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ABSTRACT

This paper proposes and compares torque distribution
management strategies for vehicle stability control (VSC)
of vehicles with independently driven wheels. For each
strategy, the following feedback control variables are
considered turn by turn: 1) yaw rate 2) lateral
acceleration 3) both yaw rate and lateral acceleration.
Computer simulation studies are conducted on the
effects of road friction conditions, feedback controller
gains, and a driver emulating speed controller. The
simulation results indicated that all VSC torque
management strategies are generally very effective in
tracking the reference yaw rate and lateral acceleration
of the vehicle on both dry and slippery surface
conditions. Under the VSC strategies employed and the
test conditions considered, the sideslip angle of the
vehicle remained very small and always below the
desired or target values.

This study forms an essential step in the design and
selection of actuators (e.g., in-wheel motors) for vehicle
dynamics control of vehicles with independently driven
wheels. Applications include certain powertrain
architectures for pure electric or series hybrid electric
and hydraulic hybrid vehicles with independent all wheel
drives.

INTRODUCTION

Vehicle stability control (VSC), also called electronic
stability control (ESC) or vehicle dynamics control
(VDC), is an active vehicle safety system intended to
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reduce driver loss of control of the vehicle by correcting
the onset of vehicle instability. A number of studies
suggest that VSC has the potential to reduce crashes
resulting from such loss of control (1-3). In particular, if
all vehicles were to be fitted with VSC systems, nearly
one-third of all fatal crashes could be prevented and
rollover risk can be reduced by as much as 80% (3).

The control strategy behind current vehicle stability
control systems generates the required corrective yaw
moment in various ways and reduces the deviation of
vehicle behavior from its normal behavior. Different
types of vehicle stability control systems can be
identified and categorized (4) as a) differential braking
systems b) active steering systems and c) active torque
distribution systems. Most vehicle stability control
systems in the market today are brake-based. With
these brake-based strategies the vehicle speed is
compromised. By comparison, active torque distribution
systems can maintain vehicle speed. Most of these are
differential-based torque biasing or torque vectoring
systems (5, 6). In this paper, we focus on a specific
class of active torque distribution systems suitable for
vehicles with fully independent wheel drives.

Energy and environmental considerations have led to
the accelerated research and development of hybrid
electric vehicles (HEVs), electric vehicles (EVs), fuel cell
vehicles (FCVs), and hydraulic hybrid vehicles (HHVS).
Electric or hydraulic propulsion systems employed in
these vehicles can be configured with independent in-
wheel or on-board drive motors (7, 8).That is, the electric
or hydraulic motors of the powertrain in these vehicles
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can be integrated into each wheel or drive each wheel
independently and can also be controlled independently
(9, 10). The good controllability of electric or hydraulic
motors (via the manipulation of their torque outputs)
offers an opportunity to achieve vehicle stability control
by modulating the independent drive torque at each
wheel of the vehicle. This research is primarily
concerned with the study of VSC architectures and
strategies for such vehicles.

The rest of the paper is organized as follows. First, the
mathematical model of the vehicle used for the
development and analysis of the proposed stability
control strategies is described. Second, the adopted
feedback controllers and the proposed torque
distribution strategies are discussed. Third, the
effectiveness of proposed torque distribution strategies
and feedback control techniques is evaluated and
compared through computer simulations. Finally, the
paper concludes with observations and inferences from
the simulation results.

VEHICLE MODEL

The vehicle model adopted includes longitudinal, lateral
and yaw motions as well as the rotational dynamics of
the four wheels. It ignores the presence of the
suspension and so excludes heave, pitch and roll of the
vehicle. Figure 1 shows the schematic diagram for the
vehicle model adopted. §; is the steering angle for the
front wheels, which in this work is assumed to be
identical for the left and right wheels during cornering.

Figure 1 Schematic of vehicle model (11)

The longitudinal, lateral and yaw equations of motion for
a rigid vehicle in planar motion are given, respectively,
by:

m(vx - li"Vy) =XF = Fxflb + Fxfrb + Fxrlb + Fxrrb -
1
2 CDpAVX2 (1 )

m(v'y + qJVX) = Z Fy = Fyflb + Fyfrb + Fyrlb + Fy”b (2)

Izztp =XMg =l (Fyﬂb + Fyfrb) =1 (Fyrlb + Fyrrb) +
d d
;f (Fxfrb - FXﬂb) + ?r (FXI‘I‘b - Fxrlb) + Z?’:l MZi (3)

TIRE AND WHEEL MODEL

In this research, Pacejka (Magic Formula) formulations
of tire models are used. The general form (12) is:

Y(x) = Dsin(C tan‘l{Bx - E(BX - tan_l(BX))}) (4)

where Y(x) is either longitudinal force F, with x as
longitudinal slip ratio or lateral force F, with x as the side
slip angle or self-aligning moment M, with x as the side
slip angle. The coefficients in the above equation in each
case depend on the tire design and the road and load
conditions.

The normal force acting on, for example, the front left
wheel due to longitudinal and lateral accelerations (ay
and a,, respectively) of the vehicle, is given by:

Fo = "5 =220 — ma, (1) (3) (5)

21 21

The relevant equation for the angular acceleration of the
front left wheel is:

Tqh — Ra Fya, = Jon®Wn (6)

The linear velocity of the front left wheel center is:

Vofl = (Vx -y %) cos 8¢+ (vy + W1,) sin & (7)

The longitudinal slip ratio, S, for the front left wheel is:

Sero = (M - 1) (8)

Volo

The side slip angle, a, for each wheel can be obtained
from the lateral and longitudinal components of the
wheel center velocity with respect to the C.G. of the
vehicle.

ayg = §-tan™? (Lq“f) 9)

d
v &

The above set of equations, repeated for all wheels,
describes a non-linear model of the vehicle system.
These equations were implemented in the graphical
programming interface of MATLAB/ SIMULINK.
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VEHICLE STABILITY CONTROL

The basic functionality of a vehicle stability control (VSC)
system involves reducing the deviation of the vehicle
behavior from its normal behavior and maintaining the
vehicle slip angle within specified bounds. The VSC
develops a corrective yaw moment based on the
deviation between actual and desired vehicle responses
and passes this information to lower level actuator
controllers. These lower level actuator (electric or
hydraulic motors, braking systems etc.) controllers
manage the application and distribution of the required
drive torque or braking effort to the wheels. In this
simulation study, the non-linear vehicle model described
above is considered to give the actual vehicle responses
while the desired responses are obtained from a bicycle
model of the vehicle. In most cases, the desired
responses of the state variables are chosen from steady
state responses of a standard reduced order (bicycle)
model to road wheel steering angle input. For a given
road wheel steering angle, §, the following expressions

give the desired yaw rate (ry), lateral acceleration(ayd)
and side slip angle (B4), respectively (13) :

Vx*6
g =—"—— 10
d 1+Kyg*vy2 ( )
2
Vx“*8
Ay, = ——— 11
Yd  1+Kys*vy? (11)

I *1p * L_m*:/xz *8
Ba = (¥> (12)
- me (L)

The lateral acceleration and yaw rate error are,
respectively:

€a, = ay —ay, (13)

e, =r—ry (14)

Where a, and r=are the actual values of the

corresponding vehicle states (lateral acceleration and
yaw rate, respectively) obtained from the non-linear
vehicle model. The errors €a, and e, are the feedback

variables used in the VSC as will be detailed below.

The control architecture adopted is depicted in Figure 2.

Desired
states

Upper Lower
Controller Controller

A

Actual
states

\Vehicle
Model

Figure 2 Schematic of VSC architecture.

Upper Controller: The objectives of the upper controller
are to ensure yaw stability control by computing and

commanding a desired value of corrective yaw moment
from the lower controller. Inputs to the upper controller
are the errors between the desired and actual vehicle
states. In this work, a PI controller is taken as the upper
controller.

Lower Controller: The lower (level) controller ensures
that the corrective yaw moment demanded by the upper
controller is converted to a demanded action on a lower
level physical vehicle parameter. This parameter, which
is generally a braking, driving or steering effort, should
be properly controlled to achieve the desired corrective
yaw moment.

In this study, the dynamics of the actuators/motors
themselves are neglected in the analysis. That is perfect
actuation is assumed. The torque distribution
management system manages the torque distribution
between the wheels to achieve the desired yaw moment
commanded by the upper level controller.

YAW MOMENT CONTROL THROUGH TORQUE
TRANSFER

Front to Rear Torque Transfer: As more drive torque is
transferred to the front, the longitudinal forces on the
front wheels increase. In turn, the longitudinal slip ratio
of the front axle grows while that of the rear axle drops.
This also leads to a decrease in the lateral forces
generated by the front tires compared to the rear ones
as explained by the friction ellipse (4,14). Thus,
increased torque transfer from the rear to the front
wheels of the vehicle, induces an understeering effect.

Side to Side Torque Transfer: When the driving torque
on inner wheel is increased in comparison to that of the
outer wheel, the longitudinal forces on the inner wheels
increase while those on the outer wheels decrease.
Consequently, the lateral forces generated by the inner
wheels decrease while those by the outer wheels
increase. As can be explained by equation (3), the
differences in longitudinal forces produce significant
amount of negative (counter-to-turn) yaw moment while
the differences in lateral forces a smaller positive yaw
moments. Thus, a net yaw moment in a direction
opposite to turn is generated, leading to understeer.

Based on the physical consequence of longitudinal force
distribution as discussed above, two approaches of
distributing torque to each wheel of the vehicle are
identified: the ‘torque-ratio’ approach, proposed in (15)
and the ‘differential torque transfer’ approach presented
in this work.

The torque-ratio approach utilizes two Pl controllers
which control two torque ratios (side to side and front to
rear) matched to two corresponding feedback variables.
The front to rear torque ratio is controlled by using the
yaw rate error, while the left to right torque ratio is
controlled by using the lateral acceleration error. The
simulation results presented in (15) for this ‘torque-ratio’
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approach are encouraging. The variation in torques is
constrained by the two ratios and the total torque on the
vehicle is kept constant. The approach simplifies the
control problem by reducing the control variables from
four (each of four individual wheel torques) to two (two
torque ratios) and reduces the freedom of torque
distribution by imposing the constraints on the total
torque.

In this study, we focus on yaw moment generation
through side to side torque transfer involving differential
torque transfer i.e. addition or/and subtraction of
corrective torques (the torque produced by upper
controller of VSC system) to the individual wheel
torques. This doesn’t necessarily constrain the total
torque to a constant value. This approach provides an
additional degree of freedom in torque distribution thus
allowing the modulation of independent torque to each
wheel. In this study, this approach has been closely
studied and implemented in simulations. The choice of
appropriate feedback control variables (yaw rate and
lateral acceleration) that go with this approach will also
be detailed in the next sub-sections.

Base Torgue and Speed Control

In practice, various standard test maneuvers are
executed at constant or nearly constant speed.
Considering this practice, speed control (driver
emulation) is introduced in some of the simulated tests.
A simple PI function is used for speed controller.

AT, = K, ve, + K; , [ e,dt (15)

Where the error function e, is defined as the difference
between actual forward velocity v, and the desired (set)
forward velocity of the vehicle, vy ges.

€y = Vx = Vx des (16)

In general, in all simulations involving speed controlled
(constant speed) maneuvers; the total torque AT, is
assumed to be equally distributed between all wheels.
Accordingly, in case of speed controlled VSC, the
distributed (speed control) torque is added to the
corrective torques produced by VSC at each wheel. In
case of no speed control, constant torques termed as
‘base torques’ are provided to each wheel and added to
the corrective torques produced by the VSC strategy to
each wheel. The total base torques on the left and right
sides of the vehicle are given, respectively, by:

T.=Ta+ Ty (17)

TR = Tfr + Trr (18)

Where Ty, Ty, Te. T, are the individual base torques
acting on the individual wheels. Note that the speed
controller is tuned independent of the VSC controllers
discussed below.

Yaw Rate Control

The difference between actual yaw rate and the desired
yaw rate is an obvious measure of deviation of the
vehicle from its desired course and hence can be used
to create the corrective yaw moment using an
appropriate controller. In this work, the required
differential torque, AT,, is evaluated from a Pl type
function of yaw rate error, e, and is given by:

AT[« = Kpler + Kll f erdt (19)
Where the e, is the yaw rate error.

Figure 3 shows the vehicle in different scenarios,
including left or right hand turning and exhibiting possible
understeering or oversteering behaviors. The figure also
includes the sign conventions adopted in this work.
Starting from these scenarios, the following torque
distribution strategies are conceived to achieve the
desired corrective yaw moment. The strategies apply the
torques to the left and right wheels of the vehicle,
irrespective of the direction of turn.

Strategy 1: Addition of corrective VSC torques only to
left wheels. In this strategy, the corrective torques are

added only to left wheels while no corrective torques are
applied to the right wheels. That is:

TL_new = TL + ATr (20)
TR new = Tr (21)
Strategy 2: Subtraction of corrective VSC torques only
from right wheels. The corrective torques are applied
only to right wheels. That is:

Lpew = 1L (22)

Trnew = Tr — AT, (23)

For both of the above two strategies, the VSC differential
corrective torque is:

AT, >0 (Oversteering condition) (24)

AT. <0 (Understeering condition) (25)
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8¢ <0, ’/ TOversteer Irl > |rges]
I, Tges < 0 . lp . - = I < Iges OF €, <0
) : |
Region 1 % q Understeer | IT1 < ges] )
>r or e. >
. \ \ r des r
Oversteer | |r] > |rges N 8¢ > 0,
- r> Tges OF €. >0 J I,Iges > 0
I ) .
Understeer | |r| < |rgesl .
r< rges Or €, <0 !/ ,° .2 Region2
Lo
Desired Steer Path
(Region 1 & 2) Ir| = [rqesl

I'= Iges OF €, =0

Figure 3 Schematic of vehicle in various scenarios and adopted sign conventions

Strategy 3: Switching corrective torque addition
between left and right wheels. VSC torques are applied
to the left or right part of the vehicle depending on the
sign of the yaw rate error,e.. For a positive yaw rate
error (oversteering condition for left hand turn or
understeering condition for right hand turn), the drive
torques on the left wheels are increased while for a
negative yaw rate error (understeering condition for left
hand turn or oversteering condition for right hand turn),
the drive torques on the right wheels are increased.
Mathematically, these are described as follows:

When e, >0 , Ty pew =Tp + |AT,| (26)
When e, <0 ,Tg new = Tr + |AT,| (27)

Strategy 4: Corrective VSC torques: add to left wheels
and subtract from the right wheels. In this strategy, half
the corrective VSC torques are added to the left wheels
and half of them are subtracted from the right wheels.
This will not alter the total torque on the vehicle. That is:

AT,

TL_new = TL + T (28)
ATy

Trnew = Tr - = (29)

2

Lateral Acceleration Control

With the lateral acceleration as the feedback variable,
the required differential torque, ATay, can be evaluated

from the PI type function in a similar way as was done
above for yaw rate control. This torque is given by:

AT,, = Kpzea, +Kia [ €5 dt (30)

Where, eayis the lateral acceleration error.

The four strategies for torque distribution can be similarly
applied for lateral acceleration control as was done for
yaw rate control. For example, a typical strategy
(Strategy 4) can be expressed mathematically as:

ATy,

TL_new = TL + (31)
ATay
2

(32)

TR_new = TR

Combined Yaw Rate and Lateral Acceleration Control

This considers both the yaw rate and lateral acceleration
errors in computing the VSC corrective torque. In so
doing, this approach attempts to indirectly consider body
side slip angle deviations. Again, this can be used with
any of the four strategies discussed above. However, for
brevity, Strategy 4) has been chosen to analyze this
combined feedback control. The final wheel torques are
given by:

Tifnew = Te + % + ATzay (33)
Ty pew = Tie + 200 4 22 (34)
Tt new = Toe — % - ATzay (35)
Tor new = Top = 20 = 20 (36)

2
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Figure 4 summarizes the various combinations of
feedback control and torque distribution strategies
considered in this paper.

VDC
i ] ! v
Strategy 1 Strategy 2 Strategy 3 Strategy 4

(left+) (right-) (left+ or right-) | |(left+ and right-)

i t }

Yaw ‘ Yaw ‘ Yaw ‘
Lat. Acc. Lat. Acc. ‘ Lat. Acc. ‘ Yaw
Lat. Acc.

‘ Combined: Yaw and Lat. Acc.

— _/
~

Feedback Control Variables

Figure 4 Torque distribution strategies and feedback
control techniques

RESULTS AND DISCUSSIONS

For the simulations conducted in this work, the vehicle
and tire data correspond to that for a large front wheel
drive saloon car, available in Appendix A of (13). In
order to analyze the effectiveness of the proposed VSC
strategies, some standard test maneuvers were
considered and appropriately modified: The first test
involves road wheel angle steering input in the form of
"Sine with Dwell" with a sine wave at 0.7 Hz frequency
and a 400 ms delay beginning at the second peak
amplitude" (see Figure 5).This test has been modified
from FMVSS 126 ESC Test (16) to use road wheel steer
angle inputs consistent with our model.The other test is
a standard J-turn with the step applied at 1 sec and
achieving the required road-wheel angle (RWA) of 3
degrees in 0.1 sec (ramping with the slope of 30 deg/s).

4 ‘ 1 Sinusoidal Inputl 1
o [ Ne——_1(0.7 Hz,with 400 ms delay) o
=) 1 1400 ms (Delay) 1 |
§ of o\ mmsPee
2N S
“ 0.5 1 2 25 3

15
Time(sec)
Figure 5 Sine with dwell test steer input

YAW RATE CONTROL

The corrective differential torque computed from yaw
rate feedback according to Eq (19) is considered first.
The effects of speed control (driver emulation for test),
road friction conditions (different coefficients of friction
between road and tires,u), feedback controller gains and
the choice of the torque distribution strategies are
investigated.

Effect of VSC and Speed Control

The vehicle performance parameters, yaw rate and
lateral acceleration are compared for the vehicle with
and without VSC (labeled VDC in all plots) in the
presence or absence of speed controller (driver
maintaining vehicle speed at 80 kmph). Torque
distribution Strategy 4 is implemented on the vehicle with
VSC on dry asphalt road conditions (n = 1).

——No Control
0.4F #3--{— Only Speed Control (No VDC)
-=--VDC + Speed Control: yaw-(left+)and(right-)
§ % |7 VDC W/O Speed Control: yaw-(left+)and(right-)
5 0.2 """"" desired

~ i H !
© |
© !
= |
g Of-——- :
[ I
[h'4 |
|

=_ I | S | S A S
2.0.2 |
> 1
4 |

-0.4 /A S ——
l l
| |
| |

-op4—n—ru——— ‘o 4
0 2 4 6

Time(sec)

Figure 6 Yaw rate responses (with and without VSC),
Strategy 4, Dry asphalt surface (u = 1)

" | ——No Control I
{1 |——Only Speed Control
N/,; 51- | VDC + Speed Control: yaw-(left+)-and-(right-)
E 1| | ——VDC W/O Speed Control: yaw-(left+)-and-(right-)
= . 1 |~ ~desired
c ) “ | | | |
o | | | | |
RS N
% “ ‘I. A . : T :
Q | \!‘- | | |
O . | | | |
© | N I | |
— L | | | |
S -5 o o IR 1
(0] [ | | |
"c_“' | “‘ | | | |
1 b ! | | |
R | | |
\\ ! [ | |
1 O | | | |
- I | I !
0 2 4 6 8 10

Time(sec)

Figure 7 Lateral acceleration response (with and without
VSC), Strategy 4, Dry asphalt surface (u = 1)

The time history plot of the yaw rate response (Figure 6)
clearly shows that VSC (VDC) with and without speed
control is able to return to zero steer motion (straight-line
motion) and maintain it while the uncontrolled system is
not. The VSC system tracks the desired yaw rate
closely. Similarly, Figure 7 shows that the VSC system
tracks the desired lateral acceleration while the
uncontrolled system fails to do so.
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To study the tracking ability for sudden changes in
steering angle, we consider a step steer input (J-turn) of
3 deg RWA at a speed of 80 kmph on dry asphalt road,
and with VSC Strategy 4. Figure 9 shows the results.

0.4 ——— I T T
@ ﬁ\\ i T
3 03 = T |
g o2 --No Control | ____ |
x —VDC:yaw-(left+)and(right-)
g 0 -—~desired [T
> 0 1 1 1 1
0 2 Time(sec)3 4 ° 6
“—
' T T
E T . R I ]
S A S .
[ l , R
2 --~No Control -
g —VDC:yaw-(left+)and(right-)| _ _ _|
© ---desired
2 T T
3

T
3 4 5 6
Time(sec)

p (deg)

, |=="No Control

— Controlled:yaw-(left+)and(right-)

8 10

Time(sec)

Figure 8 Simulation results of vehicle response to J-turn
input (with speed control): Strategy 4, y = 1

All three responses show an overshoot in response to
the step steer for the selected set of controller gains.
The oscillations settle down quickly and good tracking
ability is observed for yaw rate and lateral acceleration
responses with the VSC strategy 4. The sideslip angle
also remains very small.

Effect of Controller Gains on Performance:

Three sets of Pl controller gains were used for
comparative study of the effect of controller gains on
VSC performance. Figure 9 shows the yaw rate
response and the resulting motor torques at the front left
wheel of the vehicle. We observe the improvement in the
tracking ability and the faster return to the straight-line
motion with increasing controller gains. Table 1 gives the
values of the controller gains used and a summary of the
effect of controller gains on performance.

©
)]
T
|
|
|
|
|
|
|
|
|
|
|
|
J
|
|
|
|
|
|
4
|
|
|
|
|
|
1
|
|
|
|
|
|

===:Set1 (Lowest Controller gains)
===Set2 (Medium Controller gains)
——Set3 (Highest Controller gains)

Yaw Rate (rad/s)
o

=-=-desired
] ] ]
-05F------ L I - - o —|
1 1 1 1
0 1 2 3 4 5
Time(sec)
400 Li """" Set1 (Lowest Controller gains)
H i | =*=" Set2 (Intermediate Controller gains)
b 'I — Set3 (Highest Controller gains)

Torques (N-m)

Time (sec

Figure 9 Effect of controller gains on yaw rate response
and motor torque on front left wheel

Table 1 Vehicle performance for different controller gains
(Controller: yaw rate error feedback)

Set 1 Set 2 Set 3
(medium (highest
(lowest gains) gains)
gains) Ke = 1000, Ke = 1000,
Ki = 10000 Ki=100000
Kp = 1000,
Ki= 1000,
Yaw rate
tracking ability | 47 o554 11.4607 0.7107

(deviation error
ey in radz/sz)

Oscillations at the start of straight-line motion

Maximum 0115 0.165 0.042
overshoot

Settling time 2.7 2.7 0.3

Controller effort | 214,-180 352,-400 352,-320
(Torques on
front left
wheels )

(Max. and Min.
Torque in Nm)
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Comparison of Torque Distribution Strategies

To compare the different torque distribution strategies,
simulations were carried out with and without speed
control. Set 1 of controller gains (the lowest set in Table
1) giving the slowest responses was taken to more
clearly depict the differences between the results.

a. Comparisons of VSCs with Speed Control (80 kmph)

0.5 \ \ \
| | |
| | |
| | |
l l l
—_ 3 | | |
0 i | | |
E N
% i _::'.. \_/‘V | ;
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-------- yaw-(left+)-or-(right-)
----- yaw-(left+)-and-(right-)
05 I desired _
] ] ]
0 3 4 5 6
Time(sec)
10 ‘ ‘ : ‘
| | —yaw-left+
— 1 | yaw-right-
2B 5l | yaw-(left+)-or-(right-) | |
z i yaw-(left+)-and-(right-)
-% ---desired
s 0 N . 1
E I S— ]
Q | | |
(] | | |
© | | |
© l l l
Q S5---—--%---HJrr----- —— - Fo——-- [
@© | |
— | |
| |
l l
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|
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: i) | yaw-left+
: L1 |- yaw-right-
L " I yaw-(left+)-or-(right-)
O A bt yaw-(left+)-and-(right-)
I Steady State Bicycle Model
1% 1 2 3 4 5

Time(sec)

Figure 10 Comparison of VSC torque distribution
strategies: vehicle responses (Yaw rate feedback with
speed control, dry asphalt surface (u = 1))

As observed from the yaw rate and lateral acceleration
responses in Figure 10, Strategies 1, 2 and 4 show quite
similar time history plots while strategy 3 gives much
better results in terms of tracking ability and oscillating
behavior. Strategy 3 shows higher overshoot at the end
of maneuver but settles down quickly. The vehicle
returns to its straight-line motion very fast without any
oscillations. The yaw rate feedback control, in these test
cases, also kept the side slip angle small (even less than
the steady state values obtained from the reference
bicycle model).

Although Strategy 3 appears to give better tracking
ability, it shows high fluctuations in wheel torques (not
shown in here) as it involves a discontinuous switching
function. Further analysis and approximation of the
switch may be required to improve this strategy and
achieve realistic steady wheel torques.

In order to compare the control effort required by
Strategies 1, 2 and 4, input torques to individual wheels
are plotted as shown in Figure 11. It can be seen that
the maximum torque required is highest for Strategy 2
amongst all, while Strategy 1 requires a lower maximum
torque and the lowest straight-ahead torque.

— yaw-(left+)
yaw-(right-)
S yaw-(left+)and(right-)
E 200 €%
z z
o 0 0
l§ 200 E
-200; -2000
€ 200 £ 20
z =3
» @ 0
I§ 200 E
-200; -2000

Time(sec)

Time(sec)

Figure 11 Comparison of VSC torque distribution
strategies: Torque on individual wheels (Yaw rate
feedback with speed control, dry asphalt (u = 1))

It should be recalled that the corrective VSC torques are
added only to the left wheels for Strategy 1 while they
are subtracted only from the right wheels in case of
Strategy 2. But as observed from Figure 11, the time
history plots of the final torques corresponding to both of
these strategies are close and overlapping during most
of the time. This can be explained as follows. The
torques developed by the speed controller are such that
when the yaw rate controller corresponding to Strategy 1
adds positive torques to the left wheels of the vehicle |,
the overall torque on the vehicle increases and hence
the vehicle speed. The speed controller develops



Downloaded from SAE International by Clemson University Libraries, Sunday, May 31, 2015

negative torques and adds equally to the corrective yaw
torques on all the wheels, thus the net torques on outer
wheels are negative while those on inner wheels are
positive but of accordingly reduced magnitudes. The
variations in the torques on individual wheels
corresponding to Strategy 2 can be explained similarly.

Table 2 Summary of quantitative comparison of VSC
torque distribution strategies (Controller: Yaw rate
feedback, with speed control)

Parameters Strategy | Strategy | Strategy | Strategy
A 2 3 4

Yaw rate tracking
ability

(deviation error ,
ey in rad2/sz)

17.055 17.011 10.532 18.61

Lateral
acceleration
tracking ability 10016 9392 10714 1022.1
(deviation error
,tay In M2/s4)

Oscillations at the start of straight-line motion

Max overshoot 0.1145 0.109 Nil 0.115

Approx. Settling @3 @3 @0.5 @3

time (sec)

Controller effort

(Max.Torque, 213, 230, 240, 210,
Min.Torque in -180 -154 -150 -120
Nm)

b. Comparisons of VSCs without Speed Control

This case (the speed controller switched OFF) is
analyzed to make the distinction between the torque
distribution strategies clearer. The yaw rate response for
this case is shown in Figure 12.
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Figure 12 Comparison of VSC torque distribution
strategies: Yaw rate response (Yaw rate error feedback
without speed control, dry asphalt surface (u = 1))

Strategy 3 gives much better results compared to
Strategies 2 & 4 while Strategy 1 is the worst in terms of
yaw rate tracking ability. However, Strategy 3 has the
difficulties associated with the discontinuous switching
function as mentioned above. The resultant final wheel
torques corresponding to each of Strategies 1 and 2, on
one set of wheels (right wheels in case of Strategy 1 or
left wheels in case of Strategy 2) are constant as shown
in Figure 13.
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Figure 13 Comparison of VSC torque distribution
strategies: Torque on individual wheels (Yaw rate
feedback without speed control, dry surface (u = 1))

For both cases (with and without speed control), strategy
4 is the best based on the comparison of the
performance parameters listed in Table 2 above.

LATERAL ACCELERATION CONTROL

Lateral acceleration control was implemented on a
slippery surface (low-coefficient of friction, up = 0.3) with
and without speed control, to evaluate VSC
effectiveness under more severe conditions. Figure 14
shows a typical result for torque distribution Strategy 4
with speed control while using lateral acceleration
feedback. It shows that it tracks the desired responses
very closely throughout the maneuver, and maintains
small sideslip angles.
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Figure 14 Vehicle responses under VSC Strategy 4 with
lateral acceleration feedback with speed Control (40
kmph) on slippery surface (u = 0.3)).

COMPARISONS OF YAW RATE CONTROL, LATERAL
ACCELERATION CONTROL, AND COMBINED (YAW +
LATERAL ACCELERATION) CONTROL

To compare the three feedback controllers’ use in VSC,
simulations were carried out on a slippery surface (u =
0.3) for simulating sever conditions, using VSC torque
distribution Strategy 4. The nominal initial vehicle speed
is set at 50kmph, but is not controlled. This combination
is chosen for brevity of presentation. The results are
given in Figure 15.
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Figure 15 Comparison of feedback controllers: Vehicle
responses. Slippery surface (u = 0.3), without speed
control

As can be seen in Figure 15, the yaw rate and lateral
acceleration time history plots for the simulation test
conditions do not show any significant differences
between the three feedback controllers. The sideslip
angle of the uncontrolled vehicle starts deviating at the
end of the maneuver and the vehicle fails to maintain the
desired course (slip angle) while any of the VSC
feedback controllers limit the sideways drift.

The comparison of the torque profiles in Figure 16
shows that the combined (yaw + lateral acceleration)
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control produces higher peaks due to high gains chosen
for each of the PI loops considered.
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Figure 16 Comparison of feedback controllers: Torque
on individual wheels. Slippery surface (u = 0.3), without
speed control

CONCLUSION

In this paper, four torque distribution strategies were
proposed for possible stability control of vehicles with
independent wheel drive systems. The four torque
distribution strategies, which are based on a differential
torque transfer approach, attempt to achieve yaw
moment control through the feedback control variables:
yaw rate and lateral acceleration and a combination of
yaw rate and lateral acceleration.

Through simulations all three feedback controllers were
found to be effective in tracking the desired yaw rate and
lateral acceleration of the vehicle on dry and slippery
surface conditions. Sideslip angle of the vehicle also
remained very small and always below the desired
values. For the simulated test conditions and test vehicle
considered, this rendered separate side slip angle
control unnecessary. The Strategy 4 (VSC corrective
torques being added to left wheels and subtracted from
right wheels) was found to be the best one amongst all
torque distribution strategies considering various control
parameters and its ability to achieve realistic results.

The study presented in this paper constitutes first steps
towards the selection of a combination of torque-
distribution  strategy, components and feedback
controllers for active stability control of vehicles with
independent wheel drives. For example, the computed
torque magnitudes and time responses can be factored
into the design or selection of the electric motors or
hydraulic motors for independent drive systems. The
performance of the system can be evaluated in further
detail by introducing more degrees of freedom in the
vehicle model, using more robust/non-linear yaw

moment controllers and incorporating effective wheel slip
control.

NOMENCLATURE

Fy longitudinal tire force

Fy lateral tire force

F, lateral tire force

a tire slip angle

B vehicle sideslip angle

M, Total yaw moment acting on the vehicle about
the z-axis

Vy longitudinal velocity in vehicle plane  [m/s]
vy lateral velocity in vehicle plane

ay longitudinal acceleration in vehicle plane

ay lateral acceleration in vehicle plane

S¢ front wheel steering angle

T torque acting on wheel

w angular speed of wheel

S longitudinal slip ratio

I, total vehicle moment of inertia about the z-axis
r (or ¥) vehicle yaw rate

m total mass of the vehicle

I¢ distance of front axle from C.G. of vehicle

1, distance of rear axle from C.G. of vehicle

I wheel base

h height of C.G. of the vehicle above ground
d¢ front wheel track

d, rear wheel track

R wheel radius

Mg; self aligning torque of i" wheel (i=1,2,3,4)
g acceleration due to gravity

C,,C, Cornering stiffness of front and rear tires
(averaged per axle) respectively

Kus understeer gradient of the vehicle

Ko, Ki, Kq proportional, integral and derivative
gains of the PID controller respectively

AT differential corrective torque to be transferred

€a,. € ©rrors corresponding to lateral acceleration and

yaw rate control respectively.

SUBSCRIPTS

fl front left wheel

fr front right wheel

rl rear left wheel

rr rear right wheel

L left part of vehicle (includes front and rear left
tires)

R right part of vehicle (includes front and rear
right tires)

ay lateral acceleration control applied

r yaw rate control applied
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