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Some aspects of the modelling and control of a steer-
by-wire vehicle are discussed. A non-linear simulation
model is used to develop an observer, which is then used
to implement a full state feedback controller based on
sideslip control. This controller, which decouples sideslip
by making use of rear-wheel steer, is extended so that the
yaw response also becomes a first order system of which
the bandwidth can be prescribed. In order to indepen-
dently control these two modes, two control inputs are
required, which are front and rear steering angles. This
leads to a full four-wheel steer-by-wire control strategy.
The resultant controller improves the dynamics of the
vehicle allowing it 1o negotiate a single lane change at a
higher velocity, with improved yaw and sideslip response
over the previously suggested Whitehead type controller.

Nomenclature
a distance from c.g. to front axle
A state dynamic matrix
Gy lateral acceleration
b distance from c.g. to rear axle
B state input matrix

Co zero’th tyre moment coefficient
Cy first tyre moment coefficient

Cy  second tyre moment coefficient
Co  axle cornering stiffness

Cy  roll damping coefficient

C state output matrix

D state feedforward matrix

F force

Frr lateral load transfer coefficient

Fy lateral force

I, x-axis moment of inertia

I,,  z-axis moment of inertia

I.. roll cross yaw inertia

Kp load transfer quotient (see eq. 11)
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Ky roll stiffness coefficient

K  lateral stiffness matrix

M vehicle total mass

M, vehicle sprung mass

M, unsprung mass

M, x-axis moment

M, z-axis moment

M  vehicle system mass matrix

p roll rate

r yaw rate

T  vehicle track width

Ty  yaw rate time constant

u vehicle velocity, time varying

u input vector

U  vehicle velocity, constant

v sideslip velocity

X state vector

y state output vector

2zt c.g. distance above roll axis
Greek

a  slip angle

B vehicle sideslip angle

6 steer input

¢  roll angle

¥ yaw angle

7  front and rear steer time constant
Subscripts

f pertaining front tyres

r pertaining rear tyres

lf  pertaining to left front tyre

rf  pertaining to right front tyre

lr  pertaining to left rear tyre

rr  pertaining to right rear tyre
Terminology

c.g. centre of gravity

SBW steer by wire

2DOF two degrees of freedom

3DOF three degrees of freedom

4WS  four-wheel steer
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Introduction

In the last decade a large amount of research has
been invested on four-wheel-steering (4WS) systems, by
Sato,'Sano,? Eguchi,? Yeh & Wu.# This has been done
because the handling and stability of front wheel steer-
ing vehicles have been found to be unsatisfactory due
to the large amount of yaw that such vehicles generate.
To control this large yaw motion, and the accompany-
ing sideslip, Sano? has proposed that the rear axle be
steerable. Many systems (Sato! and Ackermann®) have
concentrated on controlling the yaw by actively steering
the rear wheels, whilst others have focused on control-
ling the sideslip (Whitehead®). These systems can be
divided into three groups:

1. Open loop. In these systems the rear wheel steer an-
gles are controlled to be some function of the front
wheel steer angle (Sano?). Other systems make use
of the vehicle speed to determine the amount of
steering that should be applied at the rear wheels.
They have the disadvantage of being unable to con-
trol an unstable vehicle plant, and do not respond
to plant variations.

2. Closed loop. Feedback of vehicle states is used to
control certain vehicle motions, or to improve the
response of vehicle motions, such as yaw rate and
lateral acceleration in closed loop systems. Such
systems have the advantage of being robust with
respect to parameter variations when succinctly
designed.®

3. Decoupling. These systems can be either open-
loop,*7 or closed-loop depending on the implemen-
tation. Decoupling implies that certain vehicle lat-
eral modes are decoupled from one another by steer-
ing the rear wheels in a certain manner,® or by ap-
plying an additional steer angle to the front wheels
(Ackermann).® Usually decoupling means that the
controlled vehicle state is influenced only by steering
input via a simple first order transfer function.®

Recently it has been proposed that it is possible to
control more than one vehicular motion if more than one
input is present (Nagai et al.).® These systems expand
the concept of decoupling control. In this case the active
controller is able to decouple two vehicular motions if two
inputs are present (Yu).1? Significant work on decoupling
control using multiple input multiple output (MIMO)
systems has been performed by Yeh & Wu”and Nagai et
al®

Various other advanced control systems are now be-
ing studied by many researchers; these systems not only

make use of the steer angle to control the dynamic be-
haviour of the vehicle but also employ traction control
and anti-lock braking systems (Hirano).!!

Other recent work has concentrated on the direct
steer-by-wire approach where the front and rear wheels
are both actively steered to improve transient response.
In this work it was proposed to combine these concepts
of decoupling control and steer-by-wire. This was at-
tempted by actively controlling the front and rear steer
to decouple two vehicular motions.

Vehicle model

Introduction

The large majority of vehicle models used in the study
of 4WS have been typical linear bicycle models as devel-
oped originally by Riekert & Schunck.!® The simplicity
of these models makes them attractive for preliminary
studies into control strategies. However, these models
neglect vital characteristics such as load transfer and
tyre non-linearities, which can significantly impact ve-
hicle lateral-dynamic-behaviour under severe handling
conditions. In this study a more realistic four-wheel ve-
hicle model is assumed for analysis of control strategies.

Non-linear vehicle model

The three-degree of freedom non-linear vehicle model
used was developed and discussed, with a figure show-
ing the co-ordinate system (Standard SAE), in Kleine &
Van Niekerk!? and is an extension of those developed by
Nalecz,'* Allen et al.,'5 and Xia.!® The four-wheel-steer
model allows rear steer input model and has yaw (i),
sideslip (y) and roll (¢) as degrees of freedom.

Assumptions made to simplify the equations of mo-
tion include restricting motion to a plane, allowing ver-
tical motions of the sprung mass (M) and unsprung
masses (My; and My,) to be ignored. Also, the roll
motions of the unsprung masses and the pitch motion of
the sprung mass are not modelled. All suspension deflec-
tions are due only to the deflection of springs and shock
absorbers. Non-linear components, such as bump stops,
are not modelled. The vehicle model used (Nalecz!?)
consisted of three masses (defined above) which are con-
nected by a roll axis at a fixed height; in reality this
height will vary slightly as the suspension deflects dur-
ing body roll.

The equations of motion are developed according to
the previous assumption using the Newton-Euler ap-
proach. The non-linear equations-of-motion are repre-
sented by (1), (2), and (3), and are coupled by the non-
linear tyre forces of (4), (5), and (6).

Mo+ MUr+ Myzp=Y F, (1)
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Ixxp+5 Ztl‘)+M3ZtU7'+IJ;z7;=ZM:L‘ (2)

[zz7."+I.1;zp: ZMz (3)

ZF = (Fyiy + Fyrg)cosbs + (Fyir + Fyrp) cosé, (4)

Z My = —Cyp — Ky + Mgz (5)

Z M, = —a(Fyy + Fyrs)cosbs +b(Fyir + Fyrr) cos,
(6)
The coefficients Ky and C, are obtained by taking
moments about the roll axis and obtaining the equiva-
lent roll stiffness and damping per radian of roll angle
(Metz).18
Changes in wheel normal loads due to inertial forces
during lateral acceleration are referred to as lateral load
transfer. The normal load is computed for each wheel, at
each time step, based on the manoeuvring acceleration,
ay, the front and rear axle roll stiffness (Ky4,) as well
as the load transfer distribution coefficient (Kr). The
function for load transfer at each wheel comprises three
parts:

1. The normal static load with no lateral acceleration,
first term in the equations,

2. The percentage of load transfer per axle, Kp,

3. Fr. accounts for the lateral load transfer due to lat-
eral acceleration and includes the effect of a change
in centre of gravity location due to roll angle.

The equations for the load on each wheel are then
given by

bMg
2(a+0b)

bMyg

Fopi= m—fiF'FLT (8)

aMyg
Fyp = mm
T 5@t b)

_ aMy
" 2(a+b)

Fup = +Kp - Frr (M)

+(1—-Kp) Frr (9)

Fzrr —(I—IX’F)~FLT (10)

Koo Lateral load transfer at front axle (11
= Total load transfer )

M; (heg + Kgy)
T %y

Frr = (12)

Non-linear tyre model

The dominant force generating mechanism is the friction
between the road and the tyres. To correctly model the
vehicle dynamics requires an accurate tyre model. The
non-linear tyre model used in this study is an extension
of the friction ellipse concept presented in Dugoff!¥ and
the detail can be found in Allen et al.!® The tyre force is
calculated based on vertical load (F,), lateral slip angle
(«), longitudinal slip ratio (s) and vehicle speed. Other
significant input parameters are inflation pressure, static
and dynamic coefficient of adhesion and contact patch
area. The output that can be obtained from the model
is

¢ Non-dimensionalised lateral force at the given vehi-

F.
cle state, (ﬁ) .

e Non-dimensionalised longitudinal force at the given

vehicle state, (%)

The non-linear slip angles are computed from:

ay = arctan <v+ar> — o5 (13)
u

o, = arctan (v-ubr) — 6, (14)

Driver model

The driver model used in this research has been de-
veloped and extended from the models represented in
Donges?® and Macadam.?! In all respects the model is
similar to the models in these references but has been
updated in two ways. The first revision made is the
inclusion of a second order path prediction function to
replace the original first order function, the use of this
new function allows more stable behaviour and accurate
path tracking (Nagai & Mitschke).?2 Recent research has
shown that during stressful manoeuvres a driver’s gain
increases. The changing gain compensates for the ve-
hicle’s changing characteristics at high lateral accelera-
tions. Variable gain is included in this model in a similar
way to that reported in Macadam.?! Similar to previous
work the driver model can therefore be described as a
preview control model:

yr (t+T) =y () + Ty () + 05T (1) (15)

Ye (1) = ya (t + Tp) — ys (t+ T3) (16)
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Tlésw (t)+6sw (t) = kmye (t_TD) (17)

The first-order delay (77) and the pure time delay
(Tp) determine the steering wheel angle (65, ) by feed-
back of the tracking error. (7}, is the preview delay.)

Observer design

The use of observers in control system design and sim-
ulation 1s not a new concept. In the field of vehicle dy-
namics the use of observers is rather limited (Senger).23
To implement state feedback for active vehicle control
can be difficult due to the nature of some states. States
such as slip angle, roll angle, and yaw rate are often diffi-
cult or expensive to measure. Using lateral acceleration
measurement and steering input measurement a suitable
observer was designed in Kleine & Van Niekerk!? that
adequately estimates the required vehicle states.

The results of the study in Kleine et al.'? indicate that
the observer functions accurately and this is confirmed
by Figure 1 showing the estimation of roll rate. The
observer has the ability to estimate the yaw and roll
rate of the vehicle very accurately. The higher order
dynamics as well as the lower order dynamics are present
in the estimated signals.

Controller design

A new strategy, which is an extension of previous work
on sideslip control, was formulated for this work. The
equations of motion used here represent a two degree of
freedom vehicle with lateral displacement and yaw de-
grees of freedom. These equations are equivalent to those
of (1) to (6) with the roll degree of freedom removed
and are similar to those developed in Whitehead?and
Dixon.?* The equations are (tyre stiffnesses represent per
axle values):

—-Cy -Ch
[ o ] mU mU U [ v ]
U U
(18)
Cas  Car
m m 5
+ ¥ ]
aCaf —bCa, £
1 I

Following the same approach as Whitehead, this can
be rewritten as follows:

—-Cy -=Ci y
[ P ] mU mU [ @ ]
T —Cy  —Cy r
U U
(19)
Cos Car
m m
aCaf —bcar
I I
Which is in the generic state space form of:
).(:AX+B1(SJ¢+B2($T (20)

If the assumption is made that the rear wheels are
steered in a fashion dependent on the front steer angle
and the vehicle states, then the rear steer term can be
reformulated as:

& = Hx + K6, (21)

K is a scalar and H a matrix of size 1x2. This can be
substituted into the state space equation.

x =Ax+B16; + By (Hx + Kéy)
(22)
x=(A+ByH)x+ (B; + KBy) é;
In order to obtain the values of A and H that will
result in zero sideslip set ¥ = 0 and v = 0 in (22) with
state vectors and matrices as in (19):

Ch Cay Clor .

_— J = — y
(mU i > T br + —— (23)
m C’l C'Of .

e J = ;
Cae (mU ” ) il b

(24)

i C, Coy
67‘ = — J —
o (U +m()r Cozréf

This is now in the form of (21):

H =
[O Cor \T Cor

! <9+mU>] and K = —Cal (25)

When the H matrix is further simplified one arrives
at the following formulation:

mU b  Caura Coy .
b= | =— — — - :
(cm vt CMU) T, )
which is one of the forms of the well-known

Whitehead?!? law, which is a first order system that
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reduces sideslip to zero. However, this system has cer-
tain drawbacks, most severe of which is the introduction
of understeer. The slip angles of a vehicle increase with
the square of the speed in a constant radius turn, thus
to generate a large 0, requires an increasing 6; as speed
increases, which is a characteristic of an understeer vehi-
cle. So in this case the driver has to steer more than he
would in an understeer vehicle with the same dimensions
and tyre characteristics.

This and other disadvantages can be overcome by
steering the front wheels with an active controller, which
alds the driver. The strategy developed to achieve this
can be derived as follows:

When the strategy shown in (24) is substituted into the
equations of motion the following results:

—C'O 0
-1 G )
"1~ (CCy+bCy + bmU? r
v U

_|_

0
(a+0b) C'af :| [6f]
1
(27)
Now the first order behaviour of sideslip is clearly il-
lustrated in the formulation of the state space matrices
above.
To fully understand the functioning and implications
of this strategy the substitution of the control scheme of
(24) into a three degree of freedom model is performed.

M Mgzy 0 v
M,z Lo 0 p |+
0 I r
Co Cl
(—, 0 MU + '[—[ { v
0 C¢ MsztU P
(& Cg+bC1+bMU? r
T 0 U
(28)

0 0 0 Y
+ |1 0 K¢— Mgz, O ¢

0 0 0 P

0 0 5 0
- 0 0 [g]: 0
(a+b)Cyay 0 r 0

where it is assumed that the roll cross yaw inertia term,
I, 1s small enough to be neglected.

From these equations some important observations
can be made:

1. The roll mode, represented by the second equation,
1s not directly affected by the input u. The roll mode
is-a stable mode; this can be determined by the neg-
ative eigenvalue of the A matrix and so additional
control cannot cause it to become unstable

2. To totally decouple the sideslip mode from the yaw
rate is not possible due to the sideslip term in the
yaw equation. However it is very small (of the order
of 0.1 to 1 for most passenger and utility vehicles.)

The result of the above observations is that further
control strategies will have to centre about the yaw
mode. Also, the derivation of further strategies was per-
formed using the linear two degree of freedom system.
Examining these two degree of freedom equations (26)
again, the sideslip equations can be rewritten. This re-
sults in:

. Co )
—v = 29
v+mUv 0 (29)

This is a stable first order system with a fixed time con-
stant, which is determined by vehicle parameters only.
The second degree of freedom, yaw rate, can now be re-
formulated in a similar way to introduce a second active
component:

(a + b) C'Of 5f

. C2+bCl +me2 _ Cl
7+( U )T’——-‘mv‘f' T

0y = Hx + Kswbsw
(30)
In this form it is also very close in structure to a first
order system. To expand the first order concept of (24)
one can also make the yaw rate a stable first order sys-
tem, in a similar manner, by feeding back yaw rate, r,
so that:

Ky =1
(31)
H=[0 - K]

K must be chosen to satisfy certain requirements, which
will be discussed at a later stage. Now we have:
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Figure 1 Performance of the observer in tracking the roll rate of an actual vehicle from experimental data
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Figure 2 Sideslip velocity response of the various control strategies to a step steer input

R & D Journal, 1999, 15(2) 56



it CCy+ bCq + brmU? .
11U

_ G (a+b)Coy =
= — o+ 8GR 5, k)
(32)
CCqy+bCy +bmU? + (a+ b)UCy K
I U r

G, (a+b)Coy
U 1

- 68'(1)

This is now also in a format similar to that derived by
Whitehead® for sideslip; a stable first-order system. The
time constant for yaw (7%) can be selected by specify-
ing the feedback gain K (this is subject to the stability
constraints discussed in the next section):

U (%) = Cy+ bC, +bmU? + KCoyU (a+b)
2

(IU) <i) —Cz— bCl — bmU?
K= T

2
CasU (a+b)

(33)

In the following section the influence and selection of

K is discussed and some simulation results of the derived
controller presented.

Results and discussion

Although feedback of the yaw rate to the front and rear
steer inputs provides complete decoupling of the states
in the two degree of freedom case this is not possible for
the three degree of freedom model due to a disturbing
term in the second part of equation (32). However, this
disturbing sideslip term is small enough (ranging from
0.1 to 1 for passenger and utility vehicles) when com-
pared to the other terms (ranging from 100 to 1000)
that for all practical purposes it can be ignored.

From (28) it can be seen that sideslip velocity is
decoupled from yaw rate, as previously performed by
Whitehead.® Following the expansion of the concept, the
inverse is also true: yaw rate is decoupled from sideslip
and is only influenced by the driver’s input (assuming
C'1/U ~ 0). However, unlike the sideslip velocity, the
yaw rate need not be reduced to zero (although the-
oretically this would be possible), because this would
result in very uncomfortable (and unresponsive) vehicle
behaviour. Instead, the ability exists to specify the de-
sired characteristics that the first order function should
possess by determining the amount of feedback of yaw

rate. This allows the transient response behaviour of yaw
rate and the magnitude of yaw rate to be prescribed.

Step steer transient response

Figures 2 to 5 show the transient response of the vehicle,
when subjected to a step input of the steer angle of the
steering wheel, resulting in an effective 0.0225 rad an-
gle input to the front wheels, at a vehicle forward speed
of 22.2 m/s (80 km/h). The transient response of the
sideslip velocity, see Figure 2, and the steady state val-
ues of the sideslip velocity (and hence the sideslip angle)
are very small and only differ by a small amount, this is
a direct result of the implicit utilisation of Whitehead’s®
strategy. The step steer input comparisons show that
the feedback of yaw rate to the front wheels can be used
to great effect to eliminate the lack of yaw rate response
of the Whitehead strategy, as seen in Figure 3. The rise
time of the yaw rate is significantly faster than that of
a front wheel steer vehicle and also faster than that of
the four wheel steer controller. Also evident from Fig-
ure 3 is the greater amount of damping that the yaw
rate feedback to the front wheels provides. The differ-
ence in the steady state yaw rates is indicative of how
the vehicle responds to the same steer input magnitude,
this means that to achieve the same path as a front
wheel steer vehicle with the same vehicle parameters,
the Whitehead controller requires a much larger steer-
ing input. The large steering input at this speed is an
effective understeer response. This effect of the White-
head controller has been discussed in the work of Xia et
al.'™ and Whitehead.® The new controller derived here
reduces the amount of understeer present and provides
vehicle behaviour similar to that of a front wheel steer
vehicle. Although the yaw rate response of the vehicle
can be made equal to that of the front wheel steer vehicle.
it has been argued that a reduction in yaw rate response
reduces driver workload.!® To achieve a compromise be-
tween the understeer of the vehicle and reduce the driver
workload a feedback constant of K = 0.22 was used here.

The increased yaw rate response can be attributed to
two factors:

1. The rear wheel angle responds to the steer input
with a certain amount of phase delay. This delay
can be controlled by the yaw rate feedback and is
a function of vehicle forward speed by virtue of the
speed dependency of the controller. (See Figure 5).

2. The front wheels are also steered by an amount in
addition to that supplied by the driver. This also
ensures that the yaw rate response of the vehicle is
altered by altering the feedback to the front wheels.
(See Figure 4).
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Figure 4 Control of the front steer angle in response to step steer input

R & D Journal, 1999, 15(2) 58



0.025

0.02 |
0.0157 i
:é\
001 1 'l.‘ e m e m e s oo oomo oo oo oo
I
~ |-
0.0057 I
X
e I 1 ) . . ;
? 0.00 - : : : } : . . . . i
I
3 :
g -0.0057 : :': — No Control ]
Ih — = = Whitehead
001 T [Il """ Front and Rear Steer
I
]
00151 if .
it Vehicle: Honda Prelude
ot lf Step Steer =0.0225 rad
Speed=22.2n7s
0025+
0.0 0.2 04 0.6 0.8 1.0 12 14 1.6 18 20 22 24
Time (sec)
Figure 5 Control of the rear steer angle in response to step steer input
3.00
2.50 - - — ~ — - e —
] \
] \
] 1
200 +——— -—
! \
,’ |l New Controller
1.50 4 N | 2 ;77 J‘kf —— e W hitehead Control
= I 1 — — — No Control
g I |
z 1.00 + - = = e —+ -
.g ] |\
° 1
3 I |
£ 0.50 —— I i — e -
] [} |
2 P 3
0.00 - = ™ == ———— —
N . | T -
\ < |
\ 1 \
\ ! Vo
-0.50 + = \  E— = - Vehicle: Honda Prelude
\ W Unstable Speed: 28m/s (120 km/h)
\ lll [ Driver Model Active
-1.00 — e \\ 1, - s Single Lane Change
\_/
-1.50 -
0 2 4 6 3 10 12

Time (sec)

Figure 6 Sideslip velocity during a single lane change
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Transient response during lane change

The step-steer input can be used to investigate the tran-
sient response of the yaw rate, by varying K to obtain
the desired transient response. The problem rests on the
selection and influence of the yaw rate feedback constant
K. The problem of determining yaw rate response has
been examined by Sato! and Ackerman.® The effect of
varying the feedback is summarised in Table 1.

K = 0.25 is used in the simulation data (for a single
lane change) presented by Figures 6 to 9.

Figure 6 shows that the ability of the new controller to
control sideslip is a match for the strategy of Whitehead;
because it makes use of this particular characteristic of
that controller. However, as can be seen, the sideslip
velocity is never exactly equal to zero, due to the small
disturbing term in the yaw equation.

Table 1 The effect of yaw rate feedback on the
stability of the vehicle (U = 22 m/s)

Ty K Result
—0.0260 -1 Unstable in understeer: plough-out
0.1167 -0.3 Over-damped
0.0300 0 Sideslip = 0
0.0204 0.3 Under-damped
0.0043 3 Unstable in oversteer: spin-out

The real benefits of this controller can be seen when
viewing the results for yaw and roll rate, Figures 7 and 8.
These simulations use input manoeuvres of such severity
that they provide sustained lateral acceleration, ensuring
that non-linear vehicle dynamics become predominant.
Under sustained lateral acceleration, between 4 and 6
seconds, the new controller is better able to limit yaw
and roll. Another aspect observed is the ability to damp
out oscillations much faster. This can be attributed to
the fact that the yaw degree of freedom is now also a
first order system and was designed to limit overshoot.
The smaller yaw motion of the body, faster transients
and greater damping imply a much reduced driver load
allowing the driver to reduce his gain.

The controller has the ability to maintain the vehicle
on the required path. This excellent tracking is primarily
as a result of the optimum use of both the front and rear
tyres.

The use of the tyres is the most revealing element that
demonstrates the way in which the extended controller
operates. Figures 10 and 11 give the comparisons of the
tyre forces with and without control. From the figures
the following features are notable:

1. The peak forces are higher. This means that the tyre
is able to generate more force than previously which
allows the vehicle body to be moved with greater

acceleration. This allows the vehicle to track bet-
ter because the forces that move the vehicle in the
desired direction are greater.

2. Transient responses are significantly improved. The
vehicle reacts niuch faster to the driver input and
moves 1n the required direction with greater re-
sponse. The reduction in the delay of side force
also reduces errors in path tracking at higher speeds.
This 1s demonstrated by Figure 9, which shows that
the vehicle completes the lane change manoeuvre
with no overshoot.

3. There is a phase delay imparted by the controller
between the front and rear, with the rear wheels
steered fractionally later than the front wheels. This
allows the vehicle to develop the required yaw rate
very quickly, and with no overshoot. It also utilises
the tyres in a more optimum fashion. The use of
tyre forces is depicted in Figures 10 and 11.

4. Path tracking is dependent to a large degree on
driver parameters, but is influenced by the steer-
ing strategy. However, with the new strategy the
driver gain can be reduced in comparison to that of
Whitehead, due to increased responsiveness and the
reduction of understeer. A similar effect has been
discussed in Nagai & Ohki.°

Frequency response

Much of the improvement in the yaw response is pro-
vided by the feedback of yaw rate to the front wheels.
The effect of the new strategy on the frequency response
is shown in Figure 12. Over the range of frequencies
of interest for drivers (0 to 3 Hz), the new strategy
shows a higher yaw rate gain than the strategy of White-
head. This translates to less understeer and a better
response. Also evident is a more gradual roll-off than
a conventional vehicle at higher frequencies. This effec-
tively means that driver effort i1s reduced because the
vehicle response does not change significantly at higher
frequencies while providing reasonable gain at low fre-
quencies.

In addition to the improved yaw rate gain is the
smaller phase lag, which implies that there will be a
smaller time lag between driver input and the vehicle re-
sponding in terms of yaw rate and lateral acceleration.
This enhances the driver’s ability to control the vehicle
accurately.

Figure 12 shows that the yaw rate gain remains flat
until well in excess of 2 Hz. The upper limit of human
frequency performance is approximately 2 Hz while the
average steering action occurs below 1 Hz. The perfor-
mance of the controller thus ensures vehicle behaviour
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controllable by an average driver without having to raise
his bandwidth significantly during emergency situations.

Conclusion

In this paper a closed loop controller is presented which
expands on a previously proposed controller that limits
sideslip to zero. The controller derived feeds yaw rate
back to both the front and rear wheels. This minimises
the sideslip to be controlled and allows the yaw rate to be
controlled. The ability to specify the yaw rate removes
the heavy understeer tendency present in the previous
controller. By feeding back yaw rate in this way the
controller aids the driver in the compensating action of
steering the vehicle. This compensation provides higher
stability and feeds back yaw rate more rapidly than the
driver is able to, due to the increase in bandwidth. This
effectively reduces the driver’s workload allowing him to
reduce his gain and operate at a lower steering frequency.

Improved transient response and greater damping of
the yaw rate are also obtained through the feedback
scheme employed here. This means more effective util-
isation of all four tyres allowing the vehicle and driver
to track the required path more accurately, at higher
speeds, and with less steering effort. Ultimately this
means increased stability of the vehicle and driver sys-
tem.

Further studies are required on systems such as these
that control sideslip and yaw to investigate the effect
of the variation of vehicle parameters. Also of impor-
tance is an investigation into the speed dependence of
the strategy derived here and that of Whitehead and the
impact this has on vehicles during differing manoeuvres
at varying vehicle speeds

In conclusion, this paper illustrates the great benefits
that can be obtained from the active control of a vehicle
to improve stability and handling. However a great deal
of work is still required in terms of implementation and
safety.
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