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Chapter 1

Introduction

1.1 Motivation

Modern life relies heavily on the automobile. They provide an unparalleled means of

personal mobility without which many functions of daily life like commuting to work,

getting groceries, traveling etc. become much more challenging. Thinking beyond

the present and into the future, automobiles will continue to play an important role

in personal mobility. Ensuring that they improve in terms of safety and comfort

is the continuing mission of all automobile manufacturers and suppliers. Based on

current trends, this mission seems like a success. From 2005 - 2011 the total number

of automobile fatalities decreased every year to a historic low of 32,367 in 2011.

Despite this encouraging trend, more can still be done. In particular, over a similar

period from 2005 - 2008, Wilson and Stimpson showed that fatalities attributed to

distracted driving rose 28% [78]. Furthermore, this work showed that texting alone

resulted in an additional 16,000 deaths from 2001 - 2007. As more interactive mobile

phones and computing devices permeated our lives, ensuring that vehicle safety is not

compromised by distracted driving is a key challenge.

Safety systems like Electronic Stability Control (ESC) and Anti-lock Braking Sys-

tems (ABS), which seek to prevent loss of vehicle control, can do little to prevent col-

lisions stemming from a distracted driver. Rather, to reduce these collisions, the first

step involves having vehicles that are aware of their surroundings. Recent advances

1



CHAPTER 1. INTRODUCTION 2

in perception technologies like radar, cameras, and lidars provide detailed informa-

tion to the vehicle about its surroundings [44], [45], [9]. These systems provide this

information in real-time and in situations where human perception may be reduced

due to distraction or challenging environmental conditions like poor lighting or fog.

With this information about its environment, a vehicle now has the ability to generate

feasible trajectories to ensure its safety and stability.

On calculating these safe trajectories, a vehicle needs to have some means of

actualizing these trajectories in the event of an emergency where the driver’s action

will lead to collision. Therefore, the vehicle needs a means of augmenting the driver’s

steering command. This capability exists and is known as active steering. With active

steering, a vehicle is able to intervene in emergency scenarios to prevent a distracted

driver from colliding with the environment. This can improve the safety of a vehicle

and reduce fatalities due to distracted drivers.

1.2 Conventional Steering Systems

To understand steering and, in particular, active steering capability, it is useful to

discuss the evolution of steering systems over the last century. Figure 1.1 shows

this evolution. Conventional steering systems like manual steering and power steer-

ing continue to dominate the market though new technologies like steer-by-wire are

beginning to penetrate the production fleet.

Figure 1.1(a) illustrates a manual steering system. This was the earliest form of

steering system where the driver, via the handwheel, mechanically turned the road-

wheels. These systems formed the simplest of all steering systems as the handwheel

command, after accounting for the steering ratio, is directly used to mechanically

turn the roadwheels. This direct mechanically connection meant that drivers felt all

the moments acting on the roadwheels during operation. This made manual steer-

ing systems hard to turn for the driver particularly when performing maneuvers like

parallel parking which require a lot of steering effort.

In order to aid the driver and reduce steering effort, power steering systems were

introduced later (illustrated in Figure 1.1(b)). In these systems, the handwheel was
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still mechanically connected to the roadwheels. However, a power steering unit lo-

cated on the steering column helped the driver lower his required torque command

on the handwheel, when necessary, to increase the ease of turning. These units began

as hydraulic systems which used hydraulic fluid as a means of assisting the driver

and reducing his torque input on the handwheel during steering. These units would

release hydraulic fluid to aid in turning the roadwheels when a simple torque mea-

suring element called a torsion bar indicated that the difference between the driver’s

torque input and the torque acting on the roadwheels was beyond a certain amount.

The characteristic of how the assist varied with this difference in torque was carefully

designed to give a vehicle its particular power assistance ‘feel’. More recently, hy-

draulic power assist has give way to Electronic Power Steering (EPS) systems. These

Figure 1.1: Evolution of steering systems
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replace the hydraulic systems of the past with electronic motors that serve the same

function of reducing the amount of torque a driver needs to input during turning.

EPS systems form the backbone of the production vehicle fleet today.

Power steering systems still maintain a mechanical connection between the hand-

wheel and roadwheel making active steering capability challenging to implement.

Nonetheless, active steering can be achieved using cleverly designed mechanical steer-

ing systems like that created by ZF Lenksysteme and BMW AG [42]. This system

can change the driver’s steering command to the roadwheel despite the mechanical

connection. Koehn and Eckrich showed that this system could aid in some vehicle

stabilization tasks [42].

1.3 Steer-by-wire

In the 1990s, interest in replacing traditional steering systems on automobiles with

by-wire systems grew [70]. This idea, known as steer-by-wire, replaces the traditional

mechanical steering linkages between the handwheel and front tires with electronic

sensors and actuators [4]. This technology has been used extensively by the air-

craft industry since the 1970s [61], when electro-mechanical control systems replaced

the traditional hydro-mechanical systems on aircraft. These systems not only saved

weight and improved safety through better redundancy techniques, but they also al-

lowed many pilot tasks to be automated. This led to the introduction of extensive

stability augmentation and flight envelope limiting controllers [23].

Figure 1.1(c) illustrates a steer-by-wire system. These systems measure the driver’s

handwheel angle electronically and use a processor to calculate the required roadwheel

angle which is realized using actuators. By severing the mechanical connection be-

tween the roadwheel and handwheel, steer-by-wire systems removed the need for the

long steering columns associated with the conventional steering systems. This freed

up space in the heavily packed front-end of the vehicle and also improved vehicle

efficiency by reducing weight.

Steer-by-wire offers another means of achieving active steering interventions. The

mechanical decoupling of the handwheel from the roadwheels allows steer-by-wire
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systems to augment the driver’s steering command by any arbitrary amount through

roadwheel steering corrections. This capability is limited only by the physical lim-

its on the roadwheel motion due to mechanical interference. The flexibility offered

by this kind of active steering system creates opportunities to improve vehicle con-

trol and stability in a wide variety of different scenarios. Ackermann et al. showed

that active steering can aid vehicle control in various situations like yaw control and

rollover avoidance [2]. More recently, Anderson et al. [5] and Erlien et al. [22] showed

that active steering can be used for sharing control between the driver and the vehi-

cle, specifically for obstacle avoidance scenarios which typically require large active

steering interventions. Therefore, active steering capability afforded by steer-by-wire

systems can result in improvements in the safety and stability of a vehicle.

A major concern about implementing steer-by-wire systems is that, by removing

the mechanical connection between the handwheel and roadwheels, critical system

failure could have catastrophic results as the driver then has no means of lateral

control over the vehicle. However, the recent development of good fault detection

algorithms and redundancy systems for steer-by-wire vehicles has decreased the safety

concerns about implementing this technology on consumer vehicles [26]. Therefore,

though firmly in the research realm for many years, steer-by-wire systems are now

finding their way to production vehicles on the road (see Figure 1.2) [21].

Figure 1.2: 2014 Infiniti Q50: World’s first steer-by-wire production car
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1.4 Steer-by-wire and Steering Feedback Torque

In a conventional steering system, the driver experiences a steering feedback torque

(known as ‘steering feel’) on the handwheel that reflects the force and moments acting

on the tires. Drivers use steering feel extensively to obtain useful information about

the road and tire dynamics, which aids them in performing various driving tasks.

Using a driving simulator, Liu and Chang demonstrated that having steering torque

feedback results in better curve negotiation and skid recovery by a driver [46]. Forsyth

and MacLean used a driving simulator and observed that without steering feedback,

drivers became disoriented in tight turns [25]. Furthermore, Gordon showed that

after visual feedback, steering torque feedback was rated as the next highest source of

input for drivers [28]. Therefore, automobile manufacturers spend a lot of time and

effort on designing good steering feedback torque on their vehicles. Similar results

have also been found for driver assistance systems. For instance, Switkes et al. showed

that steering feedback must be carefully designed to ensure the stability of a lane-

keeping controller [73]. Clearly, designing good steering feedback torque is important

for driver comfort and safety.

Though steer-by-wire technology has many benefits, the severing of the mechan-

ical connection also disrupts this steering feedback torque. Now there is no direct

mechanical channel for the forces and moments acting on the tire to be fed back to

the driver. Since this feedback torque is important, creating a means of artificially

Figure 1.3: Force Feedback (FFB) steering system
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re-creating this torque on a steer-by-wire vehicle is crucial. A force feedback (FFB)

steering system mounted on a steer-by-wire vehicle can be used to create any arbi-

trary steering feedback torque on the handwheel that can be felt by the driver. Figure

2.2 illustrates a schematic of a typical FFB steering system and Appendix A details

the design of the FFB system used for this work. A motor provides the ability to

create any arbitrary torque that is applied directly to the handwheel and is felt by

the driver. Since a FFB steering system can create any arbitrary steering feedback

torque, what kind of torque to create is a natural question.

1.5 Thesis Overview

The question of what kind of torque to create on a FFB steering system for a steer-

by-wire vehicle is a broad one. Figure 1.4 illustrates the approach taken in this

dissertation to address this issue. As a first step, since steer-by-wire vehicles have no

Artificial 

steering feel

Supportive 

steering feel 

for active 

steering 

Predictive 

haptic cues 

for obstacle 

avoidance

Figure 1.4: Approach taken to develop torques on the FFB steering system for a
steer-by-wire vehicle
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inherent steering feel like conventional steering vehicles, creating an artificial steering

feel is important. This allows a steer-by-wire vehicle to ‘feel’ like a conventional

steering vehicle and gives the driver the same kinds of information that he is used

to getting from those vehicles. Once a realistic and stable artificial steering feel

can be created on steer-by-wire vehicles to mimic conventional steering vehicles (i.e.

the first level in Figure 1.4), the question of active steering can be addressed (i.e.

the second level in Figure 1.4). Conventional steering systems reflect the actual

moments acting on the roadwheels in their steering feel. However, during an active

steering intervention, the handwheel and roadwheels are no longer in sync, begging

the question of what moments should be reflected in the steering feel then. This

dissertation shows that using the concept of a virtual wheel to feed back the driver’s

intended tire moments, rather than the actual tire moments, results in a supportive

steering feel. Realizing the second level in Figure 1.4 implies that a steering feel

that supports scenarios with and without active steering can be implemented on

steer-by-wire vehicles. The third level in Figure 1.4 builds on the prior two levels

by overlaying this supportive steering feel with predictive haptic cues to aid in the

obstacle avoidance task.

1.6 Contributions

The contributions of this dissertation are as follows:

I An easily tunable artificial steering feel model based on objective steering feel

performance measures for use on actual steer-by-wire vehicles

II Lyapunov stability analysis of the artificial steering feel model along with stability

guarantees incorporating the tire saturation limit and power assist effect

III The virtual wheel technique for generating supportive steering feel in scenarios

with and without active steering

IV A novel technique for generating predictive haptic feedback based on a Model

Predictive shared control framework for obstacle avoidance
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V Design and conduct of an on-road experimental driver study to investigate the

efficacy of predictive haptic feedback on the obstacle avoidance task

1.7 Dissertation Outline

The chapters in this disseration are organized as follows:

Chapter 2: Generating Artificial Steering Feel

Chapter 2 tackles the problem of creating a realistic artificial steering feel on

steer-by-wire vehicles. It does this by creating a model for generating steering

feel that is based on mirroring the moments acting on the tires that form the ba-

sis of steering feel in conventional steering systems. Identifying the appropriate

level of model fidelity required to generate a realistic steering feel involves un-

derstanding what elements of steering feel are important like power assist. This

chapter proposes using objective steering feel measures used in industry as a

means of understanding which elements of steering feel are most important. The

measures are used to inform the creation of the artificial steering feel model to

have the appropriate fidelity to capture these important elements of steering feel

while remaining intuitive to tune objectively with a small set of parameters. A

simulation based design approach generates steering feel with desired character-

istics for steer-by-wire vehicles while experimental data validates this technique

as a means of generating steering feel on an actual steer-by-wire vehicle.

Chapter 3: Artificial Steering Feel Stability

Before this steering feel model can be put on the road, stability guarantees of

performance must be obtained. This ensures that the model proposed will not

result in unbounded outputs of the vehicle states during operation, leading to

catastrophic results. Chapter 3 uses a Lyapunov stability analysis, that incorpo-

rates the inherent nonlinearities present in the system, to obtain such stability

guarantees that hold even at tire saturation. These guarantees manifest as four
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bounds on various design parameters in the model that, when met, guarantee sta-

bility. Furthermore, this approach yields bounds on the amount of power assist

allowable for stability, providing guidance on how to design the power assistance

effect.

Chapter 4: Supportive Steering Feel for Active Steering

Steer-by-wire enables active steering interventions that result in improved ve-

hicle safety and stability especially during distracted driving. Steering feel in

conventional steering systems, and consequently the proposed artificial steering

feel model, reflects the actual moments acting on the roadwheels. During an

active steering intervention, the roadwheel is incremented to something other

than the handwheel command. Therefore, there exists a disconnect between the

driver’s command and the vehicle’s motion, potentially resulting in driver con-

fusion. Chapter 4 investigates the impact of active steering on steering feel and

this disconnect between the driver and the vehicle. In these scenarios, a steer-

ing feel should support the intervention by reducing this disconnect between the

driver’s command and the controller. This chapter presents the virtual wheel as

an approach that results in supportive steering feel during scenarios with and

without active steering intervention. The virtual wheel ensures that the steer-

ing feel model reflects the driver’s intended tire moments rather than the actual

tire moments. Simulations and experiments show that this approach results in a

supportive steering feel for active steering while giving intuition into why feeding

back the actual tire moments is undesirable.

Chapter 5: Predictive Haptic Feedback for Obstacle Avoidance

Haptic steering cues can help improve safety during distracted driving scenarios

by alerting the driver to on-coming obstacles early so that he can avoid them.

Predictive shared controllers use both the vehicle’s perception of the environment

and active steering to work with the driver to ensure a safe and collision-free

vehicle trajectory. These shared control systems must constantly balance the
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sometimes competing objectives of following the driver’s command and main-

taining a feasible trajectory for the vehicle. The earlier the system intervenes,

the smoother the intervention but the more it interferes with the driver’s control

authority. Ideally, predictive controllers should intervene late but also indicate

early to the driver that these two objectives are in conflict so that he may modify

his actions to reduce this conflict. Chapter 5 presents a novel technique for creat-

ing haptic steering feedback, based on future differences between the predictive

controller and the driver. This feedback mirrors the tension between the some-

times competing controller objectives of following the driver and maintaining

a feasible path. Simulation results indicate the inherent trade-offs of predictive

haptic feedback and qualitatively discuss its impact. A driver study is performed

to act as a proof-of-concept that this predictive feedback can result in improved

driver performance in the obstacle avoidance task.

Chapter 6: Conclusion

This chapter summarizes the contributions of each of the preceding chapters. It

clearly lists the contributions in each chapter and also details future directions

and extensions of this work.

Appendix A: X1 Force Feedback Steering System

This appendix gives an overview into the mechanical and electrical design of the

Force Feedback (FFB) steering system designed and implemented on X1. It gives

specifications on the system and documents the system identification process used

to obtain inherent system properties like inertia, damping and friction.



Chapter 2

Generating Artificial Steering Feel

By mechanically decoupling the handwheel from the roadwheels, steer-by-wire dis-

rupts steering feel. Liu and Chang showed, using a simulator study, that this feel

aids drivers in the driving task [47]. Furthermore, Gordon showed that after visual

feedback, steering torque feedback was rated as the next highest source of input for

drivers [28]. Much care is put into designing a good steering feel for modern vehicles.

Particularly, elements of steering feel that drivers feel are important like the ‘heavi-

ness’, the power assist effect, the ‘stiffness’ etc. are all carefully selected to create a

good steering feel on production vehicles. Understanding how to design a good feel

for steer-by-wire vehicles is important if these vehicles are going to be driven on the

roads.

One way of creating steering feel on steer-by-wire vehicles is to feed back the

steering motor torque directly to the driver. Shengbing et al. demonstrated using

hardware-in-the-loop simulation that steering motor current can generate steering

feedback [68]. Nguyen and Ryu used a similar approach and simulation to generate

steering feel [55]. Asai et al. used a test bench setup to show that steering motor

current coupled with a torque map can generate steering feel [8]. Though this tech-

nique generates a realistic steering feel, this feel is tied to the physical properties of

the vehicle and cannot be varied easily in software.

Another way of creating steering feel is to use a steering model with some ab-

straction of the physical system. Low fidelity models, typically involving a spring

12
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model based on steering angle, have been used on simulators by Segawa et al. [67]

and Oh et al. [58]. Williams implemented a speed-varying spring model for steering

feel on heavy trucks [76]. Husain et al. patented a simple pre-computed speed-varying

steering feel model that depends solely on steering actuator load [35]. Low fidelity

models, though simple to implement, cannot capture all the important elements of

steering feel like power assist and ‘heaviness’ of steering. In order to capture more

elements of steering feel than low fidelity models, higher fidelity models have been

used in simulators by Salaani et al. [65] and Mandhata et al. [75]. Though higher

fidelity models can capture more elements of steering feel, the increase in the number

of model parameters makes tuning challenging. As a result, validation procedures

such as the repeated subjective human evaluations used by Mandhata et al. [48] are

required.

Currently, conventional vehicles have wide variation of steering feel. Steer-by-wire

vehicles should be no different. Therefore, higher fidelity steering feel models, which

can create a wide variation of steering feel, are necessary. However as model fidelity

increases, the tuning of these models to obtain desired feel becomes more challenging.

Therefore, finding the appropriate level of steering model fidelity is critical. The

model must be complex enough to capture all the elements of steering feel that modern

drivers care like ‘heaviness’, power assistance, ‘stiffness’ etc. However, it must remain

simple enough to be tuned intuitively. This chapter analyzes objective steering feel

performance measures used by industry as a means of understanding what elements of

steering feel modern drivers think are important. This chapter then proposes using a

steering feel model with the appropriate fidelity to capture these important elements

while remaining intuitive to tune with a small set of parameters.

This chapter begins with a simple steering feel model which captures the effect

of the moments acting on the tires, power assist, and the modification of the inher-

ent inertia and damping of a steer-by-wire steering system. Objective steering feel

performance measures used by industry are then introduced as a means of under-

standing and characterizing steering feel. These performance measures depend not

only on the steering model but also on the vehicle dynamics. Using a simple dy-

namic vehicle simulation, a critical set of steering model parameters that tune these
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measures are identified and a desired feel is designed. Experimental data then shows

that the desired performance measures obtained via dynamic vehicle simulation can

be replicated on an actual steer-by-wire vehicle. This work was first presented by

Balachandran and Gerdes in [14].

2.1 Artificial Steering Feel

In conventional steering systems, the handwheel is mechanically connected to the

roadwheels as illustrated in Figure 2.1. In steer-by-wire vehicles, the handwheel

is mechanically decoupled from the roadwheels. The driver’s steering commands

are transferred electronically to motors that in turn actuate the roadwheels. This

mechanical decoupling removes much of the steering feel that would normally be

present in a conventional vehicle.

Steering feel can be artificially created in a steer-by-wire vehicle using a force

feedback (FFB) steering system, illustrated in Figure 2.2. For this system, the hand-

wheel torque felt by a driver (τhw) is determined by the motor torque (τmotor) and the

Figure 2.1: Conventional steering system
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inherent steering system dynamics as follows:

τhw = τmotor − Jsystemδ̈hw − bsystemδ̇hw (2.1)

where the handwheel FFB motor torque (τmotor) is commanded, the inherent system

inertia (Jsystem) and system damping (bsystem) are known from an identification of

the mechanical system (see Appendix A.3), and the handwheel angle (δhw) is a driver

input. Appendix A.3 also illustrates that the Coulomb friction term of the inherent

steering system is small (about 1-2 [%] of the expected mean handwheel torque). This

implies that, in general, the driver would not feel much of the friction in the system.

Therefore, for the purposes of generating and analyzing artificial steering feel, the

steering system model used omits the Coulomb friction effect.

2.1.1 Conventional Steering Feel

Developing an artificial steering feel for steer-by-wire vehicle involves having the FFB

steering system feel like a conventional steering system. In conventional steering

vehicles, there are three major torques that make up the steering feel. They are as

follows:

(1) Tire moments

Figure 2.2: Force Feedback (FFB) steering system
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(2) Torques due to inertia and damping

(3) Torque due to power assist

The weighted sum of these torques result in the steering feel felt by the driver.

Tire Moments

Figure 2.1 illustrates a conventional mechanical steering system with the right and

left front lateral tire forces (Fyfr, Fyfl) and the right and left front normal tire forces

(Fzfr, Fzfl) displayed. Figure 2.3 illustrates a typical suspension geometry of a con-

ventional vehicle with the steer axis, mechanical trail (tm), pneumatic trail (tp), caster

angle (θc), kingpin angle (θk) and scrub radius (d) indicated. The moments generated

by the lateral and normal tire forces about the steer axis form a major component of

steer feel.

The moment about the steer axis generated by the lateral tire forces is known as

the aligning moment and is given by ([27]):

τalignMoment = − (Fyfl + Fyfr) (tm + tp) cos
√

θ2c + θ2k (2.2)

Figure 2.3: Typical suspension geometry on conventional vehicle
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The aligning moment results in a strong self-centering torque at higher speeds.

The moment about the steer axis generated by the normal tire forces is known as

the jacking torque and is given by ([27]):

τjackingTorque = − (Fzfl + Fzfr) d sin θk sin δrw + (Fzfl − Fzfr) d sin θc cos δrw (2.3)

where the δrw is the roadwheel angle. The jacking torque accounts for most of the

self-centering effect of the steering feel at low speed when the effect of the aligning

moment is small.

Transmission of the aligning moment and jacking torque via the steering linkages

to the handwheel results in these two tire moments having a significant impact on

the resultant steering feel.

Torques due to inertia and damping

Figure 2.1 illustrates that between the handwheel and the roadwheels there exists a

set of mechanical connections including the steering column, power assist unit, rack

and suspension which results in the steering system having some inherent damping

and inertia. This inherent damping and inertia give rise to additional torques that

are felt by the driver and form a part of the steering feel.

Torque due to Power Assist

In modern power steering systems, drivers receive an assistive torque counteracting

the total front tire moment to aid them in turning the roadwheels [10]. The amount

of this assistive torque depends on the difference in torque due to the total front

tire moment and the driver’s input torque as measured at the steering rack using a

flexible torque-measuring element like a torsion bar. A greater difference in this torque

results in a larger assistive torque. This assistive torque also features prominently in

the steering feel.
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2.1.2 Creating Artificial Steering Feel

Building a steering feel model with the appropriate fidelity allows the creation of

artificial steering feel on steer-by-wire vehicles. The challenge is creating a model

with the appropriate level of fidelity that balances the need for a realistic feel with the

ease of tuning and real-time implementation. This results in a similar challenge found

in implementing transparency in a teleoperated system [43]. Transparency implies

that, in any bilateral teleoperator system design, the goal is to provide a faithful

transmission of signals (positions, velocities, forces) between master and slave. This

enables the coupling of the operator (in our case, the driver) as closely as possible to

the remote task (in our case, the driving task). A natural question then becomes what

level of transparency is possible (based on hardware and real-time implementation)

and what is required (based on the tasks to be performed).

The model presented in this section builds upon the steering feel model developed

by Mandhata et al. [75]. Mandhata’s model incorporated tire moments, torques due

to the steering system properties, static friction and a power assist model which

assumed the use of a torsion bar. The model presented in this section, first proposed

by Balachandran and Gerdes [13], [14], reduces the fidelity of Mandhata’s model by

incorporating tire moments and torques due to the steering system properties while

omitting the static friction term. The model also proposes a tunable power assist

model that does not require a torsion bar windup as an input. This is different

from Mandhata’s power assist model which required the torsion bar windup as an

input and used a look-up table to determine the desired level of assist. Therefore

this power assist model allows for more flexibility in designing a desired power assist

effect. Furthermore, this power assist model enables the emulation of the power assist

effect on steer-by-wire vehicles, like the one used in this work, which need not have a

torsion bar. The model presented in this section has the appropriate level of fidelity

to run in real-time on a steer-by-wire vehicle while being easy to tune intuitively. It

also is able to capture the important elements of steering feel that drivers care about

(as measured using objective steering feel metrics discussed in Section 2.2).
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Based on this model, the motor torque (τmotor) is given by:

τmotor = τdamp + τinertia +Kτassisted tire moment (2.4)

where the damping torque (τdamp) and inertia torque (τinertia) modify the inherent

damping and inertia of the steering system and the assisted tire moment (τassisted tire moment)

represents the combined effect of the aligning moment, jacking torque and power as-

sist. These are discussed in detail below. The tire moment gain (K) accounts for

the transmission of moments from the tire to the handwheel and varies for different

steering systems, suspension geometries and steering ratios. A larger K results in a

great portion of the assisted tire moment being incorporated into the steering feel.

Damping Torque (τdamp)

Damping torque modifies the effect of the inherent system damping (bsystem) on steer-

ing feel. Conventional vehicles have more inherent damping than steer-by-wire vehi-

cles as they have a more mechanically complex steering system. Therefore, adding

damping torque in a steer-by-wire system is usually necessary. In a conventional ve-

hicle, modification of inherent damping is challenging as it involves actual hardware

modification. However, using the model proposed in this section, modifying the sys-

tem damping is much easier and can be done using software. The change in inherent

damping is created using the following model:

τdamp = −∆bδ̇rw (2.5)

where the change in damping (∆b) to the system is a design parameter. A fairly clean

signal for the derivative of the roadwheel angle (δ̇rw) can be obtained using precise

encoders and simple filtering.

Inertia Torque (τinertia)

Inertia torque modifies the effect of the inherent system inertia (Jsystem) on steering

feel. For the same reason as inherent damping, conventional vehicles have more
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inherent inertia than steer-by-wire vehicles. Using the model proposed in this section,

modifying the system inertia is much easier and can be done using software. The

change in inherent inertia is created using the following model:

τinertia = −∆Jδ̈rw (2.6)

where the change in inertia (∆J) to the system is a design parameter. Obtaining

a clean signal for the second derivative of the roadwheel angle (δ̈rw) is challenging.

Advanced filtering techniques can help with reducing the noise on this signal but

typically, the resultant signal will still have some noise. To reduce the effect of this

noise on the resultant steering feel, this work does not add an additional inertia via

software (i.e. ∆J = 0). Based on analysis of the objective steering feel measures

presented later in this chapter, the effect of changing the inertia can be well captured

using other design parameters that are less susceptible to noise.

Aligning Moment (τalign)

Front tire forces and their resulting moments have a large effect on steering feel.

The effect that the front lateral tire forces (Fyf ) have on steering feel is through the

aligning moment. By assuming that the caster angle (θc) and kingpin angle (θk) are

small in (2.2), the aligning moment can be approximated as the product of the front

lateral tire forces and the total trail of the vehicle as shown:

τalign = −Fyf (tm + tp) (2.7)

where tm is the mechanical trail and tp is the pneumatic trail of the vehicle. Taking

the small angle assumption reduces the number of parameters needed for the model.

The brush tire model proposed by Fiala [24], and presented in the following form

by Pacejka [59], gives a useful approximation of the nonlinear relationship between

tire force and slip angle:

Fy = −Cα tanα +
C2

α

3µFz

tanα |tanα| − C3
α

27 (µFz)
2 tan

3 α (2.8)
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where the surface coefficient of friction (µ) and tire cornering stiffness (Cα) are design

parameters. The normal load (Fz) can be obtained from the mass of the vehicle.

For simplicity, the mechanical trail (tm) is assumed to be constant and the pneu-

matic trail (tp) is modeled as a decreasing linear function of slip angle as introduced

by Hsu et al. [34]:

tp = tp0 − sgn(αf )
tp0Cαf

3µFzf

tan(αf ) (2.9)

where the pneumatic trail at zero front slip angle (tp0), surface coefficient of friction

(µ), front tire cornering stiffness (Cαf ) are design parameters. This simplification

reduces the number of tuning parameters.

This aligning moment term reflects the current road condition to the driver via

the steering feel. Real-time friction estimation approaches like that proposed by Hsu

and Gerdes [33], can be used to obtain the surface coefficient of friction. This results

in the appropriate front lateral tire force and pneumatic trail being used to generate

an aligning moment term that corresponds to the current road condition.

Jacking Torque (τjack)

The front normal tire forces (Fzf ) affect the steering feel via the jacking torque. The

jacking torque effect can be clearly seen when a driver turns the handwheel in a

stationary vehicle. It causes the hood of the vehicle to ‘jack up’ (hence its name) and

results in a self-returning torque on the handwheel. Its effect is much more pronounced

at low speeds whereas the aligning moment effect is much more pronounced at higher

speeds.

By making reasonable assumptions that the sum of the normal tire forces is much

greater than their difference, i.e. ((Fzfl + Fzfr) >> (Fzfl − Fzfr)), and that the road-

wheel angle (δrw) is small, we can approximate (2.3) as a spring model. This spring

model gives a useful approximation of jacking torque and captures the important

centering effect in a simple model. A simple single spring model for jacking torque is

given below:
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τjack = −Kjackδrw (2.10)

where the jacking torque stiffness (Kjack) is a design parameters.

Some production vehicles contain a steering deadband region where stiffness is

lower than outside this region. To capture this effect, a two-spring-constant model

can be used. The two-spring-constant model given below allows the deadband char-

acteristics to be incorporated into the model.

τjack =







−kdbδrw if |δrw| ≤ δdb

−kjackδrw − kdb (sign(δrw)δdb) if |δrw| > δdb
(2.11)

where the steering deadband (δdb), deadband spring constant (kdb) and jacking torque

spring constant (kjack) are design parameters. The deadband region is typically very

small (i.e. about 0.5 [%] of the entire steering range). Note that kdb < kjack. However,

kdb is chosen to be reasonably close to kjack in value so as not to create an overly large

change in gradient which would be uncomfortable for the driver. The resultant τjack

given by this function is continuous. The two spring constants represent the different

stiffnesses due to the steering deadband region.

Power Assist

In modern power steering systems, drivers receive an assistive torque counteracting

the total front tire moment to aid them in turning the roadwheels. This torque

factors into the steering feedback. Ryu and Kim demonstrated that the effect of this

assistive torque on the resultant steering feedback is that a smaller fraction of the

total front tire moment is included in the steering feedback [63]. Using the expressions

for aligning moment and jacking torque obtained earlier, the total front tire moment

can be approximated by:

τtire moment ≈ τjack + τalign (2.12)

The fraction of the total front tire moment felt by the driver is then modeled as
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a weighting function (Wf ) that depends on front slip angle. The resultant assisted

total front tire moment is given as:

τassisted tire moment = τtire momentWf (2.13)

Building on the work of Ryu and Kim [63], this weighting function must have a

unity value at zero front slip angle which decreases as the magnitude of front slip

angle increases. This indicates that there is no assist at zero front tire force and

the level of assist increases with the increasing magnitude of front tire force. The

weighting function must also have a lower limit which translates to a saturation of

the power assist effect when the magnitude of the front tire force exceeds a given

threshold which is set based on the desired power assist characteristics. Modeling the

weighting function (Wf ) as a Gaussian function fulfills these critical requirements.

The weighting function (Wf ) is given by:

Wf = e
−α

2
f

2σ2
ps (Wf,max −Wf,min) +Wf,min (2.14)

where the front slip angle (αf) is known while the standard deviation (σps), minimum

weighting (Wf,min) and maximum weighting (Wf,max) are selected to create the desired

power steering effect. A typical weighting function is illustrated in Figure 2.4. Note

that 0 ≤ Wf,min ≤ Wf ≤ Wf,max ≤ 1, ∀αf . A larger weight (Wf) results in a larger

fraction of the total tire moment incorporated into the steering feel. Therefore, as

slip angle increases and tire forces get larger, Wf decreases and a smaller fraction of

the total tire forces is incorporated in the steering feel. This replicates the effect of

power assist. A zero weight (Wf = 0) implies that none of the total tire moment and

only the damping and inertia torques are included in the steering feel. Wf,max is a

design parameter which is typically set to 1. This represents that when there is no

power assist effect, the steering feel incorporates the full tire moment effect similar

to a vehicle with purely manual steering.

Based on the steering feel components listed above and using Equation (2.4), an

artificial steering feel can be generated. Figure 2.5 illustrates the block diagram of

the model and the resultant vehicle-driver system.
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Figure 2.4: Power assist weighting function

2.2 Objective Steering Feel Performance Measures

Having a model to generate steering feel, as presented in the section above, is only

one part of the solution to designing an artificial steering feel. In order to design

a good steering feel, an effective way to characterize the steering feel must also be

employed. One way to do this is to use surveys as a means of steering feel evaluation

as demonstrated using a simulator by Mandhata et al. [48]. Though very useful in

characterizing a given steering feel, surveys give a subjective evaluation of steering

feel. This makes the iterative process of designing a good steering feel time-consuming

as these experiments must be conducted repeatedly for each iteration.

In industry, objective performance measures for steering feel are used to give

designers a means of characterizing steering feel. This characterization gives design-

ers intuition into what aspects of the steering feel are important to drivers. These

performance measures are used to evaluate on-center handling and are obtained by

performing a weave test, in accordance with the ISO13674-1:2010 standard [37], as

described by Norman [56] and Salaani et al. [64]. On-center handling describes the

steering feel of a vehicle during nominal straight-line driving and in negotiating large
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radius bends at high speed but low lateral acceleration. These performance measures

depend not just on steering characteristics but on vehicle dynamics as well.

The performance measures introduced in this section are obtained from data of a

vehicle performing a weave maneuver, which consists of a 0.2 [Hz] steering input such

that a maximum lateral acceleration of 0.2 [g] is observed, at 60 [mph]. The weave is

illustrated in Figure 2.6. Five different performance measures are obtained from this

data:

(1) Returnability

(2) On-center feel

(3) Linearity

(4) Effective torque stiffness

Figure 2.5: Block diagram of artificial steering feel model and resultant vehicle-driver
system
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(5) Steering sensitivity

These measures are obtained using three different cross plots:

(1) Handwheel torque versus driver steering input (Figure 2.8)

(2) Handwheel torque versus vehicle lateral acceleration (Figure 2.7)

(3) Vehicle lateral acceleration versus driver steering input (Figure 2.9)

Since a weave is a dynamic maneuver, the vehicle’s handwheel torque and vehicle

lateral acceleration depend on both the current driver steering input and the past

state of the vehicle. Therefore, the cross plots listed above display hysteresis. The

nonlinear nature of the dynamics also means that closed-form formulas for these plots

cannot be obtained.
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Figure 2.6: Weave at 60 [mph]
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2.2.1 Measures from Handwheel Torque - Vehicle Lateral

Acceleration Cross Plot

Figure 2.7 illustrates a typical handwheel torque versus vehicle lateral acceleration

plot. Returnability, on-center feel and steering torque linearity are obtained from this

plot.

Returnability

Returnability is the vehicle lateral acceleration at zero handwheel torque as illustrated

in Figure 2.7 and represents the dynamic lag in the system. A high returnability

indicates that the vehicle has persistent lateral acceleration while at zero handwheel

torque and corresponds to a ‘heavier’ steering feel.
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Figure 2.7: Handwheel torque - Vehicle lateral acceleration at 60 [mph]
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On-Center Feel

On-center feel is the steering torque gradient between -0.05 [g] and +0.05 [g] in vehicle

lateral acceleration as illustrated in Figure 2.7 and defined in the ISO13674-1:2010

standard [37]. It represents the handling of the vehicle during highway driving which

includes nominally straight-line driving and the negotiation of large radius bends at

high speeds but low lateral accelerations.

Steering Torque Linearity

Linearity is the ratio of the steering torque gradient between +0.1 [g] and +0.15 [g]

(illustrated in Figure 2.7) and the on-center feel described above. Linearity represents

the level of power assist with a larger linearity indicating a lower power assist effect

and a clearer feel of tire dynamics and road properties for the driver.

2.2.2 Measures from Handwheel Torque - Driver Steering

Input Cross Plot

Figure 2.8 illustrates a typical handwheel torque versus driver steering input plot.

Data from this plot determines the Effective torque stiffness.

Effective Torque Stiffness

Effective torque stiffness is the steering torque gradient computed between -20 [%]

and +20 [%] of the maximum steering input as illustrated in Figure 2.8, defined in

the ISO13674-1:2010 standard [37] and, is the stiffness felt when turning. Drivers use

the change in stiffness, which depends on the effective torque stiffness, as a means of

detecting the center position of the handwheel. Increasing the stiffness will make the

steering feel ‘heavier’ while also making the center position clearer to the driver.
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2.2.3 Measures from Vehicle Lateral Acceleration versus Driver

Steering Input Cross Plot

Figure 2.9 illustrates a typical vehicle lateral acceleration versus driver steering input

plot. Data from this plot determines the Steering sensitivity.

Steering Sensitivity

Steering sensitivity is the handwheel angle gradient between -0.2 [g] and +0.2 [g]

of lateral acceleration as defined in the ISO13674-1:2010 standard [37]. This lateral

acceleration region captures the steering sensitivity during a typical on-center driving

experience. A least squares linear fit of the data, as illustrated in Figure 2.9, gives this

gradient. Increasing the sensitivity corresponds to a more ‘crisp’ and responsive feel.

Since steering sensitivity depends solely on handwheel angle and lateral acceleration,

it is independent of handwheel torque. Hence, the steering feel model presented in
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Figure 2.8: Handwheel torque - Driver steering input at 60 [mph]
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Section 2.1 does not affect this measure. Decreasing the steering ratio or reducing

the steering lag in a system will increase steering sensitivity.

2.3 Simulation Structure

The objective performance measures introduced in the prior section depend on both

vehicle dynamics and the steering model. Therefore a dynamic vehicle simulation

coupled with the steering model can be used to characterize and design a steering feel.

Performing an ISO-standard weave in simulation with a particular set of vehicle and

steering feel model parameters allows these performance measures to be obtained for

a given set of model parameters. Using this simulation, different steering parameters,

for any type of vehicle, can be rapidly evaluated and tuned objectively to obtain the

desired steering feel.
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Figure 2.9: Vehicle lateral acceleration - Driver steering input at 60 [mph]
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2.3.1 Vehicle Model

Since the weave maneuver is performed at a constant speed and with low lateral

acceleration, a simple bicycle model, as illustrated in Figure 2.10, can be used for this

simulation. The front and rear axles are lumped together and modeled as a single

entity each. The dynamic states are sideslip (β) and yaw rate (r). The equations of

motion are as follows:

β̇ =
Fyf + Fyr

mUx

− r (2.15)

ṙ =
aFyf − bFyr

Izz
(2.16)

where m is the vehicle mass, Ux is the longitudinal velocity in the body fixed frame,

Izz is the yaw inertia, and a and b are the distances from the center of gravity to

the front and rear axles, respectively. Since this simulation represents the standard

weave, Ux is constant. The tire slip angles are expressed as nonlinear functions of the

Figure 2.10: Bicycle model used for running vehicle simulation and for determining
equations of motion
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dynamic states and the front steer angle, δrw:

αf = tan−1
(

β +
ar

Ux

)

− δrw (2.17)

αr = tan−1
(

β − br

Ux

)

(2.18)

Lateral tire forces are obtained using the non-linear brush tire model (2.8).

2.3.2 Simulation Parameters

The vehicle parameters used in simulation are from an experimental steer-by-wire

vehicle, X1, illustrated in Figure 2.11. The parameters are shown in Table 2.1. X1

is a true steer-by-wire vehicle with independent steering motors on each wheel and

no steering rack or torsion bar. It also has a FFB steering system (see Appendix A)

allowing artificial steering feel to be generated at the handwheel.

Table 2.1: X1 Parameters
Parameter Value Units

m 1973 kg
Izz 2000 kg ·m2

a 1.53 m
b 1.23 m

Cαf 110 kN · rad−1
Cαr 148 kN · rad−1

Jsystem 0.0014 kgm2

bsystem 0.015 Nm/rads−1

2.4 Steering Feel Design

Using the simulation structure described in Section 2.3, the effect of the steering feel

model parameters and of varying speed on steering feel can be investigated. This

knowledge is crucial to understanding and designing steering feel intuitively.
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2.4.1 Effect of Parameters

Section 2.2 introduced four performance measures (returnability, on-center feel, lin-

earity, effective torque stiffness) that can be changed by modifying the steering feel

model parameters. The final performance measure (steering sensitivity) does not

depend on handwheel torque and cannot be varied through changing the parame-

ters of the steering feel model. It is simply a reflection of the mapping chosen from

handwheel to roadwheel angle.

Section 2.1 introduced the following seven parameters that can be varied in the

steering feel model to obtain different steering feel characteristics:

(1) Change in damping (∆b)

(2) Change in inertia (∆J)

Figure 2.11: X1 Steer-by-wire vehicle
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(3) Deadband spring constant (kdb)

(4) Jacking torque spring constant (kjack)

(5) Weighting function standard deviation (σps)

(6) Weighting function lower limit (Wf,min)

(7) Tire moment gain (K)

By varying each of the parameters listed above in turn while the other parameters

are held constant, the effect of each individual change can be investigated using the

simulation described in Section 2.2. Table 2.2 documents the results of increasing

each model parameter in turn while holding the other parameters constant. If the

effect results in an increase in a particular performance measure, a up-arrow (↑) is

used. If the effect results in a decrease in that measure, a down-arrow (↓) is used.

If the effect results in the measure being held mostly constant, a dash (−) is used.

For example, in the first row concerning the change in damping (∆b), increasing this

parameter results in a increase in returnability while all other measures remaining

approximately constant.

Critical Model Parameters

Table 2.2 shows that more than one model parameter can have the same effect on a

given performance measure. Also, one model parameter can have an effect on multiple

performance measures. Hence, a reduced set of critical model parameters can be

tuned in order to to obtain any desired steering feel characteristics. This allows for a

more intuitive tuning procedure. In order to control the four performance measures

mentioned, four critical parameters are chosen. They are marked in bold in Table 2.2

and listed below:

(1) Change in damping (∆b)

(2) Jacking torque spring constant (kjack)

(3) Weighting function lower limit (Wf,min)
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(4) Tire moment gain (K)

The change in damping controls the returnability, the jacking torque spring constant

controls the on-center feel, the weighting function lower limit controls the linearity

and the tire moment gain controls the on-center feel and effective torque stiffness.

These parameters have the additional benefit that their effect is limited mainly to

the performance measures that they control resulting in a targeted tuning ability.

Though the tire moment gain controls both the effective torque stiffness and the

on-center feel, the jacking torque spring constant can be used to tune the on-center

feel without affecting the effective torque stiffness. Note that the change in inertia

and weighting function standard deviation can also be similarly used in tandem with

another parameter to vary effective torque stiffness. However, the change in inertia

requires a noisy twice differentiated handwheel angle signal for implementation and

the weighting function standard deviation is a more abstract parameter as compared

to the tire moment gain which has a physical basis. Therefore, using the tire moment

gain as a means to vary effective torque stiffness results in better performance and a

more intuitive tuning parameter.

The effect of each of these parameters on the steering feel crossplots and hence

the performance measures, can be seen in Figure 2.12, Figure 2.13, Figure 2.14 and

Figure 2.15 respectively, where the relevant regions for the performance measures are

marked as in Figure 2.7 and Figure 2.8.

2.4.2 Effect of Speed

The performance measures described in Section 2.2 represent the steering feel charac-

teristics of a vehicle performing a fixed speed weave maneuver. Since an ISO-standard

weave can be performed at different speeds, this implies that the steering feel perfor-

mance measures obtained depend on speed. Using the simulation described in Section

2.3, Figure 2.16 illustrates how the steering feel crossplots vary with speed given in

meters per second [mps].

Effective torque stiffness and steering sensitivity both increase with increasing

speed as seen in Figure 2.16. Though the relationship between these two performance
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On- Effective
Increasing Parameter (↑) Returnability center Linearity Torque

Feel Stiffness

Change in damping (∆b)(∆b)(∆b) ↑↑↑ - - -

Change in inertia (∆J) - ↓ - ↓

Deadband spring constant (kdb) ↑ ↑ - ↑

Jacking torque spring constant (kjack)(kjack)(kjack) - ↑↑↑ - -

Weighting function standard deviation (σps) - - ↑ ↑

Weighting function lower limit (Wf,min(Wf,min(Wf,min) - - ↑↑↑ -

Tire moment gain (K)(K)(K) - ↑↑↑ - ↑↑↑

Table 2.2: Steering Feel Algorithm Parameter Variation Table

measures and speed is mathematically complex, involving many different terms, it is

approximately proportional (∝∼) to speed when using typical steering parameters:

Effective torque stiffness ∝∼ Ux (2.19)

Steering sensitivity ∝∼ Ux (2.20)

Returnabilty of the feel decreases as speed increases resulting in the driver ex-

periencing a ‘lighter’ feel. Again, though the relationship between returnability and

speed is mathematically complex, it is approximately proportional to the reciprocal

of speed when using typical steering parameters:

Returnability ∝∼
1

Ux

(2.21)

On-center feel decreases with increasing speed, resulting in a less pronounced

centering effect of the steering.
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Figure 2.12: Steering feel crossplots when the change in damping is varied
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Figure 2.13: Steering feel crossplots when the jacking torque spring constant is varied
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Figure 2.14: Steering feel crossplots when the weighting function lower limit is varied
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Figure 2.15: Steering feel crossplots when the tire moment gain is varied
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Figure 2.16: Steering feel crossplots when the speed is varied
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Linearity increases with increasing speed, indicating that the power assist effect

decreases as well.

The approximate scaling rules presented above, give the designer a means of pre-

dicting how a particular artificial steering feel’s objective measures will vary with

speed. Therefore, a designer can create a feel based on a fixed speed weave and

still have intuition about how that feel will vary as the vehicle speed varies during

the driving task. Practically, a designer can then design a feel using a standard ISO

weave maneuver at 60 [mph] (which is the speed at which a realistic range of objective

measures is documented, see Table 2.3). The designer can create a feel at this speed

that has the desired objective measures while still understanding how these measures

vary with speed.

2.4.3 Design of Steering Feel

Using the simulation described in the Section 2.3, any given set of parameters for the

model can, through simulation at a given speed, be mapped to the five performance

measures described. This allows steering feel to be designed objectively. Realistic

ranges for the performance measures can be obtained from surveys of a variety of

different vehicle models performing an ISO-standard weave at a fixed speed [64]. A

steering feel can then be designed in simulation to obtain the desired performance

measures using these ranges as a guide. This desired set of performance measures

will then reflect the steering feel effects that individual designers deem important.

With this in mind, a realistic steering feel was designed for use in the steer-by-wire

vehicle, X1. Low returnability and linearity helped to emulate the familiar ‘lighter’

and highly assisted steering feel of modern power steering vehicles. A middle of the

range on-center feel ensured comfortable centering properties during nominal high-

way driving while the appropriate stiffness ensured comfortable centering properties

at low speeds. Lastly, a higher steering sensitivity than the given range exploited the

inherent benefit of a steer-by-wire system in reducing conventional steering lag, re-

sulting in a highly responsive driving experience. The realistic performance measure

ranges for a weave at 60 [mph] as well as the measures selected for X1 at 60 [mph]
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and the corresponding measures for X1 at 25 [mph] are shown in Table 2.3.

Table 2.3: Steering Feel Design
Measure Realistic Range X1 X1

(60 [mph]) [64] (60 [mph]) (25 [mph])
On-Center Feel (Nm/g) 7 - 33 17 22

Stiffness (Nm/deg) NR 0.37 0.12
Sensitivity (g/100deg) 0.27 - 1.42 2.33 0.52

Linearity (%) 6 - 121 25 22.7
Returnability (g) 0.01 - 0.13 0.01 0.01

2.5 Artificial Steering Feel on a Steer-by-wire Ve-

hicle

2.5.1 Implementation on a Steer-by-wire Vehicle

The model described in Section 2.1.2 can also be programmed directly on a steer-by-

wire vehicle. The model uses the driver’s steering angle (δhw), roadwheel angle (δrw)

and front slip angle (αf ) as inputs while generating the handwheel FFB motor torque

(τmotor) in (2.1).

On the steer-by-wire vehicle X1, encoders obtain the handwheel angle and road-

wheel angle. The roadwheel angle derivative is approximated by differencing the

encoder signal. A low-pass filter with cutoff frequency 10 [Hz] removes high fre-

quency sensor noise on this derivative. Since a change in inertia is not necessary with

this vehicle, the second derivative of the roadwheel angle is not calculated.

X1 uses an integrated Global Positioning System (GPS) and Inertia Measurement

System (INS) to obtain the yawrate (r), sideslip (β) and longitudinal speed (Ux) of

the vehicle. Based on (2.17), the front slip angle (αf ) can be calculated from this

information. The motor torque (τmotor) is then fed to the motor that is part of the

FFB steering system on the vehicle. A dSPACE MicroAutoBox II (DS1401) performs

all computation at a rate of 500 [Hz].
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2.5.2 Experimental Validation of Simulation Design Tech-

nique

Since the performance measures are dependent not just on the steering feel model but

also vehicle dynamics, experiments validate the simulation based design technique. A

manual weave test was conducted on the X1 test vehicle, introduced in Section 2.3.1,

at a speed of 24 - 26 [mph]. The experimental test was run at a lower speed due to

test track and vehicle acceleration limitations.

2.5.3 Experimental Results

Figure 2.17, Figure 2.18 and Figure 2.19 illustrate the crossplots obtained from data

of the artificial steering feel emulation on X1. Since the experiment was conducted at

a lower speed than the design simulation, the steering angle required in the weave to

get the maximum vehicle lateral acceleration of 0.2 [g] is larger in the experiment than

in the design simulation. This results in Figure 2.18 and Figure 2.19 having a smaller
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Figure 2.17: Experiment: Commanded Handwheel torque - Measured Vehicle lateral
acceleration at 25 [mph]
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Figure 2.18: Experiment: Commanded Handwheel torque - Measured Driver steering
input at 25 [mph]
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Figure 2.19: Experiment: Measured Vehicle lateral acceleration - Measured Driver
steering input at 25 [mph]
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range of steering input than Figure 2.8 and Figure 2.9. Also, since returnability

increases with decreasing speed, the experimental crossplot in Figure 2.17 is wider

than the design simulation crossplot given in Figure 2.7.

To compare the experimental data with simulation, a new simulation is performed

to account for the change in speed and steering input. Table 2.4 compares the perfor-

mance measures obtained using this simple vehicle simulation and the experimental

weave performed by X1. The first four performance measures obtained through simu-

lation match well with the measures obtained through experimental data as evidenced

in absolute terms and in the percentage errors. Note that even though the error in the

returnability metric seems large, in absolute terms, the error is on the order of 0.01 [g]

which is extremely small and indeed within measurement error of the accelerometer.

Therefore, the design technique based on this simulation could be used to incorporate

a desired set of objective performance measures into an actual vehicle’s steering feel.

Table 2.4: Experimental Comparison (25 [mph])
Measure X1 X1 Error

(Experimental) (Simulation) [%]
On-Center Feel (Nm/g) 23 22 4.5

Stiffness (Nm/deg) 0.11 0.12 -8.3
Sensitivity (g/100deg) 0.50 0.52 -3.8

Linearity (%) 23 22.7 1.3
Returnability (g) 0.02 0.01 100

2.6 Summary

This chapter proposes a steering feel model of appropriate fidelity to capture the

elements of steering feel used for objective evaluation. The fidelity of this model is

such that while capturing all these effects, it remains intuitive to tune objectively

with a small set of parameters. Using a simple dynamic vehicle simulation, coupled

with the steering feel model, steering feel can be designed for an individual vehicle.

Tuning a critical set of parameters of the steering feel model in simulation allows the
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design of a steering feel which has a desired set of performance measures. This desired

steering feel can be implemented as the baseline steering feel on a steer-by-wire vehicle.

Additional haptic information can then be overlaid on this feel to communicate vital

information (e.g., lane boundaries, oncoming obstacles, vehicle handling limits) to the

driver, aiding in the development of new driver assistance systems.



Chapter 3

Artificial Steering Feel Stability

The steering feel model presented in the previous chapter contains a few nonlinearities

resulting from tire saturation and power assist effects which pose a major challenge

to stability analysis. Prior approaches to analyzing the stability of power assisted

steering systems have sought to enforce a linear structure on the problem so as to

be able to use linear stability analysis techniques. For example, to overcome the is-

sues due to the power assist nonlinearities, Odenthal et al. analyzed stability of the

manual steering component of steering feel, leaving out the nonlinear power assist

components [57]. Avoiding the tire model nonlinearities, Canudas-de-Wit et al. ana-

lyzed stability by modeling road torque with a time-varying spring model, to enforce

a linear structure on the tire forces [19]. Similarly, Zaremba and Davis modeled the

tie rod force as a speed dependent linear spring also enforcing a linear structure on

the tire forces [79]. To provide stability guarantees for a steering feel up to the limits

of tire saturation and including power assist, nonlinear stability techniques must be

used.

This chapter begins by briefly illustrating the canonical example for Lyapunov

stability analysis: the mass spring damper system. This example is used to give the

reader intuitive insight into the nature of Lyapunov functions. Then the models used

in analyzing the stability of the system are introduced. Bounding techniques are used

to bound the nonlinearities due to the tire model, total trail (see Section 2.1.2) and

power assist weighting function. This chapter then uses Lyapunov stability analysis

46
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Figure 3.1: Mass spring damper system

to obtain four conditions on the steering feel model parameters that, when met,

guarantee system stability. These stability guarantees account for tire saturation

effects. Finally, bounds on the amount of power assist allowable for stability are

investigated, providing guidance on how to design the power assistance effect.

3.1 Understanding Lyapunov Functions

In order to demonstrate the intuition behind using Lyapunov functions to prove sta-

bility, it is illustrative to look at the canonical example of a linear mass spring damper

system (see Figure 3.1). Lyapunov stability analysis first requires a model of the sys-

tem to be created. In the case of a mass spring damper system, using Newton’s Laws

of motion result in the following equation of motion:

mẍ = −bẋ− kx (3.1)

where x is the displacement of the mass from rest, m is the mass, b is the damping

constant and k is the spring constant. Next a candidate Lyapunov function (V (x))

must be obtained. A candidate function which fulfills the following requirements

implies that the system is globally asymptotically stable (G.A.S.) at the origin.:

(1) V (x) is positive definite
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(2) dV (x)
dt

is negative definite

(3) V (x)→∞ as ||x|| → ∞

V (x) can be thought of as an energy-like function. This being the case, the first

and third condition imply that system energy is positive and grows with the states

of the system. The second conditions implies that, in a stable system, the energy of

that system dissipates over time. Using this analogy, a logical choice for a candidate

Lyapunov function for the mass spring damper system is the total energy of the

system:

V (x) =
1

2
kx2 +

1

2
mẋ2 (3.2)

where the first term is the potential energy of the system and the second term is the

kinetic energy of the system. This function clearly fulfills conditions 1 and 3. By

taking the derivative of the Lyapunov function with respect to time:

V̇ (x) = kxẋ+mẋẍ (3.3)

= kxẋ+ ẋ (−bẋ− kx)

= −bẋ2

However, V̇ (x) is clearly negative semi-definite rather than negative definite (as re-

quired by condition 2), indicating that this function does not fulfill the requirements

for the system to be G.A.S. The fundamental challenge with using the chosen energy

based Lyapunov function is that its time derivative does not dissipate energy when

ẋ is zero. To solve this issue, Chang et al. proposed adding a cross-term to the en-

ergy based function given in Equation (3.2) [20]. Arimoto et al. also introduced a

cross-term to prove exponential asymptotic stability of proportional-derivative (PD)

feedback in robot control [7]. The new candidate Lyapunov function is then:

V (x) =
1

2
kx2 +

1

2
mẋ2 + ǫxẋ (3.4)
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where ǫ is bounded to be between
(

0,
√
km

)

for V (x) > 0 ∀x (i.e. fulfilling condition

1). Now, V̇ (x) becomes:

V̇ (x) = (ǫ− b)ẋ2 − ǫ

m
bxẋ− ǫ

m
kx2

Using Sylvester’s criterion to find conditions such that −V̇ (x) > 0 ∀x, bounds on ǫ are
obtained. Therefore, if 0 < ǫ < 4kbm

b2+4km
, then V̇ (x) is negative definite and condition 2

is fulfilled. This new candidate Lyapunov function then fulfills all conditions to prove

that the system is G.A.S. Including the ǫxẋ cross-term modifies the purely energy-

based Lyapunov function so that it can fulfill the conditions required for G.A.S.

3.2 Component Models for Analyzing Stability

As seen in the Section 3.1, Lyapunov stability analysis requires models of the system

in question. In this section, the three main models used for the stability analysis are

presented. The first model restates the artificial steering feel model proposed in the

previous chapter in a form that makes it conducive to Lyapunov stability analysis.

The second model presents a slightly more complex vehicle model that incorporates

the longitudinal dynamics of the vehicle. The last model illustrates a tire model which

captures the full scope of the tire force curves for different surfaces and includes the

tire saturation effect. Using these three models, stability guarantees provided for

the artificial steering feel account for nonlinearities due to tire saturation and power

assist.

3.2.1 Artificial Steering Feel Model

The model proposed in the previous chapter (see Equation 2.4) can be restated as:

τmotor = −∆bδ̇ −∆Jδ̈ +WfK
(

−Kjackδ − Fyf t̂
)

(3.5)

where Kjack is the jacking torque stiffness (see Equation (2.10)), ∆b is the additional

damping (see Equation (2.5)) and ∆J is the additional inertia (see Equation (2.6)).
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The weighting function Wf and total trail t̂ are bounded as follows:

0 ≤ t̂ ≤ t̂max (3.6)

0 ≤ Wf,min ≤ Wf ≤ Wf,max ≤ 1 (3.7)

where the maximum total trail (t̂max), minimum weighting (Wf,min) and maximum

weighting (Wf,max) are chosen.

One challenge of analyzing system stability is that, if he or she so chooses, a driver

can put in an unbounded steering input to create an unbounded system response.

However, if the underlying system (i.e. without the driver) is shown to be stable,

then prior work shows us that, when coupled with a driver, the driver tends to have

a stabilizing effect on the resultant system [73]. Therefore, in this analysis, the driver

is assumed to apply zero torque to the handwheel resulting in its motion being purely

determined by the steering system dynamics. If stability of this system can be proven,

then the underlying system is inherently stable. This approach of assuming zero driver

torque input to analyze the stability of the system is similar to prior approaches in

literature. For example, Switkes used it to prove the stability of a lanekeeping system

with force feedback steering [73]. Using this assumption, τhw = 0, Equation (2.1)

becomes:

Jsystemδ̈hw + bsystemδ̇hw = −∆bδ̇ − ∆Jδ̈ + WfK
(

−Kjackδ − Fyf t̂
)

(3.8)

One assumption made for this analysis is that the steer-by-wire system has sufficient

bandwidth and tracking capability such that the roadwheel simply tracks the hand-

wheel command when there is no active steering intervention. The steering controller

used on X1 is certainly fast enough for this assumption to hold and the resultant

model then becomes:

Jhwδ̈ = −bhwδ̇ +WfK
(

−Kjackδ − Fyf t̂
)

(3.9)
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where overall system inertia and damping are given by:

Jhw = ηSRJsystem +∆J (3.10)

bhw = ηSRbsystem +∆b (3.11)

and ηSR is the steering ratio of the vehicle and accounts for the fact that the FFB

system inertia and damping are found based on the handwheel angle.

Production steer-by-wire systems (like that found on the Infiniti 2014 Q50) are

created to be fast as well. However, it is important to note that the steering con-

troller dynamics may not be negligible for production systems and may need to be

incorporated into the model during stability analysis.

Figure 3.2 illustrates the artificial steering model and the resultant vehicle-driver

system used for the stability analysis. The block labeled ‘Steering System Dynamics’

has replaced the ‘Driver’ block from the block diagram in Figure 2.5.

3.2.2 Vehicle Model

Since the energy of the vehicle depends on the lateral velocity (Uy), yaw rate (r)

and longitudinal velocity (Ux), the two-state vehicle model presented in Section 2.3.1

which assumes a constant longitudinal speed is insufficient. Rather, a slightly more

complex model including the longitudinal dynamics of the vehicle is required. Using

small angle assumptions, the new equations of motion for lateral velocity (Uy), yaw

rate (r) and longitudinal velocity (Ux) are as follows:

U̇x = rUy −
Fyf

m
δ (3.12)

U̇y =
Fyf

m
+
Fyr

m
− rUx (3.13)

ṙ =
aFyf

Izz
− bFyr

Izz
(3.14)

where Fy[f,r] is the lateral tire force of the [front, rear] axle, m is the vehicle mass, Izz

is the yaw inertia, δ is the steer angle and a and b are the distances from the center

of gravity to the front and rear axles, respectively.
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3.2.3 Tire Force Model

To capture tire saturation the tire model presented by Talvala et al., with time-varying

tire saturation parameters νf and νr, is used [74]:

Fyf = −νfCαfαf (3.15)

Fyr = −νrCαrαr (3.16)

where νf and νr are bounded such that νf ∈ (0, 1] and νr ∈ (0, 1]. Figure 3.3 illustrates

this model by showing typical tire force curves for various surfaces and the bounds

created using the model with tire saturation parameters ν = 0 and ν = 1. As ν varies

between (0, 1], the slope of the line representing Fyf = −νfCαfαf varies between the

Figure 3.2: Block diagram of artificial steering feel model and resultant vehicle-driver
system for stability analysis
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Figure 3.3: Typical tire force curves for various surfaces

slopes given by the lines for ν = 0 and ν = 1. Therefore, this model sweeps through

the region between the lines for ν = 0 and ν = 1 and captures every point between

those two lines. It can consequently capture tire forces encompassing different surface

conditions up to and including tire saturation.

3.3 Lyapunov Stability Analysis

Figure 3.2 illustrates the artificial steering model and the resultant vehicle-driver

system used for the stability analysis. The states in this model are the vehicle’s

longitudinal velocity, lateral velocity, yaw rate and steering angle. The first three

states are obtained from the vehicle’s dynamics and the steering angle is obtained

from the steering system’s dynamics.
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3.3.1 Candidate Lyapunov Function

As illustrated in Section 3.1, looking at energy-like functions that represent the total

energy of the system is useful in determining a candidate Lyapunov function. In

this case, the sum of the energies of the vehicle and the steering system determines

the candidate Lyapunov function (V ). A cross-term based on steering angle and

steering angle velocity ensured that the function always dissipates energy even when

the steering angle velocity is zero (see Section 3.1 for a better understanding behind

the addition of the cross-term). The candidate Lyapunov function is as follows:

V =
1

2
Izzr

2 +
1

2
mU2

x +
1

2
mU2

y +
1

2
(bhw + KKjack)δ

2 +
1

2
Jhwδ̇

2 + Jhwδ̇δ (3.17)

where the first three terms represent the total kinetic energy of the vehicle, the next

two terms represent the kinetic and potential energy of the steering system and the

last term is the cross-term. This Lyapunov function can be converted to a quadratic

form:

V =
1

2
xTVAV xV (3.18)

where

xV =
[

r Ux Uy δ δ̇
]T

AV =



















Izz 0 0 0 0

0 m 0 0 0

0 0 m 0 0

0 0 0 bhw +KKjack Jhw

0 0 0 Jhw Jhw



















Since the cross-term exists, conditions for which V is positive definite must be

found. This can be done using Sylvester’s Criterion to find conditions such that
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V > 0 ∀xV resulting in:

bhw +KKjack > Jhw (3.19)

3.3.2 Candidate Lyapunov Function Derivative

Differentiating V with respect to time and substituting Equations (3.12), (3.13) and

(3.14) results in:

V̇ = Fyf(αfUx−KWf t̂(δ+δ̇))+Fyr(αrUx)+(Jhw−bhw)δ̇2−WfKKjackδ
2+KKjack(1−Wf)δδ̇

(3.20)

Using the tire force model proposed above, Equation (3.20) then becomes:

V̇ = −νfCαfαf(αfUx −KWf t̂(δ + δ̇))− νrCαrαr(αrUx)

+(Jhw − bhw)δ̇
2 −WfKKjackδ

2 +KKjack(1−Wf)δδ̇ (3.21)

Deriving conditions such that V̇ < 0 from Sylvester’s Criterion requires restating

V̇ as a quadratic form. To do this, longitudinal speed (Ux) is treated separately.

The resulting conditions obtained hold for the original state vector over the feasible

range of speeds a vehicle can attain (see Table 3.1). Treating longitudinal speed (Ux)

separately, results in the following quadratic form for V̇ :

V̇ = xT
V̇
AV̇ xV̇ (3.22)
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where

xV̇ =
[

αf αr δ δ̇
]T

AV̇ =













−νfCαfUx 0 a1 a1

0 −νrCαrUx 0 0

a1 0 −KKjackWf a2

a1 0 a2 Jhw − bhw













and

a1 =
νfCαfKWf t̂

2

a2 = −(KKjack(Wf−1))
2

Using Sylvester’s Criterion to find conditions such that −V̇ > 0 ∀xV̇ results in

following 4 conditions:

1. νfCαfUx > 0

2. νfνrCαrCαfU
2
x > 0

3. Kjack >
νfCαfKWf t̂

2

4Ux

4. −K
(

K2
jackUx + νfCαf t̂

2 (bhw +KKjack − Jhw)
)

W 2
f

2KjackUx (2bhw − 2Jhw +KKjack)Wf

−KK2
jackUx > 0

If Ux is assumed to be strictly positive (i.e. the vehicle is moving forward) con-

ditions 1 and 2 are immediately satisfied as cornering stiffnesses and tire saturation

parameters are strictly positive.

Condition 3 contains the terms Wf , t̂ and νf which are time-varying and bounded

(see Equations (3.7) and (3.6)). A conservative bound on jacking torque stiffness can

be obtained by using the largest possibleWf (Wf,max = 1), t̂ (t̂ = t̂max) and νf (νf = 1):
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Kjack >
CαfKt̂

2
max

4Ux

(3.23)

Condition 4 is a quadratic function in Wf and can be solved to obtain both a

upper and lower bound on Wf (i.e. Wf,max and Wf,min). These bounds translate to

limits on the power assist effect in a steering feel to guarantee stability. The following

section deals with this limit on the power assist effect as different parameters in the

feel are varied.

3.4 Effect of Parameter Variation on the Limits of

Power Assist

To investigate the effect of parameter variation on the limits of power assist, condition

4 must be solved for a variety of different parameter values. Reasonable ranges for the

design parameters used in the steering feel model provide a range over which condition

4 can be evaluated to determine bounds on the weighting function. The front tire

cornering stiffness from test vehicle, X1, provides a nominal cornering stiffness value

used to evaluate condition 4.

Table 3.1: X1 Parameters Ranges for Stability Analysis
Parameter Value/Range Units

Cαf 140 kN · rad−1
bhw 0.01 - 10 Nm

rad·s−1

Jhw 0.001 - 0.1 kg ·m2

Ux 1 - 50 m/s
νf 0 - 1 −
t̂ 0 - 0.035 m
K 0.01 - 0.1 −
Kjack 0 - 250 Nm/rad

Table 3.1 shows the nominal cornering stiffness as well as the ranges of the steering

feel model parameters that were investigated. By varying each of the parameters
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Figure 3.4: Weighting function bounds with varying total trail (t̂)

present in this condition in turn while the other parameters are held constant, the

effect of each individual change can be investigated. For example, Figure 3.4 shows

how the bounds for the power assist vary with increasing total trail. As the total

trail increases, the weighting function lower limit (Wf,min) stays fairly constant while

the upper limit (Wf,max) decreases. Despite this decrease, the upper limit is always

greater that 1 for the reasonable range considered. Since Wf,max ≤ 1 (see Equation

3.7), this implies that changing the total trail does not have any meaningful impact

on the limits of the power assist.

Figures 3.5, 3.6, 3.7, 3.8, 3.9 and 3.10 show similar plots illustrating the limits

of the maximum and minimum values of the weighting function for varying speeds

(Ux), front tire saturation parameters (νf ), jacking torque stiffnesses (Kjack), sys-

tem damping values (bhw), tire moment gains (K) and system inertia values (Jhw)

respectively.

Table 3.2 documents the results of increasing each model parameter in turn while

holding the other parameters constant. If the effect results in an increase in the value

or bound, a up-arrow (↑) is used. If the effect results in a decrease then a down-arrow
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Figure 3.5: Weighting function bounds with varying speed (Ux)
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Figure 3.7: Weighting function bounds with varying jacking torque stiffness (Kjack)
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Figure 3.8: Weighting function bounds with varying system damping (bhw)
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Figure 3.9: Weighting function bounds with varying tire moment gain (K)
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Increasing Parameter ( ↑↑↑) Wf,minWf,minWf,min Wf,maxWf,maxWf,max Overall Bound

Speed (Ux) - ↑ ↑
Total trail (t̂) - ↓ ↓

Front tire saturation parameter (νf) - ↓ ↓
Jacking torque stiffness (Kjack) ↑ ↓ ↓

Change in damping (bhw) ↓ ↑ ↑
Change in inertia (Jhw) - ↓ ↓
Tire moment gain (K) ↑ ↓ ↓

Table 3.2: Steering Feel Stability Parameter Variation Table

(↓) is used. If the effect results in a mostly constant response, a dash (−) is used.

For example, in the first row concerning speed (Ux), increasing speed results in a

relatively constant lower limit but an increasing upper limit leading to a increasing

overall bound on Wf .

Based on Table 3.2, a conservative bound forWf can be found by solving condition

4 for Wf,max and Wf,min while taking the extreme values of all the parameters so as

to create the smallest overall bound. Note that for all parameters investigated, the

upper limit (Wf,max) despite decreasing for some parameters, never decreased to below

one. Since Wf,min ≤ 1 (see Equation 3.7), this implies that it was not the limiting

factor and that one can have no assist effect in a steering feel without compromising

stability.

However, the lower limit of the weighting function (Wf,min) was consistently found

to be greater than zero. Since 0 ≤ Wf,min (see Equation 3.7), this implies that the

lower limit is the limiting factor as it can never be zero. Intuitively, this means that

a fully assisted vehicle (i.e. Wf,min = 0) may not be stable. Essentially, this points to

the fact that a perfectly decoupled system between the steering feel and the moments

acting on the tires can lead to potential instability. This makes sense as the tires form

the main dissipative element in the system and removing the connection between the

steering feel and the tires (i.e. with a fully assisted feel) can result in potential

instability. Therefore to ensure stability, some coupling between the moments acting

at the tire and the steering feel is required.
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3.5 Summary

This chapter illustrates a Lyapunov stability analysis of the artificial steering feel

introduced in Chapter 2 by providing a means for bounding the various nonlinearities

present. The four conditions obtained allow a designer to select model parameters

such that system stability is guaranteed up till and including the tire saturation region.

This chapter also discusses the impact of power assist on stability and provides a

means of creating a conservative bound on the power assist maximum and minimum

bounds. This technique concludes that some coupling between the steering feel and

the tire moments is required to ensure system stability.



Chapter 4

Supportive Steering Feel for Active

Steering

Active steering augments the driver’s steering command either through roadwheel

steering corrections. This means that the roadwheels do not reflect the actual driver

command. By contrast, power steering conveys the driver’s steering command faith-

fully to the roadwheels but the steering torque that the driver uses to actuate the

roadwheels is dependent on the power assistance characteristics of that particular

system [69]. Active steering can be used to improve stability and safety by modify-

ing the lateral dynamics of the vehicle. ZF Lenksysteme and BMW AG developed

such an active steering system without the loss of mechanical connection from the

handwheel to the roadwheel [42]. Steer-by-wire systems also provide a means of cre-

ating these active steering interventions. By mechanically decoupling the handwheel

from the roadwheel, steer-by-wire systems allow for the actuation of the roadwheels

independently from the driver’s steering command.

During scenarios without active steering interventions, a supportive steering feel

must convey accurate information about the forces acting on the roadwheels, replicate

effects common to modern vehicles like power assisted steering and provide stability

guarantees on performance. Mandhata et al. [48] and Williams and Sherwin [77]

among others have developed steering feel models of various complexity to create

artificial steering feel. In particular, Balachandran and Gerdes proposed a steering feel

64
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model, which is described in Chapter 2, of sufficient complexity to capture common

steering feel effects while being simple enough to run in real-time on an actual steer-

by-wire vehicle [14].

During an active steering intervention, the driver’s intended steering command

via the handwheel and the roadwheel angle differs. Therefore, the driver’s command

and the vehicle’s motion are no longer in sync and this can prove confusing to the

driver. A supportive steering feel should act to aid the driver to turn with the

intervention, thereby reducing the discrepancy between the driver’s command and the

vehicle’s motion. Basing the steering feel on the tire moments acting on the actual

roadwheels for steering feedback results in handwheel torque that acts in opposition

to the intervention. Finding an approach that results in a supportive steering feel for

scenarios with and without active steering is important and this chapter introduces

the concept of the virtual wheel to address this issue.

This chapter investigates a steering feel model for steer-by-wire vehicles based on

the virtual wheel concept. It shows that using the virtual wheel concept creates sup-

portive steering feel during scenarios with and without active steering interventions.

The chapter begins by describing the vehicle model with positional states that is

used for the simulation and, when linearized, is used for the active steering controller.

This model builds on the one presented in Section 2.3.1 by incorporating positional

states for the vehicle as well. This chapter expands the artificial steering feel model

presented in Section 2.1.2 to incorporate the virtual wheel concept. To investigate

the interaction between this model and active steering interventions, interventions

are created using the obstacle avoidance controller proposed by Erlien et al. [22]. The

chapter then demonstrates, through simulation and experiments, that using the vir-

tual wheel creates supportive handwheel torque that reduces the discrepancy between

the driver command and the active steering system.

4.1 Vehicle Model with Positional States

The vehicle model used is a constant speed, planar bicycle model differing from that

presented in Section 2.3.1 only in its inclusion of positional states. The vehicle’s
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Figure 4.1: Bicycle model with positional states

motion is described by two states: sideslip β and yaw rate r. These are defined in

Figure 4.1 and have the equations of motion given by Equations (2.15) and (2.16)

respectively.

The vehicle’s position is specified relative to a reference line using three states:

heading deviation ∆ψ, lateral deviation e, and distance along the path s as defined

in Figure 4.1. The equations of motion of these states are then:

∆̇ψ = r (4.1)

ė = Ux sin(∆ψ) + Uy cos(∆ψ) (4.2)

ṡ = Ux cos(∆ψ)− Uy sin(∆ψ) (4.3)

4.2 Incorporating the Virtual Wheel

The virtual wheel refers to using the driver’s intended steering command rather than

the actual roadwheel angle. When there is no active steering intervention, the virtual

wheel and the actual roadwheel are the same. During an active steering intervention,

the roadwheel angle differs from the desired steering command obtained from the
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handwheel. The steering feedback can now be based on either the moments acting

on the actual roadwheels or the moments that would act on roadwheels had they

followed the driver’s intended steering command. The second option is known as the

virtual wheel concept and is described below. This section illustrates how to include

the virtual wheel concept into the proposed steering feel model.

If feedback is based on the moments acting on the actual roadwheels then, the

steer angle used in Equations (2.17), (2.5), (2.6), and (2.11) to obtain front slip angle,

damping torque, inertia torque and jacking torque respectively would be the actual

roadwheel angle (δrw):

δ = δrw (4.4)

If the virtual wheel concept is implemented, then the steer angle used in these equa-

tions is the driver’s intended steer angle based on the handwheel angle:

δ =
δhw
ηSR

(4.5)

where ηSR is the steering ratio. Note that if there is no active steering intervention,

both of these approaches yield the same result.

Basing feedback on the virtual wheel is similar to the concept of a proxy from

haptic teleoperation literature [52], [62]. In haptic teleoperation, a proxy is a repre-

sentation of the master device (in this case the handwheel) in the environment (in

this case the road surface). It can be used to generate useful haptic feedback to the

operator of the teleoperated system. The virtual wheel concept introduced in this

chapter represents a proxy of the handwheel. This chapter will show that feeding back

the actual tire moments results in a steering feedback torque that does not support

the active steering intervention. Rather the concept of the virtual wheel can be used

to generate supportive steering feedback torque in scenarios with and without active

steering interventions.
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4.3 Obstacle Avoidance Controller

Investigating the interaction between active steering interventions and the steering

feedback torque requires large interventions to be generated. Large interventions

result in a bigger difference between the feedback using the virtual wheel and the

feedback using the actual roadwheel position. Since obstacle avoidance controllers

generally result in large active steering interventions, this chapter uses the obstacle

avoidance controller developed by Erlien and Gerdes [22].

This controller shares control with a human driver using safe driving envelopes.

Vehicle handling limits define the stable handling envelope while obstacles and road

boundaries in the environment define the environmental envelope. A Model Predictive

Control (MPC) scheme determines if the driver’s current steering command allows

for a safe vehicle trajectory within these two safe driving envelopes, intervening when

such a trajectory does not exist. This controller is briefly described in this section.

4.3.1 MPC Vehicle Model

The vehicle model used in the online MPC controller is a linearization of the vehicle

model presented in Section 4.1. Although this model assumes constant speed, in

practice, the measured vehicle speed is used at each execution of the MPC controller

and only assumed constant over the prediction horizon. The input to this vehicle

model is Fyf ; therefore, the controller computes an optimal front tire force which is

then mapped to δrw using (2.8) and (2.17):

δrw = β +
ar

Ux

− f−1tire (Fyf) (4.6)

where f−1tire is computed numerically.

Use of Fyf as the model input enables explicit consideration of the nonlinear dy-

namics of the front tires. For the rear tires, which cannot be steered, a linearization

of the nonlinear tire model (2.8) at a nominal rear tire slip angle, ᾱr, models rear tire
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force, Fyr, as an affine function of αr:

Fyr = F̄yr − C̄ᾱr
(αr − ᾱr) (4.7)

where F̄yr = ftire (ᾱr) and C̄ᾱr
is the equivalent cornering stiffness at ᾱr. In the near

term of the prediction horizon, this rear tire model is linearized around the measured

rear tire slip angle, αr (see Beal and Gerdes [16]), which enables accurate prediction

of vehicle state propagation in the near term. In the remainder of the horizon, a

linear tire model with ᾱr = 0 is used.

Small angle approximations give linear expressions for non-linear tire slip equa-

tions (2.17) and (2.18). Equations (4.2) and (4.3) for the positional states of the

vehicle can be similarly simplified as:

ė ≈ Ux∆ψ + Uxβ (4.8)

ṡ ≈ Ux − Uxβ∆ψ ≈ Ux (4.9)

using small angle assumptions for ∆ψ and β. With these simplifying assumptions, a

discrete, time-varying vehicle model can be expressed as:

x(k+1) = A
(k)
ᾱr,ts

x(k) +B
(k)
ᾱr,ts

Fyf
(k) + d

(k)
ᾱr,ts

(4.10)

where x = [β r ∆ψ s e]T , k is a time step index, subscript ᾱr denotes lin-

earization of the rear tire model around rear slip angle ᾱr, and subscript ts denotes

discretization of the vehicle model using time step length ts.

4.3.2 Stable Handling Envelope

Understanding vehicle stability in terms of the β - β̇ phase plane was original presented

by Inagaki et al. [36] and Hoffman et al. [32]. In this work the stable handling envelope,

developed by Beal and Gerdes [16], which defines limits on the states describing

the vehicle’s motion as illustrated in Figure 4.2 is used. This envelope reflects the

maximum capabilities of the vehicle’s tires so at any point within this envelope, there
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exists a steering command to safely remain inside, ensuring stability.
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Figure 4.2: Stable handling envelope

The maximum steady-state yaw rate defines bounds 2 and 4 in Figure 4.2,

while the rear slip angle at which lateral force saturates serves as the basis for bounds

1 and 3 . The desire to restrain the vehicle states within the stable handling

envelope is compactly expressed as the inequality:

∣

∣Hshx
(k)

∣

∣ ≤ Gsh (4.11)

where subscript sh indicates the stable handling envelope.

4.3.3 Environmental Envelope

The environmental envelope consists of a set of collision free tubes along the reference

line like the two illustrated in Figure 4.3. To avoid collision with the environment,

the vehicle’s trajectory must be fully contained within any one of these tubes. Each

tube defines time-varying constraints on the lateral deviation of the vehicle from the
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a)

b)
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e
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e
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e
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Reference line

Obstacle

Lane boundary

Tube boundary

Figure 4.3: The environmental envelope is a representation of a) a collection of ob-
stacles along the reference line using b) tubes (two of them in this example) which

define a maximum (e
(k)
max) and minimum (e

(k)
min) lateral deviation from the reference

line at each time step, k.

reference line:

e(k) ≤ e(k)max −
1

2
d− dbuffer (4.12)

e(k) ≥ e
(k)
min +

1

2
d+ dbuffer (4.13)

where e
(k)
max and e

(k)
min indicate the lateral deviation bounds for time step k, d is the

vehicle’s width, and dbuffer specifies a preferred minimum distance between obstacles

and the vehicle to ensure driver comfort.
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Inequalities (4.12) and (4.13) can be compactly expressed as:

Henvx
(k) ≤ G(k)

env (4.14)

where subscript env indicates the environmental envelope. A vehicle trajectory is

collision free throughout the prediction horizon if and only if it satisfies inequality

(4.14) for all k for any one tube in the environmental envelope. In this dissertation,

the environments that are considered can be represented using only one tube; however,

Erlien et al. previously published a method for handling multi-tube environments and

generating these tubes in real-time [22].

4.3.4 MPC Formulation

The controller’s objectives can be expressed as an optimization problem to be evalu-

ated over a finite prediction horizon:

minimize
10
∑

k=0

∣

∣

∣
F

(k)
yf,driver − F

(k)
yf,opt

∣

∣

∣
(4.15a)

+
∑

k

γ(k)
∣

∣

∣

∣

∣

∣
F

(k)
yf,opt − F

(k−1)
yf,opt

∣

∣

∣

∣

∣

∣

2
(4.15b)

subject to x(k+1) = A
(k)
ᾱr,ts

x(k) +B
(k)
ᾱr,ts

F
(k)
yf,opt + d

(k)
ᾱr,ts

(4.15c)
∣

∣

∣
F

(k)
yf,opt

∣

∣

∣
≤ Fyf,max (4.15d)

∣

∣Hshx
(k+1)

∣

∣ ≤ Gsh (4.15e)

Henvx
(k+1) ≤ G

(k+1)
env (4.15f)

∣

∣

∣
F

(k)
yf,opt − F

(k−1)
yf,opt

∣

∣

∣
≤ F

(k)
yf,max slew (4.15g)

where k = 0 . . . 29 and the variables to be optimized are the optimal input trajectory

(Fyf,opt). As is typical in receding horizon control, only the calculated optimal force

at the first time step, F
(0)
yf,opt, is applied to the vehicle, and the optimization problem

(4.15) is re-solved at the next time step.
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A tunable weight in this optimization is γ, which trades off between generating

smooth steering inputs and matching driver intent. Constraint (4.15d) reflects the

maximum force capabilities of the front tires and (4.15g) reflects the slew rate limits of

a physical steering system. Constraints (4.15e) and (4.15f) enforce the stable handling

and environmental envelopes, respectively. In practice, slack variables are used on

these constraints to ensure optimization problem (4.15) is always feasible.

The prediction horizon used in optimization problem (4.15) uses time steps of

different length in the near and long terms of the horizon to consider obstacles in the

long term without compromising the prediction of vehicle states in the near term.

CVXGEN [50] is used to leverage the significantly sparse structure of convex opti-

mization problem (4.15) to produce an efficient solver for real-time implementation

[51]. Table 4.1 shows the parameters used for both the short and long term prediction

horizons.

4.3.5 Identically Matching The Driver

The controller balances the two objectives of following the driver’s command and

maintaining a feasible trajectory by trying to identically match the driver. Cost term

(4.15a) uses the l1 norm as a convex approximation to the objective of identically

matching the driver’s command where F
(k)
yf,driver is the front tire force corresponding to

the driver’s handwheel angle, δ
(k)
hw at prediction index k. This ‘identically matching’

cost is used for the first 10 prediction indices (i.e. 1 ≤ k ≤ 10) as shown in the

summation of cost term (4.15a). The driver’s handwheel angle at prediction index

Table 4.1: Prediction Horizon Parameters
Parameter Near Term Horizon Long Term Horizon

k 0...9 10...29
ts 0.01 [s] 0.2 [s]
γ 30 1.5

Fyf,max slew 0.2 [kN] 5 [kN]
ᾱr αr 0

Total horizon length 100 [ms] 4 [s]
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k is linearly extrapolated from the driver’s current steering angle and steering rate.

The previously described tire model (2.8) maps from δ
(k)
hw to F

(k)
yf,driver:

F
(k)
yf,driver = ftire

(

β +
ar

Ux

− δ
(k)
hw

)

(4.16)

These first 10 prediction indices translate to a prediction horizon of 100 [ms].

Since a driver’s maximum steering frequency is about 4 [Hz], in the first 100 [ms] of

the prediction horizon, a linear extrapolation assumption can reasonably be used to

model a driver’s future steering command. The controller biases the early prediction

indices to the driver (i.e. k = 0...9). Since this controller executes in real-time every

10 [ms], an updated extrapolation of the driver intent is obtained regularly. In this

way, the controller only intervenes if it determines that, based on the driver’s current

steering input, no trajectories exist without vehicle instability or collision with the

environment.

4.4 Interaction Between Steering Torque Feedback

and Active Steering

When the controller’s steering solution and the driver’s steering input deviates from

the first timestep of the solution, then the steering command used to actuate the

roadwheels will differ from the driver’s steering command. This is an active steering

intervention. During such an intervention, the driver’s steering command via the

handwheel differs from the actual roadwheel position. The driver’s steering command

is now no longer in sync with the vehicle’s motion. This can be disorientating to the

driver as the vehicle is moving differently from the driver’s projected motion for the

vehicle based on his steering command. Providing a supportive steering feel during

these situations that will aid the driver to turn with the intervention, will reduce the

discrepancy between the driver’s command and the vehicle’s motion. This section

investigates using the tire moment feedback from the actual roadwheels and the tire

moment feedback using the virtual wheel to generate steering feel. It considers the



CHAPTER 4. SUPPORTIVE STEERING FEEL FOR ACTIVE STEERING 75

effect of steering interventions on the resultant feel generated by both approaches.

4.4.1 Simulation

The effect of both these feedback approaches with an active steering intervention for

obstacle avoidance can be studied using a simple non-linear vehicle simulation based

on the vehicle model presented in Section 4.1. The simulation scenario used in this

chapter illustrates an inattentive driver who veers toward an obstacle at the side of

the road. The driver is initially modeled as slowly increasing the steering angle so

that he veers into the obstacle. Once the active steering intervention begins, the

steering torque varies quickly and, sometimes, drastically. Suzuki [72] showed that

different drivers react differently to steering torque feedback with some acting exactly
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Figure 4.4: Simulation: Feedback without the virtual wheel
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the opposite as others making a high fidelity model of the human reaction not very

feasible. In order to model the driver during the intervention, this simulation uses a

simple spring damper model of the passive arm and steering dynamics developed by

Pick and Cole [60]:

Jdriverδ̈hw + bdriverδ̇hw + kdriverδhw = τhw (4.17)

where the driver’s arm and steering inertia (Jdriver), damping (bdriver) and spring

constant (kdriver) are determined through averaging measurements taken over eight

test subjects. This model acts as a simple abstraction for a driver who simply allows

his arm and steering system dynamics to dictate his handwheel angle (i.e. a passive

driver).

Simulation Results

Figure 4.4 illustrates the simulation scenario of an passive, inattentive driver who

veers into an obstacle (the red boxes) at the side of the road. When the active steer-

ing intervention occurs (i.e. 3.1 - 4.1 [s]), the steering torque acts in opposition to

the intervention. The passive driver then turns the handwheel left while the vehicle’s

active steering intervention moves the vehicle to the right. This increases the discrep-

ancy between the driver’s command and the vehicle’s motion resulting in the active

steering system deviating further from the driver’s command. These effects enhance

the disconnection between the driver’s command and the vehicle’s motion.

Figure 4.5 illustrates the same simulation scenario as Figure 4.4 but with the

virtual wheel concept implemented. The steering feedback now has the same sign as

the actual roadwheel command during the intervention (i.e. 3.1 - 4.3 [s]). This steering

torque acts to support the intervention. The passive driver’s steering command now

indeed moves in the same direction as the actual roadwheel angle. Therefore, the

driver’s actions have a smaller deviation from the active steering system. This reduces

the disconnect between the driver’s command and the vehicle’s motion.
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Discussion

The reason that the virtual wheel results in supportive steering torque feedback is

that this feedback contains a large tire moment component. During an active steering

intervention, the controller either increases or decreases the actual front lateral tire

force (Fyf) beyond the driver’s intended command using the roadwheel steer angle

(δrw). Based on Equation (2.7), the actual roadwheel aligning moment has the oppo-

site sign to the front lateral tire force. This causes the active steering intervention to

always act in a manner that results in the actual aligning moment opposing it. Sim-

ilarly, the jacking torque component has the opposite sign to the actual steer angle

(see Equation (2.11). Therefore, during an active steering intervention, the jacking

torque component will also act in a manner to oppose the steering intervention.

−60 −50 −40 −30 −20 −10

−10

−5

0

5

[m]

[m
]

Vehicle Path

 

 

0 1 2 3 4 5 6

−5

0

5

F
ro

n
t 

T
ir
e

 F
o

rc
e

 [
k
N

]
S

te
e

ri
n

g
 F

e
e

d
b

a
c
k

T
o

rq
u

e
 [

N
m

]

Time [s]

 

 

0 1 2 3 4 5 6

−5

0

5

R
o

a
d

w
h

e
e

l
A

n
g

le
 [

d
e

g
]

 

 

Start

Driver Cmd

Actual Cmd

Steer Feel

Driver Cmd

Actual Cmd

Figure 4.5: Simulation: Feedback with virtual wheel
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For example, if the intervention commands a more positive tire force than the

driver’s command which also results in the intervention corresponding to a larger

roadwheel angle, the aligning moment based on the actual roadwheel position would

be more negative than the aligning moment based on the driver’s intended roadwheel

angle (i.e. the virtual wheel). The jacking torque would also be more negative.

Using feedback based on the actual roadwheel position results in the driver getting a

more negative steering feedback torque which tends to cause the driver to reduce his

commanded tire force in opposition to the intent of the steering intervention.

Using the virtual wheel to generate the feedback overcomes these problems. The

feedback now is based on the driver commanded tire force and steer angle. If the

intervention results in a larger tire force than the driver command, the feedback will

now not result in a more negative steering torque feedback that causes the driver to

act against the intervention. In this way, using the virtual wheel to create feedback

results in the driver obtaining supportive steering feedback during active steering

interventions.

Griffin et al. found a similar result for tele-manipulated shared control systems

[29]. There, the authors found that feeding back the operator’s commanded force

rather than the actual force resulted in lower force application by the operator and

fewer task failures. Using the commanded force in that work is analogous to using

the forces from the virtual wheel presented in this dissertation.

4.5 Experimental Validation

Experiments run on the steer-by-wire vehicle, X1 (illustrated in Figure 2.11) con-

firmed these simulations. The model predictive active steering controller was imple-

mented on a single core of an Intel i7 processor utilizing MATLAB’s real-time xPC

toolbox at a rate of 100 [Hz]. Two experimental scenarios were created: a lanekeeping

scenario and an obstacle avoidance scenario.
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4.5.1 Test Scenario 1: Lanekeeping

The experiment involves the vehicle being intentionally driven towards the left road

boundary. Based on the controller described in Section 4.3, when the vehicle’s future

trajectory violates the road boundary, the active steering engages to prevent the

violation. After each time the driver drives towards the road boundary and the

active steering intervention engages, the driver drives away from the boundary and

repeats the process a few meters later. Three collision with the road boundary were

performed in each data set. The experiment was performed on an asphalt road with

friction coefficient (µ) of about 0.85.

Figure 4.6 shows the data from the test without the virtual wheel. The driver
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Figure 4.6: Experiment (lanekeeping): Feedback without virtual wheel
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drives into the left road edge three times at around 11 [s], 14 [s] and 17.5 [s]. At

each of these times, the steering feedback acts in the opposite direction to the actual

roadwheel command. Therefore, the feedback opposes the intervention. This results

in the handwheel being pulled in such a manner as to cause the vehicle to steer into

the road boundary rather than away from it. This increases the discrepancy between

the driver’s command and the active steering system. There is a disconnect between

the driver’s actions and the vehicle’s motion.

Figure 4.7 illustrates a similar test but with the virtual wheel concept imple-

mented. Once again the driver drives into the left road edge three times at around

7.5 [s], 10 [s] and 12.5 [s]. At each of these times, the steering feedback acts in the

same direction as the actual roadwheel command. The feedback now supports the

−310 −300 −290 −280 −270 −260 −250 −240 −230 −220

−160

−150

−140

−130

−120

[m]

[m
]

Vehicle Path

 

 

2 4 6 8 10 12 14 16 18

−5

0

5

F
ro

n
t 
T

ir
e
 F

o
rc

e
 [
k
N

]
S

te
e
ri
n
g
 F

e
e
d
b
a
c
k

T
o
rq

u
e
 [
N

m
]

Time [s]

 

 

2 4 6 8 10 12 14 16 18

−10

0

10

R
o
a
d
w

h
e
e
l

A
n
g
le

 [
d
e
g
]

 

 

Start

Driver Cmd

Actual Cmd

Steer Feel

Driver Cmd

Actual Cmd

Figure 4.7: Experiment (lanekeeping): Feedback with virtual wheel
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intervention. Instead of the handwheel being pulled in such a manner as to cause the

vehicle to steer into the road boundary as before, the steering feedback acts to push

the driver away from the boundary and maintain a safe trajectory. This reduces the

discrepancy between the driver’s command and the active steering system (as seen in

the bottom plot).

4.5.2 Test Scenario 2: Obstacle Avoidance

The experiment involves the vehicle being intentionally driven towards a traffic cone

used to simulate an obstacle. Based on the controller described in Section 4.3, an

active steering intervention occurs to prevent the vehicle’s future trajectory from

violating either the road boundary or obstacle. The experiment was performed on an

asphalt road with friction coefficient (µ) of about 0.85.
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Figure 4.8: Experiment (obstacle avoidance): Feedback without virtual wheel
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Figure 4.8 shows the data from the test without the virtual wheel. The experi-

menter drives towards the obstacle marked in red. When the active steering intervenes

to steer the vehicle away from the obstacle, the steering feedback acts in the opposite

direction to the actual roadwheel command. Therefore, the feedback opposes the

intervention.

Figure 4.9 illustrates a similar test but with the virtual wheel concept imple-

mented. Once again the experimenter drives towards the obstacle marked in red.

Now, the steering feedback acts in the same direction to the actual roadwheel com-

mand. The feedback now supports the intervention. This reduces the discrepancy

between the driver’s command and the active steering system (as seen in the bottom

plot). These experiments show that the virtual wheel concept provides supportive

steering feel during both obstacle avoidance and lanekeeping scenarios.
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Figure 4.9: Experiment (obstacle avoidance): Feedback with virtual wheel
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4.6 Summary

This chapter proposes a single steering feel model that provides supportive steering

feel for both scenarios with and without active steering interventions. This model in-

corporates the concept of the virtual wheel which uses the driver’s commanded steer

angle and tire forces to generate the steering feedback torque felt at the handwheel.

During scenarios without active steering interventions, the model produces steering

feel that reflects the moment acting on the actual roadwheels while also including

important effects like power assist (i.e. the same model as seen in Section 2). During

active steering interventions, steering feedback that is based on the actual roadwheel

position results in handwheel torque that opposes the intervention. This leads to a

large discrepancy between the driver’s command and the active steering controller.

By implementing the virtual wheel concept, the driver’s intended tire moment com-

mand rather than the actual tire moments generate the steering torque feedback.

This technique allows for a realistic steering feedback when there is no active steering

intervention as the driver’s intended tire moments is the same as the actual tire mo-

ments. During a large active steering intervention, this technique results in steering

feedback that supports the intervention. Simulation demonstrate that this reduces

the discrepancy between the driver’s command and the active steering system. Ex-

periments further show how using the virtual wheel results in supportive steering

feedback torque during the lanekeeping and obstacle avoidance tasks.



Chapter 5

Predictive Haptic Feedback

New perception technologies enable modern vehicles to have knowledge of the environ-

ment around them [44], [45], [9]. Sensing systems like radar, cameras and laser systems

provide rich information about the environment in real-time even when human vi-

sual perception is limited due to distraction, poor lighting and/or fog. Coupled with

steer-by-wire systems that enable active steering capabilities, predictive controllers

can share control with the driver and enhance the safety of modern vehicles. Kawabe

et al. presented a receding horizon control framework that uses information about

the surrounding environment to generate optimal paths to guide a human driver [41].

These controllers allow drivers to have full control of the vehicle unless the controller

detects that the vehicle is going to interact negatively with the environment (i.e. lane

departure, collision). During these scenarios, the controller will then intervene, using

active steering as a means of augmenting the driver’s command to ensure the safety

of the vehicle.

One challenge in designing shared control systems is how to incorporate the driver

in these systems. One approach involves the controller determining an optimal tra-

jectory which does not explicitly incorporate the driver’s input. Rather, the driver’s

input is blended with the controller’s optimal solution and the resultant command is

sent to the roadwheels. Katzourakis et al. used this approach when they introduced a

shared control regime for road departure prevention [39]. Anderson et al. blended the

driver’s command with the solution of a Model Predictive Control (MPC) obstacle

84
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avoidance controller to create a shared control framework [5]. By not explicitly incor-

porating the driver’s input in formulating the optimal trajectory, it is challenging for

these controllers to formulate solutions that incorporate the driver’s intent. Another

approach involves explicitly incorporating the driver’s input as a reference signal in

the formulation of the optimal solution. Erlien et al. proposed such a shared con-

trol framework for maintaining a safe trajectory that explicitly considers the driver’s

command in its MPC solution [22]. Doing this enables the controller to better track

the driver’s intent when creating optimal trajectories.

Shared control regimes constantly balance the sometimes competing objectives of

following the driver’s command and maintaining a feasible trajectory for the vehicle.

Biasing the controller heavily to the latter objective results in conservative active

steering interventions where the controller deviates early and frequently to cause the

vehicle to follow its desired path. This can possibly reduce the driver’s control au-

thority. Heavily biasing the controller to follow the driver results in the controller

deviating from the driver very late and only as a last resort to maintain a feasible

path. This leaves control authority with the driver for longer but results in more ag-

gressive and uncomfortable maneuvers. Anderson et al. state that these interventions

should not alter the driver’s command ‘too much’, ‘too often’ or ‘too soon’ while still

guaranteeing that the vehicle maintains a safe trajectory [6]. Communicating the

tension between these two objectives to the driver and having him modify his be-

havior early to reduce this tension could then be very useful in addressing this issue.

Controllers could then be biased to have later interventions while still communicating

to the driver early of the need to modify his command.

Haptic steering feedback can effectively be used to communicate current informa-

tion between a vehicle or controller to the driver. This information may then aid the

driver in the driving task. Katzourakis et al. used haptic steering feedback to effec-

tively communicate the tires’ cornering limits to the driver and improve his ability to

handle the vehicle at its limits [40] . Mulder et al. used haptic feedback to improve

driver’s curve negotiation behavior in a simulator [54]. Switkes et al. performed a

simulator study that used the lanekeeping potential field force acting on a vehicle

as haptic steering feedback [73]. Steele and Gillespie generated haptic feedback on
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a simulator using the difference between the driver’s current steering angle and the

desired steering angle as determined by a autonomous path-tracking controller and a

pre-defined static path [71]. Brandt et al. used a similar approach to generate haptic

feedback on a simulator except, instead of static paths, a potential field technique was

used to generate dynamic paths [18]. Predictive controllers enable haptic feedback

based on the future tension between the objectives of following the driver or main-

taining a feasible path. This feedback could guide the driver to modify his actions

early.

This chapter proposes a novel method of generating haptic steering feedback based

on the future tension between the potentially competing objectives of following the

driver and maintaining a feasible path. This chapter begins by using simulation to

show how to obtain predictive haptic feedback from this shared controller, developed

by Erlien et al. for obstacle avoidance [22]. This feedback mirrors the tension between

the two shared controller objectives. This feedback is based on future differences

between the predictive controller and the driver. The simulation also shows the

inherent trade-off between getting earlier haptic feedback by using information further

in the prediction horizon and the greater uncertainty in those predictions injecting

variability in the feedback. An experimental driver study shows that this feedback,

with statistical significance, causes participants to react earlier and turn out of the

path of an obstacle. This is accomplished with reduced driver steering inputs and

results in a less aggressive maneuver. This work was first discussed by Balachandran

et al. [11].

5.1 Generating Predictive Haptic Feedback

Figure 5.1 shows a simulation of a vehicle using the controller described in Section

4.3 as it avoids an obstacle. This simulation is used to help the reader understand

the tension between the controller objectives of following the driver’s command and

maintaining a feasible trajectory. Furthermore, this section presents a method of

generating feedback that reflects this tension.
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Figure 5.1: Simulation results showing the generation of the feedback torque over time
as the tension between the controller’s objectives of following the driver’s command
and maintaining a feasible trajectory increases
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5.1.1 Tension Between Controller Objectives

Figure 5.1 shows a simulation demonstrating the tension between controller objec-

tives. The scenario used for generating this simulation involves a vehicle starting on

the right lane of a two-lane road and traveling at a constant speed towards an obstacle

blocking the right lane. The driver is modeled as holding a constant zero steering

angle throughout the simulation. The uppermost plot of Figure 5.1 represents the

trajectory of the vehicle over the simulation. This plot shows that as the driver ap-

proaches the obstacle and continues holding a zero steering angle, the controller will

eventually use an active steering intervention to affect a lane change maneuver so as

not to collide.

The columns of the 3 vertical plots below the uppermost plot provide a visual-

ization of the MPC solution at simulation execution time steps t = 3.9[s], t = 4.3[s]

and t = 4.5[s]. These execution time steps correspond to the vehicle having a time to

collision (TTC) with the center of the obstacle of 2.36 [s], 1.96 [s] and 1.76 [s] respec-

tively. The first row of these columns shows, spatially, the optimal trajectory solution

of the MPC optimization. The second row of these columns shows the driver’s steer-

ing input (in this case always zero) and the MPC solution’s optimal desired steering

action for the first 10 prediction indices, k.

Tension between the objectives of following the driver’s command and maintaining

a feasible trajectory builds as the steering action required to maintain a feasible

trajectory starts differing greatly from the driver’s input. This tension begins far out

in the prediction horizon and propagates to smaller prediction indices if the driver

continues to not modify his steering input. This can been seen in the second row of

steering plots. The difference between the driver’s input and the controller’s desired

steering action is the largest at the end of the horizon and propagates to smaller

prediction indices as the execution time step increases (i.e. going from left to right).

In the steering plot for the execution time step at t = 4.5[s], the driver’s input and the

controller’s desired steering angle no longer agree on the first prediction index, k = 0,

indicating that an active steering intervention is occurring to maintain a collision-free

trajectory. Intuitively, this shows the tension growing as the driver continues without

changing his steering input and travels towards the obstacle. By correlating these
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steering plots with the trajectory plots in the row above, notice that this tension

grows as the required trajectory to avoid the obstacle becomes more aggressive.

5.1.2 Generating Predictive Haptic Steering Feedback

Since the tension begins far out in the prediction horizon and propagates to smaller

prediction indices, haptic feedback can be generated using the predicted future tension

in the controller. This predictive haptic feedback then mirrors the amount of future

tension between the two objectives. To make the haptic feedback reflect this future

tension, it is given to be proportional to the difference between the driver’s steering

input and the controller’s desired steering action at a predetermined future prediction

index. The haptic torque is generated as follows:

τhaptic = Khaptic

(

δ
(k)
opt − δ

(k)
driver

)

(5.1)

where τhaptic is the predictive haptic feedback torque, Khaptic is the gain for the haptic

feedback, δ
(k)
opt is the optimal steering angle at a pre-determined prediction index k,

obtained from the optimization, and δ
(k)
driver is the driver’s steering input at that same

prediction index. This section investigates the generation of this feedback and the

impact of using different prediction indices, k.

The last row of the columns in Figure 5.1, shows the haptic feedback torque calcu-

lated by using Equation (5.1) at different prediction indices (k), up to and including

that particular column’s execution time step. The haptic feedback gain Khaptic was

set at 150 [Nm/rad]. The larger the prediction index used to generate the feedback,

the earlier this feedback is felt by the driver. This makes sense as the tension prop-

agates down from further out in the prediction horizon to smaller prediction indices

over time. Therefore, using a larger prediction index to generate the feedback results

in the feedback kicking in earlier and indicating to the driver that the tension be-

tween the competing objectives is growing. In this way, predictive feedback can be

given to the driver to guide him in modifying his actions early to reduce this tension.

This feedback mirrors the tension between the competing objectives of following the

driver’s command versus maintaining a feasible path. If there is no environmental
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danger detected, there is no tension as the driver’s input will result in a feasible path.

Therefore, the driver’s input and the controller’s desired steering action will be the

same and there will be no feedback. However, as this tension grows so will the differ-

ence between the driver’s input and controller’s desired steering angle, resulting in a

feedback torque.

Since these objectives vary with different situations, the tension between balancing

them is also highly situation dependent. Therefore, unlike other obstacle avoidance

haptic warnings, the haptic feedback using this technique is not based on a fixed time

to collision (TTC). Rather the magnitude of the feedback is based on the level of

conflict between the shared controller’s objectives of following the driver’s command

and maintaining a feasible trajectory.

However, there is a trade-off in using the larger prediction indices. As with any

prediction, the longer into the prediction horizon that one looks at, the more uncer-

tainty there will be. This uncertainty finds its way into the haptic feedback torque

generated if large prediction indices are used. This can been seen in the feedback

torque plot of execution time step t = 4.5[s] where the larger the prediction index, k,

used to generate the feedback, the more variability in that feedback torque. There-

fore, as the prediction index, k, increases the feedback kicks in earlier but has more

variability. Much of this variability can be damped out by the inherent dissipative

dynamics of the steering system and the driver’s arms. The authors have found

that using prediction indices between 4 and 10 result in early feedback with smaller

variability.

5.2 Experimental Results

Experiments run on the steer-by-wire vehicle, X1 (illustrated in Figure 2.11) verified

the efficacy of this predictive haptic feedback on the obstacle avoidance task. A

nominal steering feel, similar to that of a production vehicle, is generated on X1 to

ensure that the participants feel comfortable driving. The steering feel model based

on tire moments and steering system dynamics proposed in Chapter 2 is used to

create this feel.
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5.2.1 Test Scenario

The efficacy of this predictive haptic feedback can be characterized by seeing if drivers

are able to interpret what it means and react to it quickly and easily. To do this,

the visual indication of an upcoming obstacle must be decoupled from the predictive

haptic feedback. This ensures that recorded driver reactions are due to the predictive

haptic feedback rather than the visual cue of an upcoming obstacle. This decoupling

models scenarios in which vehicles with enhanced perception technologies have better

information about the environment than the driver, particularly during poor lighting

or foggy conditions. Jensen et al. decoupled haptic and visual cues during an obstacle

task to show, using a simulator, the efficacy of using sinusoidal haptic feedback to alert

the driver to upcoming obstacles [38]. Griffiths and Gillespie used visual occlusion

techniques, on a simulator, to investigate the lower visual demand needed due to

haptic feedback assistance for the obstacle avoidance task [30].

Decoupling the visual and haptic cues of an obstacle in a simulator setting is

reasonably straight-forward as the experiment designer has direct control over when

the obstacle appears on screen for the driver. On an on-road experimental setup,

decoupling the visual and haptic cues of the obstacle is more challenging. Solutions

are few and tend to be expensive and difficult to set up. Multiple obstacle experiments

quickly then become cost and time prohibitive.

To enable the decoupling capability in the on-car experiments presented in this

dissertation, a novel ‘popup’ obstacle solution was created. This obstacle fulfilled

the requirements of being low cost, easy to set up and non-damaging to the vehi-

cle/participant in the event of collision. Figure 5.2 illustrates the ‘popup’ obstacle.

Essentially, the obstacle is an air-filled tube that can be inflated to act as a lane

blockage. Before inflation the obstacle does not block the lane. The obstacle inflates

in 0.3 [s] and is controlled wirelessly from the vehicle.

Figure 5.3 illustrates the two-lane test scenario and ‘popup’ obstacles setup used

for this experiment. The vehicle has information about the upcoming obstacle be-

fore deployment so the driver receives predictive haptic feedback before the actual

deployment of the obstacle. Before the deployment of the obstacle, drivers started

by driving on the right lane as illustrated in Figure 5.3(a). Cruise control was used
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to maintain a constant speed (7 [mps]) so that drivers avoided the obstacle through

only the use of steering. During each trial, either one or none of the three ‘popup’

obstacles (indicated in Figure 5.3 as the red dotted circles) would randomly deploy at

a TTC of about 2.5 [s]. If an obstacle deployed, it would block the rightmost lane as

indicated in Figure 5.3(b) causing drivers to perform a lane change to the left lane.

Figure 5.4 shows the course from the driver’s perspective before the deployment of the

obstacle and Figure 5.5 shows the course from the same perspective after deployment

of the obstacle.

Drivers drove with both treatments, with and without predictive haptic feedback,

where the future index used to obtain the feedback was 10 (i.e. k = 10). Since the

experimental conditions were repeatable for each participant, this setup resulted in

the haptic feedback occurring at about a TTC of 3.5 [s] for all participants.

Figure 5.2: ’Popup’ obstacle

Ensuring that the participants feel comfortable driving the test vehicle means hav-

ing a steering feel based on the actual tire moments similar to that of a production

vehicle. Therefore, the steering feel model proposed in Chapter 2 was implemented

on X1. Due to the shared control regime being used, there exists a possibility that

an active steering intervention may occur. However, since the obstacle was only ever

deployed at a time to collision (TTC) of 2.5 [s], drivers needed to perform a fairly



CHAPTER 5. PREDICTIVE HAPTIC FEEDBACK 93

Figure 5.3: Experimental setup

benign lane change maneuver to avoid them. Drivers performed these maneuvers

without any need for an active steering intervention. The intervention capability

was left as a means of ensuring safety so that drivers did not veer of the course and

collide with the actual environment (i.e. walls). If a large steering intervention did

occur, Balachandran et al. showed that a steering feel based on actual tire moments

would cause the driver to act against the intervention resulting in unsafe behavior

[12]. Therefore, as a safety feature if a large intervention did occur, the virtual wheel

concept proposed by Balachandran et al. was used to generate a steering feel that

would cause the driver to follow the intervention [12]. Since no emergency scenar-

ios occurred during the experiments presented here, no active steering interventions

occurred.

5.2.2 Test Procedure

A total of 11 participants (2 females, 9 male, age mean: 26.6 years, age STD: 3.3 years)

participated in the experiment. Before the start of the experiment, each participant
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Figure 5.4: Driver’s perspective: Before obstacle deployment

was told to stay in the right lane unless an obstacle deployed. Each participant then

performed a drive through the course to ensure familiarity with the test setup and

vehicle. The order of treatment for participants varied, 6 started without feedback

and 5 started with feedback. All participants performed the experiment with both

treatments. Each treatment involved drivers performing 5 trials where either no

obstacle deployed or one of the three obstacles deployed. The choice of if and which

obstacle would deploy was determined pseudo-randomly a priori. Before the ‘with

feedback’ treatment, drivers also had 2 training trials where they were told which

obstacle would deploy before the trial. This allowed drivers to get used to the haptic

feedack and minimized learning effects. The training trials were not used for the

analysis. Each non-training trial for which an obstacle deployed was recorded as a

single independent event. In total, 34 individual events were obtained for the ‘with

feedback’ treatment and 42 individual events were obtained for the ‘without feedback’

treatment.
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Figure 5.5: Driver’s perspective: After obstacle deployment

5.2.3 Discussion: Single Driver

Figure 5.6 illustrates experimental data from a single driver. A single trial with

predictive feedback (red-dotted) and one without (blue) is shown. The large plot

on the left shows the trajectory of the vehicle and indicates that with the predictive

feedback, the driver modifies his trajectory to avoid the obstacle earlier. This is

clearly seen in the handwheel angle plot on the top right where the red line indicates

an earlier turn than the blue line. The peak steering input required is also smaller.

The handwheel angle derivative (second plot from the top) also indicates that fewer

steering corrections are required with the feedback. The bottom two plots indicate

vehicle yaw rate and lateral acceleration respectively and show that these quantities

are generally smaller as well, indicating a smoother motion of the vehicle. Overall,

the predictive feedback results in the driver reacting and turning earlier in response

to an upcoming obstacle. This in turn results in a smaller required steering input,

fewer required steering corrections and a smoother vehicle motion.
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Figure 5.6: Experimental data: single driver

5.2.4 Discussion: Driver Study

The section above describes the qualitative impact of the feedback on a single driver.

In order to make a quantitative statement, data from the full driver study was ana-

lyzed. Five performance measures were analyzed to interpret the results. They are

minimum TTC, peak handwheel angle, peak handwheel steering rate, peak yaw rate

and peak lateral acceleration. Since there are only two treatments (i.e. with and

without feedback), significant differences between treatments for each measure were

analyzed using independent t-tests. These act as a conservative means of analyzing

differences.

Figure 5.7 shows the minimum time to collision (TTC) with both treatments. A

higher TTC implies that the driver reacted earlier to move out of the path of the

obstacle. The minimum mean TTC is significantly higher for the ‘with feedback’

treatment, indicating that drivers do indeed turn earlier with the predictive feedback.

This backs up the analysis obtained from a single driver.
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This increase in minimum TTC is not unexpected as the haptic feedback does kick

in 1 [s] before the visual feedback of the obstacle. Looking at the difference in time

between minimum TTC and the actual feedback signal (i.e. 2.5 [s] for visual feedback

and 3.5 [s] for haptic feedback of the obstacle), a simple measure for the drivers mean

reaction time to those feedback modalities is obtained. Using this metric, the reaction

time for a driver reacting to the purely visual feedback is found to be 0.7 [s] but with

the haptic feedback, the reaction time reduces to 0.5 [s]. Therefore, based on this

metric, reaction times of drivers are also lower with the haptic feedback indicating

that drivers react sooner to that form of feedback. The 95% confidence bounds on

this data are also very tight. This indicates that the variation in mean minimum

TTC across the entire study is small and that the feedback resulted in similar mean

minimum TTCs between different participants and trials.

The peak handwheel angle and peak handwheel steering rate illustrate the driver

inputs during the maneuver. Figure 5.8 shows the means for these two measures for

both treatments with their 95% confidence bounds. The 95% confidence on these

measures are very tight demonstrating that there is little variation between different
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Figure 5.8: Experimental performance measures (driver inputs) for both treatments
with 95% confidence bounds marked

participants and trials. Table 5.1 shows the means and standard deviations of these

two measures and the minimum TTC for all the trials broken down by treatment. The

last row of the table reflects the p values for independent t-tests that were conducted

for each measure between the 2 treatments and shows that all t-tests were significant

with p < 0.01. This table shows that the minimum TTC, peak handwheel angle

and peak handwheel steering rate are also statistically lower for the treatment with

feedback. This indicates that drivers not only turned earlier with the predictive

feedback, but they also turned less aggressively.

TTC [s] Peak Handwheel Peak Handwheel
Angle [deg] Steering Rate [degs−1]

Mean STD Mean STD Mean STD

Without Feedback 1.79 0.17 149.9 44.3 458.8 128.4

With Feedback 3.04 1 90.4 27.7 286.2 80.8

P Value p < 0.01 p < 0.01 p < 0.01

Table 5.1: Driver Study Data: Driver Inputs

The peak yaw rate and peal lateral acceleration measures illustrate the vehicle’s
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Figure 5.9: Experimental performance measures (vehicle response) for both treat-
ments with 95% confidence bounds marked

response. Figure 5.9 shows the means for these two measures for both treatments with

their 95% confidence bounds. Table 5.2 shows the means and standard deviations of

these two measures for all the trials broken down by treatment (same format to

Table 5.1). This table shows that the peak yaw rate and lateral acceleration are

also statistically lower for the ‘with feedback’ treatment. This indicates that the

obstacle avoidance maneuvers performed with feedback are less aggressive. These two

measures also correlate with driver comfort indicating that the maneuvers are also

more comfortable for the driver. The 95% confidence bounds on these measures are

very tight demonstrating that there is little variation between different participants

and trials.

To summarize:

(1) Drivers have a higher minimum TTC with haptic feedback

(2) Drivers react faster to haptic feedback than purely visual feedback

(3) Drivers use less aggressive inputs with the haptic feedback
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Peak Yaw rate Peak Lateral
[degs−1] Acceleration [ms−2]

Mean STD Mean STD

Without Feedback 23 5.2 3.1 0.58

With Feedback 14.8 4.7 2.1 0.6

P Value p < 0.01 p < 0.01

Table 5.2: Driver Study Data: Vehicle Response

(4) Corresponding vehicle motion is less aggressive and more comfortable with haptic

feedback.

It is important to note that this experiment is meant as a proof-of-concept. More

experiments and surveys are required to show that drivers understand this form of

haptic feedback and are able to interpret what to do about that feedback more easily

than other forms of feedback. Also, different metrics can be used to more accurately

measure driver reaction time to the different feedback modalities.

5.3 Summary

This chapter proposes a novel method of generating predictive haptic feedback us-

ing a Model Predictive shared control framework. The feedback is proportional to

the difference between the driver’s steering input and the controller’s desired steering

action at a predetermined future prediction index. This reflects the future tension

between a shared controller’s potentially competing objectives of following the driver

and maintaining a feasible path. This feedback can then guide a driver to modify his

actions early so as to reduce this tension. The chapter shows that using information

from further in the prediction horizon (i.e. larger prediction index) creates earlier

feedback for the driver. However, there exists an inherent trade-off between getting

earlier haptic feedback by using information further in the prediction horizon and

the greater uncertainty in those predictions injecting variability in the feedback. An

experimental driver study showed that using predictive feedback can, with statistical

significance, cause participants to react earlier and turn out of the path of an obsta-

cle. This also resulted in reduced driver steering inputs and a less aggressive vehicle
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maneuver with minimal variation per treatment between different participants and

trials.



Chapter 6

Conclusion

Steer-by-wire technology enables a variety of capabilities that can make vehicles safer

and change the way that driver’s interact with their vehicles. In particular, the me-

chanical decoupling of the handwheel from the roadwheels in steer-by-wire systems,

enables a flexible active steering capability. This capability can be used to improve

vehicle safety and stability, prevent collisions and share control with the driver to

ensure feasible vehicle trajectories. However, this same mechanical decoupling also

results in the handwheel no longer having any useful steering feedback torque. Fortu-

nately, Force Feedback (FFB) steering systems can be designed and built that allow

a designer to artificially create arbitrary torque on the handwheel for the driver to

feel. This dissertation investigates how to create these torques.

The first contribution presented is the creation of an artificial steering feel on

a steer-by-wire vehicle that mimics the feel found in conventional steering vehicles.

Chapter 2 proposes a steering feel model that is based on reflecting the actual tire

moments to the driver. This model has sufficient complexity to capture the elements

of steering feel that are important as determined by objective steering feel metrics

used by industry. This includes the power assist effect which is very important in

modern vehicles. Simulations and experiments demonstrate that this model is simple

enough to be tuned intuitively and run in real-time on an actual steer-by-wire vehicle.

Before this feel can be implemented for on-road use, showing that it is stable is

important. Chapter 3 discusses stability guarantees for the proposed steering feel
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model which accounts for the nonlinear tire saturation and power assist effects. This

chapter analyzes the stability of this artificial steering feel model using Lyapunov

stability analysis techniques. This ensures that stability guarantees encompassing

both tire saturation and power assist effects can be obtained. Together, chapters 2

and 3 provide the reader a means of creating a realistic artificial steering feel with

stability guarantees for steer-by-wire vehicles during conventional driving scenarios

(i.e. without active steering interventions).

Chapter 4 investigates the interaction between steering feel and active steering

and proposes the virtual wheel concept as a means of creating supportive steering

feel. Active steering is a major benefit of using steer-by-wire systems and its effect

on steering feel is not well documented. Reflecting the actual tire moments to the

driver via the steering feel results in supportive steering feel when there is no active

steering intervention. However, simulation and experiment show that, when there

is an active steering intervention, this feel results in steering torque that causes the

driver to turn against the intervention. This increases the disconnect between the

driver and the active steering controller. Instead of using the tire moments acting on

the actual roadwheel, the steering feel model should reflect the tire moments that act

on the virtual wheel. The virtual wheel reflects where the roadwheels would be if they

followed the driver’s command during an active steering intervention. By definition,

when there is no active steering intervention, this model boils down to the the steering

feel model presented in Chapter 2. However, during an active steering intervention,

it results in a supportive steering feel that encourages the driver to turn with the

intervention rather than fight it. This reduces the disconnect between the driver and

the controller. This result is borne out through simulation and experiment.

With the knowledge from Chapters 2, 3 and 4, an artificial steering feel that sup-

ports scenarios with and without active steering can be implemented on steer-by-wire

vehicles. Chapter 5 builds on this by investigating overlaying this supportive steering

feel with predictive haptic cues to aid in the obstacle avoidance task. This technique

to create predictive haptic feedback to warn a driver of an upcoming obstacle is based

on using a Model Predictive shared control framework. This technique mirrors the

future tension between the shared controller’s objectives of following the driver and
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maintaining a feasible trajectory in its prediction horizon. This future tension pro-

vides current haptic feedback to the driver to cause him to modify his behavior early

to maintain a safe trajectory. To test the efficacy of this feedback a proof-of-concept

on-road experiment is conducted. This experiment decouples the visual and haptic

cues of an obstacle during the obstacle avoidance task allowing the experimenter to

test the efficacy of the predictive haptic feedback. This experimental setup was used

in conjunction with a 11 participant driver study to show that the predictive feedback

caused participants to react earlier and turn out of the path of an obstacle. This also

resulted in reduced driver steering inputs and a less aggressive vehicle maneuver with

minimal variation per treatment between different participants and trials.

6.1 Future Work

This dissertation lays the foundation for future research into using the capabilities

of FFB steering to enhance the driver experience. A solution to create a realistic,

supportive steering feel for drivers and the on-road obstacle avoidance experiment

design proposed in this dissertation enable future work to focus on creating and

studying haptic steering cues that could enhance vehicle safety and driver comfort.

Future work can focus on the human element of haptic feedback. In particular,

driver acceptance of the predictive haptic feedback can be investigated for different

demographic groups. Anecdotal evidence suggests that highly skilled performance

drivers may be less accepting of the feedback than the average driver. Surveys can

be used to determine the level of driver acceptance. The level of haptic assistance

(LoHA as defined by Mulder et al. [53] and Abbink et al. [1]) can also be investigated

to see if driver acceptance varies with the strength of haptic feedback.

Furthermore, going beyond the current FFB steering system, different and new

haptic modalities can be used to communicate with the driver. In particular, skin

stretch technology, which has proven effective in other scenarios with robotics [66],

[15], [31], can be used either alone or in tandem with FFB, to provide haptic infor-

mation to drivers. These experiments can shed light on which kinds of feedback are

more effective than others.
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Beyond surveys, physiological data can be used to investigate drivers’ acceptance

of the haptic feedback. In particular, an electroencephalogram (EEG) and/or a func-

tional near infrared (fNIRS) system can be used to provide information about a

driver’s neurological reactions to haptic feedback. This reaction can be used to gauge

a driver’s acceptance of a particular form and level of feedback. This would build upon

conflict monitoring work from the neuroscience field as discussed by Matsumoto and

Tanaka. [49] and Botvinick et al. [17].

Though the ‘popup’ obstacle will still prove useful in decoupling the visual and

haptic cues of the obstacle, different experiments may have to be designed to test the

various new experimental questions objectively. For example, driver detection time

of skin stretch versus force feedback must be taken into account when designing an

experiment to test the efficacy of both these modalities. Also new experiment designs

may have to incorporate directionality of the lane change as well. This will allow

experimenters to test the efficacy of certain kinds of feedback like sinusoidal haptic

feedback, which contain no directional information, against skin stretch and/or haptic

steering, which do contain directional cues. Lastly, obtaining a larger and more diverse

pool of drivers for the study would enable researchers to obtain findings related to

driver demographics like age, driving experience and driving behavior.



Appendix A

X1 Force Feedback Steering

System

The X1 experimental test vehicle is an electric vehicle designed and constructed by

students at Stanford University. This vehicle is a true steer-by-wire vehicle with no

mechanical connection between the handwheel and roadwheel. In order to create the

torques on the handwheel which are needed for the work presented in this disserta-

tion, a Force Feedback (FFB) steering system was designed and built. Based on the

maximum torque required for artificial steering feel and haptic steering communica-

tion from prior work, this FFB steering system was designed to output up to 8 [Nm]

of torque at the handwheel [46], [3], [57], [77]. Table A.1 illustrates the desired system

specifications for the FFB system on X1. Figure A.1 shows the final FFB steering

system that is currently mounted on X1 and is used for all the work presented in this

dissertation. This appendix briefly illustrates the key features of the FFB steering

system mounted on X1.

A.1 Mechanical Design

The FFB steering system is designed to give it as much of the functionality of a

production steering system as possible. As a result, a fully telescoping steering system

is desired. This gives the driver the ability to customize the position of the handwheel
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making it comparable to a production system. This capability is also useful during

driver studies in which drivers may have different preferences for their handwheel

location. The driver then has the ability to move the steering system longitudinally

(i.e. towards or away from the driver) and also change the angle of the handwheel

column. Figure A.2 shows the front and side views of the CAD visualization of the

FFB steering system. The longitudinal telescoping property is created by having the

steering system slide on 80-20 rails. The ability to change the angle of the handwheel

is implemented by having discrete mounting points drilled into quarter-circle plates

(seen clearly in Figure A.2(b)). The driver can then use different mounting points to

Table A.1: FFB System Specifications
Parameter Specification Units

Maximum input frequency at handwheel 3 Hz
Average input frequency at handwheel 1.5 Hz
Maximum torque applied at handwheel 8 Nm
Average torque applied at handwheel 4 Nm
Maximum axial load at handwheel 500 N
Maximum radial load at handwheel 2000 N

Figure A.1: FFB steering system mounted on X1
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obtain different angles of the handwheel column.

A.2 Electrical Design

Figure A.3 illustrates the electrical schematic for the FFB steering system. A dSpace

computer reads all inputs, performs all computation and sends all actuator commands

on X1 at 500 [Hz]. It acts as a central node. A combination of a potentiometer

and encoder sends information to the dSpace computer which can then compute

the handwheel angle electronically. The dSpace computer communicates, using a

CANopen bus, with the FFB motor amplifier. The FFB motor is coupled with a

30:1 harmonic drive which gears the torque up. This torque is then applied to the

handwheel. Failure of the CANopen bus results in the dSpace computer reinitializing

the bus within 1-2 execution timesteps ensuring effectively continuously operation.

Figure A.2: CAD visualization of FFB steering system
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A.3 System Identification

Performing system identification on the FFB steering system characterizes the system

to obtain the inherent system inertia, damping and friction. The following model of

the steering system is used for the system identification:

Jsystem ¨δhw + bsystem ˙δhw + Fssign( ˙δhw) = τinput (A.1)

where δhw is the handwheel angle, Jsystem is the inherent system inertia, bsystem is

the inherent system damping and Fs is the coulomb friction present in the system.

τinput is the input torque on this system. Based on the motor and harmonic drive

specifications, a direct relationship is obtained between current commanded to the

system and the input torque, τinput on the system.

To characterize the steering system, an input signal which excites the system in the

frequency range of interest must be generated. For this system, since a typical driver’s

steering input frequency range is no more than 5 [Hz], a chirp current input signal

Figure A.3: Electrical schematic for FFB steering system
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sweeps over the frequency range 0.05 [Hz] to 5 [Hz]. Using the measured system

output of handwheel angle (δhw), parameters for the model presented in Equation

(A.1) can be tuned to match the actual system response for the same input. Figure A.4

illustrates this comparison after the model has been tuned. This figure demonstrates

that the tuned model clearly matches the actual response very well. Based on this,

the inherent system parameters for the FFB system can be obtained and are displayed

in Table A.2. Note that the value of the coulomb friction term (Fs) is found to be

small when compared to the average expected torque of 2 [Nm] indicating that the

driver should not feel much of the friction in the system during general operation.

Table A.2: System Parameters of FFB System
Parameter Quantity Units

Inherent system inertia (Jsystem) 0.0011 kgm2

Inherent system damping (bsystem) 0.012 Nm
rads−1

System coulomb friction (Fs) 0.045 Nm
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Figure A.4: System identification chirp response with simulated model
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