Concept 5 

 

In the displayed position, the secondary pre-tensioned spring is maximally assisting the 

primary spring. Initially, the adjustable arms are positioned at an angle of 90° with respect to 

the position in Figure 3.6 in order to not produce any torque around the fulcrum. 

This final concept implemented in a double trailing arm suspension system could look like 

the system in Figure 3.7. 

 

 

Figure 3.7: Concept 5 implemented in a double trailing arm suspension 

 

A possible difficulty with this concept is the need for two actuators, one for each adjustable 

arm, and the synchronization between these two arms. The version presented in Figure 3.8 

is more practical for implementing in a car. 

    load 
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Figure 3.8: Final concept 

 

The working principle of this final concept has been used before in the Delft Active 

Suspension (DAS), but here the active part has been integrated in the suspension system 

whereas DAS is an add-on system. Initially, its goal has been to suppress the roll- and pitch 

motion of the vehicle in an energy efficient manner. The system has been developed 

towards a working prototype. However, DAS has mainly been used for improving the ride 

comfort instead of maximizing lateral acceleration due to leveling the vehicle. It is remarked 

that isolating the vehicle from vibrations due the road irregularities requires suspension 

deflection and because of this energy consumption is inevitable. Therefore the goal of 

implementing DAS into a vehicle differs from the goal of this report, i.e. maximizing lateral 

acceleration by leveling the car in an energy efficient manner. More information on DAS can 

be found in [AutoTechnology; Suspension Systems: Optimising the Tyre Contact Patch, pp. 

66-68, Edition 4, 2001 

Van der Knaap ,1995]. 

 

3.2 Mathematical model of active suspension system 

In this section, a mathematical model for the active suspension will be derived. The model 

can be used for determining the adjustable arm’s angle for which the system produces a 

required force. 

The suspension arms are depicted in Figure 3.9. The trailing arm joins the unsprung mass 

(wheel unit) to the sprung mass (the car body) and provides a connection to the primary 

fixed to chassis 
primary spring 

and damper 

secondary spring 
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spring and damper. The adjustable arm defines the position at which the secondary spring is 

attached to the suspension system. 

 

 

 
 

Figure 3.9: Trailing arm and adjustable arm 

 

The variables used in Figure 3.9 are: 

 : length of the trailing arm [m] 

 : length of the adjustable arm [m] 

 

For small suspension deflections, it is assumed that the point at which the secondary spring 

is attached to the suspension system moves along a circular trajectory which is shown in 

Figure 3.10. The relationship between the two variables in this figure is: 

 

           (3.1) 

 

where: 

 : angle of the adjustable arm [rad] 

 : height of adjustable arm’s connection point [m] 

 

 

 

trailing arm 

adjustable arm 
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Figure 3.10: Front view of suspension arms 

 

In case the suspension deflects, the tip of the adjustable arm also displaces according to the 

next relationship, which can easily be derived when examining Figure 3.11. Here, the 

suspension deflection with respect to the chassis is represented by , which can be 

measured with a displacement sensor. 

 

          (3.2) 

 

where: 

 : displacement of the tip of the adjustable arm [m] 

 

 

Figure 3.11: Side view of suspension arms 
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Because the displacement is only small in comparison with the secondary spring’s 

compressed length , it is assumed that the change in secondary spring compression equals 

the displacement of the adjustable arm’s tip. The following relation can now be applied. 

 

           (3.3) 

 

where: 

 : change in secondary spring compression [m] 

 

The secondary spring’s total compression  is the sum of its initial compression  and . 

 

         (3.4) 

 

According to Figure 3.12, the direction of the force produced by the secondary spring is not 

perpendicular with respect to the adjustable arm. The bearing of the arm will take care of 

the radial part of this force. The perpendicular part  is given by: 

 

      (3.5) 

         (3.6) 

 

where: 

 : secondary spring stiffness [N/m] 

 : distance between trailing arm rotation axis en secondary spring chassis attachment 

position [m] 

 

Because of the small change in secondary spring compression,  is assumed to be constant. 
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Figure 3.12: Top view of suspension arms 

 

The force produced by the secondary spring on the adjustable arm results in a moment 

around the rotation axis of the trailing arm with respect to the chassis. This moment can be 

translated into an ‘effective force’ acting on the chassis at the position where the primary 

spring is mounted. 

 

         (3.7) 

       (3.8) 

    (3.9) 

 

The actuator is capable of producing a force in a certain range by adjusting . The range 

depends on . Rewriting (3.9) results in two equations for  as a function of , , 

the initial compression , the secondary spring stiffness  and the geometric properties of 

the suspension system. The equation that gives the correct result is given by (3.10). This 

equation can be used by a controller in order to determine the angle for which the active 

suspension produces the required force for leveling the car during cornering or other 

purposes. 

 

  (3.10) 
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In case suspension deflection is prevented,  is zero and (3.10) cannot be solved. 

Therefore, in case  becomes smaller than 0.001 [m], this value will be used for  in order 

to solve (3.10). As this small deviation at the tip of the trailing arm will be even smaller at the 

tip of the adjustable arm, it will be negligible with respect to the secondary spring’s initial 

compression. 

As a reaction of suspension deflection, a moment around the adjustable arm’s axis of 

rotation will arise. This moment also depends on . The perpendicular part of the secondary 

spring’s force , the darkest hollow arrow in Figure 3.13, is not perpendicular 

anymore in case of suspension deflection. This force can be split into a part that now is 

perpendicular to the adjustable arm, the lightest hollow arrow, which therefore does not 

produce a moment, and a tangential part  that does produce a moment. 

 

 

Figure 3.13: Side view of suspension arms 

 

The relation between the latter force and the perpendicular force is given by: 

 

        (3.11) 

 

The tangential force acts on an arm of length  and creates a moment  around the 

adjustable arm’s axis of rotation. This is shown in Figure 3.14. 

 

 

Figure 3.14: Front view of suspension arms 
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The following relations hold: 

 

          (3.12) 

     (3.13) 

    (3.14) 

 

The reaction moment can be determined by using (3.14) and can be used in the design of the 

controller which is responsible for realizing the correct angle of the adjustable arm. Sensors 

which measure  and  should be installed at each wheel in order to determine the 

reaction moment. 

 

3.3 Controller design 

In this section, a controller will be designed which regulates the adjustable arm’s angle and 

therefore the force produced by the active suspension. 

The control of the suspension system takes place in two stages. In the first stage a 

performance improvement controller determines the force that has to be produced by the 

active suspension for leveling the car, comfort improvement, wheel load variation reduction, 

suspension travel reduction or a combination of these improvements. The required force 

functions as input for the actuator controller. 

In the second stage an actuator controller makes sure that the required force is produced as 

precise as possible. The actuator is capable of producing a force within certain limits. 

Therefore, a saturation filter first warrants that the force stays within these limits. Using the 

mathematical model, this limited required force is converted to an angle at which the 

actuator actually produces this force. This angle is called the reference angle . Hereafter, 

the actuator controller drives the adjustable arm, via a moment applied by an electric 

actuator, to the reference angle using a PD-controller with a correction for the estimated 

disturbance. This disturbance is caused by the reaction moment and can be predicted by the 

mathematical model. The actuator controller components are visualized in Figure 3.15. 
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Figure 3.15: Schematically representation of controller 

 

For suspension deflection around its initial compression, the saturation filter functions as 

follows: 

 

    (3.15) 

       (3.16) 

      (3.17) 

 

The reference angle  can be determined by substituting  for  in 

(3.10) and the disturbance  can be determined using (3.14). The moment that has to 

be applied by an electric actuator is given by: 

 

    (3.18) 

 

where: 

  : adjustable arm proportional gain [Nm/rad] 

  : adjustable arm derivative gain [Nms/rad] 

 : moment produced by the electric actuator [Nm] 
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Apart from the reaction moment correction, the equation of motion of the PD-controller 

together with the adjustable arm can be described by: 

 

       (3.19) 

 

Here,  is the adjustable arm’s inertia corresponding to its rotation axis [kg.m2]. The 

adjustable arm’s proportional and derivative gains are tuned such that the system’s 

undamped eigenfrequency  is 20 [Hz], and the damping constant  is 0.7 [-]. 

 

          (3.20) 

          (3.21) 

 

This is expected to be sufficient for being able to reduce the car’s highest vertical 

eigenfrequency, at which the unsprung masses will vibrate intensely, generally not 

exceeding 15 [Hz]. The resulting transferfunction from  to  is shown in Figure 3.16. 

 

 

Figure 3.16: Transferfunction from  to   
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4 Active roll control 
In this chapter, roll control in literature will be studied first. Safety systems installed on most 

modern cars, like ABS and ESP, are used to limit the amount of roll for vehicle rollover 

prevention. An active suspension system has been implemented in several state-of-the-art 

cars, mainly with the goal to reduce the amount of body roll. The result is a higher maximal 

cornering velocity and an improved directional stability especially when taking emergency 

evasive actions. This increase in safety will generally come at the cost of additional 

consumption of energy however. The active suspension system designed in the previous 

chapter, together with a controller to level the car, will be used in a simulation to examine 

the effect of body roll elimination on the maximum lateral acceleration of the car.  

 

4.1 Roll control in literature 

Roll control in literature mainly focuses on vehicle rollover prevention instead of complete 

body roll elimination. The goal of rollover prevention is to avoid this very specific type of 

accidents, whereas the goal of body roll elimination is to optimize the contact between tire 

and road surface and thus to improve the cornering characteristics of the vehicle. 

In general, two different situations in which rollover may arise can be distinguished. Rollover 

caused by extreme manoeuvring at high speeds on a plane surface, is the first case. The 

second one is called tripped rollover. In this case the vehicle has already started skidding and 

rollover occurs because the wheels hit an obstacle or encounter soft soil. 

Modern vehicle dynamics control systems like the Electronic Stabilization Program (ESP) use 

individual wheel braking to avoid skidding and thus help to prevent tripped rollover. Their 

primary task is stabilization of the vehicle’s yaw motion. 

Martens [2005] investigates the influence of a number of active safety systems, such as ESP, 

active steering, active suspension and active roll control on vehicle stability. These systems 

react faster, more accurate and flexible than the driver if an unexpected deviation from the 

vehicle’s desired yaw rate occurs. The ESP system requires little additional hardware as it 

makes use of the Anti-lock Braking System (ABS) which is present on most of today’s 

vehicles. Roll dynamics is much faster affected by steering than by braking. A 

steering/braking control system supports the driver in case of emergency as it allows larger 

obstacle avoidance manoeuvres. If steer-by-wire technology is present in the vehicle, the 

potential of active steering can be utilized. Vehicle stability may be improved by 

implementing a suspension system with active roll control which is capable of reducing 

sudden load transfer in roll direction due to slaloming for example. A vehicle equipped with 

all these systems is best capable of avoiding rollover. 
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In [Schofield et al., 2006] a control strategy using braking forces is presented which 

guarantees asymptotic tracking of a yaw rate reference while limiting the roll angle, thus 

preventing rollover. The first objective, tracking a yaw rate reference, is important since the 

extreme steering input causing a potential rollover may be required to remain on the road or 

to avoid an obstacle. The system can easily be implemented on vehicles with ABS, since the 

individual braking forces function as actuators. By investigating the roll dynamics of the 

vehicle, a maximum allowable roll angle can be defined. Next, a controller is designed which 

ensures that this limit is not exceeded by bounding the total lateral force produced by the 

tires. The controller can influence this force by adjusting the total longitudinal (braking) 

force. Yaw motion will simultaneously be controlled by correctly distributing the total 

braking force over the four wheels. 

In [Takano and Nagai, 2001], it appears from the frequency responses of roll angle and roll 

rate to the front steer angle that these outputs exhibit substantial phase delay in the 

frequency range of interest for emergency lane change manoeuvres. Directly measuring the 

vehicle’s roll angle or roll rate may not be suitable for predicting rollover. Yaw rate and 

lateral accelerations do not exhibit this behaviour and are more suitable for rollover 

prediction. 

Vehicles with a high centre of gravity, like commercial vehicles, are especially prone to 

rollover. A passenger car will generally start to skid in case of extreme manoeuvring due to 

its low centre of gravity. The mentioned rollover prevention systems are therefore less 

relevant for implementation in a passenger car. Active safety systems like ESP however have 

proven their usefulness in passenger cars over the years. 

Martens [2005] remarks that a lot of knowledge has been gained by car manufacturers on 

active control system and that this inside knowledge is not publicly available. This is valid for 

the technical details of those systems, but quite a lot of general information can be found on 

the internet as can be seen in the next paragraph. 

 

4.2 Roll control in practice 

The suspension of a luxury car is usually designed with emphasis on comfort. Because of the 

accompanying soft suspension settings the vehicle will roll excessively during cornering, 

resulting in a decrease in comfort and an inferior contact between tires and road. Therefore, 

most high-end car manufacturers have developed a suspension system which is able to 

reduce or even eliminated body roll. This system can also be used to eliminate pitch in order 

to increase the comfort level of the car.  

4.2.1 Hydraulic and pneumatic suspension systems 

Most car manufacturers who try to reduce or eliminate body roll add pneumatic or hydraulic 

elements to the traditional suspension system. Perhaps the most famous of these systems is 
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Citroën’s Hydractive suspension system, introduced in the XM in 1989 and displayed in 

Figure 4.1. 

 

Figure 4.1: XM’s Hydractive system picture autozine.org 

 

It is based on the company’s traditional “Hydro pneumatic suspension”, in which a large 

sphere is positioned on top of each of the four suspension struts. Each sphere, see Figure 

4.2, contains two compartments separated by an elastic membrane. One compartment is 

filled with compressed gas, the other with high-pressure fluid. Shocks, caused by road 

irregularities, are transmitted via the fluid and the membrane into the gas. The gas 

compartment functions as a spring, thus absorbing the energy and releasing it back into the 

fluid. Restrictions in the fluid compartment smooth the reaction and consequently provide 

damping. 

 

 

Figure 4.2: Hydro pneumatic sphere, picture carbibles.com 

 

The sophisticated Hydractive suspension still employs the spheres at each corner, but adds 

an extra sphere in the centre of each axle. The two central spheres each link the fluid 

between the left and right spheres and are also connected to each other. As a result, the 
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four corner spheres are all interconnected to each other by high-pressure fluid. Thanks to 

these central spheres, the total volume of gas and fluid experienced by one wheel increases 

which results in softer spring and damper characteristics and therefore a more comfortable 

ride. 

If during cornering or braking body roll or pitch needs to be reduced, the central sphere’s 

valves will close. The effective volume of gas and fluid is now reduced which results in stiffer 

spring and damping characteristics. 

The fast reacting solenoid valves in the central spheres ensure a quick and smooth transition 

between soft and hard. 

Summarizing, the suspension springs are very soft when driving straight ahead, which results 

in a comfortable ride. In case of cornering or accelerating, a combination of valves closes 

which leads to stiffer springs to limit the car’s roll and pitch. Because this system can only 

change the spring and damping characteristics and is not able to produce a force, it is called 

a semi-active instead of an active suspension system. 

To completely eliminate body roll during cornering, Citroën developed an additional anti-roll 

function and implemented it in its Xantia: the Xantia Activa, depicted in Figure 4.3. This 

model incorporates an extra gas-filled sphere in the middle of the anti-roll bar. If it wasn’t 

for this extra sphere the anti-roll bar would be extremely stiff, but the sphere - with its 

valves opened - functions as a cushion. Therefore, the anti-roll bar acts like a very soft one 

and prevents transmitting vibrations from one wheel to the other. When the car is 

cornering, body roll is detected and the valves in the anti-roll bar sphere are closed in order 

to eliminate the cushioning effect and increase its stiffness. Moreover, an additional 

hydraulic ram will be used to adjust the anti-roll bar and to make sure that body roll stays 

within certain limits. Citroën specifies that a normal Xantia is able to corner at 0.9 [g] on a 

dry road, whereas the Xantia Activa manages to corner at 1.2 [g]. 

 

  

Figure 4.3: Cornering in a Xantia Activa and a normal Xantia, picture kolumbus.fi/perhe_pitkanen/xw/ 

 

Mercedes uses another application of hydraulic elements to eliminate body roll. It is called 

‘Active Body Control’ or ABC. Here, a conventional spring-damper unit is mounted in series 

with a fluid chamber. When the car is cornering, the springs on the outer side of the corner 
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will be compressed. Now, the fluid chamber will be filled to compensate for the compression 

of the spring. The length of the suspension strut (spring-damper unit plus fluid chamber) will 

remain unchanged. The springs on the inner side of the corner will be stretched, and the 

fluid chamber will be emptied in order to compensate for this change in length. This 

combination results in a reduced body roll, displayed in Figure 4.4. 

Because the filling of the fluid chamber takes time, this system’s bandwidth is about 5 [Hz], 

which is sufficient for improving body roll but not for improving comfort. 

 

 

Figure 4.4: Stabilizing effect of Active Body Control, picture autozine.org 

 

BMW also developed a hydraulic system to prevent body roll: “Dynamic Drive”. A hydraulic 

coupling element in the anti-roll bar can apply a torque to each side of the anti-roll bar. Like 

Citroën’s active anti-roll bar, the two wheels are disconnected when driving straight ahead, 

which prevents transmission of vibrations between the two connected wheels and therefore 

ensures a comfortable ride. When turning, the hydraulic element connects the two sides of 

the anti-roll bar and applies a stabilizing torque in order to reduce body roll, visualized in 

Figure 4.5. 

 

 

Figure 4.5: Body roll elimination (left) thanks to Dynamic Drive, picture BMW 

 

Dynamic Drive hydraulic element 
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Ride height adjustments can be implemented easily in a hydraulic suspension by means of 

adding fluid to or removing from the hydraulic system. The vehicle ride height then can 

remain constant in spite of static load variations. Furthermore, the ride height can be 

decreased to gain more stability at high speed or it can be increased when off-road to avoid 

contact with ground obstacles. 

Because of the fact that the hydraulic systems used in BMW’s Dynamic Drive, Mercedes’ ABC 

and Citroën’s Xantia Activa are able to produce forces, these are called active suspension 

systems. A major drawback of such a hydraulic active suspension system is the need for a 

powerful energy consuming hydraulic pump to provide enough pressure for the hydraulic 

actuators and to cope with inevitable pressure losses in the hydraulic system. 

4.2.2 Electromagnetic suspension systems 

Bose, known for its high-performance audio products, has developed an active suspension 

system which uses linear electric motors to produce the force required for eliminating body 

roll and pitch. The linear motors replace the conventional spring-damper unit, as can be seen 

in Figure 4.6. 

 

 

Figure 4.6: Bose suspension front module, picture Bose 

 

The improvement in ride quality and the ability to suppress roll and pitch comes at an 

expense of energy consumption. However, in contrast to a hydraulic active suspension, the 

linear motor can also function as a generator. This means that, when the motor has to 

produce a force in the opposite direction of its velocity, energy can now be regenerated 

where normally it would be dissipated by a conventional damper. Thanks to this principle its 

energy consumption is lower than that of a hydraulic system, but certainly not insignificant. 

Bose has installed its active suspension system on a ’96 Lexus 400 LS. The body roll 

elimination can be seen in Figure 4.7. 
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Figure 4.7: Body roll reduction, picture Bose 

 

4.2.3 Adaptive damping 

Adaptive dampers can be used to decrease the rate of roll or pitch by adjusting the damper 

characteristics. This can be achieved for example by varying the number of channels through 

which the oil has to pass or by using a magneto rheological fluid, which viscosity can be 

changed by varying an electromagnetic field in the damper. During long corners this system 

eventually will have to permit body roll. During quick direction changes however, the 

behavior can be improved considerably by stiffening the damper characteristics. The 

adjustments that have to be made to the suspension system are minimal as the conventional 

dampers only have to be replaced by adaptive dampers. Therefore, this system is frequently 

used to improve the cornering behavior of sports cars. For example, Ferrari uses it in its 

Enzo, 612 Scaglietti and F430, Maserati in its Quattroporte and 3200 GT, Chevrolet in its 

Corvette, Audi in its TT and BMW in its M5 and M6.  Furthermore, this system is often 

installed in combination with some active elements in order to increase the possibilities of 

tuning the handling characteristics. It can also be used to improve comfort and wheel load 

variations. 

Because only the damping rate can be adjusted, this system is a semi-active suspension and 

in contrast to purely active suspensions it consumes only a small amount of energy. 
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4.3 Vehicle leveling controller 

In this section, a vehicle model is created in SimMechanics which includes the active 

suspension system. This model will be used to reveal the advantages of leveling the vehicle 

during extreme cornering. The leveling controller consists of a PD-action assisted by a 

correction for the estimated disturbances, caused by accelerating, braking and steering. 

4.3.1 The car model 

The car model is represented by four corner modules and a car body, displayed in Figure 4.8. 

Each corner module includes an active trailing arm suspension and a wheel. The tire 

dynamics of the wheel are represented by the so-called Magic Formula, included in the 

DELFT-TYRE SimMechanics block of TNO Automotive. 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.8: Schematically representation of car model 

 

As was mentioned before the car is relatively light and small. Its total mass  is 850 [kg] and 

its centre of gravity height  is 0.30 [m], exactly in the centre of its wheelbase  and track 

width  of 2.4 [m] and 1.5 [m], respectively. The stiffness of each of the four primary 

springs is about 20000 [N/m], resulting in a vertical natural frequency of about 1.5 Hz and an 

initial suspension deflection of about 0.10 [m] which seems to be quite realistic. The 

damping constant of each of the four dampers is chosen to be 700 [Ns/m] which results in a 

vertical damping ratio of about 0.2 [-]. The stiffness of the secondary springs is sufficiently 

large in order to be able to level the vehicle during cornering with a lateral acceleration of 1 

[g] with a centre of gravity height of 0.60 [m]. According to the DELFT-TYRE SimMechanics 

block, one wheel has a mass of 9.3 [kg]. All simulation parameters are given in Appendix III. 
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A controller subsystem is present in which the steering angle and driving torque are defined 

for each wheel. All relevant data such as active suspension, vehicle and tire state, is provided 

to the controller subsystem. Performance improvement controllers with different purposes 

such as leveling the vehicle, decreasing wheel load variations and improving comfort level 

can be implemented in this subsystem and determine the required force each corner 

module has to produce. The actuator controller of each module makes sure that the 

required force is produced as precise as possible 

In order to level the vehicle during longitudinal and lateral acceleration and deceleration, a 

leveling controller has to be implemented. This will be realized in two stages. First, a body 

roll controller will be derived. Hereafter, a pitch controller will be created. Finally, these 

controllers will be combined into a leveling controller.  

4.3.2 Body roll controller 

Body roll is caused by lateral acceleration during cornering. The forces acting on one axle of 

the car during steady-state cornering are represented in Figure 4.9. The active suspension 

has to compensate for the change in vertical force on each wheel in order to eliminate body 

roll.  is a function of the lateral acceleration and is a disturbance of the system. The 

estimate of this disturbance can be used by the controller in order to improve its 

performance. A lateral acceleration sensor should be installed in the vehicle. 

 

Figure 4.9: Force acting on a car taking a corner to the right 

 

The load transfer per wheel is given by: 

 

         (4.1) 

 

  

Origin 

 

 

 

 

 
 



 

32 
 

The variables used in Figure 4.9 are: 

 : centrifugal force [N] 

 : gravitational force [N] 

 : lateral acceleration [m/s2] 

 

Now that the disturbance can be corrected for, a PD-action is added to the controller. In case 

the disturbance correction is not functioning properly because of a sensor failure for 

example, the maximum allowed roll angle  is chosen to be 0.5° during an extreme 

cornering manoeuvre. This extreme manoeuvre is defined as a lateral acceleration of 1 [g] 

with a car that has a mass of 850 [kg] and a centre of gravity height of 0.60 [m]. The 

estimated load transfer  can be derived using (4.1) and the roll proportional gain  per 

wheel can now be calculated. 

 

  [N/rad]       (4.2) 

 

Considering the moment of inertia of the car body, this results in an undamped natural 

eigenfrequency of 6.4 [Hz]. Since body roll mostly occurs at frequencies lower than about 3 

[Hz] this seems sufficiently high. Choosing a damping ratio of 0.7 [-] results in a roll derivative 

gain  of about 14·103 [Ns/rad]. 

Now, the correction for the estimated disturbance and the PD-action are combined. The 

resulting force that has to be produced by the actuators on the left and right side of the 

vehicle given by:  

 

     (4.3) 

      (4.4) 

 

The actuator controller, presented schematically in Figure 3.15, will then make sure the 

required forces are being produced. 
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Now, a manoeuvre is defined to test the controller in a simulation. The steering angle is 

presented in Figure 4.10. The car drives with an initial velocity of 50 [km/h]. 

 

 

Figure 4.10: Manoeuvre 

 

The results are displayed in Figure 4.11. If only disturbance correction or only PD-action is 

used, the body roll is reduced considerable already. If these two are combined, the body roll 

even becomes hardly noticeable. 

 

 

Figure 4.11: Body roll control 
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4.3.3 Pitch controller 

Pitch is caused by longitudinal acceleration. Correcting for this disturbance is done in a 

similar manner as for body roll, except that the track width has to be replaced with the 

wheelbase of the car and the lateral acceleration with the longitudinal acceleration in (4.1). 

Again, a PD-action is part of the controller. In case the disturbance correction is not 

functioning properly, the maximum allowed pitch angle  is chosen to be 0.5° during 

extreme accelerating or braking. This extreme manoeuvre is defined as a longitudinal 

acceleration of 1 [g] with a car that has a mass of 850 [kg] and a centre of gravity height of 

0.60 [m]. The pitch proportional gain  per wheel can now be calculated. 

 

  [N/rad]      (4.5) 

 

Considering the moment of inertia of the car body, this results in an undamped natural 

eigenfrequency of 4.1 [Hz]. Since pitch mostly occurs at frequencies lower than about 3 [Hz] 

this seems sufficiently high. Choosing a damping ratio of 0.7 [-] results in a pitch derivative 

gain  of about 13·103 [Ns/rad]. 

Now, the correction for the estimated disturbance and the PD-action are combined. The 

resulting force that has to be produced by the actuators on the front and rear of the vehicle 

is given by: 

 

     (4.6) 

     (4.7) 

 

where: 

 : longitudinal acceleration [m/s2] 

 : wheelbase [m] 

 

The actuator controller, presented schematically in Figure 3.15, will then make sure the 

required forces are being produced. 
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Now, a manoeuvre is defined to test the controller in a simulation. The steering angle is zero 

during the simulation and the torque applied to the four wheels is presented in Figure 4.12. 

 

 

Figure 4.12: Manoeuvre 

 

The results are displayed in Figure 4.13. If only disturbance correction or only PD-action is 

used, the pitch is reduced considerable already. If these two are combined, the pitch even 

becomes hardly noticeable. 

 

 

Figure 4.13: Pitch control 
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4.3.4 Leveling controller 

The body roll and pitch controller are combined into a leveling controller. The force that has 

to be produced by each corner module actuator is presented by the next equations. 

 

      (4.8) 

      (4.9) 

       (4.10) 

      (4.11) 

 

where  is represented by (4.3),  by (4.4),  by (4.6) and   by 

(4.7). 

This controller is tested in a simulation. The manoeuvre results from a combination of a 

steering action and a torque applied to the wheels. This manoeuvre is given in Figure 4.14. 

The vehicle’s initial velocity is 0 *km/h]. 

 

 

Figure 4.14: Manoeuvre 

 

The comparison between the body roll and pitch of a car with a passive suspension system 

and that of a car with the active suspension system is displayed in Figure 4.15. The leveling 

controller functions as expected and nearly completely suppresses body roll and pitch. 
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Figure 4.15: Leveling control 

 

4.4 Improvements in lateral acceleration 

Extreme cornering can occur when trying to evade an obstacle on the road and is crucial for 

safety matters. Therefore, the effect of leveling the car during extreme lateral accelerations 

is investigated. The car model including the derived leveling controller will be used to 

determine the influence of tire orientation during extreme cornering. 

In the simulation, the car is slowly accelerating from standstill by applying a constant, 

relatively low torque on all four wheels. Furthermore, the front wheels steering angle is five 

[deg]. Because the centre of gravity of the car is positioned exactly in the centre of the four 

wheels and the cornering stiffness of the four tires is identical, the steering characteristic of 

the car is neutral. As a consequence, at a certain forward velocity the car will start to slide 

but laterally will never completely lose its direction and will never start to spin. At this point, 

the maximum lateral acceleration is reached. Further accelerating the car will lead to more 

lateral slip. Since the longitudinal force produced by the tires is relatively low the produced 

lateral force and the vehicle’s lateral acceleration will approach their maximum. 

By either disabling or enabling the leveling controller, body roll can be permitted or 

prevented. It can be imagined that, in the latter case, the tires will be oriented more 

favourable in comparison with the first case. This relation is supported by Figure 4.16. 

Eliminating body roll results in an increased maximum lateral acceleration. Taking a closer 

look at the results however points out that the improvement in lateral acceleration is only 

4.4 [%]. So the question arises if it is really worth the effort. 
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Figure 4.16: Simulation results 

 

It should be mentioned that the simulation has been carried out with parameters of an 

empty lightweight vehicle, with a total mass of 850 [kg]. Furthermore, its centre of gravity is 

positioned at 0.30 [m] above road level and the stiffness of each of the four primary spring is 

about 20000 [N/m], which is pretty stiff for such a lightweight car. This is confirmed by the 

fact that the vertical natural frequency is about 1.55 Hz, whereas most modern cars have a 

vertical natural frequency close to 1 Hz. So what really has been done here is trying to 

improve the cornering behaviour of a car that already corners like a go-kart. 

A different situation arises when the car is fully loaded. It is assumed that loading the car 

with 3 adults and some luggage will result in an extra 300 [kg] and a rise of the centre of 

gravity with 0.20 [m]. The suspension stiffness will be increased to about 27000 [N/m] in 

order to take care of the load variation. The maximum lateral acceleration of the loaded car 

in case roll is permitted is 8.06 [m/s2], whereas it increases to 8.67 [m/s2] when roll is 

prevented. This is an improvement of 7.6 [%]. 
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As was mentioned before, the used spring stiffness is quite large in comparison to what is 

normal in today’s cars. Halving the stiffness results in a vertical natural frequency of about 

1.1 [Hz] which is more comfort-oriented. The adjustment in suspension stiffness will 

probably result in an increased suspension travel. This can be compensated for by the fact 

that the active suspension is able to deal with static load variations. 

In case of a car with a passive suspension system, the lower stiffness will result in extra roll 

during cornering. This will further increase the usefulness of the active suspension. The 

assumption is supported by the results of a simulation of a cornering car with a mass of 1150 

[kg], a centre of gravity height of 0.5 [m] and a spring stiffness of about 13500 [N/m]. The 

results are depicted in Figure 4.17. The maximum lateral acceleration of this car in case roll is 

permitted is 7.45 [m/s2], whereas it increases to 8.67 [m/s2] when roll is prevented. This is an 

improvement of 16.3 [%]. 

 

 

Figure 4.17: Simulation results 
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It is remarkable to notice that the maximum lateral acceleration of the latter car is exactly 

the same as for the car with the same load but increased spring stiffness. The springs of a car 

with a purely passive suspension normally have to be stiff enough to provide good cornering 

behaviour. Apparently, the active part of the suspension now takes care of realizing good 

cornering behaviour and static load variations and as a consequence the primary springs can 

be tuned purely for optimizing comfort and wheel load variation in an increased available 

suspension travel space. Extreme cornering may be required to remain on the road or to 

avoid an obstacle. The active suspension system increases safety as it maximizes the lateral 

acceleration. 

The active suspension system is designed such that theoretically it does not require energy 

to adjust the total spring stiffness in order to cope with varying forces. The mean required 

power to level the vehicle during the simulation is less than 1 [W], and the peak power is less 

than 3 [W]. Furthermore, the required torque of each of the four electric actuators never 

exceeds 20 [Nm]. Therefore, only a small electric actuator is required to level the car during 

cornering. It can be concluded that the active suspension system is able to economically 

level the car. However, it should be mention that the road surface used in the simulation is 

perfectly smooth. It would be interesting to investigate the influence of a realistic road 

surface on the energy consumption when leveling the car during cornering. 

Because of the slowly varying conditions of the performed simulations, it is not surprising to 

see that the system is able to keep the vehicle level. As roll and pitch generally occur at 

frequencies below 3 [Hz], it is expected that the active suspension is also able to achieve this 

during more rapidly varying conditions such as a when encountering a J-turn or performing a 

lane change. If this is the case, the system’s energy consumption will not substantially 

increase compared to the consumption in the performed simulations. Performing J-turn or 

lane change simulations may give more insight on this. 
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5 Comfort improvement by active suspension system 
The suspension system is also responsible for providing a comfortable ride. In contrast to the 

previous chapter, where suspension travel is prevented in order to improve cornering 

characteristics, suspension travel is now required in order to isolate the passengers from 

uncomfortable vibrations. The active suspension system was designed such that it does not 

consume any energy when producing forces which prevent suspension travel. When the 

system produces forces during suspension travel, in order to damp vibrations, energy is 

being consumed or produced however. 

In this chapter the results of implementing a comfort oriented performance improvement 

controller, frequently used in literature, will be investigated. A short analysis will be carried 

out using a quarter-car model with an unrestricted actuator. Hereafter, a quarter-car model 

will be used which includes actuator dynamics and force limitation. This model can also be 

used to investigate the suspension’s energy consumption. 

 

5.1 Literature 

Bouazara and Richard [2000] have used the theoretical principle of skyhook damping to 

reduce the sprung mass’ vibrations and therefore improve the comfort level. This principle 

utilizes an imaginary damper which connects the sprung mass to a fixed point in the sky in 

order to reduce the mentioned vibrations. The force generated by the imaginary damper is 

in fact being generated by a (semi-)active component. It is concluded that active and semi-

active suspensions are superior to the passive suspension as comfort is improved without 

deteriorating road holding capabilities. 

According to Lucente and Rossi [2005], the skyhook principle has become a reference model 

for improving comfort because of its good performance and simplicity. Furthermore, 

multiple controllers based on multi-objective performance indices are designed for a semi-

active suspension system. Simulations are used in order to compare the comfort 

improvement of the different control strategies. It can be concluded that all used controllers 

improve ride comfort without significant deteriorating road holding capabilities with respect 

to a passive suspension system. 

In [Fischer and Isermann, 2003] various control concepts are listed such as the linear-

quadratic (LQ) state-vector feedback, the minimal variance (MV) principle, non-linear robust 

control techniques and robust controller approaches. The capabilities of (semi-)active 

suspension systems for improving vehicle comfort are investigated using a quarter-car model 

in combination with a minimal variance feedback controller. The performance of the semi-

active suspension system largely depends on the adjustable damper’s time constant, the 

delay of the low-pass filter and controller’s dead-time. The sum of these time constants 

should be less than 10 [ms] for a sprung mass acceleration reduction of over 20 [%]. The 

damping constant range of the semi-active suspension also largely determines the 
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performance of the system. Implementing an ideal semi-active suspension system, i.e. a 

system with negligible actuator dynamics and unlimited regulation range, results in a 

reduction of the sprung mass acceleration up to approximately 46 [%], whereas an ideal 

active suspension system realizes a reduction of 60 [%]. However, experiments show a 

reduction in acceleration of only about 10 [%]. This disappointing value is the result of 

information loss due to low-pass filtering and the large time constant of the total control 

system. All suspension states have been estimated using acceleration and deflection 

measuring instruments. 

Generally, expensive actuation systems and high energy consumption are required to 

achieve high performance suspension systems which are capable of improving comfort. 

These systems are therefore hardly being introduced in passenger cars.  

Temperature, deflection and wear can change the suspension parameters and should 

therefore be taken into account when designing a controller for an (semi-)active suspension 

in order to avoid unnecessary performance loss. 

Blundell [1997] remarks that suspension performance increasingly depends on the vibration 

isolation characteristics of rubber bushes used in connection points. Change in temperature, 

aging and wear will alter the material properties of these bushes and may therefore 

influence comfort. 

 

5.2 Improvements in comfort 

In this paragraph, the skyhook damping principle will be used to examine the possibilities of 

improving comfort with the active suspension system of Chapter 3.  

5.2.1 Quarter-car model with unrestricted actuator 

The quarter-car model with active suspension is presented in Figure 5.1. Its equations of 

motion are modeled in Simulink. The elements of the active suspension are combined into 

one unsprung mass element, the road contact is represented by a single point contact model 

and the force produced by the active suspension is directly implemented between the 

sprung an unsprung mass. The actuator will produce a required force  which is 

determined by a performance controller using the skyhook damping principle with skyhook 

damping constant . An observer may be used to estimate the sprung mass vertical 

velocity  from measurements of ,  and . This is not covered however. 

 

         (5.1) 
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Figure 5.1: Quarter-car model 

 

where: 

 : vertical position of unsprung mass [m] 

 : vertical position of sprung mass [m] 

 : vehicle forward velocity [m/s] 

 : sprung mass [kg] 

 : unsprung mass [kg] 

 : primary spring stiffness [N/m] 

 : damping constant [Ns/m] 

 : vertical position of road [m] 

 : tire stiffness [N/m] 

 

A remark should be made upon the fact that in this simulation it is assumed that the 

actuator is able to instantaneously deliver the required force, which is not quite realistic. 

Due to the inertia of the adjustable arm, it will take some time to change its position. 

Furthermore, in this simulation the force the actuator can produce is not limited. Therefore, 

the results will be too optimistic and only give some basic insight in the possibility of 

improving comfort by using the active suspension. 

The parameters used in this simulation approximately correspond to those of the loaded car 

with soft springs used in the vehicle leveling simulation. Furthermore, the secondary spring 
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stiffness  is 92000 [N/m], the tire stiffness  is 200000 [N/m], the length of the adjustable 

arm  is 0.175 [m], the length of the trailing arm  is 0.5 [m] and the distance between 

trailing arm rotation axis en secondary spring chassis attachment point  is 0.3 [m]. 

The quarter-car model with a passive suspension system will be used for comparison. The 

vehicle will travel on a class A road (highway) at a velocity of 120 [km/h] over a distance of 

1234 [m]. More information on the used road profile is given in Appendix IV. The comfort 

index, defined in Appendix V, and the variance of the wheel load variation and suspension 

travel are calculated to be able to compare the ride quality of different suspension setups. 

Next, simulations with the active suspension system will be carried out under the same 

conditions. The -value will be tuned in order to maximize comfort without deteriorating 

road holding quality too much. The results are listed in Table 5.1. 

 

Table 5.1: Simulation results 

Type of suspension 
Comfort 

index 
[m/s2] 

Wheel load 
variation variance 

[N] 

Suspension 
travel variance 

[mm] 

 = 0 [Ns/m] 0.72 559 12.6 

 = 250 [Ns/m] 0.70 554 10.9 

 = 500 [Ns/m] 0.69 551 9.9 

 = 750 [Ns/m] 0.68 551 9.4 

 = 1000 [Ns/m] 0.68 552 9.2 

 = 5000 [Ns/m] 0.66 597 11.5 

 = 50000 [Ns/m] 0.55 1348 15.9 

 = 100000 [Ns/m] 0.41 1761 17.0 

 = 500000 [Ns/m] 0.26 2410 19.0 

 

The results in Table 5.1 show that using the active suspension for comfort improvement 

deteriorates wheel load variation and suspension travel for large values of . However, a 

value of 750 [Ns/m] appears to be a good compromise for improving comfort without 

deteriorating wheel load variation and suspension travel. This value even leads to an 

improvement of the wheel load variation and suspension travel, which may be a fortunate 

coincidence for the chosen road profile. Figure 5.2 clearly shows that this value of  

reduces the peaks in the sprung mass position during the simulation. The corresponding 

force that has to be produced by the actuator is represented in Figure 5.3. The maximum 

force the actuator is able to produce, represented by the dotted line in the figure, can be 

calculated using (3.16) and (3.17). The actuator never has to produce its maximum force. 

Therefore it seems that, when installing a slightly stiffer secondary spring, the active 

suspension can simultaneously be used for improving comfort and leveling the car during 
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cornering. The required force will more often approach the actuator’s limits in case of an 

increasing - value. 

 

 

Figure 5.2: Sprung mass position 

 

 

Figure 5.3: Required force produced by the actuator 
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Figure 5.4 shows a close-up of the required force produced by the actuator. The two vertical 

vibration modes of the quarter-car model are clearly visible. The ripple with the wavelength 

of about 0.9 [sec] corresponds a frequency of 1.1 [Hz], at which the sprung mass will vibrate 

intensely. The second vibration mode occurs at about 14 [Hz] and is represented by the 

small ripples on the larger 1.1 [Hz] ripple. At this frequency, the unsprung mass will vibrate 

extremely. Since the bandwidth of the controlled system exceeds 14 [Hz] the active 

suspension is expected to be able to improve the comfort level. 

 

 

Figure 5.4: Required force produced by the actuator 

 

5.2.2 Quarter-car model including actuator dynamics and force limitation 

The secondary spring is only able to produce a limited force. It may well be that the forces 

required to improve comfort exceed the capacity of the secondary spring. Moreover, the 

adjustable arm has a considerable moment of inertia and the actuator may encounter 

problems with providing a quickly changing force. In this paragraph, a quarter-car model will 

be created which includes the inertia of the active suspension system components. The 

skyhook damping principle will again be used in order to improve the comfort level. The 

performance improvement controller is therefore given by (5.1). The quarter-car is modeled 

in SimMechanics and consists of a vehicle body as well as the suspension components and 

tires depicted in Figure 3.8. 

The effect of the correction for the reaction moment, determined by the actuator controller 

using (3.14), is visualized in Figure 5.5. In this simulation, the -value is set to 0 and 

because of this the required force and reference angle are also 0 throughout the entire 
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simulation. In case the correction for the reaction moment is not used in the controller, the 

following occurs. A bump in the road surface causes the suspension to deflect and a reaction 

moment originates. The controller’s proportional gain is not sufficiently large to take care of 

this moment. As a consequence the error of the adjustable arm’s position is large. In case 

the estimation is used, the reaction moment is compensated for and the PD-action is only 

responsible for stabilizing the angle. Figure 5.5 shows the importance of correcting for the 

disturbance and makes sure the reference angle is tracked optimally. 

 

 

Figure 5.5: Effect of using the disturbance correction 

 

The quarter-car model with a passive suspension system is used as a bench mark. The 

vehicle travels on a class A road (highway) at a velocity of 120 [km/h] over a distance of 1234 

[m]. The comfort index and the variance of the wheel load variation and suspension travel 

are calculated to compare the ride quality of different suspension setups. Next, simulations 

with the active suspension system are carried out under the same conditions. The -value 

will be tuned in order to maximize comfort without deteriorating road holding quality too 

much. The results are listed in Table 5.2. Especially the values for the variance of wheel load 

variation strongly differ from those listed in Table 5.1. This is partly caused by the fact that 

the suspension system is represented by only one element and does not contain a tire model 

in the simulation with the unrestricted actuator, but primarily because the gravity is not 

included. The comfort index and suspension travel variance also slightly differ because of the 

first two reasons. 
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Table 5.2: Simulation results 

Type of suspension 
Comfort 

index 
[m/s2] 

Wheel load 
variation variance 

[N] 

Suspension 
travel variance 

[mm] 

 = 0 [Ns/m] 0.60 2959 14.0 

 = 250 [Ns/m] 0.58 2958 11.6 

 = 500 [Ns/m] 0.58 2957 10.5 

 = 750 [Ns/m] 0.57 2957 9.9 

 = 1000 [Ns/m] 0.57 2957 9.7 

 = 2000 [Ns/m] 0.57 2958 10.1 

 = 3000 [Ns/m] 0.58 2959 10.8 

 = 4000 [Ns/m] 0.58 2961 11.4 

 = 5000 [Ns/m] 0.59 2964 11.9 

 = 10000 [Ns/m] 0.62 2983 13.1 

 = 15000 [Ns/m] 0.63 3013 13.7 

 = 20000 [Ns/m] 0.67 3054 14.1 

 = 25000 [Ns/m] 2.82 3128 13.9 

 = 30000 [Ns/m] 8.30 3109 13.1 

 

It can be concluded that only 5 [%] improvement in comfort can be achieved. However, 

choosing a -value of 1000 [Ns/m] also leads to an improvement in wheel load variation 

and especially in suspension travel. Increasing the value results in saturation of the required 

force and as a consequence the reference angle is close to the adjustable arm’s maximum 

angles of plus and minus 90 [deg]. The saturation filter action for a value of 25000 [Ns/m] 

can be seen in Figure 5.6 

The quarter-car model does not contain a stop at the adjustable arm’s extreme positions. As 

a consequence, the adjustable arm can freely spin around. Furthermore, in case of 

suspension travel the produced force differs from the required force because of the 

assumptions made in the derivation of the mathematical model. The reaction moment 

estimation, used in the actuator controller, also differs from the actual reaction moment 

because of the assumptions. These three deficiencies together with the fact that the 

adjustable arm is positioned near its extremes cause the adjustable arm to start spinning. As 

a result, vibrations are amplified and the comfort level deteriorates as can be seen in Figure 

5.7. Because suspension travel is prevented in case of leveling the car, the produced force 

then does perfectly agree with the required force and the system functions as expected. 
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Figure 5.6: Saturation filter 

 

 

Figure 5.7: Sprung mass acceleration 
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Figure 5.8: Required power and angle of adjustable arm 

 

The required power, to be delivered by an electric actuator, increases extremely in case of a 

large -value. Much energy is needed to realize the amplification of the sprung mass 

vibrations, whereas in case of a smaller -value power can even be generated. This is 

displayed in the left graph of Figure 5.8. The right graph of this figure shows that the angle of 

the adjustable arm exceeds its maximum of 90 [deg] in case of a large -value. A physical 

stop could solve this problem. 

 

 

Figure 5.9: Required torque and power 
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The required torque and power are displayed in Figure 5.9 for a -value of 1000 [Ns/m]. 

Apparently, the actuator functions as a damper between sprung and unsprung mass the 

majority of time and dissipates power from the system. In case the electric actuator can 

switch sufficiently fast between its four quadrants, a large part of the dissipated power can 

be converted into electric energy and later on be used when the actuator consumes power. 

Because the peak in required torque and power is respectively only about 120 [Nm] and 300 

[W], a small electric actuator can be used for improving the comfort level. 

The required torque should function as input for the electric actuator controller. As the 

dynamics of an electric actuator generally exceed those of a mechanical system, it is 

expected that excluding the dynamic properties of the electric actuator from the simulation 

will not have any influence on the system’s performance. 

As the comfort improvement requires only little action from the active suspension system, 

this function can be used simultaneously with the leveling function by implementing a 

slightly stiffer secondary spring. The fact that comfort improvement does not require but 

even produces a small amount of energy supports the implementation of the active 

suspension. However, performing full-car model simulations on various road classes may 

give more insight and different results. Also, the influence of the dynamic properties of an 

electric actuator should be investigated. 
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6 Road holding improvement by active suspension system 
The suspension system has to ensure a safe ride. The wheels may not lose contact with the 

road surface as these four contact surfaces are the only way of transmitting forces to the 

road. Wheel load variations, i.e. fluctuation of the contact force between tire and road 

surface, should therefore be small. An active suspension may be used to minimize these 

variations. 

In this chapter, the results of implementing a simple control law for improving contact with 

the road will be investigated. A short analysis will be carried out using a quarter-car model 

with negligible actuator dynamics to investigate the influence of restrictions on the force 

produced by the actuator. Thereafter, a quarter-car model will be used which includes the 

actuator dynamics and force limitation. This model can also be used to investigate the 

suspension’s energy consumption. 

 

6.1 Literature 

In literature, a model based controller is often used which minimizes a quadratic 

performance index  over a time domain . This index generally depends on wheel load 

variations, ride comfort and suspension travel.  

 

      (6.1) 

 

where  denotes the expectation,  and  are the weighting matrices,  is the simulation 

time,  is the system output and  is the system input. The matrices are used to determine 

the balance between the various components of the performance criterion. Li and Li [1995] 

present a fixed-order control methodology for an active suspension system. Computer 

simulations show that this suspension system performs better than a passive one when it 

comes to road holding. 

In [Titli et al., 1993] the design of a semi-active suspension system with a multi-objective 

performance index controller, a sliding mode controller and a fuzzy controller is presented. 

The performance of the different controllers is determined using nonlinear quarter-car 

model simulations and test bench experiments. The semi-active suspension system in 

combination with any of the three controllers performs better than a passive suspension as 

wheel load variations are reduced considerable when encountering a kerbstone. 

An active suspension system is often used in combination with road surface preview in order 

to minimize the performance index for the measured future road surface. Preview control 

can initiate its control input before the arrival of the disturbance. In [Had, 1990] for example, 
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the effects of preview information on road holding, comfort or suspension travel 

improvement and the accompanying power consumption have been examined. Partial 

availability of the state vector and the presence of random measurement noise are being 

taken into account in the performance index as it uses their estimates. Thanks to the 

preview of the road surface, the active suspension system acts to lift the wheels over the 

previewed bumps. The wheels primarily follow the low frequency components of the road 

irregularities. The presence of preview reduces power requirements considerably. It is noted 

that the improvement in road holding by an active suspension requires high performance 

actuators with fast dynamics. Huisman [1994] remarks that the quadratic performance index 

should be minimized only over the preview interval when improving wheel load variations. 

Outside the preview interval, no assumptions can be made on the road surface if incidental 

road disturbances, like potholes, are of primary interest. 

Mehra et al. [1997] present a Model Predictive Control (MPC) methodology in order to deal 

with nonlinear dynamics and saturation. The future disturbance should be previewed with 

adequate time length in order to minimize the chosen performance index over a feasible 

domain. The MPC design outdoes the Linear Quadratic Regulator (LQR) since it continuously 

satisfies the constraints of the system. In this report, preview will not be used. 

 

6.2 Improvements in road holding 

This chapter aims at quickly examining the road holding improvements as a result of 

implementing an active suspension system. For that purpose, a very simple straightforward 

performance improvement controller will be designed instead of a more complex controller 

which tries to minimize a quadratic performance index. 

A rotating tire functions as a spring with low damping. It can be imagined that it takes a 

relatively long time before vibrations, caused by road irregularities, are damped by the 

passive suspension system’s damper. The introduction of an active suspension may quicken 

this by using a so-called groundhook. This control action produces forces consistent with a 

damper positioned between unsprung mass and road surface. The force production and 

dynamics of the earlier discussed actuator are limited and it may well be that these do not 

satisfy the requirements for damping the vibrations and thus improving road holding. 

6.2.1 Quarter-car model with negligible actuator dynamics 

The quarter-car Simulink model from the previous chapter will be used to examine the road 

holding improvement when encountering various deterministic road surfaces. The 

performance improvement controller in this case will mimic a damper between the road and 

the wheel centre, so the required force follows from: 

 

        (6.2) 
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where: 

 : tire virtual damping constant [Ns/m] 

 

The required speed difference  can be obtained using a so-called smart tire. By 

embedding capacitive-resistive sensors in the tire carcass, the deformation of the tire will 

cause a change in electric impedance. Measuring the impedance change makes it possible to 

determine the deformation of the tire. The inevitable measurement noise may cause 

problems when differentiating the measurement signal, but this will not be given further 

notice. Summarizing, in case the tire is being compressed the actuator will lift the unsprung 

mass. In case the contact between tire and road diminishes, the actuator will push the 

unsprung mass down. 

The Simulink quarter-car model with active suspension is presented in the previous chapter 

in Figure 5.1. The frequency response function from road excitation to wheel load variation 

can be derived and is depicted in Figure 6.1. The used parameters correspond to those being 

used in the comfort improvement simulation with the Simulink quarter-car model. The 

additional damping is used to suppress the resonance at 14 [Hz]. The damping constant for 

which the damping ratio is 0.7 [-] is about 3000 [Ns/m]. 

 

 

Figure 6.1: Frequency response function from road input to wheel load variation 
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Because the additional damping is realized by introducing a force between the sprung- and 

unsprung mass, unsprung mass vibration will be suppressed at the expense of sprung mass 

vibration stimulation. The actuator is pushing the sprung mass in order to reduce unsprung 

mass vibrations as it were. Therefore, the sprung mass resonance will slightly increase as can 

be seen in Figure 6.1. 

It should be mentioned that in this quarter-car model, high frequency vibrations will be 

passed through to the unsprung mass because of the presence of the additional damper 

between road and unsprung mass. That is because the road contact is represented by a 

single point instead of a tire in this model. As a consequence, every short wavelength 

vibration will be introduced into the unsprung mass whereas a tire would filter these high 

frequencies because of its geometry. 

Again, the dynamics of the force actuator were neglected. Both a suspension system with 

and without saturation will be used to investigate the influence of the force that actually can 

be produced by the actuator. 

A step function is often used in literature as deterministic road surface. The quarter-car 

model with a forward velocity of 50 [km/h] will encounter a kerbstone with a height of 0.10 

[m]. Because of the absence of road surface preview in this simulation, the initial jump in 

wheel load variation will not decrease when using the active suspension. Figure 6.2 shows 

that in case of the active suspension system without saturation, the high frequent vibration 

dies out much faster than is the case for the passive suspension system. An actuator with no 

force limit is not quite realistic, and therefore a saturation filter which is based on the 

actuator’s limit is implemented in the simulation. The improvement in the first hundredths 

of a second after the step is now much smaller because the required force cannot be 

produced by the actuator. As soon as the required force is within the actuator’s limits, at 

about 0.375 [s], the improvement in wheel load variation is obvious. Bearing in mind the 

forward velocity and the kerbstone height, it is no surprise that the required force is 

excessive in the first hundredths of a second after the step. 
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Figure 6.2: Deterministic road surface: kerbstone 

 

Because of the geometry of a tire, a kerbstone will not appear as a step function to the 

system. Therefore a rounded pulse, presented in Figure 6.3, is often used in literature to 

demonstrate the performance of a system when encountering a brick. This pulse describes 

the displacement of an object over a finite distance with finite accelerations in a finite time 

and is therefore physically more realistic than a step function. 

The here used rounded pulse is described as a function of the longitudinal position  by: 

 

       (6.3) 

 

where: 

 : height of the pulse [m] 

 : characteristic length of the pulse [m] 
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Figure 6.3: Rounded pulse 

 

The quarter-car model with a forward velocity of 50 [km/h] will encounter the rounded pulse 

with a height of 0.10 [m] and a characteristic length of also 0.10 [m]. The resulting wheel 

load variation is depicted in Figure 6.4. Due to the gradually increasing vertical road surface, 

the active suspension system without saturation is able to slightly suppress the first peak. 

Furthermore, the high frequent vibration is damped out much faster than is the case for the 

passive suspension system. The active suspension with saturation is not able to suppress this 

first peak. However, as soon as the required force is within the actuator’s limits, at about 

0.01 [s], the improvement in wheel load variation again is obvious. 

 

 

Figure 6.4: Response on rounded pulse 
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Figure 6.5 confirms that the low frequent vibration, in this case the vertical position of the 

sprung mass, is enlarged by the used performance improvement controller. As has been 

expected, this controller improves the wheel load variation at the expense of a deterioration 

of ride comfort. It would therefore be sensible to only use this performance improvement 

controller in case of an extreme manoeuvre, accompanied by large accelerations, or 

incidental road disturbances, associated with large vertical speed differences between tire 

and road. Maximum safety is then guaranteed. 

 

 

Figure 6.5: Response on rounded pulse 

 

6.2.2 Quarter-car model including actuator dynamics and force limitation 

The quarter-car SimMechanics model from the previous chapter will be used to examine the 

road holding improvement when driving over both deterministic and stochastic road 

surfaces. The actuator dynamics are now included in the simulation. The performance 

improvement controller is given by (6.2).  

First, the road holding improvement when driving over a deterministic road surface will be 

investigated. The rounded pulse from (6.3), with a height and characteristic length of 0.1 

[m], is used again. The vehicle’s velocity is 50 *km/h]. A -value of 3000 [Ns/m] results in 

saturation of the required force and because of the same reasons as mention in Chapter 5, 

the adjustable arm starts spinning. Considering the vehicle’s velocity and pulse height of 0.1 

[m], it is not strange that the system is not able to deal with the disturbance. Nevertheless, 

reducing the pulse height to 0.01 [m] still does not result in good tracking of the reference 

angle. In order to lower the required forces resulting from the performance improvement 
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controller, the -value is decreased to 600 [Ns/m]. Now, the required force is within the 

actuators limits the majority of time and the actuator does not have to move constantly 

from one extremity to the other. As a result the reference angle can better be tracked. 

Figure 6.6 shows that the reference angle starts to fluctuate with a frequency that exceeds 

the actuator’s bandwidth. This is a result of the steep pulse. Because of the small required 

force, the reference angle does not come near to its extremities and the adjustable arm does 

not start to spin. The decreasing vibration has a frequency which is just over the system’s 

bandwidth of 20 [Hz]. Because of this, a phase delay can be observed. 

 

 

Figure 6.6: Simulation results for a pulse height of 0.01 [m] and a  of 600 [Ns/m] 

 

In case of a pulse height of 0.1 [m] and a -value of 600 [Ns/m], the required force largely 

exceeds the actuators maximum as can be seen in Figure 6.7. As a consequence, the 

reference angle is at the actuator’s extremities, displayed in Figure 6.8. However, the 

adjustable arm does not start to spin because of the fact that the reference angle returns 

within the actuator limits before the actual angle reaches its extremity. Therefore, the 

vibration is not being amplified. 
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Figure 6.7: Simulation results for a pulse height of 0.1 [m] and a  of 600 [Ns/m] 

 

 

Figure 6.8: Simulation results for a pulse height of 0.1 [m] and a  of 600 [Ns/m] 
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Figure 6.9: Simulation results for a pulse height of 0.1 [m] and a  of 600 [Ns/m] 

 

Figure 6.9 shows that just after the major peak, the wheel load becomes 0. The wheel loses 

its contact with the road surface because of the extreme height of the bump. The required 

force is also 0 during this interval. This can be seen in Figure 6.7. 

In case of a -value of 600 [Ns/m], the dynamic wheel load variation is worse than when a 

passive suspension would be used. Apparently, this -value makes that the reference angle 

cannot be tracked by the adjustable arm. Therefore, this value is reduced so that the active 

suspension gives the best results. This best value appears to be 200 [Ns/m]. The 

improvement in wheel load can be seen in Figure 6.10. Because of the extreme required 

forces and the lack of preview, the active suspension is not able to realize an initial 

improvement. Nevertheless, as soon the required forces are within the actuators limits the 

vibration decreases more quickly than is the case for a passive suspension system. In order 

to realize this, an electric actuator of sufficient capacity needs to be implemented to rotate 

the adjustable arm. In case of suspension deflection, turning the arm results in a change in 

secondary spring compression. The electric actuator should therefore be able to produce or 

dissipate energy. Although the net required power is negative during this simulation, and 

this active suspension system actually produces energy, the peaks in power are in the order 

of magnitude of 105 [W]. An extremely powerful actuator is therefore required for improving 

wheel load variations. It is completely unrealistic that an actuator with such characteristics is 

suitable for mobile applications. 
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Figure 6.10: Simulation results for a pulse height of 0.1 [m] 

 

Now, the road holding improvement when driving over a stochastic road surface will be 

investigated. The quarter-car model with a passive suspension system is used for 

comparison. The vehicle travels on a class A road (highway) at a velocity of 120 [km/h] over a 

distance of 1234 [m]. The comfort index and the variance of the wheel load variation and 

suspension travel are calculated to compare the ride quality of different suspension setups. 

Next, simulations with the active suspension system are carried out under the same 

conditions. The -value will be tuned in order to minimize wheel load variation without 

deteriorating the comfort level too much. The results are listed in Table 6.1. 

These results show that the improvement in wheel load variation when driving over a 

stochastic road surface is negligible using this performance improvement controller. 

Moreover, this slight improvement is accompanied by an unacceptable deterioration in 

comfort. Considering the required maximum power of the electric actuator it is very unlikely 

that this performance improvement controller can be used for improving wheel load 

variations. It would be interesting to investigate the capabilities of this active suspension 

system in combination with other controllers. Furthermore, implementing a controller which 

incorporates preview may give better results. 
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Table 6.1: Simulation results 

Type of suspension 
Comfort 

index 
[m/s2] 

Wheel load 
variation variance 

[N] 

Suspension 
travel variance 

[mm] 

 = 0 [Ns/m] 0.60 2959 14.0 

 = 50 [Ns/m] 0.62 2956 14.0 

 = 100 [Ns/m] 0.63 2954 14.0 

 = 150 [Ns/m] 0.65 2953 14.1 

 = 200 [Ns/m] 0.67 2951 14.1 

 = 250 [Ns/m] 0.69 2951 14.1 

 = 300 [Ns/m] 0.72 2950 14.2 

 = 400 [Ns/m] 0.79 2950 14.2 

 = 500 [Ns/m] 0.89 2952 14.3 

 = 600 [Ns/m] 1.07 2959 14.3 

 = 700 [Ns/m] 1.46 2979 14.2 

 = 800 [Ns/m] 2.34 3050 13.8 

 = 900 [Ns/m] 3.05 3126 13.4 

 = 1000 [Ns/m] 3.37 3163 13.0 
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7 Conclusions and recommendations 
 

7.1 Conclusions 

Usually the suspension consists of passive force elements which are designed to optimize 

the trade-off between ride comfort, suspension travel and wheel load variations. Also, the 

geometry design of the suspension links is a trade off between optimal orientation of the 

wheels in case of bumps in the road or during cornering. Furthermore, the springs should be 

stiff enough to avoid exaggerate body roll or pitch during cornering, accelerating and 

braking. Modern suspension systems provide possibilities for optimizing the trade-offs, but 

will never be able to eliminate the conflicts. Moreover, they are complex and space 

consuming. 

The additional elements of an active suspension system are able to produce forces when 

required and therefore the trade-off between ride comfort, suspension travel and wheel 

load variations can be better resolved. Furthermore, an active suspension system can be 

used in order to eliminate body roll during cornering. As a result, the complicated and space 

consuming suspension links can be replaced with a compact and simple trailing arm 

suspension. Also, static load variations can be taken care of by adjusting the stiffness of the 

suspension. It can be adjusted to the driving situation and to individualize the handling 

characteristics and comfort level of the vehicle. 

An active suspension system is investigated which can prevent suspension travel under a 

varying load, theoretically without consuming energy. By using the principle of a lever, the 

varying load can be counterbalanced by a constant force at a varying distance from the 

fulcrum. This principle has been used before in the Delft Active Suspension (DAS). However, 

the goal of implementing DAS into a vehicle differs from the goal of this report, maximizing 

lateral acceleration by leveling the car in an energy efficient manner. 

A performance improvement controller determines the required force the actuator has to 

produce in order to level the car or improve the comfort level for example. An actuator 

controller makes sure that the required force is produced as precise as possible by using a 

mathematical model of the active suspension system. This controller consists of a PD-action, 

assisted by a correction for the estimated disturbance experienced by the actuator. 

Several state-of-the-art cars are equipped with active suspension systems in order to reduce 

the amount of body roll. The result is a higher cornering velocity and an improved directional 

stability especially when taking emergency evasive actions. This increase in safety will 

generally come at the cost of additional consumption of energy however. 

A vehicle model including the presented active suspension system is used to reveal the 

advantages of leveling the vehicle during extreme manoeuvres. The designed leveling 

controller consists of a PD-action assisted by a correction for the estimated disturbances, 
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caused by accelerating, braking and steering. The leveling controller reduces body roll and 

pitch to a minimum, which results in an increased maximum lateral acceleration. For an 

unloaded vehicle with stiff suspension springs the improvement is small, but for a loaded 

vehicle with soft comfort oriented springs the improvement is considerable. The active part 

of the suspension takes care of realizing good cornering behaviour and static load variations 

and as a consequence the primary springs can be tuned purely for optimizing comfort and 

wheel load variation. The simulation shows that the required energy is negligible. It can be 

concluded that the active suspension system is able to economically level the car. 

The suspension system is also responsible for providing a comfortable ride. Suspension 

travel is now required in order to isolate the passengers from uncomfortable vibrations. 

When the active suspension produces forces during suspension travel energy is being 

consumed or produced. The skyhook damping principle is used to examine the possibilities 

of improving comfort. Performing simulations with an unrestricted actuator shows that 

comfort can slightly be improved with little actuator action and without deteriorating wheel 

load variation and suspension travel. Further improving the comfort level requires more 

actuator action and results in considerable degradation of wheel load variation and 

suspension travel. Performing simulations including actuator dynamics and force limitation 

shows that comfort can only be improved with 5 [%] with this actuator. Increasing the 

skyhook damping results in saturation of the actuator and sprung mass vibrations are 

amplified. As a consequence, the required power increases extremely. In case of correct 

utilization of the system, improving comfort can produce a small amount of energy as the 

active suspension functions as a damper. Only a small electric actuator is required for 

improving comfort. As the comfort improvement requires only little action from the active 

suspension system, this function can be used simultaneously with the leveling function.  

The suspension system has to ensure a safe ride. The wheels may not lose contact with the 

road surface and wheel load variations should therefore be small. The groundhook damping 

principle is used to examine the possibilities of improving road holding. Performing 

simulations with an unrestricted actuator on a deterministic road surface shows that the 

initial improvement is only small because of the lack of preview. Nevertheless, the variations 

in force between tire and road are reduced considerable at the expense of deteriorating 

comfort. An actuator with force limitation is not able to improve the first peak in wheel load, 

but as soon as the required force is within the actuator’s limits the improvement is obvious. 

Performing simulations including actuator dynamics and force limitation also shows 

improvement in wheel load variation as soon as the required force is within the actuators 

limits. However, because the enormous peaks in power require extremely powerful electric 

actuators it is not interesting to use the presented active suspension system in order to 

improve road holding. Furthermore, the improvement when driving over a stochastic road 

surface is marginal using the groundhook damping principle and is accompanied by an 

unacceptable deterioration in comfort. 
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7.2 Recommendations 

The required torque determined by the actuator controller functions as input for an electric 

actuator. It would be interesting to investigate the influence of the actuator dynamics on the 

system performance. 

Simulations show that leveling the car during cornering hardly requires any energy when 

driving over a perfectly smooth road surface under slowly varying conditions. Driving over a 

realistic road surface causes the suspension to vibrate and may result in energy consumption 

of the active suspension. Furthermore, performing J-turn or lane change simulations may 

give more information on energy consumption during more rapidly varying conditions. 

When leveling the car during cornering, the wheels on each side of the vehicle together have 

to deal with the change in vertical force. The leveling controller can be used to change the 

steering characteristics of the car. For example, when the car’s trunk is heavily loaded the 

car may become an oversteered vehicle which can be dangerous during extreme cornering. 

The leveling controller may be used to make sure the front wheels mainly take care of the 

resulting load transfer. Because of this, the outer front wheel load again equals the outer 

rear wheel load which causes the steering characteristics to become neutral again. The 

potential of this idea should be investigated using simulations. 

In case of improving comfort, performing full-car model simulations on various road classes 

may give better insight in the possibilities of using the active suspension system.  

It would be interesting to investigate the capabilities of this active suspension system for 

improving road holding in combination with other controllers. Furthermore, implementing a 

controller which incorporates preview may improve the system’s performance, even when 

using the groundhook damping principle. 

Because of assumptions made in the mathematical model of the active suspension, the 

adjustable arm starts to rotate in case of continuous actuator saturation. Improved 

estimations of the actuator’s reference angle and the disturbance, or a physical stop at the 

extremity of the adjustable arm’s angle, may prevent this and improve the active suspension 

system’s achievements. 

In order to level the car during extreme cornering, a secondary spring stiffness in the order 

of magnitude of 105 [N/m] is required. Furthermore, the adjustable arm has to transmit high 

force and may therefore require special materials and specific bearings. The possibilities to 

realize this active suspension system with existing components should be investigated. 

The performance improvement controllers for leveling the car, improving comfort and 

reducing wheel load variation have been tested separately. Combining these controllers into 

one performance improvement controller by adding the separate required forces may 

disrupt the correct functioning of the controller. This effect should be investigated in order 

to create a universal performance improvement controller. 
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As the driving characteristics of the vehicle including the active suspension are influenced by 

a combination of controllers, it would be interesting to analyze the resulting dynamic 

behavior of the controlled vehicle. 

In order to judge the potential of the presented active suspension system, its performance 

should not only be compared to a passive suspension but also to other (semi-)active 

suspension systems. Moreover, experiments should be performed in order to validate the 

results. 
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Appendix I Suspension and powertrain demonstration mock-up 
 

 

Figure A.1: Concept design of the pavilion 

 

The active suspension system has been presented at the pavilion ‘Car in the Future’, see 

Figure A.1, at the Amsterdam Motor show AutoRAI and the AutoVAK in March 2007. The 

pavilion contains the following elements: 

 Context of the world, people and mobility in 2020 as from different angles: users, 

history of mobility, sustainability, community (multimedia, website, visualization of 

the future context) 

 Exterior design (1:1 mock-up) 

 Interior design, road assistant and active safety systems (1:1 mock-up, presentations) 

 Suspension and powertrain demonstration (1:1 mock-up, presentations, 3D 

animation) 

The active suspension is part of the suspension and powertrain demonstration mock-up, 

presented in Figure A.2. A simple chassis is produced onto which all the powertrain and 

suspension components are mounted. A number of manoeuvres (acceleration, corner, 

highway lane-change, deceleration, parking in line) is animated for which the reaction of a 

car with a passive suspension and the reaction of a car with the active suspension is 

executed by the demonstration mock-up. Therefore, the mock-up is equipped with linear 

actuators at each wheel which produce the suspension travel during each of the 

manoeuvres. An image from the acceleration animation is depicted in Figure A.3. Figure A.4 

and Figure A.5 show the mock-up at the TU/e and a close-up at the rear suspension and 

powertrain components, respectively. 
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Figure A.2: Mock-up at the AutoRAI 2007 

 

 

Figure A.3: Accelerating 
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Figure A.4: Mock-up at the TU/e 

 

 

Figure A.5: Close-up at the rear suspension and powertrain components 
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Appendix II Energy recovery in dampers 
It is likely to be that the price of energy will increase in the future. Therefore, the majority of 

the car manufacturers aims at the development of more fuel-economical cars. Engines 

become more fuel efficient and air drag and rolling resistance are decreasing.  

Still in today’s cars, a lot of energy is converted into heat during braking. The principle of 

recovering this kinetic energy by regenerative braking with an electric engine will probably 

be introduced in production cars in the near future. Thanks to this system, the kinetic energy 

can be temporarily stored in the batteries and used for other purposes later on. Energy is 

converted into heat, and thus dissipated, in conventional dampers. Dampers which are able 

to convert this energy into electrical energy would be useful to further decrease the energy 

consumption. 

It can be imagined that such a damper would be more expensive. In order to decide whether 

it is useful to implement it into a car, a simulation is performed in order to determine the 

amount of energy that is dissipated by the dampers on different road classes. The quarter-

car model presented in Figure 5.1 with the accompanying parameters is used. The active 

component has been disabled. To determine the amount of power being dissipated by the 

damper, the velocity difference between sprung and unsprung mass is squared and 

multiplied with the damping constant. The road classes, together with their accompanying 

vehicle velocity and power dissipated by all four dampers are listed in Table A.1. 

 
Table A.1: Road class, accompanying vehicle velocity and dissipated power 

Road class Velocity [km/h] Mean dissipated power [W] 

A (very good) 120 183 

B (good) 100 545 

C (average) 80 1494 

D (poor) 50 2788 

E (very poor) 30 5172 

 

The results show that, especially in case of poor road quality, a large amount of energy is 

dissipated by the dampers. It should be mentioned that in the used quarter-car model, high 

frequency vibrations are transmitted to the unsprung mass because the road contact is 

represented by a single point contact model. As a consequence, every short wavelength 

vibration will be introduced whereas a tire would filter these high frequencies. Therefore, 

especially in road class D and E the response of the tire will be much smoother and the 

velocity difference between sprung and unsprung mass is expected to be significantly lower. 

As a result, also the dissipated power will be lower than the one presented here.  

However, it would be interesting to further investigate the potential of implementing 

dampers which can convert the dissipated energy into electrical energy. Furthermore the, in 

this report, presented active suspension may be used for this purpose by implementing a 
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performance improvement controller which mimics a conventional damper. It is expected 

that the active suspension is able to produce electrical energy, similar to the case of 

improving comfort. 
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Appendix III Simulation parameters 
 

SimMechanics simulation 
%% Parameters 
%Car 
par.car.wheelbase  = 2.4; 
par.car.trackwidth = 1.5; 
par.car.length     = 3.5; 
par.car.width      = 1.75; 
par.car.height     = 1.5; 
par.car.weight     = 850; 
par.car.cog_height = 0.30; 

 
%Suspension 
par.suspension.lta.m = 6.12; 
par.suspension.lta.I = [0.0365,0,0;0,0.1796,0;0,0,0.2124]; 
par.suspension.uaa.m = 1e-6; 
par.suspension.uaa.I = [30,0,0;0,50,0;0,0,40]*1e-9; 
par.suspension.laa.m = 0.9082; 
par.suspension.laa.I = [0.002237,0,0;0,0.001252,0;0,0,0.003353]; 
par.suspension.totalmass = 

4*(par.suspension.lta.m+par.suspension.uaa.m+par.suspension.laa.m); 

 
%Wheel 
par.wheel.m = 9.3; 
par.wheel.totalmass = 4*par.wheel.m; 
par.wheel.I = [0.391,0,0;0,0.736,0;0,0,0.391]; 
par.wheel.simulink_data = [par.wheel.m par.wheel.I(1,1) par.wheel.I(2,2)]; 

 
%Body 
par.body.totalmass = par.car.weight-par.suspension.totalmass-

par.wheel.totalmass; 
par.body.I = [500,0,0;0,700,0;0,0,750]; 

 

 
%% Geometry 
%Suspension 
geo.wheel.height = 0.3; 
geo.lta.length = 0.5; 
geo.lta.cog_length = 0.227; 
geo.lta.cog_width = 0.115; 
geo.uaa.height = 0; 
geo.uaa.width = 0; 
geo.laa.height = 0; 
geo.laa.width = 0.175; 
geo.laa.cog_width = 0.066; 
geo.spring.compressed_length = 0.30; 

 
%Steering 
geo.steer.mechanical_trail = 0;          % [m] 
geo.steer.caster_angle = 0;              % [deg] 
geo.steer.scrub_radius = 0;              % [m] 
geo.steer.king_pin_inclination = 0;      % [deg] 
geo.steer.axis_front_left  = [-tand(geo.steer.caster_angle) -

tand(geo.steer.king_pin_inclination) 1]; 
geo.steer.axis_front_right = [-tand(geo.steer.caster_angle)  

tand(geo.steer.king_pin_inclination) 1]; 
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geo.steer.axis_rear_left   = [ tand(geo.steer.caster_angle) -

tand(geo.steer.king_pin_inclination) 1]; 
geo.steer.axis_rear_right  = [ tand(geo.steer.caster_angle)  

tand(geo.steer.king_pin_inclination) 1]; 
geo.steer.caster_offset = geo.steer.mechanical_trail-

(geo.wheel.height*tand(geo.steer.caster_angle)); 
geo.steer.wheel_centre_offset = 

geo.steer.scrub_radius+(geo.wheel.height*tand(geo.steer.king_pin_inclinatio

n)); 

 

 
%% Spring and Damper characteristics 
%Primary 
par.suspension.initial_deflection_primary = 0.20; 
par.suspension.k_primary  = 

(par.body.totalmass+par.suspension.totalmass)*9.81/(4*par.suspension.initia

l_deflection_primary); 
par.suspension.b_primary  = 700; 
par.suspension.r0_primary = 

geo.spring.compressed_length+par.suspension.initial_deflection_primary; 

 
%Secondary 
temp.maximum_lateral_acceleration = 9.81; 
temp.maximum_h = 0.6; 
temp.dFz_tire = 

par.car.weight/2*temp.maximum_lateral_acceleration*temp.maximum_h/par.car.t

rackwidth; 
temp.DFz_spring = temp.dFz_tire*geo.lta.length/geo.laa.width; 
par.suspension.initial_deflection_secondary = 

par.suspension.initial_deflection_primary*geo.laa.width/geo.lta.length; 
par.suspension.i=sin(atan(geo.spring.compressed_length/geo.laa.width)); 
par.suspension.k_secondary  = 

temp.DFz_spring/par.suspension.initial_deflection_secondary; 
par.suspension.b_secondary  = 0; 
par.suspension.r0_secondary = (geo.spring.compressed_length-geo.uaa.height-

geo.laa.height+par.suspension.initial_deflection_secondary)/par.suspension.

i; 
clear temp 
 

 

%% Parameters 
%Leveling controller 
tos.roll_reduction = 1;                 % 0:disable; 1:enable 
tos.roll.P = 2e5; 
tos.roll.I = 0e3; 
tos.roll.D = 14e3; 
tos.roll_disturbance_correction = 1;    % 0:disable; 1:enable 
tos.pitch_reduction = 1;                % 0:disable; 1:enable 
tos.pitch.P = 1.2e5; 
tos.pitch.I = 0e3; 
tos.pitch.D = 13e3; 
tos.pitch_disturbance_correction = 1;   % 0:disable; 1:enable 
 

 

%% Parameters 
%Actuator controller 
parameters.J = par.suspension.uaa.I(3,3)+par.suspension.laa.I(3,3)+EM.Jm; 
parameters.w = 20*2*pi; 
parameters.beta = 0.7; 
parameters.P = parameters.w^2*parameters.J; 
parameters.I = 0; 
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parameters.D = 2*parameters.beta*parameters.w*parameters.J; 
parameters.M_reaction_correction = 1; 
parameters.FF = 0; 
 

Simulink simulation 
parameters.ms=1050/4; 
parameters.mu=25; 
parameters.kp=13500; 
parameters.ks=92000; 
parameters.d=700; 
parameters.kt=200000; 
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Appendix IV Road profiles 
The class A road profile used in quarter-car model simulations is presented in Figure A.6 and 

comes from [Baert et al., 2007]. 

 

 

Figure A.6: Road profile A 

 

Its power spectral density (PSD), together with the ISO road class limits A-G [ISO 8608, 1995], 

is shown in Figure A.7. Each successive road class used in this report is derived by doubling 

the road height of the previous one. 

 

 

Figure A.7: PSD of road profile A and road profile classification limits according to [ISO 8608, 1995]  
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Appendix V Comfort index 
In [ISO 2631-1, 1997] ride comfort is assessed in the frequency range of 0.5 to 80 [Hz]. The 

sensitivity of the human body is frequency dependant. Therefore, a weighting function is 

applied to the vertical accelerations determined in simulations. This function is presented in 

Figure A.8. The variance of the frequency-weighted vertical accelerations is here used as the 

comfort index. 

 

 

Figure A.8: Vertical acceleration weighting function 
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