Control Engineering Practice 19 (2011) 1363-1376

journal homepage: www.elsevier.com/locate/conengprac

Contents lists available at ScienceDirect

Control Engineering Practice

Steady-state drifting stabilization of RWD vehicles

Efstathios Velenis ®*, Diomidis Katzourakis?, Emilio Frazzoli€, Panagiotis Tsiotras d Riender Happeeb

@ School of Engineering and Design, Brunel University, Uxbridge, Middlesex, UB8-3PH, UK

b Biomechanical Engineering Research Group (BMECHE), Technical University of Delft, 2628 CD Delft, The Netherlands
€ Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
94 Daniel Guggenheim School of Aerospace Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0150, USA

ARTICLE INFO ABSTRACT

Article history:

Received 20 July 2010
Accepted 12 July 2011
Available online 6 August 2011

Keywords:
Automotive control
Steady-states
Backstepping control
Vehicle dynamics
Limit handling

A control scheme to stabilize rear-wheel-drive (RWD) vehicles with respect to high-sideslip cornering
(drifting) steady-states using coordinated steering and drive torque control inputs is presented in this
paper. The choice of coordinated control inputs is motivated by the observed data collected during the
execution of drifting maneuvers by an expert driver. In addition, the steering and drive torque input
variables directly correlate to a human driver’s steering wheel and throttle commands. The control
design is based on a comprehensive vehicle model with realistic tire force and drive-train character-
istics, and validated in a high-fidelity simulation environment.
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1. Introduction

Recently, numerous studies on the dynamic behavior and control
of vehicles have appeared in the literature, considering the vehicle’s
full handling capacity, e.g., with the tires operating in their nonlinear
region. Researchers in the area of vehicle control and automotive
safety envision that a new generation of active-safety systems for
passenger vehicles will employ expert driving skills to actively assist
the driver exploit the limits of handling of the vehicle during
emergency manoeuvring, instead of restricting the vehicle’s response
within the linear region of operation of the tires.

A mathematical analysis of rally-race driving techniques, using
nonlinear programming optimization, was initiated in Velenis and
Tsiotras (2005), Velenis, Tsiotras, and Lu (2007a, 2007b), and
Velenis, Tsiotras, and Lu (2008). These techniques clearly involve
operation of the vehicle outside the stable operation envelope
enforced by current active-safety systems, such as the electronic
stability control (ESC) (van Zanten, Erhardt, Landesfeind, & Pfaff,
2000), as the vehicle reaches extreme sideslip angles and the tires
operate in their nonlinear region. The analysis of rally driving
techniques above reveals that minimum time and maximum exit
speed cornering with limited preview of the road may require
aggressive sideslip angles. In addition, the key role of longitudinal
control (throttle/brake) and longitudinal weight transfer during
cornering at high-sideslip angles was validated. In particular,
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expert rally drivers take advantage of weight transfer effects
during acceleration and braking in order to change the under-
or over-steering behavior of the vehicle.

The analysis in the above references provided a significant
understanding of the dominant effects during the execution of
expert driving techniques, but the open-loop numerical optimiza-
tion approach does not compensate for uncertainties and dis-
turbances encountered in real-life scenarios. Several studies have
recently appeared in the literature, contributing to the closed-
loop control formulation of the vehicle cornering problem at high
sideslip angles as an equilibrium stabilization problem. Deriva-
tion of steady-state cornering equilibria with the tires operating
in the nonlinear region, a stability analysis using phase-plane
techniques, and the design of a robust stabilizing steering con-
troller, under the assumption of complete absence of longitudinal
forces (tractive or braking) at the tires, have appeared in Ono,
Hosoe, Tuan, and Doi (1998). The analysis in Ono et al. (1998) was
based on a low-order single-track model, which assumes equal
forces at the tires of the same axle (front and rear). High-sideslip
angle (drifting) steady-state cornering conditions were examined
in Abdulrahim (2006) using the lateral dynamics, i.e., assuming
fixed velocity, of a four-wheel rear-wheel-drive (RWD) vehicle
model and a combined longitudinal/lateral tire friction model.
The stability of steady-state drifting using a rich four-wheel RWD
vehicle model, which incorporates longitudinal and Ilateral
dynamics, weight transfer effects and a combined longitudinal/
lateral tire friction model, has been discussed in Edelmann and
Pléchl (2009). Derivation of drifting equilibria using vehicle
models of lower order (and hence more appropriate for control
design) has been discussed in Frazzoli (2008) and Hindiyeh and
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Gerdes (2009). In Frazzoli (2008) the author derived explicit
steady-state cornering conditions for a single-track vehicle model
using a combined longitudinal/lateral tire friction model, and
considering longitudinal weight transfer effects. The simplifying
assumption of a free rolling rear wheel in Frazzoli (2008), which
suggests a front-wheel-drive (FWD) configuration, allowed for
decoupling of the steady-state equations and efficient calculation
of the equilibria. A stability analysis and classification of corner-
ing equilibria, including drifting conditions, using a simple RWD
single-track model with longitudinal and lateral dynamics and a
simplified longitudinal/lateral tire friction model were presented
in Hindiyeh and Gerdes (2009).

Stabilization of drifting equilibria appeared in Velenis, Frazzoli,
and Tsiotras (2009), Velenis, Frazzoli, and Tsiotras (2010) and Voser,
Hindiyeh, and Gerdes (2009), using low-order single-track vehicle
models, and incorporating simplifying assumptions on the control
inputs. In Velenis et al. (2009, 2010) a sliding mode control, using
independent front- and rear-wheel drive/brake torque inputs, and
assuming a fixed steering angle, was designed to stabilize the
vehicle model with respect to drifting equilibria. In Voser et al.
(2009) a steering controller considering only the lateral dynamics of
a simple single-track model was designed to stabilize drifting
equilibria, while a separate speed controller, considering the long-
itudinal vehicle dynamics only, was implemented to regulate the
speed of the vehicle to the desired steady-state value. The control
scheme in Voser et al. (2009) was implemented in an autonomous
vehicle performing a drifting maneuver.

In this work, a control scheme, which stabilizes drifting
equilibria of an RWD vehicle is presented, using coordinated
lateral (steering) and longitudinal (drive torque) control inputs
and mimicking techniques used by expert drivers. In contrast to
previous works, simplifications associated with the use of solely
longitudinal control (Velenis et al., 2009, 2010), solely lateral
control (Ono et al., 1998), or decoupled longitudinal and lateral
control (Voser et al., 2009), are avoided. Essentially, the controller
proposed herein possesses the same control authority as a human
driver. The coordinated longitudinal and lateral control, which
corresponds to the operator’s steering wheel and throttle com-
mands, is motivated by the observation of data collected during
the execution of drifting maneuvers by an expert race driver.
Specifically, the data revealed that expert drivers use the throttle
to induce high vehicle yaw rate and sideslip, that is, they use
longitudinal inputs to control the lateral dynamics of the vehicle.

The control design is based on a comprehensive four-wheel
vehicle model with realistic drive-train characteristics, instead of
the simplified single-track model typically used in cornering
stabilization applications. In order to overcome the complexity
of the control design yielding from the high order vehicle model,
the proposed control scheme consists of two layers: (a) Initially, a
linear controller is designed to stabilize a reduced order system,

derived by neglecting the wheel rotation dynamics. (b) The
second layer of the control architecture employs a backstepping
controller to regulate the wheel speed dynamics to their desired
values from (a).

The next sections are organized as follows. Driver input and
vehicle response data during the execution of steady-state drift-
ing by an expert driver are presented first, and the driver steering,
brake and throttle commands during the stabilization of the
vehicle are analyzed. Next, the four-wheel vehicle model is
introduced, incorporating nonlinear tire friction characteristics,
longitudinal and lateral weight transfer effects, and coupling of
the rear wheels drive torques through the modelling of a
differential system. In the following section the steady-state tire
friction forces and the associated drive torque and steering angle
control inputs corresponding to drifting equilibria are computed
numerically using the four-wheel vehicle model. Next, a linear
controller is designed to stabilize the vehicle with respect to
drifting equilibria using front-wheel steering angle and rear
wheel rotation rates. A backstepping control scheme is also
employed, providing the drive torque input necessary to regulate
the rear-wheel speeds to the values dictated by the above linear
controller. In the last sections, the control scheme is successfully
validated in a high-fidelity simulation environment, and the
conclusions of this work are summarized.

2. Experimental data of steady-state drifting

Data of driver control inputs and corresponding vehicle response
collected during the execution of cornering maneuvers at high
sideslip angles by an experienced rally driver are presented and
analyzed in this section. These data will serve to support and validate
the theoretical analysis later on in the paper. The data collection took
place at the facilities of the Bill Gwynne Rally School in Brackley, UK,
using a rally-race prepared 1980 Ford Escort with a 1.6 1 engine
producing approximately 110 bhp, and RWD transmission (Fig. 1).

2.1. Vehicle instrumentation

The vehicle vector velocity and sideslip angle were measured
using a Racelogic VBox twin GPS antenna sensor. An inertial
measurement unit (IMU) was placed on the centerline of the vehicle,
behind the gear shifter, close to the estimated location of the vehicle’s
C.M.,, to measure 3-axis body accelerations and 3-axis body rotation
rates. The rotational speed of each individual wheel was measured
using externally fitted optical encoders. A string potentiometer was
used to measure the steering angle at the steering column, and a
rotational potentiometer was fitted on the throttle pedal to measure
the pedal position. The vehicle was fitted with two brake pressure
sensors to measure the brake pressure at the front and rear pairs of

Data logger

Rear axle brake
pressure sensor

Fig. 1. Vehicle and instrumentation used for data collection.
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wheels. The handbrake, which is often used for vehicle control in rally
driving, was integrated in the hydraulic brakes circuit and engaged
the rear brakes only. Hence, the two brake sensors allowed us to
distinguish between application of foot brake and handbrake, as well
as to measure the brake balance between the front and rear wheels.
The data were collected using a purpose-built data logger at 100 Hz.
The vehicle instrumentation is described in detail in Katzourakis,
Velenis, Abbink, Happee, and Holweg (to appear).

2.2. Test conditions and data analysis

The driver executed several drifting maneuvers on a loose
surface (dirt), aiming at maintaining approximately constant speed
and sideslip angle along a path of approximately constant radius.
Two sets of data are analyzed, corresponding to two different
steady-state conditions achieved by the driver, as shown in Fig. 2.

Data of the vehicle speed V, sideslip angle f, yaw rate s and
individual wheel speeds wj, i=F (Front), R (Rear), j=L (Left), R
(Right), during the stabilization of the vehicle at a steady-state
clockwise trajectory of radius approximately 13 m are shown in
Fig. 4. The vehicle sideslip and yaw rate are positive along the
counterclockwise direction. In the same figure the corresponding
driver inputs are shown. Positive values of the steering angle of
the front wheels 6 correspond to turning left. The throttle pedal
position is normalized by the value corresponding to the full
throttle position. The front and rear axle brake pressures are
normalized by the corresponding maximum value observed. The
final part of the vehicle trajectory is shown in Fig. 2(a).

Throughout the 13 m radius trajectory the driver applied virtually
no brake command, except from a small value along a brief interval
around t=21 s. The vehicle started from a standstill and accelerated
while cornering to the right. Between 5 <t < 10 s the vehicle devel-
oped a high sideslip angle of approximately 30°. At the beginning
of this interval full throttle was applied, resulting in the rear-
wheels spinning at a considerably higher rate than the front ones.
Consequently, the rear-wheel slip ratio, that is, the relative velocity of
the rear tires with respect to the road along the longitudinal direction,
was increased. The increased slip ratio resulted in the reduction of the
cornering forces at the rear tires, in accordance to typical tire force
characteristics during combined longitudinal/lateral tire motion
(Fig. 3). The stabilizing yaw moment of the rear wheels was decreased
with the decrease in the cornering forces, and the vehicle developed
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increased yaw rate and sideslip angle. The driver regulated the vehicle
yaw moment by steering the front wheels towards the opposite
direction with respect to the corner (counter-steered), while main-
taining a high value of throttle input. For the unpowered front pair of
wheels, the outer wheel with respect to the direction of the corner
(front-left) rotated at a higher rate than the front inner (front-right) as
it covered more distance during cornering. For the powered rear pair
of wheels, the inner one rotated faster than the outer. This is due to
the weight transfer away from the inner wheels during cornering,
which resulted in lower friction forces, and hence less resistance to
rotation under the application of drive torque. The vehicle was
equipped with a limited slip differential (LSD) which prevented
excessive differences in the rotation rates of the wheels at the rear
axle. Peaks of sideslip angle at approximately t=13 and 17.5 s under
high throttle and counter-steer commands can be observed in Fig. 4.

During the time interval 25 <t <40s the vehicle speed was
stabilized near 8.1 m/s, while the yaw rate fluctuated around an
average value of 36°/s, which indeed corresponds to an approximate
cornering radius of 13 m. The sideslip angle fluctuated around
approximately 32°, and the driver applied throttle input close to
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Fig. 3. Longitudinal and lateral tire forces for a range of slip ratio and a fixed value of
tire slip angle computed using Pacejka’s Magic Formula (Bakker, Nyborg, & Pacejka,
1987).
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Fig. 2. Vehicle position and orientation data during steady-state cornering conditions of radius (a) 13 and (b) 2 m.
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Fig. 4. Vehicle states and driver control inputs data along a steady-state trajectory of approximately 13 m of radius.

the maximum and consistently counter-steered. The corrections in
the control inputs by the driver and the fluctuations of the vehicle
states in this interval appear considerably smaller than in the
previous interval t <25s, and hence one may conclude that the
driver was attempting to stabilize the vehicle states to the above
average values. Cornering at high sideslip angles with the rear wheels

slipping under high drive torque (in RWD vehicles) is also referred to,
in the racing community, as power-oversteer or powerslide. The
powerslide is an unstable driving condition (Edelmann & Pléchl,
2009), hence the driver's intervention is required for external
disturbances to be attenuated. The uneven rough surface of the rally
course offers a disturbance rich environment (e.g., bumps and dips in
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Fig. 5. Vehicle states and driver control inputs data along a steady-state trajectory of approximately 2 m of radius.

the testing area affecting the vertical axis equilibrium and/or varia-
tions in the friction coefficient) for the stabilization task, which
explains the fluctuations in the vehicle states and driver’s control
inputs.

Fig. 5 shows the vehicle states and driver control inputs during the
stabilization of the vehicle at a steady-state clockwise trajectory of
approximately 2 m of radius. The final part of the trajectory is shown
in Fig. 2(b). The vehicle started from a standstill and accelerated while

cornering to the right. In the interval 0 < t < 3 s the velocity and yaw
rate increased smoothly at a low sideslip angle. At approximately
t=3 s the driver applied a handbrake command as indicated by the
increase in the rear brake pressure, with the front brake pressure
remaining at zero. The speed of the rear wheels dropped to zero
(wheel lock), which corresponds to an increase in the magnitude of
the slip ratio, and consequently a decrease in the rear wheels lateral
forces. As a result the vehicle yaw rate and sideslip angle increased in
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magnitude. The driver was then back on the throttle, releasing the
handbrake and maintaining a high rate of rotation of the rear wheels.
In the interval 6 <t < 10 s the vehicle was stabilized to a velocity of
approximately 3 m/s, a yaw rate of 1.5 rad/s (indicating a steady-state
path radius of 2 m), and a sideslip angle of 45°. It is worth noting that,
as in the previous steady-state condition, during the steady-state
cornering interval the driver maintained a throttle command close to
the maximum. However, in this case the steering angle was con-
sistently towards the direction of the corner, as opposed to the
counter-steering observed in the previous set of data. This is in
contrast to definitions of drifting or powerslide in Edelmann and
Plochl (2009), Hindiyeh and Gerdes (2009), and Voser et al. (2009),
where counter-steering is considered as an essential characteristic.
The above references, however, did not consider small cornering radii.
In addition, it is noted that the vehicle states and driver control inputs
demonstrate considerably smaller fluctuations around their average
values compared to the 13 m trajectory. The 2 m maneuver took
place within a limited area in the testing grounds (Fig. 2(b)), with
considerably reduced probability of a disturbance occurrence. Finally,
it is worth highlighting that with such a drifting maneuver the driver
expanded the mobility capabilities of the vehicle achieving a corner-
ing radius which is considerably less than its kinematic characteristics
dictate. Assuming no wheel slip, the minimum kinematic cornering
radius depends on the maximum allowable steering angle, and
increases proportionally to the wheelbase (distance between front
and rear axles) (Gillespie, 1992). The minimum kinematic cornering
radius of the test vehicle was 4.5 m.

3. Vehicle model

A four-wheel vehicle model is introduced in this section for the
derivation of the steady-state drifting conditions and the design of a
stabilizing controller. Nonlinear tire force characteristics with coupled
longitudinal and lateral components, as well as the effects of weight
transfer between the four wheels arising from the longitudinal and
lateral acceleration of the vehicle, are incorporated. By modelling the
operation of a limited slip differential, the drive torques of the left and
right wheels of the driven axle are coupled to a single torque control
input, which correlates directly to the driver’s throttle command.

3.1. Equations of motion

The equations of motion of a four-wheel vehicle, with front-wheel
steering, travelling on a horizontal plane (Fig. 6) are given as follows:

MV = (frix +frre)COS(5—B)—(fry + frry)SInGS— )
+ (frix +frre)COS B+ (frey +frry)sin f, (1)

B = % [(fle +fFRx)Sin(5—/))) + (fFLy +f1:Ry)COS(5—ﬁ)

—(frix +frro)Sin B+ (fruy +frry)cos 1=y, )
L = Ce[(fry -+ frry)COS &+ (frix + frme)sin O]
—Cr(fRey +frry) + Wi (frry SIN 0—fF1xCOS O —frix)
+WR(ferx €OS O—fry SIN O +frry), 3)

IWd),j:T,jfoxr, i=F,R, J:L_R 4)

In the above equations m is the vehicle’s mass, I, is the moment of
inertia of the vehicle about the vertical axis, V is the vehicle velocity at
the center of mass (C.M.), f is the sideslip angle at the C.M. and  is
the yaw angle. The moment of inertia of each wheel about its axis of
rotation is I,, the radius of each wheel is r, and the rotation rate of
each wheel is wj; (i=FR, j=LR). The steering angle of the front
wheels (assuming equal angle for left and right front wheels) is
denoted by &, and the drive/brake torque applied on each wheel is Tj.

Fig. 6. Full-car vehicle model travelling on a horizontal plane. The inertial frame
x-axis is denoted by x".

The rolling resistances and self-aligning moments at the tires have
been neglected. The longitudinal and lateral friction forces at each
wheel are denoted by fi (i=FR, j=LR and k=xy). The distances ¢,
¢r, wy and wg determine the location of the C.M. with respect to the
center of each wheel, as in Fig. 6.

3.2. Tire forces

The tire forces fj in the above vehicle model are calculated as
functions of tire slip using Pacejka’s Magic Formula (MF) (Bakker,
Nyborg, & Pacejka, 1987). Tire slip refers to the non-dimensional
relative velocity of the tire with respect to the road. In Bakker
et al. (1987) the practical tire slip quantities, namely the practical
longitudinal slip x; and the slip angle o;;, are defined as follows:

Wi Vi Vo i pR iz
i = Vg tan o = Vi i=F,R, j=L,R,
where Vjjx (i=FR, j=L.R, k=x,y) are the tire frame components of
the vehicle velocity vector at the centers of the four wheels.
The theoretical slip quantities (Bakker et al., 1987) are defined as:

sin: yx vy _ y , (5)
WjiTij 1+ Kij
Vlj tan aij Vljy
Siyy = = =(1+Sj) . (6
w a)ijr,j 1+K,‘j v Vijx )
The resultant slip at each tire is defined by
Sij = \/Six S5 )

Assuming linear dependence of the tire friction forces on the tire
vertical force one obtains

Wy =Fi/fize My =Fie/fize i=F.R, j=LR, k=xy, ®)

where f; = fuzx + fu2 is the resultant friction force on the plane of the

road surface, p; is the resultant friction coefficient, uy are the
longitudinal and lateral friction coefficients, and f;;, are the vertical
forces at each of the four wheels.
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The resultant friction coefficient is calculated using the sim-
plified Pacejka’s MF (Bakker et al., 1987) as follows:

Wij(sij) = ME(sy) = D sin(Catan(Bsy)). 9

Assuming symmetric tire characteristics with respect to the
longitudinal and lateral directions, the total friction force for each
tire lies within the so-called friction circle. In this case, the
longitudinal and lateral tire friction components are given by:
Sijk

S (10

M = — —— Hij(Sij)-

Finally, neglecting the vertical motion and pitch and roll rotations
of the sprung mass of the vehicle, the vertical force at each of the four
wheels is calculated by considering the static weight distribution and
longitudinal/lateral weight transfer under longitudinal/lateral accel-

eration. The total vertical force at each wheel is given by:
frz =f,~AfF=AR, frre = e — AR +AfF,

frz =fRADE=AR, frre = fiee + A+ AR amn

Under conditions of zero longitudinal and lateral acceleration of the
vehicle, the static vertical force distribution results in:

£ - mglrRWR £ = mglrwi
L (et wi+wr)' T (G LYWL +wR)
0 mgLpwr 0 mgerwy
= =— 12
Juiz (6r +LR)(WL+WR) Jite (€r +LCR)(WL+WR) (12)

Neglecting the roll motion of the sprung mass, acceleration a, along
the lateral body axis results in weight transfer from front-left to front-
right and rear-left to rear-right wheels as follows (Gillespie, 1992):

Afg mth Af}{ mhf[:

= Grtowiwo ™ YT Griow rwo ™ 3

where h is the distance of the vehicle’s CM. from the road level.
Similarly, acceleration a, along the longitudinal body axis results in
weight transfer from front-left to rear-left and from front-right to
rear-right wheels as follows:

Aff

thL

thR _ a
T U+ twtwe)

= G+ totw, 1w ™ as

AfR

3.3. Modelling of the rear axle differential system

The model of a limited slip differential (LSD) system, which
provides coupling of the drive torques of the driven rear-left and
rear-right wheels, is introduced in this section. The differential is
the device of the drive-train of the vehicle that distributes the
torque from the engine/gearbox assembly to the wheels of the

driven axle (Fig. 7(a)). Considering a RWD vehicle and assuming no
braking command, the front wheel torques become Ty =0, (j=L.R).
The output drive torque Tz from the gearbox will then be dis-
tributed between the rear-left and rear-right wheels, providing Tg;
and Tgg in Eq. (4). An LSD system transfers torque from the wheel
that is spinning faster to the slower spinning wheel. The aim of the
LSD is to transfer torque to the wheel that provides higher traction,
and limit slipping of the wheel with lower traction.

The torque transfer characteristics of an LSD differential model
of the CarSim vehicle simulation software (CarSim, 2009) was
used in this work. The torque transfer as a function of the wheel
speed differential is provided in CarSim in the form of a look-up
table. The data of the look-up table were used to identify an
explicit expression of the differential torque transfer as a function
of the wheel speed differential. The following formula is fitted to
the CarSim data, as shown in Fig. 7(b):

AT(Aw) = —sign(Aw)Cy

|Aw], (15)

where AT = Tg;—Tgr, A = g, —gg, and Cy is a positive constant.

By introducing the single torque input Tg = Tk, +Tgg, corTe-
sponding to the torque applied from the gearbox to the differ-
ential system input shaft, the rear-left and rear-right wheel
torques are given as follows:

Tr—AT(Aw) _ Tr+AT(Aw)
2 -2
where AT(Aw) from (15). Finally, using Egs. (4), (15) the dynamics
of the rear wheels speed differential are derived as follows:

dAw

Trr = RL (16)

Frak AT(A®)—(frix—frro)T- 17)

Ly

4. Steady-state cornering conditions

Steady-state cornering is characterized by a trajectory of
constant radius R=R%, negotiated at a constant speed V =V*S,
constant yaw rate y = 1/}55 =VsS/R*S, constant sideslip angle
B =B, and constant wheel speeds w;; = 3. During steady-state
cornering, the control inputs, namely the steering angle é = 5%
and rear axle torque T =T}, also remain constant.

Enforcing the steady-state cornering conditions
V=0, p=0, =0, @;=0, (18)
and considering an RWD transmission and no braking command,
that is, enforcing free rolling of the front wheels

=0, fix=0, Ty=0, j=LR 19
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and providing fixed values for the steady-state pair (R, **), one is
able to solve numerically the set of nonlinear algebraic equations
(1)-(16) for the rest of the steady-state variables VS, w3, steady-
state slip quantities and tire forces sfﬁ; f,j,'j vertical forces at the
wheels f, and steady-state control inputs 5% and T$® (i=FR, j=LR,
k=x,y). Fixing the values for (R®,f*) results in a number of
unknown parameters equal to the number of Egs. (1)-(16). Alter-
natively, one may provide fixed values for different parameters, for
instance (R*,Vs5), or (V*%, %), and solve for the remaining state and
control variables. In this work the nonlinear equation solver of
Matlab was employed. A similar derivation, using a single-track
model, is presented in more detail in Velenis et al. (2010).
Clockwise cornering equilibria for a range of path radii R* and
sideslip angles 8%, using the vehicle and tire model parameters of
Table 1, are given in Fig. 8. In particular, the steady-state value of
the centripetal acceleration a5, = (V*5)2 /R for each steady-state
pair (RS, %) is shown. The solid line passes through the points of
maximum a3, considering fixed values of R*. The existence of
steady-state conditions at extremely low path radii (R* < 4.5 m)
may expand the mobility characteristics of the vehicle. Along paths
of low radii the vehicle achieves the highest speed equilibria at
higher sideslip angles. In Fig. 9 the steady-state conditions corre-
sponding to R* =13 and 2 m are shown. The maximum steady-
state centripetal acceleration, and hence the maximum steady-state
speed, is achieved at approximately 30° of sideslip angle along the
13 m radius path, whereas in the case of the 2 m path radius the
maximum speed is achieved at a more aggressive sideslip angle of
55° In the case of R*® =13 m the steady-state steering command
corresponds to counter-steering (0 >0 along a right turn) for
increased values of sideslip (5* > 25°). In the case of R =2m
the steering command is along the direction of corner for sideslip
angle up to 55°, and countersteering is required for higher values of
sideslip. A cornering equilibrium along R*=2m with a less

Table 1
Estimated test-vehicle parameters.

Parameter Value Parameter Value
m (kg) 850 Cr (m) 1.5

I, (kg m?) 1400 g (M) 0.9
I, (kg m?) 0.6 r(m) 0.311
wi,Wg (m) 0.74 B 4

Cy4 Nmyj(rad/s)"? 50 c 13

h (m) 0.5 D 0.6

5.5

5
)
E
<)
4.5
-20
4
15 90 ) \‘(\\
25 30 35 -5 ?@5
BSS(deg) 40 45 500

Fig. 8. Calculated steady-state equilibria.

aggressive sideslip angle * <30° would require a high value of
steering angle || > 35° which may exceed the limits of the steering
system, hence driving along extremely low radii becomes practi-
cally possible only with drifting.

In Table 2 the steady-state conditions achieved during the data
collection experiment of Section 2 are compared to the calculated
steady-state conditions using the four-wheel vehicle model of
Table 1. Despite the uncertainty in many of the vehicle and tire
parameters, the calculated steady-states closely match the data.

As shown in Edelmann and Pléchl (2009), drifting equilibria are
unstable, which can also be verified through linearization of the
system dynamics (1)-(4) with respect to the equilibrium states,
assuming control inputs fixed at their steady-state values, and
calculation of the eigenvalues of the Jacobian Matrix. The linearized
input-output system, which is discussed in the next section, can
also be used to study the controllability and stabilizability of each
equilibrium. The controllability matrix was computed for all equili-
brium points of Fig. 8 and found to be of full rank, revealing that all
the equilibria calculated are controllable. While the above does not
provide proof of controllability of all the existing steady-states, as
the calculation was performed for a fixed set of vehicle parameters
and only a subset of all possible equilibria, the determination of the
stabilizability of the steady-states is necessary, before one can
proceed with the control design.

5. Stabilization of steady-state cornering

A control scheme to stabilize an RWD vehicle with respect to
drifting equilibria, using control inputs directly correlating to
driver commands, is presented next. The proposed architecture
consists of a linear controller providing stabilizing front-wheel
steering angle (corresponding to the driver’s steering command),
and rear-wheel angular rate inputs. In addition, a backstepping
controller calculates the rear differential drive torque necessary
for the rear-left and rear-right wheels to achieve the wheel speeds
dictated by the previous linear controller.

5.1. Steering and rear-wheel speed control

Neglecting the dynamics of each individual wheel rotation (Eq.
(4)), the equations of motion of the full-car model (1)-(3),
including the rear-wheel speed differential equation (17), are
expressed as a system driven by the steering angle control input 6
and one of the rear-wheel angular rates, for instance the rear-left
wheel rotational speed input &g, :

v [, Ba Ao b, 20)
d . A

aﬂ:fZ(Vvﬁvlvawvalv(s)v (21)
d . . .

a¥ =HWV.BY.Aw,ORL0), (22)
d : .

EAw =fa(V.B. ¥, A®,dre). (23)

The rear-right wheel speed wgg is calculated using the state
variable Aw and the rear-left wheel speed input dg;. Hence, one
may calculate longitudinal and lateral friction forces at both rear
wheels, using the tire model of Section 3.2. Free rolling of the
front wheels is also enforced (see (19)).

The equilibrium states (V55,%,i*°, Aw*) and inputs (w3,0%) are
calculated as in Section 4. Egs. (20)-(23) are linearized as follows:

% = ASX+B%u = ASX+ By (Dp —0F) + Ba(6—5%),
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Table 2
Steady-state drifting condition.
Variable Data Calculated Data Calculated
RS (m) 13 13 2 2
Vss (m/s) 8.1 8.42 3.1 3
B% (deg.) 314 33 44 40
l/'lss (deg.[s) —35.7 —-37.1 —88.8 —85.6
f (RPM) 265.3 249.5 102.2 101.3
wiy (RPM) 230.9 220.7 413 37.5
w3 (RPM) 409 347.2 302.8 2235
wsx (RPM) 451.7 393.5 3414 272.7
5% (deg.) 12.5 119 -21.6 —-20.1
y=0CX, (24)

where A% and B* are the Jacobian matrices, computed at the
equilibrium point, By and B, are the first and second columns of B%,

respectively, and
V-yss
ﬁiﬁss

. - 8S
v=y

Aw—Aw*

X=

o

The control
u=—-Kx,

(bRL_w[SzSL
S_ass

:| C=I4X4.

where the control gain matrix K is given by

K=R!B*'P

(25

and P is the symmetric positive-definite solution to the following
algebraic Riccati equation:

(A% P+PA*—PB*R~'(B*)'P+C'QC=0, (26)

stabilizes the equilibrium x=0 and minimizes the quadratic cost

J= /0 “VOTQu() + u(t) Ru(e)] dt.

The matrix Q is real, symmetric and positive semi-definite, and
matrix R is real, symmetric and positive definite.

Letting K; and Kj be the first and second rows of the gain matrix
K, respectively, the linear quadratic regulator (25) provides the
following rear-wheel angular rate and steering angle commands:

d)RL(X) = —K1X+(,();SL, 27)

5(X) = —Kox+5%. (28)

5.2. Drive torque control

Next, a backstepping controller (Kokotovic, 1992) is designed
using the rear drive torque T to regulate the rotational speeds of
the rear wheels to the values generated by the control law (25).

The variable zg; is defined as the difference between the actual
wheel angular rate wg; and the reference value g (X):

Zpr = WRL—WRL(X). (29)

Egs. (4) and (29) result in

. . owp(X).. 1 r e

ZpL = WRL— ﬂx = T frx +Ka [V By Add]". (30)
OX Iw Iy
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Taking
To = frr—IWKalfy fo f3 fal +1wv, 31

and applying the steering controller (28), the linearized equations
(24) are now extended to incorporate the wheel speed error
dynamics Zg; as follows:

X = ASSX+B1 ((,()RL—CUISQSL) +B2(S(X)—5SS)

= ASX+ By (Zry + Dru(X)—0F) + B2 (d(X)—5%)

= (ASS —BSSK)X—I—B-IZRL,
ZpL=V. (32)
The Lyapunov function candidate
V(X,zpr) = X' PX+122;, (33)
where P is given by (26), yields

Y =XT[(A* +B¥K) P+ P(A® + BSK)|X + 2X PBy 2, + Zg v
= —X"[CTQC+PB*R 1 (B*)" P|x+2X"PBy 2, + g,V

< 2XTPBlzR)_ +ZRL V. (34)
Choosing
v=—kzg—2X"PB;, k>0, (35)
and hence
Tr = frxr —IwKalfy fo f5 fal” +k zg, +2X"PBy), (36)

results in an asymptotically stable origin x=0, zz;=0 of the
system (32).

Given Ty from (36) one can calculate the corresponding rear
differential drive torque T; and rear-left wheel torque Tg; from
Egs. (16).

A schematic of the proposed control architecture is shown in
Fig. 10.

Remark 1. In the calculation of the steady-state cornering con-
ditions exact knowledge of the tire/road friction forces via
Pacejka’s Magic Formula is assumed. In reality, such information
is rarely accurately available due to the number of parameters
that affect the tire-road interaction forces. In Velenis et al. (2010)
a sensitivity study of the performance of a linear controller
stabilizing drifting equilibria of a single-track model in the
presence of tire friction uncertainty was discussed. It was shown
that the linear quadratic regulator successfully stabilizes the
vehicle, with the uncertainty resulting in steady-state errors.
Actual implementation of the drifting conditions and the stabiliz-
ing control scheme will require real time tire friction estimation
as demonstrated, for instance, in Hsu and Gerdes (2005) and
Piyabongkarn, Rajamani, Grogg, and Lew (2009). In addition,
among the signals required for feedback, the four wheel speeds
and the vehicle yaw rate are readily available in modern cars
equipped with stability control. The remaining signals may be

LQR Vehicle V, B, w, oy

Dynamics
Backstepping

ors Control Tk

T

Fig. 10. Control architecture for the stabilization of steady-state cornering
conditions.

obtained using state estimation. In Piyabongkarn et al. (2009), for
instance, a sideslip angle estimator was designed and experimen-
tally validated, and a low cost GPS was proposed to obtain an
accurate measurement of the vehicle speed.

Remark 2. The control architecture described above stabilizes
the vehicle with respect to cornering equilibria across the full
range of operation of the tires, including operation on and beyond
the tire’s adhesion limit. Hence, the controller achieves stability in
operating conditions outside the limits enforced by current
stability control systems, such as the ESC. In particular, the ESC
uses the driver’s steering input, the vehicle’s yaw rate and/or
lateral acceleration to determine the desired path radius using
steady-state conditions of a linear bicycle model (Rajamani,
2006). In fact, the ESC aims at restricting the vehicle response
within the linear region of operation. It is envisioned that the
approach described in this paper will contribute towards new
active safety systems, which will employ expert driving skills and
techniques and allow the driver to safely exploit the full handling
performance of the vehicle during an emergency. Considering a
steer-, brake-, drive-by-wire vehicle, the driver’s steering com-
mand may be used to determine the desired cornering radius
similar to the ESC, and the driver’s throttle/brake command to
determine the desired vehicle velocity. The driver issued corner-
ing radius and velocity would correspond to the target pair
(R%,V*%), and the remaining target equilibrium state and control
variables required in the control law (27), (28) and (36) can be
determined following the calculations in Section 4. The target
condition may lie outside the linear region enforced by the ESC.
As long as the target condition is within the physical limits of the
vehicle (Fig. 8) the controller will stabilize the target equilibrium.
Otherwise the nearest feasible cornering condition will be
selected. In this way the driver will be alleviated from the non-
intuitive tasks of counter-steering and applying throttle com-
mand to control the lateral dynamics of the vehicle, which require
expert skills. In addition, the control architecture presented above
can be incorporated in an autonomous path following scheme. In
Thommyppillai, Evangelou, and Sharp (2009a, 2009b), Sharp,
Thommyppillai, and Evangelou (2010), for instance, the optimal
gains of a path following controller are calculated using discrete
linear quadratic regulator theory with preview, assuming that the
vehicle operates near a trim (steady-state) condition. Optimal
gains are calculated for a range of trim conditions, leading to an
adaptive scheme, where the path following gains change accord-
ing to the operating condition of the vehicle. In fact, a single
transient cornering manoeuvre may involve more than a single
equilibrium condition and the controller gains are refreshed
accordingly online. The scheme of the references above may be
expanded to incorporate limit driving conditions used by expert
drivers, as presented in this work.

In the following section the control architecture is implemen-
ted to stabilize the vehicle with respect to drifting equilibria
similar to those described in Section 2.

6. Simulation results

The results of the implementation of the control scheme of
Section 5 using CarSim (2009), a high fidelity vehicle dynamics
simulation environment, are presented in the following. The
parameters of the vehicle and tire friction model used in the
numerical calculations are summarized in Table 1. In addition,
the pitch moment of inertia is I,=1401 kg m? and the roll
moment of inertia is I,=198.6 kg m?, while realistic characteris-
tics of stiffness and damping coefficients of each independent
suspension are provided by CarSim. For consistency, the tire
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Fig. 11. Vehicle states and control inputs during stabilization with respect to the R® =13 m cornering equilibrium.

friction model of Section 3 is incorporated in the CarSim simula-
tion. The stabilization of the full-car vehicle model with respect to
two steady-state equilibria (R* =13 and 2 m) as in Table 2 is
considered. In both cases the vehicle is initially at a standstill. An
open-loop control resembling the driver commands data recorded

1373

during the experiment is applied to initiate the maneuver until
the vehicle reaches a velocity sufficiently close to the target
steady-state value. The control scheme of Section 5 is then
engaged to stabilize the vehicle with respect to the prescribed
steady-state condition of Table 2.
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In the case of R®® = 13 m a constant steering command é = —10° t>5s the closed-loop control scheme is activated. The vehicle
and a constant rear-left wheel torque Tgr=160 Nm (and also states and control inputs during the stabilization of the vehicle with
Tr = Trr—AT(Aw)) are applied during the interval 0 <t <5 s. For respect to the R = 13 m equilibrium are shown in Fig. 11. In order
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Fig. 12. Vehicle states and control inputs during stabilization with respect to the R® =2 m cornering equilibrium.
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to avoid unrealistic control inputs, saturation of the magnitude of
the steering angle at 30° has been imposed. The saturation limit
was instantaneously reached at the instant of switching from the
open-loop to the closed-loop control (t=5 s). For comparison, the
response data of the test vehicle during the data collection experi-
ment are superimposed. In the absence of disturbances, the CarSim
model reaches the steady-state condition within 10s and then
maintains constant states and control inputs, as opposed to the
oscillatory behavior of the vehicle experimental data. Once again,
the human driver data variations near the steady-state condition
are thought to emerge from physical disturbances compensated by
the human controller. Response delays, sensory thresholds and
response inaccuracy of the human driver may also contribute to
discrepancies with respect to the backstepping controller perfor-
mance. Fig. 13 shows the trajectory of the vehicle during stabiliza-
tion, generated by the animation tool of CarSim.

In the case of R =2 m, a constant steering command ¢ = —15°
during the interval 0 <t <3.5s is applied. During the interval
0 <t <3.1s aconstant accelerating torque Tgg=300 Nm (and also
Tre = Trr—AT(Aw)) is used, followed by a braking command
TRL =-500 (ORL, TRR =-500 (RR (Wlth TR]' in Nm and QRj in
rad/s) until t=3.5 s, emulating the handbrake command recorded
in the experiment. For t > 3.5 s the closed-loop control scheme is
engaged. The vehicle states and control inputs during the stabi-
lization of the vehicle with respect to the R =2 m equilibrium
are shown in Fig. 12, where the response data of the test vehicle
during the data collection experiment are superimposed for
comparison. One can observe the close resemblance in the
response of the simulation model to the experimental data of
the test vehicle response. Fig. 14 shows the trajectory of the
vehicle during stabilization, generated by the animation tool of
CarSim.

Fig. 13. Vehicle trajectory during stabilization with respect to the R® =13 m
cornering equilibrium.

Fig. 14. Vehicle trajectory during stabilization with respect to the R =2m
cornering equilibrium.

7. Conclusions

The stabilization of RWD vehicles with respect to cornering
equilibria characterized by aggressive sideslip angles was studied
in this work. The results of a data collection experiment during
execution of steady-state drifting by an expert driver were
analyzed, concluding that RWD vehicle drifting stabilization
requires a combination of throttle and steering regulation. The
data also revealed that drifting equilibria exist at path radii
considerably smaller than the kinematic turning radius of the
vehicle, expanding its mobility capabilities. Steady-state drifting
states and inputs, which closely match the experimental data, can
be computed numerically using a full-car vehicle model with
nonlinear tire characteristics and realistic drive-train modelling,
as demonstrated in this paper. In addition, a backstepping control
scheme can be used to stabilize the vehicle with respect to
drifting cornering equilibria. The controller designed in this work
uses combined steering angle and drive torque inputs, correlating
directly to the human driver commands. The controller was
successfully validated via implementation in a high-fidelity simu-
lation environment. The simulation scenarios emulated the cor-
nering conditions recorded during the experiment, including
cornering along an extremely small path radius.
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