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Summary 

With modem multilink suspensions the end of the kinematic possibilities are reached. Adding 
active elements gives engineers the opportunity to improve vehicle behaviour even further. One 
can think of active front steering (BMW), or active rear steering systems (currently Renault, BMW 
and in the 8o's: Honda, Mazda, Nissan). In the 8o's four wheel steering was an important topic, 
hut at that time it was too expensive. Nowadays prices of electronic components have come down 
and other techniques have been exploited (e.g. ABS, ESP). This gives new opportunities to apply 
active steering systems as part of a chassis control system. 

Goal of the research is to explore the advantages of individual wheel steering in comparison to a 
conventional steering system, with the main attention on dynamic behaviour of the vehicle. The 
following conditions are considered: step steer test, lane change or braking (µ-split or in a corner) . 

To analyze vehicle handling behaviour a real vehicle is needed or a simulation model can be used. 
A vehicle model is developed on the basis of a BMW 5 series. The model consists of a chassis, 
drive line, braking system and front and rear axle. The front and rear axle have complex ge
ometries and consists of a McPherson front suspension and an integral multilink suspension at 
the rear. In literature data is available on the kinematics and compliance (k&c) characteristics of 
vehicles in the same class as the BMW. Using this k&c data the front and rear suspension are 
validated. The parameters of the front and rear suspension are tuned to gain a feasible layout 
and kinematic characteristics comparable with literature. The suspension stiffness include the 
compliance characteristics of the bushings. The complete model is validated with full vehicle 
handling tests, the results from these tests show that the vehicle model is an accurate represen
tation of the real vehicle. 

For improving vehicle behaviour rear wheel steering is chosen since it has more effect than using 
the front wheels. Targets have been set on which the improvements in vehicle behaviour will be 
based. The vehicle model is used as a baseline, to this model a system is added to be able to steer 
the rear wheels. With the ability to steer the rear wheels a control strategy has been developed. 
The method used to steer the rear wheels is called toe-control, here the rear wheels are actively 
controlled to adjust the toe-angle. The con trol strategy is based on a number of vehicle signals, 
like yaw rate, lateral and longitudinal acceleration. With these signals one is able to recognize 
situations and adjust the toe-angle accordingly. All kind of signals have been evaluated hut in 
the final controller only longitudinal acceleration and yaw rate are used. From simulation results 
one can conclude that toe-control improves vehicle handling behaviour. Toe-control decreases 
the vehicle side slip angle during vehicle tests, next to this the vehicle response is quicker than 
altemative systems when changing direction. 
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Samenvatting 

Moderne wielophangingen zijn ver doorontwikkeld en eigenlijk zijn er constructief gezien niet 
veel verbeteringen meer mogelijk. Door het toevoegen van actieve elementen kan het voertuig 
gedrag verbeterd worden. Men kan denken aan actieve besturing van de voorwielen (BMW), of 
systemen die gebruik maken van vierwielbesturing (Renault, BMW en in de jaren 80: Honda, 
Mazda, Nissan). In de jaren 80 was vier wielbesturing een belangrijk onderzoeksonderwerp. 
In die tijd waren de kosten te hoog om het in massa productie te nemen. Tegenwoordig is de 
techniek vooruitgegaan en is de prijs van elektronische componenten gedaald. Dit geeft nieuwe 
mogelijkheden om actieve stuursystemen te ontwikkelen. 

Doel van dit onderzoek is om de voordelen te vinden van individueel sturen van de wielen ten 
op zichten van conventionele stuursystemen. En dan voornamelijk kijken naar de invloed op het 
dynamische voertuiggedrag. Hieronder vallen de volgende situaties: J-turn, lane change en rem
men (µ-split of in een bocht). 

Om het voertuig gedrag te analyseren is er een voertuig nodig of een simulatie model van een 
voertuig. Aangezien er geen voertuig beschikbaar was, is er gekozen om een model te maken. 
Het voertuigmodel is gemodelleerd op basis van een BMW 5 serie. Het model bestaat uit een 
chassis, aandrijflijn, remsysteem en een voor- en achteras. De voor- en achteras zijn complexe 
constructies. De vooras bestaat uit een McPherson wielophanging en de achteras bestaat uit een 
integral multilink wielophanging. In literatuur is data beschikbaar over de kinematics en com
pliance (k&c) karakteristieken van voertuigen in dezelfde klasse als de BMW. Op basis van deze 
data zijn de voor- en achteras gemodelleerd. De wielophangingen zijn zo gemodelleerd dat deze 
op de voor- en achteras van de BMW lijken en dat de resultaten van de k&c simulaties in de buurt 
liggen van de data in de literatuur. Het complete model is gevalideerd aan de hand van metingen 
met de BMW. De resultaten laten zien dat het model een goede weergave is van het echte voertuig. 

Om het voertuig gedrag te verbeteren is er gekozen om een stuursysteem te ontwikkelen waarmee 
de achteras kan worden gestuurd. Een belangrijk punt voor het verbeteren van het voertuigge
drag zijn de criteria waarop dit wordt gebaseerd. Het belangrijkste criterium is dat de grootte van 
de voertuigsignalen wordt beperkt. Het model is aangepast om het mogelijk te maken om met 
de achterwielen te kunnen sturen. De methode die gebruikt is voor het sturen van het achterwiel 
wordt toe-con trol genoemd. Met toe-control kan de spoorhoek van de achterwielen actief worden 
aangepast. De strategie is gebaseerd op het herkennen van situaties door middel van het anal
yseren van voertuig signalen. De uiteindelijke regelaar stuurt de achterwielen op basis van de 
langsversnelling en de gierhoeksnelheid. Op basis van simulaties is te concluderen dat het voer
tuig gedrag is verbeterd. Door het gebruik van toe-control neemt met name de voertuig sliphoek 
af. Daarnaast is bij snelle stuurveranderingen het voertuig gedrag sneller dan bij alternatieve 
systemen. 
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Intrad uction 

1.1 Introduction and background 

With modern suspensions the end of the kinematic possibilities are reached. For example with a 
multilink suspension, toe, camber, roll-center and anti-effects can be setup independently from 
each other. Adding active elements gives engineers the opportunity to improve the vehicle dynam
ics even further. One can think of active front steering (BMW), or active rear steering systems 
(currently Renault, BMW and in the 8o's: Honda, Mazda, Nissan) . In the 8o's four wheel steer
ing was an important topic, hut in that time it was too expensive. Nowadays prices of electronic 
components have come down and other techniques have been exploited (e.g. ABS, ESP). This 
gives new opportunities to apply active steering systems as part of a chassis control system. 

The question is if these systems can improve steering behaviour and the handling dynamics of 
the vehicle. One can think of the following conditions: step steer test, braking (µ-split or in a 
corner) and crosswind disturbances. The main idea is that the driver gives input to the steering 
wheel and the control system makes sure that the vehicle responds in an appropriate fashion. 

An active steering system can be used on both the front (active front steering) and rear axle (rear 
wheel steering). The basic steering system will still be present, where the driver controls the 
steer angle of the front wheels. Active elements are added which can superimpose a steering 
angle. When using active steering on the front axle one can add or subtract an angle from the 
initial steering angle given by the driver. On the rear axle the normal suspension can be used 
and actuators can be applied to existing rods, or additional rods can be made to introduce an 
additional steering angle. Thus, by actively changing the geometry to make it possible to steer the 
rear wheels. To improve turn-in behaviour the rear wheels are statically set under a small inward 
steer angle, toe-in angle. Tuis increases tyre wear and rolling resistance when driving straight 
ahead. When making this setting active one can have both good turn-in behaviour and less tyre 
wear during straight line driving. 

Main goal of the research is to find the advantages of individual wheel steering in comparison to 
a conventional steering system, with the main attention to the dynamic behaviour of the vehicle. 
Individual steering in this case is active toe-control on the rear axle. In conventional suspensions 
the kinematic and compliance setting is a compromise setting. Because toe-control is an active 
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geometry device, this compromise setting is not necessary. The toe-angle can be adjusted to suit 
every situation. Recently there are developments in this field, Prodrive is designing a system and 
Hyundai already uses such a toe-control system called AGCS (Active Geometry Control Suspen
sion). Another reason to select toe-control is the quicker vehicle response when changing from 
one direction to another. The main idea of using rear wheel steering is that during comering, 
the rear axle can only establish a side slip angle when a yaw angle is available. The rear tyre can 
contribute to a quicker vehicle response when comering, since the lateral forces build up more 
rapidly when steering the rear wheels. 

The research presented here will be a bottom-up approach, from the viewpoint of the conventional 
vehicle in an attempt to extend the functionality of a conventional suspension. Since no prototype 
(vehicle) is available, a multibody vehicle model will be developed. The model will be based on a 
BMW 5 series, with detailed modeling of the front and rear axle. Moreover, an important part in 
analyzing steering behaviour and vehicle handling dynamics is the influence of compliance in the 
suspension and steering system. Therefore, also the front axle with steering system is modeled in 
detail. With this vehicle model it will be possible to test a designed strategy for actively controlling 
the toe-angle. 

1.2 Outline of report 

To analyse what already has been done in the field of active steering, a literature overview is 
given in chapter 2. In this chapter the driver is analyzed first, as it is important to know what 
a driver prefers. Toen the influence of suspension geometry on vehicle handling is analyzed, it 
is important to know how the geometry of the suspension can contribute or influence vehicle 
handling behaviour. Finally, a review is made on active steering systems and the contribution 
of steering systems to integrated chassis control is analyzed. To analyze toe-control a model is 
needed to perform simulations. Therefore, a multibody model is build with special attention 
for the front and rear axle geometry, as described in chapter 3. The model is validated on the 
basis of vehicle tests. In chapter 4 a strategy for toe-control is developed and compared with the 
baseline vehicle model. Furthermore, toe-control is compared to alternatives. In the final chapter 
conclusions and recommendations are given. 
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2.1 Introduction 

The task of the steering system is to convert the steering wheel angle into a steering angle of the 
wheels and to give feedback of the vehicle's state of movement back to the steering wheel. The 
driver uses the steering wheel angle to follow a desired course. The main feedback the driver uses 
to stay on this course is his vision. Next to vision the driver also uses roll of the vehicle body, the 
feeling of being held steady in the seat and the self centering torque the driver will feel through 
the steering wheel. There is a relationship between the steering wheel angle and the change in 
driving direction. The steering wheel is a yaw rate demand, a demand for rotational velocity of 
the vehicle when viewed from above, the combination of yaw rate and forward velocity gives rise 
toa curved path, [1, 2]. 

Vehicle safety and driving pleasure are dependent on vehicle handling characteristics and steer
ing feel. To deliver such vehicle qualities requires a lot of effort from the car industry. Due to 
a lack of reliable links between subjective evaluation and objective measurements, the tuning 
process is still mainly based on subjective evaluation by test drivers in the vehicle development 
process. 

In this chapter a review is given on literature available on the steering system, four wheel steering 
and active steering. First the driver interaction with the steering system is treated and how the 
system influences handling behaviour. Continued with a review of literature on active steering 
from the history to integrated chassis control systems. 

2.2 Driver and vehicle interaction 

As described above an important part of steering systems is the interaction of the driver with 
the system and what a driver expects from the system. In [3], research is done on the subjective 
judgment of the steering system when driving straight ahead at high velocity. The conclusion 
from a driving test with typical drivers is that an important factor is the delay between steering 
wheel angle and lateral acceleration. The phase angle between yaw rate, lateral acceleration and 
the steering wheel angle must be small. Less friction and free play in the steering system leads 
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toa small phase lag. In [4], test persons have driven three tests with different vehicles and have 
given their opinion. Conclusions from the steady state corner, step steer and impulse test are: 

• Phase lag of yaw rate and lateral acceleration and dynamica! reaction times must preferably 
be small. 

• Light steering vehicle, low steer-torque, is appreciated. 

• Understeered vehicles are preferred over oversteered vehicles. 

In [5], it is stated that not enough studies have been conducted on what vehicle dynamics are most 
desirable to drivers. Therefore, a study is done to find these dynamics. Vehicle handling qualities 
reflect the degree of ease and precision with which the driver is able to perform some particular 
tasks with a vehicle. The driver is able to access information from the motion of human limbs 
and muscle tissue as well as visual information. In this paper a reference is made to Weir and 
McRuer [6], they conclude that it is reasonable to assume that a driver controls the vehicle based 
on the perception oflateral-position error and yaw-angle. 

Handling qualities are defined as those qualities of the vehicle which affect ease and accuracy in 
perf orming any assigned task: 

• Task performance: A larger deviation of the vehicle from the desired path may be con
sidered to indicate lower task performance and a smaller deviation may be considered to 
represent higher task performance. 

• Drivers workload: Evaluation of handling qualities requires the consideration ofhow much 
effort/workload the driver has to put in during an assigned task. Workload can be divided 
in physical and mental workload, with a small steering wheel angle physical workload is 
considered to be small. 

From the tests they performed the following conclusions are taken, [6]: 

• In a lane change task, the handling qualities are affected more significantly by the charac
teristics of lateral acceleration response than by those of yaw rate response. Tuis means 
that a faster lateral acceleration response is effective in improving the handling qualities in 
a lane change. 

• As the speed of the lateral acceleration response increases, the driver aims his attention to 
lateral position error, whereas as the speed of the yaw rate response increases, the driver 
aims his attention to the yaw angle. 

• A slower vehicle response results in an increased mental workload of the driver. Tuis im-
plies that a faster vehicle response is effective in reducing the driver his mental workload. 

In [7], Weir and DiMarco describe driver subjective evaluation which is translated into objective 
vehicle criteria. Important for driver control is task difficulty and workload. Subjective measure
ments involving driver opinion and ratings, provide connection between task difficulty, system 
performance and vehicle dynamic parameters. In feedback control system context, the objective 
measures which characterize these features of the driver and driver /vehicle system include such 
things as: system bandwidth, phase margin, driver effective time delays and lead equalization. 
From test results, the typical drivers seem to accept a wider range of steady state steering gains 
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satisfactory. In figure 2.r, one can see the test results. Here the steady-state gain between yaw 
velocity and driver steering input versus the time constant is shown. The effective time constant 
gives a overal description of the dominant time response properties important in driver steering 
control. The upper lines are in the region of neutral steer and the lower lines in the understeering 
region. The vertical line for typical drivers is more to the left which corresponds to a more rapidly 
responding vehicle. For the directional or steering control task a few response properties can be 
selected whose effective values largely describe what the human must do as a controller: 

• Steady-state gain between yaw velocity and driver steering input. 

• Oversteer /understeer gradient. 

• Yaw time constant. 

• Directional damping ratio. 

• Effective time constant of the directional mode. 

The parameters gain and time constant (directional mode) describe the key handling characteris
tics. 

0.5 
Yaw rate 

gain 
(1/s) 

0.4 

Optil num yaw ate gain , t 
V=81 km/h tor !lxpert dri, er 

0.3 / / 

/ V 
0.2 1 

/ 
0.1 tor ~ypical dn ver 

0.0 1 

0.0 0.1 0.2 0.3 0.4 0.5 

Time constant (s) 

Figure 2.1: Optimum yaw response parameters, /7/ 

2.3 Steering and suspension geometry 

Chassis design for new vehicles consists of setting priorities and making compromises. In [8], 
an interesting story about the chassis concept of the Audi A5 is described. In the development of 
the Audi, some important features of the chassis are: 

• Agility/driver involvement: Neutral steering characteristics, more direct steering response, 
continuous rate of change of the steering force, increased steering precision. 
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• Comfort: Reduced braking <live, improved harshness, reduced sensitivity, improved rolling 
comfort. 

• Stability/safety: Increased braking stability, reduced braking distance, optimize steering 
and braking behaviour. 

The design space of the steering system is important, because of all the components present in 
the front of the vehicle the available space is limited. The main focus in front axle and steer
ing development is high agility, steering precision of the vehicle and driving pleasure, which is 
maintained by: 

• Direct introduction of the steering force, changing the steering rack position to undemeath 
and in front of the middle of the wheel. 

• Increased steering stiffness, for better utilization of the lateral force potential of the tyre 

• Adapt toe-angle changes during side forces, for harmonie steering behaviour. 

From all these conflicting requirements a new chassis is developed, including new front and rear 
suspension, new steering rack and column. 

For safety, it is important to assess the precision with which the driver can follow a path. The 
driver has to have a secure feeling that the vehicle will react to his inputs. Because the steering 
system is dependent on many parameters there is no single best steering system. However, from 
the driver viewpoint there are criteria fora good steering system, [9]: 

• Light parking efforts, small steering angles of the steering wheel. 

• Good straight line stability, direct response. 

• Feedback of the force from the interaction of the tyres on the road. 

• Stable behaviour during all driving maneuvers. 

• Disturbance rejection, crosswind, driving, braking. 

During driving, the driver comes into expected or unexpected situations. In figure 2 .2 an overview 
of situations which can occur is given versus the forward velocity. The demands on the steering 
system are different in each situation. One can think of low velocity maneuverability where the 
driver prefers small steering angles, or when the driver has to make a lane change the driver 
wants direct and accurate response of the steering system. 

1t is important to understand what is happening when the driver tums the steering wheel. In 
[1, 10], the process of a step steer input is described. In figure 2 .3, one can see the signals when 
a step steer input is given by the driver. Comering begins with a steering input. The steering 
angle is transformed into a tyre side slip angle at the front wheels. After a delay associated 
with the front tyre relaxation length, side force is applied at the front of the vehicle. Lateral and 
yaw acceleration start to develop. The lateral force increases proportional to the steering angle 
and with it the lateral acceleration. At the final steering angle, the side slip angle at the front 
wheels therefore increases no further and is slightly reduced by the increasing yaw velocity, this 
causes a temporarily reduction of the lateral force at the front axle and of the lateral acceleration. 
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Forward velocity __. 

Figure 2.2: Situations in relation to forward velocity 

Step input 

F ylront 

----------

0 0.2 0.4 0.6 0.8 
time(s] 

Figure 2.3: Vehicle response during step steer input, 1 fdegj at 100 [km/ h/ 
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The rear axle cannot establish a tyre slip angle until the vehicle acquires a yaw angle. After 
a delay associated with the rear tyre relaxation lengths, side force is applied at the rear of the 
vehicle. In what follows, lateral acceleration is increased, yaw acceleration is reduced to zero 
thus leading to steady state cornering. One can see that the rear lateral force begins negative, 
delaying the lateral forces. A solution to reduce this is to increase the wheelbase (more weight 
and bad maneuverability) or steer the rear wheels to achieve quicker establishment of the lateral 
force. Using the rear wheels, one can also decrease the overshoot oflateral acceleration and yaw 
velocity. The overshoot is undesirable since it can lead to dangerous situations, an overshoot on 
the lateral acceleration can lead to a spin of the vehicle. 

2.3.1 Kinematics 

The function of the steering system is to steer the front wheels in response to driver command 
inputs, to provide overall directional control of the vehicle. However, the actual steering angles 
are modified by the geometry of the suspension system, the geometry and reactions within the 
steering system and the geometry and reactions of the drive-train, [n]. In figure 2.4, the geom
etry is visible. The basic characteristics of the steering system can be described by geometrical 
parameters, these parameters are lever-arms for the external forces acting on the steering system, 
[9, IO, II, 12]: 

~ :' 

/ i : ,.·\ ,,.,,,.;,.,,,x;, 
. ' 
: ' 
1 : ': 
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:, . 
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Figure 2.4: Parameters inside and front view of the wheel geometry 

• Scrub radius is important during braking (effective lever arm for braking force). lt can 
have a stabilizing effect during braking on µ-split conditions. When driving with a fixed 
steering wheel on a µ-split road one wheel looses traction, the opposing wheel will toe
out and tends to steer the vehicle in a straight line under braking. Negative scrub radius 
(stabilizing effect) causes an opposite yaw moment which will work against the braking 
forces. The scrub radius must be close to zero, to suppress the infl.uence during non
stationary braking. Driving and braking f or ces introduce steer angles proportional to the 
scrub radius. If the forces on the left and right wheel are different, the steering torque will 
be felt by the driver. 

• The mechanica! trail is the lever arm for side force. Lateral forces caused by positive me-
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chanical trail produce an opposite yaw moment, this leads to stable straight line driving. 
More trail will give higher steering forces, manual steering can be used if the mechanica! 
trail is reduced to almost zero. 

• Pneumatic trail adds mechanica! trail, affects steering torque and driver feel. Near the limit, 
pneumatic trail reaches zero thus lowering the self aligning torque. 

• Kingpin inclination angle (KPI) and caster angle are of essential importance for wheel cam
ber change relative to steering angle. When a wheel is steered (away from the vehicle center) 
it will lean out at the top towards positive camber. 

• The caster angle gives the outside wheel in a curve a negative camber angle, which is good 
for maximizing the side force. The caster angle affects steer camber, favorable setting is 
positive caster then, the outside wheel will camber in negative direction. Positive caster 
produces a moment attempting to steer the vehicle out of the turn. 

• Caster offset is the lever arm for a lateral force. 

• Wheel center offset is the lever arm for disturbance forces, for example impact forces and 
aqua-planning forces. 

In figure 2.5, one can see a top view of the front axle. In this figure the tyre side slip angles are 
depicted (a) and the toe-angle (1) on the front axle. As one can see toe-angles are symmetrie 
where side slip angles are asymmetrie. For tyre wear zero toe-angle is preferable. On the front 
axle, for comering toe-out is preferable but in reality, a toe-in angle on the front angle is used 
for straight line stability. On the rear axle a toe-in angle is applied for comering, toe-in gives a 
quicker vehicle response on steering inputs. 

Figure 2.5: Toe-in on front axle, {13} 

Following are some facts on the geometry of the steering and suspension system, (9, 10, II, 12]. 

• The layout of the suspension and steering geometry can cause errors (self steering). Self 
steering depends primarily on wheel travel and not on extemal forces. Because of this it 
is always preferable to achieve the desired steering effects for the case of braking, traction 
or comering by elasto-kinematics measures ratter than by kinematic ones. An important 
part herein is the steering rod (tie-rod). Toe-angle changes may occur due toa wrong placed 
ball linkage or variation in steering angle during jounce and rebound. When the linkage is 
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placed too far inboard, toe-in may be the result. The toe-angle also changes during comer
ing (roll), with the steering rod higher than ideal, oversteer is introduced. 

• The vertical force has a component capable to produce a moment attempting to steer the 
wheel. Tuis moment comes from caster and the kingpin inclination angle. Vertical load 
and caster angle may affect wheel toe-in. 

• In genera!, steering that results from bump, roll and pitch is undesirable. If the wheel steers 
when it runs over a bump, the vehicle will travel on a path the driver <lid not select. Ride 
and roll steer are a function of the suspension geometry and the steering system geometry. 
Choice of tie-rod location and length are both important. By adjusting the height it is 
possible to cancel ride steer. Adding roll understeer improves driver feel and compensates 
for undesirable compliance effects. 

• A small degree of camber is preferable, tyres will run preloaded and respond more quickly 
to steering inputs. For maximum traction on ice, zero camber and toe-in are ideal. 

• The restoring torque due to weight is the most important precondition for self aligning 
steering in straight ahead position. The effect of a traction or braking force on the steering 
angle is usually assessed by the wheel center offset. Deflection angles of the drive shaft or 
the two wheels cause disturbance moments at the steering wheel. 

• A toe-in angle leads to different outer and inner tyre slip angles and a greater difference in 
lateral tyre forces, in genera! toe-in gives an axle better lateral stability. With small toe-in 
the elastics of the suspension cause pre-tensing on the front axle, eliminating the free play, 
the steering system is able to steer quicker, the vehicle has better stability during straight 
ahead driving. 

• A positive steer angle on the rear axle (toe-in) increases the cornering radius which leads to 
understeer, a positive steering angle (toe-in) on a front wheel induces oversteer. 

• An understeering vehicle is self stabilizing through its tendency to return to straight ahead 
motion after any extemal disturbances. 

Next to the wheel geometry also the suspension design has a large influence on the steering be
haviour. As Milliken [12] writes, any particular geometry must be designed to meet the needs of 
the particular vehicle, there is no single best geometry. A body has six degrees of freedom. A 
wheel has only one degree of freedom, rotation around the y-axis compared to the upright. The 
suspension provides five degrees of restraint, it severely limits the motion in five directions, to 
obtain five degrees of restraint requires exactly five tension components. For all five characteris
tics (roll centre, anti-lift/squat, anti-dive/rise, toe-angle, camber angle) to be freely dimensioned, 
the suspension must be based on a mechanism that is defined by five parameters. Multilink sus
pensions offer more scope for variety and hence of elasto-kinematic harmonization. Best suited 
for optimum elasto-kinematic atonement is the multilink suspension, [14]. 

2.3.2 Compliance 

The compliance characteristics of the steering system are very significant factors that influence 
the overall steering feel. Compliance steer can be defined as the motion of the front wheels with 
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respect to the sprong mass due to flexibility of the steering system components. Overall compli
ance throughout the steering system can be divided in four parts. In the following summation 
the four parts are given with their influence on the total compliance in percentage, (15]. 

• Tires, 64% 

• Steering compliance, 31.7% 

• Roll-steer and camber, 4.3% 

• Suspension compliance, nil. 

Testing with higher side forces on the tires, such as hard cornering, has shown that the sus• 
pension compliance will have some effect on total compliance. Also, at higher side forces, the 
steering compliance will contribute less, resulting in more nonlinear effects. 

A suspension set-up is a compromise setting that works in all situations. A solution for this are 
elasto-kinematics (rubber). The rubber joints of the suspension links allow the system to comply 
with forces from obstacles. They are for noise isolation, are maintenance and friction free and 
cheap. These mountings allow displacements of suspension links under external forces. Elasto
kinematics compensates for elastic displacements or convert them in wanted displacements. If 
a suspension is elastically displaced, it stores energy delivered by the external force causing the 
displacement. During cornering the lateral force at the outer wheel generates an elastic toe-in 
angle with increasing wheel travel. For a rear suspension this is equal to understeer. The elastic 
response of the suspension to lateral-, braking- and traction forces has an essential influence on 
the driver's overall impression ofhandling and driving safety. 

• Lateral force: Toe-out on the front axle is advantageous because it acts in an understeering 
sense and softens the vehicle's reaction toa steering input. On a rear suspension toe-out 
would imply oversteer and this is unfavorable. 

• Traction force: A wheel that is setup for toe-in under a traction force will swivel towards 
toe-out if the accelerator pedal is released. On the outside rear wheel this would be equiv
alent to oversteering behaviour. The preferable set-up is toe-out under traction to get an 
understeering toe-in reaction with power change. 

• Braking force: During cornering on the outer front wheel a understeering toe-out angle and 
toe-in on the outer rear wheel is desirable. Toe-out that occurs even in the normal position 
during a braking event is disadvantageous on the rear wheel, since it reinforces the yawing 
behaviour of the vehicle under one sided braking. 

These effects can be compensated by a suitable angle of the track rod or of any transverse link. 
However, because the geometry can only have one setting, this measure may perhaps not be avail
able, [10]. In table 2.1, an overview is given of the toe-angle setting during driving situations. All 
the settings will lead to an understeering vehicle, this is good for both safety and handling. An 
oversteering vehicle can lead to an uncontrollable vehicle. 

During power off or braking in a corner (weight transfer), the front tyres have a larger lateral force 
compared to the rear tyres. Because of the yaw moment, the vehicle moves towards the inside 
of the corner. Due to braking the front axle will toe-out and the rear-axle toe-in, because the load 



12 Literature overview 

Table 2.1: Overview of driving situations and toe setting, /9, 1 O} 
Toe set-up Front Rear Remark 

lateral force toe-out toe-in 
traction force ( cornering) toe-out toe-out understeering toe-in with power change 
braking/ driving straight toe-in toe-in 

µ-split braking toe-in toe-out 
power-off / braking in a turn toe-out toe-in obtain an opposite yaw moment 

crosswind toe-in toe-out 
in reality, under braking toe-out toe-in 

on the outer tires is higher, this causes an opposite yaw moment (compensating). Within nar
row limits the power-off effect can be influenced by kinematic or elasto-kinematic self steering 
measures using the spring deflections or the traction-force changes that occur during the power 
change. 

In the last part of this section the influence of the toe-angle is discussed, which is important 
and ideally changes during different situations, the problem is that only one suspension set-up 
is available, therefore active control can be used to adjust the toe-angle and achieve the desired 
characteristics. In the next section active steering is discussed. 

2.4 Active steering 

2.4.1 Four wheel steering and chassis control 

A common form of chassis control is four wheel steering (4WS). In 1907, a patent application 
was made in Japan fora four wheel steering system in which the front and rear wheel steering 
mechanism where connected by means of a shaft (see figure 2.6), [16]. The main idea behind this 
was to reduce a vehicle's turning radius by steering the rear wheels. In 1989 Furukawa made a 
review of four wheel steering studies, [ 17 ]. As vehicle performance improved the need for quicker 
response emerged. The cornering force of tires mainly depends on their side slip angle but it 
is also affected by their vertical load and longitudinal force. The rear tires generate a cornering 
force only by the side slip angle, resulting from vehicle motion. The rear tires are not directly 
involved in controlling the path of the vehicle. This observation has led to the concept that if the 
rear wheels were directly steered, to control the side slip angle, vehicle lateral movement could 
be managed more quickly. Steering the rear wheels could help not only to reduce a delay in the 
generation of cornering force but also permits the vehicle path and yaw attitude to be controlled 
independently of each other. If rear wheels are steered the lateral movement of the vehicle could 
be changed more quickly. 

In [18], an overview is given of the history of chassis control systems. Until the 8o's chassis 
control took place within a mechanica! framework. Through development and implementation 
of four wheel steering during the mid 8o's the dynamic performance became a focus of control 
technology. The first generation of four wheel steering systems transmitted the front wheel angle 
to the rear wheels mechanically with a shaft and with planetary gears between front and rear axle. 
The rear wheel steer angle was mechanically linked to the front wheel angle. Second generation 
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Figure 2.6: Patent from 1907, /16} 

chassis control focused more on active front steering, steer by wire and variable cams were used 
to vary the steering ratio (Honda, VGS). Nowadays, integrated control between different chassis 
components is common. In the future the improvement of physical dynamics will become im
portant, reduction of the operating load. 

Ackermann et al., [19, 20, 21] wrote different articles on active steering systems where the vehicle 
helps the driver during emergency situations. Forty years ago, the first research was performed 
on active steering. In the 8o's the topic began in Germany, and between 1980-1990 it was an im
portant topic. The main obstacle for implementation was the cost of the hardware and possible 
instability problems. Meanwhile cost of sensors have come down, and they are now frequently 
used in ESP systems. Active front steering was designed to make the steering behaviour easier 
for drivers. Maneuvering at low velocity becomes easier and also a reduction of working load 
for driving at high velocity is achieved. The human driver is very good at controlling vehicle dy
namics, if the decisions can wait for a second. Therefore active steering is also used for assisting 
the driver in unwanted situations, especially during this first period when a disturbance torque 
is acting on the vehicle. A driver needs at least 500 milliseconds (<lead time) to react to unex
pected yaw motions. After the reaction time an overreaction can occur (high closed loop gain). 
It is important to assist the driver during this first period of time, after this the driver is able to 
control the vehicle again. The main control idea of active front steering is: feedback of the yaw 
rate to a controller which is coupled to an actuator that can increase or decrease the driver applied 
steering angle. The system used can be steer by-wire or a mechanica! link with planetary gears 
and an electric motor which adds the additional angle. Important is that the driver expects the 
same steering behaviour from the steering system between controlled and uncontrolled situation. 
The controller is only used during the panic reaction time of the driver. According to [22], many 
accidents involve only one vehicle, where the driver lost control. Benefits of active front and rear 
steering are suppression of open loop oscillations for yaw rate and lateral velocity, enlarged band
width from drive steering angle, increased controllability, increased comfort, reduced phase lag 
between lateral acceleration and yaw-rate versus steering wheel angle and reduced lateral velocity 
and side slip angle. 
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In [23], a single track vehicle model with nonlinear tyre characteristics is used for research on 
ideal steering dynamics and yaw stability using four wheel steering. The goal is to improve com
fort for parking and safe handling at medium and high velocities, faster reaction and less yaw 
motion. A problem in designing a controller for four wheel steering are the uncertain param
eters, velocity, vehicle mass, road condition and tyre side force characteristics. In this research, 
the influence of yaw rate on side slip angle is decoupled. The yaw-rate is not observable from the 
front lateral acceleration, this leads to well damped yaw dynamics for all velocities and masses. 

In recent research [24], a review is given on yaw rate and side slip control for passenger vehicles. 
These two are chosen as they exemplify vehicle lateral handling. The yaw rate control objective 
is primarily concemed with improving steering feel. Most studies employ a yaw rate tracking 
approach, where the target yaw rate is usually generated from a first-order lag on the steering 
input. Side slip control relates more to the vehicle stability and is important near the limit of 
vehicle handling. The combined approach is usually employed with two systems, braking and 
steering, and should offer the benefits of improved handling feel as well as increased stability 
near the limit. Yaw rate following studies are dominated by the application of active steering 
systems. The problem with controlling the side slip angle is the determination of the actual 
side slip angle. In literature there are some approaches: integration of the lateral acceleration 
measurement or using an on-board tyre model. Studies on integrated yaw rate and side slip 
control can be summarized as follows, [ 24 ]: 

• Good theoretica! work with no indication of the practical implications. 

• Excellent practical work with little indication of control algorithms used. 

Control technology is improved and therefore all sorts of controllers are now used to control the 
steer angle of the front axle and the rear axle. The steering response is represented by two degrees 
of freedom, [17]: 

• Yaw response (rotation) 

• Lateral acceleration (translation) 

In control technology there are two approaches of control: 

• Feedforward: Can make corrections against extemal disturbances, crosswind or rough road. 

• Feedback: Settle to desired course more quickly and reduce the effect even if the driver does 
not correct. 

Early studies on active rear steering focused on a feedforward control aiming to minimize the 
vehicle's side slip angle. Later a feedback loop for the vehicle yaw rate was added to increase 
stability against extemal disturbances. Recent papers use a reference model to approach the 
desired steering response. Both feedforward and feedback control is used to reach this goal. In 
figure 2.7 a feedforward and feedback control scheme are shown. 
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Figure 2. 7: Feedforward and feedback control schem e 

In [17], some desirable control objectives are given fora good control system. 

• Reduced phase lag for the lateral acceleration and yaw response: 

15 

.. 

When the forward velocity of a vehicle increases, the time delay in lateral acceleration and 
yaw responses to steering increase. The driver has to increase phase lead to compensate for 
delays in vehicle response, which is experienced as an additional workload. Feedforward 
control may be applied to reduce the delay in lateral acceleration. Steering the rear wheels 
in the same direction decreases the phase lag in yaw rate response in an understeering 
vehicle. 

• Reduction of the side slip angle of the vehicle body: 
Lateral acceleration consists of yaw rate and side slip angular velocity. Changing rear to 
front steering angle ratio according to vehicle velocity, the body side slip angle can be kept 
zero, phase lag in yaw rate and lateral acceleration are kept equal. When using a linear 
bicycle model, the steering ratio becomes: 

(2 .1) 

Where ö is the steer angle, a, b are the distances from center of gravity to the front and 
rear axle, l is the wheelbase m is the vehicle mass, C is the comering stiffness and v is 
the forward velocity. In a steady-state response the vehicle side slip angle will be zero. In 
transient state, the side slip angle may not necessarily be zero. To also include the transient 
state the following idea is developed. When the steering wheel is tumed quickly the rear 
wheel rotates opposite to the front wheel. At low steering velocity the rear wheels are steered 
in the same direction. Tuis leads to the following transfer function: 

(2.2) 

Here, I z is the yaw moment of inertia and S the laplace operator. 



16 Literature overview 

• Stability augmentation: 
Controlling the rear wheels by feeding back the side slip angle of the rear tyres and adding 
the rear steer angle to the front one, results in a smaller body side slip angle, better steering 
response and greater stability. The characteristic equation of the system will change. With 
the feedback of the vehicle signal, the characteristic root shifts toward the negative direction 
of the real axis making the open loop characteristics of the vehicle more stable. 

• Better maneuverability at low velocity: 
Opposite steering angles during low velocity reducing the tuming radius. 

• Achievement of the desired steering response: 
Model-following con trol, combination of feedforward and feedback compensation, to match 
steering response to a desired reference model. 

• Maintaining the steering response when vehicle parameters change: 
U se a control method that can adjust control system parameters in response to changes in 
conditions: loading, road and environmental conditions. 

• Better response near limit of adhesion: 
With increasing lateral acceleration during comering, the frictional force saturates, result
ing in a decrease in tyre comering stiffness. When comering on a µ-split road, deviation 
of the vehicle from the desired path could be reduced by steering left and right wheels in 
opposite direction. 

In the 8o's Honda, Mazda, Nissan and Mitsubishi provided some vehicle models equipped with 
four wheel steering. The main difference was that the first two use steering wheel angle depen
dent rear wheel steer angle, where the latter two use the front wheel aligning torque to determine 
the rear wheel steer angle, [17]. 

Ackermann et al. [19, 21, 25, 26] carried out several studies on active front steering (AFS) and 
active rear steering (ARS). Steering consists of path following and yaw stabilization under a dis
turbance torque. By decoupling of path following and yaw stabilization one makes the yaw rate 
unobservable from the lateral acceleration of the front axle. The aim of this decoupling law is to 
allow the driver to complete path-following tasks while the control will reject disturbances due to 
crosswinds or µ-split road surfaces. The more recent work on AFS has been evaluated through 
both simulation and roadtests with a BMW 735i. The controller concept applies an additional 
positive feedback element from the yaw rate to the steer angle. It is this feedback element that re
moves the yaw dynamics from the driver's control and gives a direct lateral acceleration response 
to steer angle inputs. Tuis system is successful at dealing with unexpected yaw disturbances such 
as crosswinds and driving on µ-split surfaces. To make it easier for the control design a space is 
defined in which the controller should function, this is between 20 [km/h] and 250 [km/h]. Inte
gral feedback is applied to achieve zero steady state error, a fading integrator helps to prevent low 
yaw damping at high velocity. The driver is only assisted for about one second. Next to that a fil
ter is used as compromise between a conventional vehicle (bad yaw disturbance) and a decoupled 
vehicle (poor yaw damping at high velocities) . A solution for low yaw damping at high velocity 
is using 4WS. In [27], other solutions to increase yaw damping are given, longer wheelbase, low 
mass, forward location of the center of gravity and large rear comering sti:ffness. 
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In [28], the author decouples the side slip angle by using 4WS. In this way the yaw response be
comes first order and a relative simple controller can be used. A feedforward controller is unable 
to control an unstable vehicle. With feedback control the response is improved and the controller 
is robust with respect to parameter variations. In [29], based on a yaw rate feedback controller a 
feedforward approach is designed, using the front wheel steer angle and the forward velocity. The 
strategy comes from the observation of a yaw rate feedback controller, where the signal needed to 
eliminate the yaw oscillation is a rather smooth signal. The controller settings are only dependent 
on the forward velocity. The resulting controller is a second order transfer function. The results 
show a yaw rate response without overshoot. Although, the lateral acceleration response is slow. 

Next to control of the front and rear axle steer angle, also the individual wheels can be controlled 
and used during steering maneuvers. Vehicle cornering behaviour is depending on the outer 
wheel. With independent control less energy consumption and better control responsiveness can 
be achieved. The rear toe-angle is an important factor in cornering stability, improving stability 
by reducing the side slip angle. The wheel that is not steered is always ready to steer (reserve 
control) and actuated more quickly, less consurned power with similar behaviour of normal four 
wheel steering, [30]. 

In currently available vehicles active steering systems are more often used, also 4 WS is returning. 
Hyundai motors has a system called AGCS (Active Geometry Control Suspension). This system 
uses toe-control to improve vehicle stability. The AGCS controller estimates the lateral accelera
tion based on the vehicle velocity and steer angle. Based on lateral acceleration, a map is chosen 
and then the ECU uses this map to calculate the stroke of the actuator. Both the left and the right 
wheel are actuated at the same time (toe-in) , [31]. In figure 2.8, one can see the system as it is 
used by Hyundai. As one can see the actuator is acting on one of the rods of the suspension. 
The results show that the handling is improved during a step input test and subjective tests, only 
at high lateral accelerations the poor yaw damping makes the response too quick and difficult to 
control. 

Renault recently put its four wheel steering system in production on the Laguna GT (active chas
sis control) . This system consists of a relative simple rear axle with a steering actuator. The rear 
wheels steer in opposite direction to the front wheels with a maximum angle of 3.5 degrees, when 
the velocity is under 60 [km/h]. Above 60 [km/h] the steering angles are in the same direction 
as the front wheels. In this situation the rear wheels rotate with two degrees and in emergency 
situations this can get up to 3.5 degrees, [32]. In figures 2.9 and 2.10 the system is shown. The 
system is open loop and consists of two parts: a statie part which looks at the steering wheel angle 
and forward velocity and a dynamic part which is automatically adjusted to steering velocity, [33]. 

BMW introduced active front steering on the BMW 5 series in 2003. The active front steering 
system is developed by ZF. BMW developed the safety concept, the application and associated 
high level safety functions. Yaw-rate control, yaw torque and disturbance rejection function are 
developed and implemented by the manufacturer, [34]. Recently BMW launched their new 7 se
ries. This vehicle has an option for four wheel steering, with a maximum degree of 3.0 degrees. 
Like the Renault system the rear wheels steer in the opposite direction under 60 [km/h] of the 
front and in the same direction above 60 [km/h], [35]. In figure 2.11, one can see the rear axle 
with the spindle which can adjust the steer angle of the rear wheels. 
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Figure 2.8: AGCS system of Hyundai, /31} 

Figure 2.9: Renault active drive system, one wheel, /32} 
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Figure 2.10: Renault active drive system, rear axle, /32[ 

Figure 2.11: Rear axle of BMW 7 series, /36} 
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2.4.2 Integrated control 

In the future, the focus of chassis control will be on integrated control and intelligent vehicles. 
Most of the recent papers report on integrated control. In [37], Ackermann states that yaw and 
roll dynamics can be controlled by active steering and braking. The torque available from front 
wheel braking is Fmax · w /2 and front wheel steering, 2Fmax · w. Here Fmax is the maximum tyre 
force and w is the trackwidth. Steering requires one fourth of all the front wheel force compared 
to asymmetrie braking. Steering has the advantage over braking, in particular for comfort and 
safety. A steering input has direct influence on dynamics, deceleration involves delay. With active 
steering the maximum force between tyre and road can be further exploited. An advantage of 
individual wheel braking is that it requires less hardware. In [38], more advantages of steering 
are given. Having a large lever arm, with the capability of generating the required moment by 
only a small steering angle (corrective action). Steering control can be applied continuously (com
pensation of small errors). 

A method used to improve handling is direct yaw moment control (DYC). If the traction force 
and braking force are properly distributed to the right and left wheels, yaw moment in accordance 
with the forces distributed will be obtained and thus the vehicle lateral motion can be accurately 
controlled. The effect that four wheel steering and DYC have on the limit of performance is de
scribed in [39]. DYC is more effective in vehicle motion with larger side slip angles and or higher 
lateral acceleration. DYC controls the longitudinal force of each tire in relationship with the ve
hicle motion. Four wheel steering is used to decouple lateral and yaw responses. An advantage 
of DYC is that the yaw moment can be directly produced without being affected by vehicle motion. 

Different systems in chassis control exist including braking, suspension and driving systems. A 
well known system using braking is electronic stability control (ESC). To produce a controlled 
longitudinal brake slip at the wheel, the algorithm regulates the applied brake torque. Single 
wheel braking is an uncomfortable way of interfering. Active and semi active suspension sys
tems are primarily used to influence the vertical bounce, the roll and the pitch of the vehicle. So 
enhancement of ride comfort is a crucial factor. Active roll con trol (ARC) is used to reduce the roll 
angle of the vehicle during cornering. The demanded anti-roll torque is provided by active anti
roll bars to compensate the effect of centrifugal forces. Full active suspensions, like active body 
control (ABC), provide four independent actuators at each vehicle corner. Besides the damper 
and passive spring, a hydraulic cylinder works in series with the vehicle passive suspension. The 
cylinders produce controllable vertical forces on the vehicle body. Control of pitch and roll angle 
as well as the vehicle height is achievable. Active limited slip differentials (aLSD) usually consist 
of a standard differential and an additional clutch mechanism. Engaging the clutch compensates 
the wheel velocity differences at the respective axle. If the actual transferred friction torque gets 
bigger than the maximum transferable clutch torque, the aLSD starts slipping. Torque vectoring 
differentials (TVD) for the rear axle refer also to systems based on a standard differential. Though 
different system designs are available, their working principle is similar. They allow for torque 
transfer from one wheel to the other and vice versa without slowing down the vehicle. To analyze 
torque vectoring by braking (TVbB) one wheel of the driven rear axle has been braked similar to 
the ESC simulation. The maximum available engine torque simultaneously has been generated 
by applying the throttle. Therefore, a drive torque could be applied opposite to the none-braked 
wheel. Compared to ESC, similar yaw torque characteristics are obtained. Braking the inner rear 
wheel and additionally applying the maximum engine torque provides an averaged additional 
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yaw torque of 1000 [Nm] more then just braking the wheel. Of course, the yaw torque potential 
depends highly on the available engine torque. In [40), the different systems are compared on 
the basis of the amount of yaw torque they can produce. Generation of additional yaw torque is a 
balance between comfort, handling, stability and agility. The results of the individual systems are 
given in figure 2.12. As one can see, steering systems produce the most additional yaw torque, 
and are thus the most effective systems for generating additional yaw torque. 

~ AFS ARS ARC p ESC TVbB aLSD TVD 

Straight 
13.000 12.000 - 11.000 4.000 - 4.500 

Line Driving 

Handling os 17.000 5.000 600 9.000 - 1.500 3.000 

Region US 5.000 16.000 600 5.000 6.000 - 2.500 

Max. Lateral os 2.500 1.500 2.000 10.500 - 1.000 1.500 

Acceleration US - 7.000 2.300 6.000 7.500 - 1.700 

Figure 2.12: Overview of additional yaw torque {Nm/ produced by different systems, {40/ 

Another paper where different systems are compared is [41]. In figure 2.13, an overview is given 
of the different systems and their working area. After the introduction of active front steering, 
now also research is clone on the rear axle, especially on front wheel driven vehicles, since they 
have more space available around the rear axle. Two systems are compared: Torque vectoring 
and active rear steering. Torque vectoring has an actuator with a reaction time of 100 [ms] and 
a weight of 15 [Kg]. Rear wheel steering is the fastest way to directly influence vehicle dynamics. 
The wheels steer in parallel direction to the front wheels above 50 [km/h] and opposite direction 
under 50 [km/h] the maximum angle is around three to four degrees. The weight of the system is 
5,5 [Kg]. The goal of integrated control is to improve vehicle reaction in lateral movement, better 
road following, quicker and safer driving, improve the stable area of the vehicle (limit further 
away) and to improve controllability in dangerous situations. From tests performed with torque 
vectoring and ARS, the conclusion is that during a step steer test torque vectoring is the best 
performing system, during a lane change and slalom at high velocity ARS is the better system. 

Fun tion Elnsatzberelch 
System Regler-Beispiele Komfort Sicherheil 

....... ABS.ESP 

Figure 2.13: Overview of different systems and their working area, {41/ 
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2. 5 Discussion 

In general the steering system is judged by the subjective evaluation of the driver. However, there 
are objective criteria for a good system as for example: small phase delay between steering wheel 
angle and yaw rate, light parking efforts, stability during straight line driving. Next to this, stud
ies have shown that the driver also prefers a direct response and an understeering vehicle. An 
important part in realizing these criteria is the geometry of the suspension. The steering sys
tem is dependent on this geometry and how the suspension influences handling behaviour. The 
layout of the suspension is important for steering behaviour due to wheel travel, the reaction of 
the vehicle on steering inputs and feedback from the road to the steering wheel. The layout of 
the suspension is a compromise between settings for different situations (braking, comering), 
where the focus is most of the time on safety. Because of this it is always preferable to achieve 
the desired steering effects for the case of braking. The toe-angle of a vehicle is important since 
this can improve comering behaviour. The toe-angle can be used when braking, in the form of 
bushings which steer the wheels during braking. When the toe-angle is actively controlled it can 
improve vehicle handling behaviour in all situations. 

In the early years of active steering, rear wheel steering was based on f eedforward con trol. Later 
feedback control was used to improve the vehicle behaviour. Nowadays a combination of feedfor
ward and feedback control is common. Important is to understand the need for active steering 
from the viewpoint of the vehicle. When one looks from this viewpoint one can suggest that ac
tively controlling toe-angles can contribute to improved vehicle handling behaviour. Next to this 
rear wheel steering has more advantages, reduction of the phase delay for the lateral acceleration 
and yaw response, reduction of the side slip angle {3 , improve stability and improve maneuver
ability at low velocity. 

Recent developments show that rear wheel steering is introduced on several vehicles (BMW, Re
nault, Hyundai). There area lot of advantages for using active steering over other systems. For 
example steering requires less force from the tyres compared to braking, also no delay is involved 
and the comfort is better than with braking. The amount of yaw torque which can be generated 
with steering is higher than other systems, like braking or torque vectoring. The weight of a steer
ing system is also lower than torque vectoring. Steering has the advantage during quick changes 
when maneuvering, like lane change and slalom tests. 

The geometry of the suspension system is complex. Both kinematics and compliance have large 
effect on the geometry. Therefore, when doing research on the steering system a prototype vehicle 
is needed or a detailed model needs to be created. To analyze active steering in the next chapter, 
first a full vehicle model is described with which this can be researched. 



Vehicle model 

To analyze active steering a simulation model or prototype vehicle is needed to simulate/measure 
various conditions and draw conclusions. In this case a prototype is not available. Therefore, a 
vehicle model is developed. In most literature, the bicycle model is used to validate controllers 
and strategies for active steering. Only when steering the rear axle and also steering the right 
and left wheel individually the bicycle model is not sufficient. Since the steering system and the 
suspension model have a large influence on steering behaviour also the extended bicycle model 
is not sufficient. The model built is a multibody model, the main advantage of a multibody 
model is low complexity and less demand on computational power. Next to that, because oflower 
complexity, the model is easy to adapt or to expand. 

3.1 Modeling 

In figure 3-1 , one can see a picture of the vehicle modeled. The vehicle is a BMW 5 series (e39) , 
which was produced between 1995 and 2003. Detailed information of the model can be found in 
appendixA. 

Figure 3.1: Vehicle on which the model is based, BMW 5 series (e39) , [4 2] 
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The model is divided into multiple blocks; chassis, braking system, drive line with cruise control 
and front and rear axle, figure 3.2. The front and rear axle are described in detail in section 3.2 
and 3. 3. In this section the other blocks are explained. 

The chassis consists of a mass with inertia based on rules from [13]. The chassis is connected to 
the ground by six degrees of freedom, which also provides the signals of the vehicle body move
ment In the model the braking system is directly placed on the wheels. The braking system is 
implemented as a gain function, where the input is multiplied with a brake moment which is 
divided by the brake balance between front and rear. Tuis moment is applied between the hub 
and wheel. In the same manner the drive line is modeled, though somewhat more complex. The 
drive line has two inputs, throttle and omega_wheels (rotational velocity of the wheels). The 
throttle signal is limited (-0.2 till 1) and determines the amount of torque that is applied to the 
rear wheels. The rotational velocity of the left and right rear wheel are converted into the en
gine velocity. The engine velocity is limited with a revolution limiter. With this engine velocity 
and the engine power the engine torque is calculated. The engine torque is also limited to stay 
in a feasible range. The final torque is applied between the hub and wheel. The throttle signal 
originates from the cruisecontrol block. Here, a PID controller controls the actual velocity with 
a reference velocity as input. The cruise control can be disabled and a throttle signal as func
tion of time can be used to drive the vehicle. The TNO MF-Tyre/MF-Swift tyre model is used and 
the tyre model parameters are from a Michelin 215x55R16 tyre. (MF-Tyre/MF-Swiftversion 6.1.0). 
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Figure 3.2: Vehicle model with the different blocks, SimMechanics 
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3. 2 Front axle 

The front axle of the model is of the McPherson type, see figure 3.3 fora basic layout of this type 
of suspension. 

Shock Absorber 
~~- and Spring 

Car Frame 

Figure 3.3: Basic design of a McPherson suspension, [43/ 

This type of suspension consists of a lower wishbone (control arm), a spring-damper strut and a 
hub to which the wheel is connected. An important part of the front axle is the steering system 
which is also connected to the hub. 

3.2.1 Steering system 

The steering system used in the BMW 5 series is of the rack and pinion type, an example is shown 
in figure 3-4-

RACIIAIIO 
~llUNNG 
~ 

Figure 3.4: Rack and pinion steering system, including the fiexible parts, [44/ 

The steering wheel is connected by a flexible steering shaft and flexible coupling to the pinion. 
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The pinion is connected to the rack. When the steering wheel is rotated, the pinion will rotate 
and translates the rack, the rack is connected to the wheel hub and will rotate the wheels. The 
steering system is modeled on the basis of the following momentum equilibrium, [45]: 

(3.1) 

In this equation steering compliance is introduced with the stiffness c, d is the steering damping 
and I sw is the steering wheel inertia, Frack is the force with which the rack is actuated and rp 

is the pinion radius. ó8 w is the steering wheel angle and óp the angle of the pinion. Steering 
compliance originates from flexible parts in the steering system, as shown in figure 3-4- These 
flexible parts are added to the steering system to filter out vibrations from the road/tyres to the 
steering wheel, hut also results in a loss of steering angle. This means, some of the input to the 
steering system, whether steering wheel or road/tyre input, will be lost due to deformations in 
these flexible parts. The effect of implementing compliance can be seen in figure 3.5 where the 
response of the system toa step-input is shown. 
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Figure 3.5: Steering response of a step- input at 50 km/ h 

The connections of the steering links to the hub are placed in such a way that Ackerman steering 
is introduced. A line is taken from the center of the rear axle to the contact point of the front tyres. 
The connection of the steering linkage to the hub has to be on this line to achieve Ackerman 
steering. Ackerman is used to get a difference in steer angle between the outer wheel and inner 
wheel during comering. Complete Ackerman steering is usually not feasible, this has to do with 
packaging space in wheel bays. In figure 3.6 one can see the effect of Ackerman steering in 
the model. The toe-out line corresponds to 50 percent of Ackerman steering. This figure is in 
agreement with literature, [2]. 
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For the model, the geometry of the McPherson suspension is based on literature, [46], and pic
tures of the vehicle, see appendix A. The basic setup of the front axle can be seen in figure 3. 7. 

Steering rod Steering rack 

Steering stiffness 

Lower arm ( wishbone) 
Stccring whccl 

Wheel 

1 Driving direct ion 

Figure 3 . 7: Setup of the front axle, lejt front 

For NVH (Noise, Vibration and Harshness) reasons a suspension is equipped with rubber parts, 
so-called bushings. In the model a bushing is introduced at the front of the lower con trol arm, see 
figure 3. 7. The rear connection of the lower con trol arm to the chassis is connected by a universa! 
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joint. The lower control arm is connected to the hub with a spherical joint, which is also the case 
for the connection of the steering linkage to the hub and steering rack. Not shown in figure 3.7 
is the spring/damper-strut, which is modeled with a prismatic joint. The spring is modeled as 
a constant stiffness and the damper with a look-up table where the damping force is dependent 
on the velocity of the joint movement, see figure 3.8. The roll stabilizer is modeled as a stiffness 
multiplied with the difference in the vertical movement of the left and right strut. 
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Figure 3.8: Pront axle damper characteristic, (47/ 
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3.2.3 Kinematics and Compliance 

The geometry of a suspension is important for vehicle handling, steering and ride comfort. Kine
matics and compliance (K&C) determine how the suspension geometry changes due to wheel 
motions (kinematics) and wheel loads (compliance). Different sources are used to verify the K&C 
of the front and rear axle, [2, 48]. K&C tests are performed on a test-rig where the vehicle body 
is attached to a table and the wheels are placed on pads. The movement of the axle is measured 
at the wheel center, the forces on the axle are deployed by moving the wheel pads. The following 
tests are used to verify the front and rear axle, [49]: 

• Bounce: The wheel pads move the vehicle through a sinusoidal vertical motion. During this 
motion the wheel pads are controlled to maintain zero force and moments in the horizontal 
plane, to ensure that the measured displacements are purely kinematic. The bounce test is 
performed with locked brakes. 

• Roll: The vehicle is put through a roll motion, controlled in such a way that the total load 
(vehicle force) remains constant. Tuis is to reproduce the kinematics of a vehicle during 
cornering. The simulation is performed with a sinusoidal vertical motion as the bounce 
test. Only the left and right wheel have an opposing force. 
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• Lateral compliance: The pads perform a lateral motion to generate lateral forces. During the 
simulations the forces are both in opposite direction. Equal (but opposite) forces are applied 
left and right to determine the lateral stiffness of the suspension and steering system. This 
test also delivers a lateral compliance steer gradient, which is derived from the measured 
toe-angle. In the simulations, instead of moving the pads, a lateral force is applied at the 
tyre contact patch. When the forces on one axis are both in opposite direction the steering 
system stiffness (steering column) will not be included in the results. When the forces are 
in the same direction and the steering wheel is kept fixed, the steering system stiffness is 
included. 

• Longitudinal compliance: Similar to the lateral compliance test hut with a longitudinal force 
applied (both wheels symmetrical). Results are the longitudinal suspension compliance 
and compliance steer. 

• Tuming compliance: In the contact patch a moment around the z-axis is deployed and the 
wheel angle is measured. In the simulation the steering wheel is kept fixed, both moments 
are in the same direction, this makes that the steering system stiffness is also taken in with 
the results. 

Some points of attention with respect to the kinematics and compliance tests are, [49 ]: 

• Toe-angle, in principle one wants to keep the toe-angle as small as possible, to prevent 
tyre wear and high lateral forces during jounce. A small toe-change is useful to induce 
understeer behaviour. During bounce toe-out on the front axle is desirable. 

• Camber change influences the understeer behaviour. For increased lateral grip in comering 
negative camber during jounce is needed. 

• Longitudinal; the wheel will move rearwards during jounce and forward during rebound. 
When driving over a bump, one wants the wheel to move backward. Tb.is improves impact 
harshness (ride). The forces on the suspension are lower compared to the simulation where 
the wheel moves forward, this is preferable for both low as high road load (ride height). 

• Lateral displacement at the road contact point. This characteristic equals half the track 
change, track change causes a rolling tyre to slip which introduces lateral forces. These 
forces result in increased rolling resistance. lt is desirable to have minimal track change. 

• In relation to longitudinal compliance, toe-in during braking and toe-out during driving is 
a common setup. For the rear axle almost no compliance during braking and driving is 
desired. 

• Lateral compliance; toe-out for the front axle and toe-in for the rear axle is desired when the 
wheel is moved inward. This reduces the side slip angle, and generates more understeer. 
Lateral stiffness needs to be as high as possible to meet vehicle requirements for steering 
and handling. 

• In reality the vehicle will dive/squat during braking and driving, so toe-angle changes occur 
through jounce, compliance and the statie toe-angle. 



30 Vehicle model 

The model was tuned by hand. First a suspension model was build on the basis of pictures of the 
suspension. When the kinematics were comparable with the figures from [ 2, 48], the model was 
modified to include the compliance. During the tuning process the following assumptions were 
used: 

• The kinematic toe-angle is mainly dependent on the placement of the steering linkage. 
Making the steering linkage longer/shorter results in a less/more circular characteristic. 
The imaginary center of the circular characteristic is determined by the height of the con
nections of the steering linkage (hub and rack) in relation to the placement of the under 
wishbones, [12]. To achieve the desired toe-changes through compliance, the bushing and 
steering system are placed in front of the center of the front axle. 

• Camber can be tuned by adjusting the length and placement of the lower con trol arm (wish
bones). 

• The lateral displacement is coupled to the camber angle. The more circular the character
istic (shorter wishbones) the more lateral displacement. 

• Longitudinal displacement is mainly determined by the difference in height between the 
front and rear connection of the lower control arm to the chassis. Since a backward move
ment during jounce is desired, the front connection of the lower control arm to the chassis 
is placed a little higher than the rear connection. 

• One leg of the lower control arm was at first modeled as a spring to introduce compliance, 
later on this is replaced by a rod and bushing configuration as this gives better results 
during the K&C tests. The bushing gives the opportunity to define stiffness and damping 
in all six DOF, the damping has an influence on the hysteresis in the K&C characteristics. 
In the x, y plane the stiffness is determinative in z-direction the spring damper system 
control the behaviour therefore, the stiffness in of the bushing in z-direction is relatively 
stiff. In reality, all connection points to the chassis are mounted in rubber elements, but 
this will increase simulation time which is not preferable. Therefore, only one bushing is 
modeled. 

• Compliance depends on the stiffness used in the bushing and on the layout of the suspen
sion. Since only one bushing is used in the model, the angle of the rod of the lower control 
arm connected to this bushing determines (with the stiffness) the ratio between longitudi
nal and lateral compliance. The position of the connection of the steering linkage to the 
hub in relation to the bushing position largely influences the direction of the toe-changes 
that occur during the compliance simulations. 

3.2.4 Results 

From the final model the following results are obtained. In figure 3.9 the results for the bounce 
and roll test are visible. The toe-angle is kept within limits. 

Also the other results are comparable with data from literature, [2, 49]. In table 3.1, the results of 
the compliance tests are given. When these data are compared with the literature, the values are 
comparable with vehicle ten of [48]. 
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Figure 3.9: Kinematics and compliance characteristics of the front axle 

Table 3.1: Compliance characteristics of the front axle 

Bounce stiffness 24 [N/ mm] 
Roll stiffness 44 [N / mm] 

Lateral stiffness 
Toe-angle due to lateral force (toe-out) 

Longitudinal stiffness 
Toe-angle due to longitudinal force (toe-out) 

Steering stiffness, Mz 

1.40 [kN / mm] 
0.31 [deg/ kN] 
0.2 [kN/ mm] 

0.625 [deg/ kN] 
0.003 [<leg/ Nm] 
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3.3 Rear axle 

The rear axle of the BMW 5 series is an integral multilink suspension. In figure 3.10, one can see 
an example of the integral multilink suspension. 

Subframe 

lowe,Arm 
(Wishbone) 

Rear Link 

,i 

,· 
/ 

Figure 3.10: l ntegral multilink suspension, BMW 5 series (e39}, /4 6] 

The integral suspension in this case consists of a lower arm (wishbone) where one link is con
nected directly to the hub and the other is connected to the hub via the integral link. On top, 
two rods connect the hub with the chassis, the leading link and rear link. The spring-damper 
strut is mounted between these two upper links. In figure 3.n a schematic representation of the 
integral link suspension is shown. An interesting aspect of this axle is the integral link, which is 
responsible for the torsional stiff support of braking torques [50]. 

3.3.1 Modeling 

Geometrical data from the rear-axle is not available. Therefore, pictures of the vehicle (appendix 
A) and papers on this rear axle are used to estimate the dimensions of the rear axle, [46, 50, 51]. 
First a rectangular outlay is chosen, with this suspension a bounce test is performed to obtain the 
kinematics. Since these kinematics were not good, with each iteration, a single rod is changed to 
obtain a better result. The targets for the kinematics come from literature [2, 48, 49]. After the 
kinema tics simulations were satisfying, the suspension is modified to test the compliance of the 
axle. In figure 3.13, one can see a sketch of the rear axle. Here one can see where the compliance 
is modeled. A bushing is used (on the front rod of the lower wishbone) and stiffness is added to 
degrees of freedom of the chassis-connection of the rear link (x-, y- , z-direction) and leading link 
(only y-direction). Like with the front axle, the spring is modeled as a constant stiffness and for 
the damper a look-up table is used, figure 3.12. The assumptions used during tuning are: 
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R Revolute joint 
P Prismatic joint 
T Universa! joint 
S Spherical joint 

S-+T 

0 Rear axle subframe 
1 Wheel hub carrier 
2 Lower arm (wishbone} 
3 Leading link 
4 Rear link 
5 lntegnal link 
6,7 Spring damper strut 

Figure 3.11: Model of an integral multilink suspension, /50/ 
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Figure 3.12: Rear axle damper characteristic, [47] 
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• The longitudinal displacement during bounce is dependent on the angle of the lower wish
bone. The angle determines if the wheel will move rearward during bounce or forward. 
The length of the rod determines the curvature of the movement. 

• Y- and z-position of the leading link on both hub and chassis side have an influence on the 
camber movement. The camber movement is coupled with the lateral displacement. There
fore, one makes a compromise between the camber and lateral displacement motion. As 
with the longitudinal displacement the length of the leading link determines the curvature 
of the characteristics. 

• The toe-angle during bounce is not depending on a single rod. The whole layout determines 
the toe movement. The toe-angle is coupled to the longitudinal displacement, damper 
placement and notably the x-position of all the rods, since these determine toe-out or toe-
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in during bounce. Next to that the toe-angle also depends on the stiffness of the different 
bushings. 

• Without the use ofbushings or stiffness the whole rear suspension is infinitely stiff. First 
only one bushing was modeled but this proved to be insufficient. Since the suspension 
exists of three stiff rods additional stiffness is modeled in the form of additional degrees of 
freedom of the upper links. 

• Lateral and longitudinal compliance is tuned with the stiffness of the bushing and the 
stiffness applied to the additional degrees of freedom. Another point which has influence 
on the stiffness is the layout of the suspension. Increasing the angle of the rods more 
outward (x-position on the chassis) gives a stiffer structure. Also the angles of the rods have 
an influence on the stiffness. 

î 0,-ivh,g d irnction 

Rcar link 

Lowcr arm (wishbonc) 
Whccl 

Figure 3.13: Sketch of the rear axle 

3.3.2 Results 

Similar to the front axle also the rear axle is simulated on the K&C test rig. The kinematics of the 
rear axle are obtained by performing a vertical bounce test. In figure 3-14, one can see the results 
of this test. In the same figure the roll of the axle is depicted. 

The compliance of the rear axle is validated by performing tests where longitudinal force, lateral 
force and a tuming moment are applied at the tyre road contact patch. In table 3.2, the results 
of the compliance tests is given. As with the front axle the characteristics of the rear axle are 
comparable with the data from literature, [2, 48, 49]. 
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Figure 3.14: Kinematics and compliance characteristics of the rear axle 

Table 3.2: Kinematics and compliance, characteristics of the rear axle 

Bounce 
Roll 

Lateral stiffness 
Toe-angle due to lateral force (toe-in) 

Longitudinal stiffness 
Toe-angle due to longitudinal force (toe-in) 

Steering stiffness, Mz 

26 [N/ mm] 
31 [N/ mm] 

0.82 [kN/ mm] 
0.048 [deg/ kN] 
0.35 [kN / mm] 
0.34 [deg/ kN] 

0.0027 [<leg/ Nm] 
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3.4 Four wheel steering 

For analyzing four wheel steering, it is important that the model is able to steer with the rear 
wheels. Because the rear wheel in figure 3.13 can not be steered, the suspension needs to be mod
ified. Therefore, one rod of the multilink suspension is adapted and is equipped with an actuator. 
The actuator displaces the rod, thus pulling or pushing the wheel. The rod which is used is the 
leading link. Tuis link is mainly responsible for the toe-angle adjustment during tuning of the 
K&C settings. In figure 3-15, one can see the adapted rear suspension. 

î Ddving direction 

Actuator 

Rear link 

Lower arm ( wi:shbone) 
W heel 

Figure 3.15: Rear axle including actuator 

Now that the vehicle is able to steer the rear wheels, the displacement which corresponds with 
the steering angle is determined with the K&C model. Here, a statie displacement is given to the 
actuator and this results in a toe-angle, a stroke of 1 [mm] corresponds toa toe-angle angle of ap
proximately 0 .38 degrees. The maximum steering angle which is applied is limited to 3.5 degrees 
(stroke of the actuator, approximately 20 [mm]). This corresponds to steering angles found in 
literature, see section 2.4. 

Since the suspension is changed, the new model needs to be validated. The rear axle is tested 
with K&C simulations to see if there is a change in the behaviour. The actuator has no influence 
on the kinematics and compliance of the rear axle. The results of vehicle tests are identical to the 
original model (lane change, j-turn, braking in a turn). 
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3.5 Driver model 

When analyzing a steering system or vehicle steering behaviour, it is important to include driver 
dynamics. For instance, to include, [5]: 

• Dead time resulting from information processing in the centra! nervous system. 

• A delay due to the dynamics of the muscular system. 

• Including steering wheel dynamics. 

• Predictive action of the driver. 

• A gain representing the drivers proportional action. 

The system becomes closed loop by including a driver in the model see figure 3-16. An important 
factor is also that a driver will react to deviations from the path, with an open loop simulation this 
effect can not be observed. 
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Figure 3.16: Open en closed loop 
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Figure 3.17: Look-ahead driver model, /1 3] 

Figure 3.17, illustrates the driver model which is used in this thesis. A good driver model was 
not available therefore, this basic driver model is used. The model works as follows; first a path 
has to be given on the basis of x, y and z coordinates. Three parameters are measured on the 
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vehicle model, position of the front- and rear axle in x, y direction and the longitudinal velocity of 
the vehicle. On the basis of the forward velocity and the lookahead time, the length of the vehicle 
heading vector is calculated. First it is determined which point of the open loop steering trajectory 
(see figure 3.17) is closest to the model (preview point), then the distance between preview point 
and driver path is calculated on the basis of vector projection. The angle 1Pps is then calculated 
between these lines and multiplied with the steering ratio and steering sensitivity to arrive at the 
final steering wheel angle. Parameters which can be adjusted are: 

• Steering sensitivity: Sealing factor for the final steering angle. 

• Number of discrete points: The number of points which are used in the calculation of the 
distance between the vectors. The points are a part of the total driver path close to the 
vehicle. Increasing the number of points will increase calculation time. 

• Look-ahead time: Time to calculate the length of the heading vector (also using the vehicle 
forward velocity). 

• Steering ratio: Ratio between steering wheel angle and front wheel angle. 

Figure 3.18, shows results from a simulation including the driver model. The simulation is first 
performed with the normal vehicle model (open loop). After that the x, y and z coordinates of the 
preview point from this test are used as driver path for the model equipped with the driver model 
(closed loop) . 
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Figure 3.18: Double lane change test with model with {driver) and without driver model (normal) 

As one can see, there is a difference between the two simulations. Tuis is mainly the delay in 
response using the driver model. The driver model steers toward the path, where the normal 
model is already on this path, this causes a delay. 
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3.6 Full vehicle model validation 

The model including the front and rear axle is build1. In figure 3.19, the virtual reality representa
tion of the model can be seen. To validate the complete model, driving tests have been performed. 
These tests have been executed according to the ISO standards, [47). The tests are simulated with 
the model of the unloaded vehicle and the results are compared with measurements on the real 
vehicle. 

Figure 3.19: Virtual Reality representation (wheels are not depicted) 

3.6.1 Steady state circular test 

During this test, the vehicle follows a circular path with a radius of 100 [m] with constant velocity, 
(ISO 4138). The test is repeated at different velocities giving a velocity-dependent characteristic. 
With increasing velocities the lateral acceleration will increase, till approximately 8 [m/ s2]. In fig
ure 3.20, one can see the final result of the simulation, compared with the measurement. As one 
can see, the side slip angle /3 is somewhat higher than the measurement and the model is slightly 
more understeered in comparison to the real vehicle. Overall the model is good in comparison 
with the real vehicle. 

Some considerations in relation to simulating the steady state circular test: The steering wheel 
angle starting point (at low lateral accelerations) is determined by the steering ratio, the curvature 
is dependent on the steering and suspension compliance, a stiffer front suspension makes the 
vehicle less understeered. The side slip angle /3 is mainly dependent on the rear axle and for a 
large part on the lateral compliance toe-angle (rear axle) . The roll angle can be influenced by the 
center of gravity. Changing the anti-roll bar stiffness has an influence on both steering behaviour 
and roll angle of the vehicle body. 

3.6.2 Pseudo random steer test 

This test is one where a random steering input is generated by the test driver, (ISO 7401). The 
goal of this test is to excite the vehicle and measure the response over the entire frequency range 
of interest, so the transfer functions can be calculated between steering input and response data. 
The lateral acceleration during the test remains below 4 [m/ s2] , the boundary below which vehi
cle behaviour can be regarded as being linear. The forward velocity of the vehicle is kept constant 

1Model used during validation is without the four wheel steering system, this is t ested separately. 
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at 100 [km/h]. In figure 3.21, one can see the results of the pseudo random steer test, the simula
tion results are quite close to the measurement. 
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Figure 3.20: Steady state circular test, measurement versus simulation 

As with the steady state test, the steering compliance determines the graphs of the steering wheel 
angle versus lateral acceleration and roll angle, at the lower frequencies. By changing the inertia 
of the vehicle on the basis of rules from [13], the simulation results will change. The rules make 
sure that the inertia's stay in a feasible range. Mainly, the place of the peaks and dips can be 
tuned in this manner. The whole graph can be shifted horizontally over the x-axis by changing 
the inertia around the z-axis, I zz • The peak of the roll angle versus lateral acceleration can be 
moved by changing the inertia in x-direction, I xx • The peaks/dips themselves can be tuned by 
increasing/decreasing the damping of the compliance parts which are modeled in the suspension 
front and rear. The vehicle dampers are measured on a test bench and therefore not changed. The 
infl.uence of the relaxation length is small, infl.uence on roll response is negligible. The influence 
on steering response is noticeable, where the phase angle oflateral acceleration to steering wheel 
angle becomes better with decreasing relaxation length (10 percent) , the magnitude peak of yaw 
velocity response to steering wheel angle becomes better, the phase angle deviates more from the 
measurement. 
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Figure 3.21: Random steer test, unloaded 

41 



42 Vehicle model 

3.6.3 Loaded vehicle model 

An additional validation is performed to see how the loaded model behaves compared to vehicle 
tests. The mass is increased, the center of gravity moves backward and the inertia is adapted. 
In figure 3.22, one can see the results of the steady state circular test with the loaded vehicle. 
Steering angle and roll angle are comparable with the measurement, only the side slip angle /3 is 
too high. The side slip angle was already high with the unloaded model, hut during the measure• 
ment the sensor is mounted in the middle of the vehicle, instead of in the center of gravity where 
it should be. Por the unloaded situation this is not really a problem since the center of gravity is 
almost at the center of the vehicle. For the loaded simulation the sensor is placed forward (as in 
the measurements) hut there is still a deviation. 
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Figure 3.22: Steady state circular test, loaded situation 

In figure 3.23, one can see the results of the random steer test with the loaded model and vehicle. 
The height of the sensor was not documented. Therefore, this is tuned to give the peaks the right 
height. The inertia is adapted to get a better result from the simulation. / 2 2 is increased to move 
the transfer functions of yaw and lateral acceleration to steering wheel angle to the left, next to 
that the lateral acceleration peaks increase and yaw peaks decrease. Ixx is changed (lowered) to 
get the figure of roll angle to lateral acceleration good. The height of the center of gravity has 
an effect on the roll angle. The simulation show comparable results. Only in the graph of yaw 
velocity to steering wheel angle, the simulation gives too high results. 
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3.6.4 Additional tests 

The previous tests are performed to validate the model, additional tests are performed to see if the 
model is representative for the real vehicle during different maneuvers. The tests are performed 
with the unloaded model, the following tests are performed: 

• Double lane change (ISO/TR 3888 ): Double lane change is a discrete, closed loop, handling 
test. Closed loop in the sense that the driver has to follow a prescribed path. The simulation 
is performed with cruise con trol on, and the steering angle of the measurement is used as 
input. 

• J-turn (ISO 7401): with the step input, the overshoot in yaw and lateral acceleration, re
sponse time and rise time of lateral acceleration, yaw velocity and roll angle are analyzed. 
The simulation is performed with cruise control on and the steering angle of the measure
ment is used as input. 

• Straight line braking (ISO 6597): with this test the braking behaviour is tested. The dis
tance needed to come toa standstill from an average velocity of 100 [km/h] is an important 
parameter in this test. For the simulation, the brake input is tuned to fit the measurement. 

• Braking in turn (ISO 7975): Tuis is a complex test and uses almost all relevant parame
ters of the vehicle: mass, geometrical parameters, suspension system, steering system and 
braking system etc. Important are the conflicting aims between stability and attainable de
celeration during the braking. Like the straight line braking test, the brake input for the 
simulation is tuned in comparison with the measurement (on both the forward velocity 
and longitudinal deceleration signal). 

• Power off (ISO 7975): Tuis test is similar to the braking in a turn test. In this case instead 
of braking at a constant lateral acceleration of 4 [m/ s2] the throttle pedal is released on 
a circular path with radius of 100 [m]. Similarly to the braking in a turn test, this test 
evaluates vehicle stability and predictability in response to the change in longitudinal tire 
forces. For the simulation, a negative throttle signa} is used instead of a brake input. 

• Cross wind behaviour (ISO 12021-1): wind speed 18 [m/s], length of wind zone 28.3 [m]. 
Importance of this test is the stability of the vehicle during external disturbances. During 
the simulation a force is applied to the center of gravity of the chassis. Tuis is different to 
the measurement where first the front of the vehicle is influenced by the wind force and in 
the end the rear of the vehicle. 

Figures 3.24, 3.25, 3.26, 3.27, 3.28 and table 3.3 give the results of the additional tests. As one can 
see, the simulation results are comparable with the measurements. Both lane-change and J-turn 
simulations are comparable with the measurement, although the model has a faster response 
compared to the measurement. With straight line braking the model comes close to the vehicle, 
only the deceleration is lower. During the simulation the deceleration is more constant than 
during the measurements. For the braking in turn test, the model shows a similar behaviour 
compared to the vehicle test. Tuis is somewhat improved by changing the brake balance more to 
the rear, and decrease the brake input. The relaxation effect can be seen when the vehicle comes 
to a hold. There is a resonance at the end, where without using the relaxation length the signal 
comes directly to a hold. With the Power off test the deceleration shows an effect that is different 
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from the measurement. The lower starting point is because the model is comering which causes 
the vehicle to slow down. The accelerations are comparable, both about I [m/ s2]. An attempt has 
been made to approximate the effect of the crosswind, hut it is clear that this is only a very rough 
analysis. 

Table 3.3: Straight line braking 

parameter 
braking distance 

braking time 
average deceleration 

3. 7 Discussion 

measurement 
43.6 [m) 
3.1 [s] 

9.36 [m/s2
) 

simulation 
44.4[m] 
3.2 [s] 

~ 8.4 [m/s2] 

The vehicle model is validated on the basis of vehicle tests. The front and rear axle are build on the 
basis of their kinematics and compliance characteristics. With these characteristic within feasible 
ranges, the complete vehicle model is compared with measurements. All vehicle tests show a 
similar behaviour between the simulation and measurements. One can conclude that the model 
is a accurate representation of the real vehicle. However, the model can be improved by designing 
a more realistic drive-line including axles or by the introduction of aerodynamics. Aerodynamics 
can improve the model behaviour during braking, power off and crosswind tests. A good driver 
model was not available. The driver model should be improved by including both driving and 
braking and improve the accuracy of the model. The driver model does not perform good when 
applying constant steer angles, also the deviation from the desired path has to be limited. 



46 Vehicle model 

100 
0) 
Q) 

50 :2. 
Q) 
"6, 0 C: 
(U ... 
Q) -50 Q) 

1n 
-100 

16 17 18 19 20 21 22 23 24 

~ 10 
..ê. 
C: 5 0 

:.:; 
(U ... 
~ 0 
Q) 
0 
0 -5 (U 

~ 
2 -10 
.!!! 16 17 18 19 20 21 22 23 24 

0 
40 

Q) 
1/) 20 -C) 
Q) 

:2. 0 
2 
(U 

; -20 
(U 
>-

-40 
16 17 18 19 20 21 22 23 24 

10 
0) --Measurement 
Q) ----· Simulation :2. 5 
~ 
C) 
C: 
(U 0 
0 ... 

-5 
16 17 18 19 20 21 22 23 24 

time [s] 

Figure 3.24: Double lane change 



3. 7 Discussion 47 

40 
"Si 
G) 

32. 20 G) 
C) 
C: 
<U ... 0 
G) 

2 
1/) 

-20 
15 20 25 30 

~ 6 -.§. 
C: 4 0 
~ 

~ 
G) 2 

Q) 
0 
0 
<U 

iu ... 
:§ -~5 20 25 30 

_ 15 
0 
G) 

-.!!? 10 
C) 
G) 

32. 5 G) -<U ... 0 --".'.---~---____ 
3'; 
<U 
>, 

-5 
15 20 25 30 

3 
"Si 
G) 2 

32. 
G) 

1 C) 
C: 
<U 

0 0 --Measurement ... 
----· Simulation 

-1 
15 20 25 30 

time [s] 

Figure 3.25: J-turn 



48 Vehicle model 

~ 150 
E --Measurement ~ 
-100 
~ ----·Simulation 
·u · ........ .. Brake input 
0 50 ai 
> 

"O 0 ... 
(IJ 

2: 
.g -50 

18 19 20 21 22 23 

ïs 
C: 
0 4-.. 
(IJ ... 
Cl) 2 
Cl) 
0 
0 0 (IJ 

~ 
.$ -2 
J!:! 18 19 20 21 22 23 

0 
20 

Cl) 

~ 
C) 10 Cl) 

32. 
.$ 
(IJ 0 ... 
:: 
(IJ 
>, 

-10 
18 19 20 21 22 23 

~ 
5 

.§. 
0 C: 

0 .. 
(IJ ... 

-5 Cl) 

ai 
0 
Cl) 

"O 
-10 

18 19 20 21 22 23 
time [s] 

Figure 3.26: Braking in a turn, brake input is the force on the brake pedal measured during the vehicle 
test 



3. 7 Discussion 49 

::ê' 80 
E 

.lil: 

..... 70 
~ 
u 
.2 60 
~ 
"E 50 ... .. .... ... ~.:".'.':": ..... .,. .... , , ... 
(11 : .................... _______ 
~ 
-2 4~4 26 28 30 32 34 

~ 6 
.5. 
C: 4-0 
:.:: 
~ 
(1) 2 

Q) 
u u 0 (11 

~ 
i-~4 26 28 30 32 34 

_ 15 
u 
(1) 
1/) -~ 10 
~ 
(1) -(11 5 ... 
== ~ 

26 28 30 32 34 

rf 
1 

.5. 
C: 0 
0 
:.:: 
~ 
~ -1 
(1) 
u 
(1) 

"O 

-~4 26 28 30 32 34 
time [s] 

Figure 3.27: Power off 



50 Vehicle model 

~ 102 
E 
~ 

=5' 101 
0 

Q) 
> 100 "E 
(IJ 

~ 
9~4 s 25 26 27 28 29 

"ü' 3 
Cl) 

~ 2 C) 
Cl) 

:2. 1 
.$ 
(IJ ... 0 3: 
(IJ 

>, -1 
24 25 26 27 28 29 

~ 
1.5 -.Ë. 

C: 1 0 
.::. 
(IJ .... 
~ 0.5 
Cl) 
0 
0 0 (IJ 

~ 

~ 
Cl) -0~ iu . 4 25 26 27 28 29 

time [s] 

3000 

z --Measurement 

;' 2000 ----·Simulation 
C: 
"j 
1/) 1000 1/) 
0 ... 
0 

25 26 27 28 29 

Figure 3.28: Crosswind behaviour 



Toe-control 

As written in chapter 2 there are different reasons to use active steering on vehicles. In this chap
ter a form of active steering is investigated, known as toe-control. Toe-control is chosen since this 
can be used as addition to compliance characteristics of a vehicle (section 3.2). Next to this also 
recent developments from Hyundai and Prodrive show the potential of toe-control. The effect of 
changing the rear toe-angle is larger than changing the front toe-angle. Therefore, toe-control on 
the rear axle is investigated. 

In this chapter first section 4.1 is dedicated to asses the desirable toe characteristics and how this 
can be judged. Afterwards, a control strategy is developed to improve the vehicle behaviour. With 
the controller a number of simulations are performed to see how the controlled vehicle model is 
improved with respect to the baseline vehicle. Bath open loop and closed loop simulations are 
performed. Especially during a lane change it is important that a vehicle follows a path, whereas 
with a given steer angle (open loop) the vehicle can deviate from the initial path. The model 
equipped with toe-control is also compared to altemative rear wheel steering systems. Finally the 
results are summarized in a discussion. 

4.1 Criteria 

In this first section the criteria for an improved vehicle are determined. The baseline vehicle on 
which the improvements will be based is the model from chapter 3. Toe-control is analyzed on 
the basis of simulation results, no vehicle tests are performed with a real vehicle. In chapter 3 
already a rear steering device is described which will be used for toe-control. 

A number of representative tests have been selected to evaluate active toe-control. To include 
all dynamic features, comering, braking and straight line stability the following tests are used to 
judge toe-control: 

• J-tum 

• Lane change 

• Braking in a turn 
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• µ-split braking test 

• Crosswind test 

It is difficult to gain an objective criterion to judge improvements in vehicle behaviour. In the 
following list some possibilities are given: 

• Side slip angle /3; with an increasing side slip angle the vehicle stability will decrease and 
the driver can lose control. Therefore a small side slip angle /3 is preferable, [52 ]. 

• Yaw rate; overshoot in yaw rate is undesirable and can lead to fishtailing, which leads to an 
increased workload for the driver, [ 29 ]. 

• Lateral acceleration; a direct response to steer angle inputs. Faster response is effective in 
improving handling qualities in a lane change, [5]. 

• Driver workload; small steering angle is preferred. 

• Understeered vehicle is preferred over an oversteered vehicle. 

• Tyre utilization; the amount of tyre force (Fx and Fy combined) which is obtained during 
driving in comparison to the maximum tyre force available. Small utilization means one 
can utilize the tyres more, and one is further away from the adhesion limits of the tyre 
(appendix C). 

• Delay in yaw velocity and lateral acceleration versus the steering angle, less delay is desir
able. 

The items above lead to the following criteria on which improvements will be based. Lower 
magnitude of vehicle signals is an improvement, especially a decrease in side slip angle. An 
understeered vehicle, less tyre utilization and a quicker responding vehicle are improvements. 
Next to these objectives also ideal toe settings are known, recall table 2.1. On the basis of these 
tests and objectives a control strategy is developed. 

4.2 Control strategy 

With toe-control one can actively influence the dynamic behaviour of the vehicle by applying an 
additional toe-angle. From literature it is known that the toe-angle setting depends on the sit
uation. First the influence of statie toe-angles is analyzed. Simulations are performed with the 
baseline vehicle model where the statie toe-angle is changed from toe-in to toe-out. From these 
simulations the preferred toe-angle setting for different conditions is obtained, table 4.1. Here the 
main criterion for an improvement of vehicle handling behaviour was the decrease in magnitude 
of the vehicle signals. 

When changing the statie toe-angle one is basically changing the comering stiffness. A toe-in 
angle increases the comering stiffness. The effect on vehicle dynamics can be demonstrated us
ing the bicycle model, (appendix B). Simulations are performed with the bicycle model. Here the 
baseline model, from appendix B, is compared with the bicycle model where the rear comering 
stiffness is increased with 20 percent. In figure 4.1 one can see the effect of increasing the rear 
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Table 4.1: Desirable toe-angle settings 

situation front rear 
cornering toe-out toe-in 

accelerating in corner toe-out toe-in 
braking in corner toe-out toe-in 

external disturbance - toe-in 
driving straight (braking/ driving) none none 

comering stiffness during a step steer test. The magnitudes of the vehicle signals, lateral accel
eration and yaw rate, decrease. In figure 4.2, one can see the results a random steer test. As one 
can see, the magnitudes of the vehicle signals decrease as well as the phase lag between yaw rate 
and lateral acceleration to steering wheel angle. 

K,~----------------

1

----·Baseline 
-lncreased c1a. (20%) 

0o 2 4 
time [s] 

Figure 4.1: Lateral acceleration and yaw rate response of the bicycle model during a step input test, 
35 degrees steering wheel angle 

Till now only the statie toe-angle is changed. This is not preferable. When driving straight ahead 
an angle of the wheels increases tyre wear. Therefore, a control strategy is made in which the 
toe-angle changes when it is preferable. 
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4.2.1 Toe-control based on the steering wheel angle 

At first a controller is developed on the basis of the steering wheel angle (driver input). In the 
early years of research on four wheel steering this was a common signal to determine the rear 
steer angle. The controller is a proportional feedforward controller, the steering wheel angle is 
converted into a toe-angle of the rear wheels. In figure 4.3, the control scheme is given and in 
formula 4.1, one can see the control expression. Here, ór is the toe-angle, Kp is the proportional 
gain, x is the vehicle signal (in this case steering wheel angle, ósw) and sat is the saturation 
criterion. In the control strategy the toe-angle is limited (saturation) to 3.5 degrees, formula 4.2, 
this is comparable with maximum steer angles on the rear axle found in literature ([33, 35]). The 
toe-angle is converted into a stroke of the actuator with gain c (a ratio of 0.0026). 

toe-angle, Ór 

vehide signa!, x 1 Kp 1----•b~I f----~•G> octuat~,- stroke 

saturation converter 

Figure 4.3: Control scheme of the proportional controller 

ór = sat(Kp · !xl) 

K p · !xl < 3.5 
Kp · !xl ~ 3.5 

( 4.1) 

(4.2) 

In table 4.2, Kp is given. The proportional gain is based on simulations and literature, [30], 
where the rear steer angle is approximately 50 percent of the front steer angle. In this case the 
toe-angle is around 40 percent of the front wheel steer angle1. With the controller simulations 
are performed to see the influence of toe-control. 

Table 4.2: Proportional gain, based on the steering wheel angle 

X K p 
Ósw (<leg] 0.02052 

In figure 4.4a, one can see the effect of the controller during a step test. The simulation is 
performed with a steering wheel angle of 35 degrees, the corresponding toe-angle is around 0.7 
degrees. Both lateral acceleration and yaw rate decrease in magnitude. However, the decrease 
in the side slip angle is the main advantage. The same test is performed with the driver model 
included, figure 4.4b. The results with the driver model are comparable with the simulation 
without the driver model. One can see that the real effect of rear toe-control is reducing the 
side slip angle. The main difference between open- and closed loop is that the open loop model 
responds faster, overall the signals are comparable. 

1 Because of tuning of the gain, to compare different controllers, the steer angle is not identical to the angle 
used in literature 



56 

0.5,---,---,-----.---.-,===== 
---- ·Baseline 

.!! 

~ .0.5 

t 
:§ -1 

-1 .52 

-Control on 6 

\ ;,----------------------- ' --------------------
'-' 

5 
time [s) 

6 

(a) Without driver model 

'lii 

Toe-control 

o.51 ---,---.-----.---.-,===== 
---- · Baseline 

! o,----, -Controlon 6 

t 
i -0.5 

t 
i .. -1 ', --- ·····-······ 

, ... ,...... .. ................... .. 
· 1 ·52-~-~3--~◄~~--,5--~6---7--~6 

timo[s) 

(b) lncluding driver model 

Figure 4.4: J-turn simulation based on control with the steering wheel angle 



4.2 Control strategy 57 

Table 4.3: Comparison between control on different signals 

situation ay Ósw r 
magnitude ± + -

response time + ± -

overshoot - ± + 
settling time - ± + 

4.2.2 Toe-control based on other signals 

As one can see in the previous subsection, the toe-controller on the basis of the steering wheel an
gle works and vehicle behaviour is improved. The problem is that this only works when a steering 
angle is applied. For instance, when braking or during extemal disturbances the controller will 
have no influence. Therefore, other signals are used as an input for the controller. The following 
signals are used: 

• Longitudinal acceleration, ax 

• Lateral acceleration, ay 

• Yaw rate, r 

These signals are chosen since they are relatively easy to measure. Sensors which can measure 
these signals are available. For example, the vehicle side slip angle (3 is difficult to obtain (it re
quires an estimator). Longitudinal acceleration will occur during braking and driving. Especially 
during braking this signal has advantages. During braking the other signals will decrease (de
creasing forward vehicle velocity) where the longitudinal acceleration will remain constant, till 
the forward velocity becomes zero. 

The other two signals, yaw rate and lateral acceleration, are comparable with the steering wheel 
angle. Both occur during comering. The lateral acceleration and yaw rate also occur during ex
temal disturbances. Here the steering wheel angle has no influence. In table 4.3, an overview 
is given of the (dis)advantages of using these signals for toe-control. The results are based on 
simulations with the different control strategies. As with the controller based on the steering 
wheel angle, the vehicle signals are measured during simulation and multiplied with a propor
tional gain, formula 4.1 and table 4+ The toe-angle is converted into a stroke of the actuator. The 
proportional gains area compromise regarding the following considerations: 

• The maximum vehicle signals occurred during the vehicle tests (chapter 3) , lead to the 
values where the the maximum toe-angle of 3.5 degrees will be reached. 

• When the vehicle is maneuvering and the magnitudes of the vehicle signals is small the 
controller should also work. 

• The different controllers should be comparable, the gains are tuned to give approximately 
the same toe-angle during the same vehicle tests. 
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Figure 4.5: J-turn simulations, baseline vehicle compared to controlled vehicle 

Table 4.4: Proportional gain, based on the yaw rate and the lateral and longitudinal acceleration 

X Kp 
r [<leg/ sec] 0.0977 
ay [m/ s2

] 0.35 
ax [m/ s2

] 0.2 

In figure 4.5 and 4.6, simulations of the control strategy based on the yaw rate and lateral accel
eration are shown. To get a fair comparison between the different controllers, the proportional 
gains are tuned to get the same toe-angle as with the controller based on the steering wheel angle. 
Thus, the results of the simulations between the different controllers are comparable since they 
have the same steer angle, the difference between the controllers depends on the form of the 
signals. As one can see in the simulations of the J-tum, control based on the lateral acceleration 
is faster hut it has a longer settling time and the overshoot is higher when compared to control 
based on the yaw rate. Overall the steady state values are approximately the same. The lane 
change simulation is performed with driver model (closed loop). In the results of the lane change 
simulation the differences are larger, especially at the last steer input where the reaction of the 
controlled vehicle is faster. In the next section the results are combined and one final controller 
is made. 
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4.2.3 Final strategy 

With the knowledge obtained on toe-control the following controller is designed, figure 4.7. The 
controller is based on vehicle signals to determine the condition of the vehicle, whether it is 
steering, driving or braking. When the condition is known the signals are used as control input 
to improve vehicle handling behaviour. 

ÓJ 

Vehi cl<' signa ls 
Vehicle modelf--~~--

Cout rollcr 

Gain 

Figure 4. 7: Control strategy 

To include all situations the choice is made to use two signals, yaw rate and longitudinal acceler
ation. It is preferable to use yaw rate over lateral acceleration, since is it has less overshoot and 
a shorter settling time. Although the yaw rate is less responsive than the steering wheel angle, it 
is chosen since it also works when disturbances act on the vehicle. Longitudinal acceleration is 
chosen since this gives a clear indication of the behaviour of the vehicle in longitudinal direction. 
Next to that a third factor is used in the control strategy, the forward velocity of the vehicle. This 
is done since the effect of toe-control is not preferable at low velocity. At low velocity one wants 
the whole rear axle to steer opposite to the front to improve maneuverability. Therefore, below 
40 [km/h] the controller is disabled. In the block Gain, formula 4.3 is used with the conditions 
given in formula 4.4, from 40 [km/h] till 60 [km/h], the output is increased from zero to one. 

Gainvx = sat(0.05 * (Vx - 40)) 

{ 

0 ij Vx < 40 
sat(0.05 * (Vx - 40)) = (0.05 * (Vx - 40)) 

1 ij Vx 2: 60 
ij Vx > 40 

(4.3) 

( 4.4) 

The control law is given in formula 4.5. In table 4.5 the gains Kp1 and Kp2 are given. The toe
angle is limited, see formula 4.6 for the saturation conditions. The controller is a combination 
oflongitudinal acceleration and yaw rate. For both steering (left/right) and braking/traction toe
in is the preferred setting. Therefore, the absolute values of the vehicle signals are taken. The 
gains and limits of the controller are based on simulations with the controlled model. From 
simulations using a controller based on the longitudinal acceleration the toe-angle during braking 
is tuned. The maximum toe-angle when decelerating is two degrees. When the toe-angle is larger 
or smaller the vehicle signals during braking in a turn deviate from the desired values. The values 
for the yaw rate are chosen as described in subsection 4.2.2. As one can see during comering, 
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with an increasing yaw rate, the toe-angle increases till the maximum of 3.5 degrees. In the next 
section the simulation results of the model with controller are compared to the baseline vehicle. 

Ór = sat(Kp1 · laxl + Kp2 · lrl) 

(Kp1 · laxl + Kp2 · lrl) i j ax :S 10 
2 ij laxl > 10 
o ij lrl ::; 1 
(Kp1 · laxl + Kp2 · lrl) ij r :S 30 
3.5 i j lrl > 30 
3.5 ij (Kp1 · laxl + Kp2 · lrl) ~ 3.5 

Table 4.5: Proportional gain, longitudinal acceleration and yaw rate 

Kp1 0.2 
Kp2 0.0977 

4.3 Results of the final strategy 

(4.5) 

(4.6) 

The model equipped with the controller is compared to the baseline model from chapter 3. First 
simulation that is analyzed is the J-turn test. During the test the rear steer angle is approximately 
0.7 degrees, which is around 40 percent of the front steer angle. In figure 4.8, the results are 
shown in the form of the vehicle signals. Toe-control improves the behaviour of the vehicle, sig
nal magnitudes decrease. In figure 4.9, one can see the tyre utilization of the model, (appendix 
C). On the front tyres a small change is visible, on the rear tyres a larger change is visible. The 
left tyre (inside) is less used while the utilization is increased on the right rear tyre (outside) . This 
is because of the increase in side slip angle on the right rear tyre, which increases the lateral force. 

In figure 4.10 the lane change simulation is shown. The lane change simulation is performed 
including the driver model, closed loop. The side slip angle is decreased, also the other vehi
cle signals are slightly lower compared to the baseline vehicle. The rear steering wheel angle is 
around two degrees, which is around 40 percent of the front steer angle. The tyre utilization is 
comparable with the j-tum simulation. Utilization of the front tyres is unchanged and on the rear 
axle the tyre on the inside is less used and the tyre on the outside is used more. 

With the braking in a turn test the controller is used on both longitudinal acceleration and yaw 
rate. In figure 4.n, one can see the results. Because the controller also acts on the yaw rate 
a small difference between the signals is already visible before the braking begins. From four 
seconds the vehicle is braking and till 6.5 seconds the controller is applying a toe-angle. After 
this the velocity is decreased to below 40 [km/h]. The rear toe-angle is approximately 1.5 degrees. 
During the first period the benefit of control is clearly visible. Instead of increasing, the signals 
decrease to zero. This behaviour results in an increase of the corner radius which is safer then 
when the corner radius becomes smaller. A decrease in corner radius can lead to an increase in 
workload for the driver. In figure 4.11 also reference data is plotted for lateral acceleration and 
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yaw rate. For lateral acceleration the controlled model is close to the reference value. The yaw rate 
deviates from the reference value, although the sign is in the right direction. In figure 4.12, the 
tyre utilization is plotted. As with the other two tests toe-control does not have a large influence 
on the front tyres. On the rear tyres more differences are visible. The utilization is more constant 
with the controlled model, also the faster response of the controlled model can be seen. 
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Figure 4.11: Braking in a turn, vehicle signals 

The following tests are done to see how the model reacts to disturbances, crosswind test and µ
split braking test. As can be seen in figure 4.13, no differences occur during the crosswind tests, 
only at the peak values small differences are visible. During the crosswind test the disturbance is 
not large enough to create a large yaw rate. 
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Toe-control 

During µ-split braking toe-control does improve the behaviour of the vehicle, figure 4.14. In 
the same manner as with the braking in a turn test the vehicle signals are decreased. Creating 
understeer instead of oversteer so that the vehicle becomes more stable. 
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4.4 Alternatives for toe-control 

In this section the results from toe-control are compared with individual toe-control and four 
wheel steering (4WS). 

4.4.1 lndividual wheel steering 

Besides toe-control on the rear axle, one can also perform control on each wheel individually. Here 
the control strategy from the previous section is used and applied individually to the rear wheels. 
As can be seen in the tyre utilization plots (fi.gure 4.9, rear left tyre) the inner rear wheel has a 
large decrease in utilization. The point of using four wheels steering is to reduce the negative 
lateral force of the rear tyres during turn-in. With toe-control the inner wheel is only increasing 
the negative lateral force. When steering only the outer wheel the decrease in tyre utilization is 
less, though the utilization on the outer wheel remains approximately the same. Therefore, in a 
corner only the outer wheel is actuated. The outer wheel is detected by the vehicle signals. Lateral 
acceleration, steering wheel angle and yaw rate can be used. In this case the steering wheel angle 
is chosen since the chosen simulations use the steering wheel angle as an input. When the steer
ing wheel angle is positive the vehicle is steered to the left and otherwise to the right. Since the 
control strategy is the same as with toe-control, both controllers have the same gain, only with in
dividual steering one wheel is actuated. In figure 4.15, one can see the results of the comparison 
between toe-control and individual toe-control. During toe-control the wheel is steered opposite 
to the outer wheel and now the inner wheel is kept straight, it is visible that keeping the wheel 
straight has an advantage over applying a toe-angle. 

4.4.2 Four wheel steering 

Four wheel steering mainly consists of normal front wheel steering with the addition that the rear 
wheels are able to steer. Based on literature [33, 53], a proportional control strategy is developed 
for four wheel steering. On the basis of the forward velocity the steer angle ratio between the 
front and rear steer angle is changed. The steering ratio is determined in the same manner as in 
formula 2.1. At low velocity in opposite direction and from approximately 40 [km/h] the wheels 
steer in the same direction as the front ones. In figure 4.16, the ratio is shown as a function of 
the forward velocity. The main difference between toe-control and four wheel steering is that with 
four wheel steering both wheels are steered in one direction. The advantage is that the negative 
lateral force of the inner wheel on turn in will decrease. 

In figure 4.17 the result of a j-tum and lane change simulation are shown. During the J-tum 
simulation the steer angle of the four wheel steering controller is the same as toe-control. When 
using the driver model to stay on a desired path the differences between toe-control and four 
wheel steering decrease. With a equal steer angle four wheel steering has more effect on reduc
ing the sideslip angle then toe-control. The response of four wheel steering is slower especially 
during the lane change, that is because with toe-control the inner wheel is ready to steer to the 
other direction. 
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4.5 Discussion 

The difficulty of improving vehicle handling behaviour is the criterion on which an improvement 
is based. These criteria should be objective and possible to be measured. The main reason is 
that the main objective of this research is to see how toe-control can improve vehicle behaviour. 
Therefore, the control strategy is kept simple with a proportional controller. The final control 
strategy consists of two signals, the longitudinal acceleration seems to work good during braking 
in maneuvers. The other signal, yaw rate, maybe arguable since the effect of the controller dur
ing disturbances is not noticeable, and during steering maneuvers the results do not differ much 
from the other signals, lateral acceleration and the steering wheel angle. 

When on the basis of the criteria the controlled model is compared to the baseline vehicle, one 
can conclude that vehicle behaviour is improved. During the steering maneuvers the magnitude 
of the vehicle signals is decreased, especially the side slip angle. The vehicle response is quicker 
especially when changing from one direction to another (lane change). Since the side slip angle 
is reduced the model becomes more understeered which is preferable over an oversteering ve
hicle. When looking to the tyre utilization one can argue if this is an improvement, the outside 
rear tyre is more utilized and the inside tyre less. Because of applying an additional angle to the 
outer rear wheel the lateral force increases therefore, the utilization increases. Increasing the tyre 
utilization increases tyre wear. During extreme situations, braking in a turn, the maximum tyre 
force of the front wheels is reached. Because handling behaviour is improved the increased tyre 
utilization is not a problem. 

When comparing toe-control to its altematives one can conclude that individual steering and four 
wheel steering both have their advantages. When comparing the controllers, the initia! reaction 
of four wheel steering is faster and during the j-tum the vehicle signals are lower in magnitude. 
The real advantage of toe-control is that when the vehicle is steered from one direction to the 
other, the inner wheel is ready to steer in the right direction, while four wheel steering is slower. 
Individual steering behaves between these two steering strategies. 

An important point is that the results are based on simulations. For accurate conclusions on toe
control one should perform real-life vehicle tests, because with the steering systems the driver 
feel is important. 
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Conclusions and Recommendations 

The goal of the research was to find the advantages of individual wheel steering in comparison to 
a conventional steering system, with the main attention to the dynamic behaviour of the vehicle. 
One can think of the following conditions: step steer test, braking (µ-split or in a corner) or cross
wind disturbances. With this in mind a vehicle model is build which is validated. The validated 
model performed as baseline model. On the rear axle of the vehicle model a steering actuator is 
modeled to make it possible to steer the rear wheels. Criteria is determined on which improve
ments in vehicle handling behaviour will be based. A control strategy is developed on the basis of 
vehicle signals. The final control strategy consists of a proportional feedforward controller. In the 
next sections conclusions and recommendations are formulated for the two main parts, vehicle 
model and toe-control. 

5 .1 Vehicle model 

From the results of the kinematic and compliance and vehicle tests, one can conclude that the 
model is a accurate representation of the real vehicle. In the following summations some conclu
sions and recommendations are given. 

Conclusions 

• The results from the kinematic and compliance tests show that the front and rear axle 
behave within realistic ranges. 

• From the steady state test, one can conclude that the model is slightly more understeered 
at higher lateral accelerations, and the vehicle side slip angle (3 is slightly higher than the 
real vehicle for the unloaded simulation. 

• The results from the random steer test are good, although at higher frequencies the simu
lation deviates from the measurement. 

• For the loaded situation the steady state simulation shows some deviations, especially for 
the vehicle side slip angle. The Random steer test is comparable with the measurements. 
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Although, here also deviations are present. One of the factors making a comparison diffi
cult, between the loaded vehicle and the model, is that the locations of sensors on the test 
vehicle are not exactly known. 

• The additional full vehicle handling tests show a similar behaviour between the model and 
the vehicle. 

Recommendations 

• A genera} recommendation is, when one is making a model with this level of detail in the 
suspension system it is advisable to have all the (exact) data from the vehicle or have the 
real vehicle present. In this way parameters can be measured instead of estimated. For this 
vehicle model, the tuning started with kinematics, and after that the compliance was tuned. 
lt is advisable to first collect all the data and then tune the model, for both kinematics and 
compliance, since all parameters in some way influence each other. 

• The model can be improved by designing amore realistic drive-line including axles or by 
the introduction of aerodynamics. Aerodynamics can improve the model behaviour during 
braking, power off and crosswind tests. Power steering can be added to the steering system 
model when this is desired. 

• The driver model used can be improved, for instance by including driving and braking. 
Next to that the accuracy of the driver model can be improved, limiting the deviation from 
the desired vehicle path and improve the driver behaviour when when applying constant 
steer angles. 

5. 2 Toe-control 

From literature, it is known that the toe-angle of a vehicle is important since this can improve 
comering behaviour. The toe-angle can be used when braking, in the form of bushings which 
allow the wheels to steer during braking. When the toe-angle is actively controlled it can improve 
vehicle handling behaviour in all situations. This and recent research (Hyundai, Prodrive) led to 
the decision to develop an active toe-control system. In the following summations conclusions 
and recommendations on the developed active toe-control system are given: 

Conclusions 

• From literature it is known that the geometry of the suspension is a compromise setting 
that has to work in different situations. When designing an active control system this 
compromise is no longer necessary. 

• Rear wheel steering has advantages, reduction of the phase delay for the lateral accelera
tion and yaw response, reduction of the side slip angle /3, improve stability and improve 
maneuverability at low velocity. 

• There are advantages for using active steering over other systems. For example steering 
requires less force from the tyre compared to braking. Also no delay is involved and the 
comfort is better. The yaw torque which can be generated with steering is higher than other 
systems, like braking or torque vectoring. 
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• Toe-control improves vehicle behaviour. During different vehicle handling tests, the mag
nitudes of vehicle signals decrease significantly. The response of the vehicle on steering 
inputs is quicker, especially when steering from one side to another (lane change). 

• When toe-control is compared with altematives, four wheel steering and individual steer
ing, the response of toe-con trol system is faster then both altematives. 

Recommendations 

• Toe-control is now based on simulations hut it is interesting is to see how toe-control works 
in real-life situations mounted on a vehicle. It is also important to fine-tune the controller 
(gains) in these situations. 

• Since the goal was not to design an advanced controller, the controller used is a relative 
simple proportional controller. One can further improve vehicle handling behaviour by 
designing a more advanced controller. 

• From the comparison between toe-control and altematives, it could be interesting to do 
more research into individual toe-control. 
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Appendices 



Vehicle model 

A.1 Parameters 

In table A.1, the parameters of the model are given. 

Table A.1: Global vehicle parameters 

Vehicle parameters BMW, 1996, 523i 
Gross vehicle weight 1495 [kg] 
Max. vehicle weight 1955 [kg] 

L x W x H 4.775 x 1.800 x 1.435 [m] 
Wheelbase 2.830 [m] 

'Irack front / rear 1.516 / 1.530 [m] 
Engine 2.5 liter, 6 Cylinder 

Max Power 125 [kW] at 5500 [rev/ min] 
Max Torque 245 [Nm] at 3950 [rev / min] 
steer ratio 18.3 [-] 
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A.2 Pictures of the vehicle 

Photo's of the front and rear axle. 

Figure A.1: Photo of the front axle (e39 ), left side front of the vehicle (Driving direction is to the 
left) 

Figure A.2: Photo of the rear axle, side view, (e60} 
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Figure A.3: Photo of the rear axle, taken from behind, (e60} 
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Bicycle model 

In chapter 4 is referred to a bicycle model, figure B.I. In this appendix the equations of motion 
are given, [29): 

.... 

b 
l 

► .... a 

/3 
-v .... -- - ........ ----

u 

Figure B.1: Bicycle model, /13/ 

m(v + ur) = Fyl + Fy2 (B.l) 

(B.2) 

Where m equals the mass of the vehicle, l zz is the yaw moment of inertia, u the forward velocity, 
v the lateral velocity and r the yaw rate. The lateral force is given by: 

(B.3) 
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CFa:,i represents the tyre comering stiffness, the index i refer to front and rear tyre. The dy
namic tyre side slip angle o/ is calculated using the following differential equations, including 
the relaxation length c, and the steering compliance c: 

(B.4) 

(B.5) 

In table B.1 the values of the vehicle parameters are given. 

Table B.1: Vehicle parameters 

vehicle parameter symbol value 
vehicle mass m 1659 kg 

yaw moment of inertia f zz 2259 kgm2 

wheelbase l 2.83 m 
distance CG to front a 1.42 m 

cornering stiffness front CFa:,l 3030 N/ deg (2 tyres) 
cornering stiffness rear CFa:,2 3038 N/deg (2 tyres) 
relaxation length front CT! 0.45 m 
relaxation length rear CT2 0.45 m 

steering compliance front C1 0.35 deg/ kN 
steering compliance rear C2 0.05 deg/ kN 

steering ratio is 19.2 



Tyre utilization 

Tyre utilization is the amount of force the tyre uses in comparison to the maximal force obtainable 
with a tyre at a specific vertical force. Tuis can be shown in the friction ellips, figure C.i. When 
calculating the tyre utilization the forces from the tyre model are used, Fx, Fy, Fz. With the 
absolute values of Fx and Fy the angle c.p and length of the force in the x-, y-plane are calculated: 

F 
c.p = arctan ( F: ) 

length = ✓ F; + FJ 

(C.l) 

(C.2) 

To calculate the utilization the maximum force is needed. The maximum force is µFz. The 
friction coefficient is different for longitudinal and lateral force. In figure C.2, one can see the 
friction coefficient versus the vertical force. The data for the friction coefficient originates from 
the tyre property file of the tyre. As one can see the friction coefficient decreases with increasing 
vertical force. The lateral friction coefficient has a steeper decline than the longitudinal friction 
coefficient. With the friction coefficient known the maximum force is calculated: 

(C.3) 

(C.4) 

An ellipse can be described by: 

(C.5) 

Here ais the semi-major axis and bis the semi-minor axis. If a = b, the ellipse is a circle centered 
at the origin with radius a. Using the polar coordinates: 

x = a · cos(c.p) (C.6) 
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cp ' ' ' ' 
,' F u ,a.1: 

Figure C.1: Friction ellipse 
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vertical force F z [N] 

Figure C.2: Vertical force versus friction coefficient 

Tyre utilization 
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y = b · sin(<p) (C.7) 

The radius of the ellipse is given by: 

(C.8) 

This maximum force is compared with the force (length) from equation C.2. The percentage 
used from the maximum force is then calculated: 

length 
percentage = ( F's ) * 100 

max 
(C.9) 
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