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Abstract

In this paper, a comparison is made on different torque vectoring strategies to find the best strategy in terms of
improving handling, fuel consumption, stability and ride comfort performances. The torque vectoring differential stra-
tegies include superposition clutch, stationary clutch, four-wheel drive and electronic stability control. The torque
vectoring differentials are implemented on an eight-DOF vehicle model and controlled using optimized fuzzy-based
controllers. The vehicle model assisted with the Pacejka tyre model, an eight-cylinder dynamic model for engine, and
a five-speed transmission system. Bee’s Algorithm is employed to optimize the fuzzy controller to ensure each torque
vectoring differential works in its best state. The controller actuates the electronic clutches of the torque vectoring
differential to minimize the yaw rate error and limiting the side-slip angle in stability region. To estimate side-slip angle
and cornering stiffness, a combined observer is designed based on full order observer and recursive least square method.
To validate the results, a realistic car model is built in Carsim package. The final model is tested using a co-simulation
between Matlab and Carsim. According to the results, the torque vectoring differential shows better handling compared
to electronic stability control, while electronic stability control is more effective in improving the stability in critical
situation. Among the torque vectoring differential strategies, stationary clutch in handling and four-wheel drive in fuel
consumption as well as ride comfort have better operation and more enhancements.
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Introduction Transferring the driving torque to inner wheels leads

In recent years, torque control systems have been
increasingly used to improve vehicle performance,
safety and pollutant emission. These systems generate
additional yaw moment to correct the vehicle lateral
behaviour by asymmetric distribution of traction-
braking forces." * Nowadays, due to concerns over
safety, the electronic stability control system (ESC)
is extensively applied as a standard option of the
new brands of the car producers. Regarding to the
dynamic situations, this system independently acti-
vates each brake to return the vehicle to the stability
margin. Researches show that ESC plays a significant
role in improving vehicle stability and reducing fatal
crashes.” However, use of ESC often raises some
problems. Besides the decrease of the longitudinal
performances, ESC increases fuel consumption.”*
Asymmetric distribution of traction force using
torque vectoring differentials could be a solution.
These systems are able to actively transfer appropriate
controlled torque to each wheel, without br'clking.2’7’8

to more understeering, and for outer wheels it leads to
oversteering. In spite of this excellent control of cor-
nering performance, which comes from utilizing the
live axles and active differentials, the total applied
torque has merely a little difference with that of
applied in the conventional differentials. Several stra-
tegies for torque-vectoring differential (TVD) have
been proposed. All of these strategies use one or
two clutches for generating asymmetric torque
distribution.® '

Studies on the direct yaw moment control can be
traced back to the early 1990s. Shibahata et al.'
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showed that the direct yaw moment control with
proper distribution of traction and braking forces
on the right and left wheels provides a very effective
means to improve handling, stability and vehicle man-
oeuvrability. Motoyama et al.'' made an experimental
vehicle that controlled the traction force distribution
to each of the four wheels and showed that control of
the traction distribution between the left and right
wheels greatly influences turning characteristics even
in a marginal turning condition. Ikushima and
Sawase!? proposed a system for left-right torque dis-
tribution that had the ability to correct the vehicle
yaw moment, regardless of vehicle acceleration or
deceleration. Sawase and Sano® from Mitsubishi
Motors introduced (active yaw control (AYC) system
as the first torque vectoring differential, and investi-
gated the influence of this system on improvement of
vehicle stability and handling. Hancock et al."® did a
comparison between AYC and ESC from energy loss
point of view. The results indicated high energy loss in
vehicles equipped with ESC system. Deur et al.'* pre-
sented a unified mathematical model of active differ-
ential dynamics using the bond graph modelling
technique.

The present work is an investigation on the effects
of different TVD strategies of a four-wheel drive vehi-
cle in enhancement of longitudinal and lateral per-
formances, ride comfort and energy losses. To this
end, an eight degrees of freedom model is extended
for vehicle and Pacejka'® combined slip model for
tyres. To ensure the best operation of each TVD, a
fuzzy controller for each system is considered and
optimized with fuzzy rules and the orientation of the
membership functions as optimization parameters,
using Bee’s Algorithm.

The paper is organized in 11 sections. In sections 2
and 3, the vehicle, tyre, engine, transmission system
and the different TVD’s models are introduced and
discussed. In sections 4-7 the controller is designed
based on the optimal fuzzy scheme. Bee’s
algorithm (BA) is used as for fuzzy membership func-
tion optimization in section 8. In section 10, the
behaviour of each TVD strategies as well as ESC
during cornering in standard manoeuvres is studied.
Finally, in section 11, the concluding remarks are
presented.

Non-linear vehicle model
The vehicle dynamics

In the beginning of the section, several assumptions
are made.

e Considering speed range of the vehicle, the
Pacejka'® steady-state model is used for simulation
of dynamic interaction of the tyre and road.
However, it should be noted that for higher
speeds and changing road and tyre conditions,

transient tyre models'®!” in which the vehicle yaw

motion and oscillatory behaviour of the road fric-
tion force in cornering manoeuvres are taken into
account, yields more accurate results.

e The wheels are assumed to be rigid. So the distance
of each wheel’s centre to the ground remains con-
stant during cornering manoeuvres. However, the
wheels’ elasticity should be considered if investiga-
tion of ride comfort of the suspension system is
the main purpose. For more detail, the readers
are recommended to refer to Hegazy et al.'®

e In the present work, the effect of power transmis-
sion system dynamic on the overall motion of the
vehicle is considered. The engine is an eight cylin-
ders spark ignition type. The clutch has stribeck
friction model. Although this is not the case in
this research, to study the nonlinear vibration of
power transmission system it is better to employ
more accurate models of clutch friction.'” The
power train followed by different types of
differentials.

e Since to validate the presented models it is neces-
sary to compare the dynamic response of the vehi-
cle with those obtained from Carsim,?” the steering
input data for the standard manoeuvres are
selected based on those of used by Carsim.

Figure 1 shows a schematic diagram of an 8 DOF
vehicle model including longitudinal and lateral
speed (vy,v,), roll and yaw rates (¢ and r) and spin
motion of each wheel (w, r, wgr, @ r, wgr). The equa-
tions of motion according to Figure 1 can be summar-
ized as the equations (1) to (4)

Fprrcos (87) + Frrrcos (85) — Feppsin (8r)
— Ferpsin (87)+Frir + Frrr = my(“ag, (i)
+ my(“dg, (i) (1)

Ferpcos (8¢) + Ferpeos (87) + Frppsin (8r)

+ Frresin (87) + Fepr + Ferr
= my(“ag,())) +my("d,(j)) ®)
(Frrrcos (87) — Ferrsin (87) + Frrr + Ferrsin (37)

t

— Frppcos (8r) — Firrr) 3 + (Fcrreos (3r)

+ Ferrcos (87) + Frppsin (8¢) + Frrpsin (87))a

— (Ferr + Ferr)b + (M zrp + M zrr + Mz

+ MZRR) - (hsmxuan(i))Sin ((/7) + xu””u(l}y + QVX)
= I'6+ *Hg (k) cos (¢) +*Hg,(j)sin (¢)

3)

mgghs sin (@) — (dy + dp)p — (ky+ k. )p

+ hy(cos (9)m;“dg,(j) (4)

+sin ()m,"dg, (k) = *Hg (i)
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Figure 1. Eight DOF vehicle model.
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Figure 2. Engine torque map.

where “dg, (), “dg, (/). “da, (i), "dc,(j), " He, (i), *He, (),
Sﬁgs(k) and related equations to the wheels are
explained in Appendix 2.

The tyre and engine models

In order to simulate nonlinear behaviour of the tyres,
the Pacejka'® combined slip tyre model has been used.
The general form of the formulae is as follows

Y(x) = Dsin(Ctan™'{Bx — E(Bx — tan™"(Bx))})
5

In equation (5), Y(x) is either longitudinal force with
x as longitudinal slip ratio or lateral force with x as
slip angle or the self-aligning moment with x as the
slip angle. The above equation parameters depend on
the type of the tyre and road conditions. In this
research, a 195/65 R15 tyre is used. This study ignores
the transient tyre behaviour, camber angle and
turn-slip in tyre model. The inputs for this model
are longitudinal slip, slip angle and vertical tyre
loads which are described in Appendix 2. The outputs

are longitudinal tyre force, lateral tyre force and self-
aligning moment which are used in equations of
motion (equations (1) to (4)). The engine output
torque is calculated as follows

T, :f(wea ﬁrhr)- (6)

In equation (6), T, is the output torque, w, is the
engine speed and B, is different percentage of throttle
position. The engine used in this study is an eight
cylinder with a torque map characteristic which is
depicted in Figure 2.°' A five-speed transmission
system is considered and its gear ratio is given in
Table 1.

Torque vectoring systems

In this research, three types of torque vectoring dif-
ferential mechanisms are considered and compared
with ESC system. All these systems have one or two
clutches by which the asymmetric torque distribution
between the axles is made possible.® ' When two
clutch plates with different rotational speeds are com-
pressed against each other, the torque is transferred
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from the faster disc to the slower one. The transferred
torque is proportional to compression force and this is
the basic principle behind the TVDs.

The clutch model

Frictional torque transmitted by the clutch is a func-
tion of the normal compression force on each disc
(F,), number of active friction surfaces (n.), the
clutch friction surface radius (r.) and friction coeffi-
cient (ur) which generally depends on the clutch rela-
tive speed and calculated from equation (7)*

TF - Fcrcn(?u«F = T'reql'LF (7)

where 7)., is hydraulic torque and (ur) can be
described by the generalized Stribeck friction
model®. The Stribeck friction model and the param-
eters used are given in Appendix 2. A delay of 0.2s is
used as the differential actuator time lag. Also, the
Karnopp clutch friction model is used for zero-speed
region (locked mode).?

The SPC-TVD mechanism

In addition to ordinary differential, this system
consists of two clutches and a speed increasing—
decreasing gear for transferring the torque to the
slower or faster wheel. It is assumed that this system
is used in the rear axle of a 4WD vehicle (Figure 3)
and an open differential is used in the front axle.

Table |. Transmission ratios.

Gear | 2 3 4 5

Gear ratio 3.42 2.14 1.45 1.03 0.81

The torque can be transferred to the faster wheel,
provided that the faster wheel speed does not exceed
the slower wheel speed by more than 28% (equations
(8) and (9)). The relative speed between the left clutch
plates and the relative speed between the right clutch
plates are obtained from the equations (8) and (9),
respectively. The torque transmitted to the left and
right wheels is taken into account from the equations
(10) and (11), respectively.

h h
wp = <1 —21)602 _?lwl ®)
h h
on =20 - (1 - 22)602 ©)
Ty = STy + STy — AT — o (20 41
tl—2ler Sl =5hlp w14li 1
(1,
i (Z 121}*> (10)

1, 1 1
T[2 :ElTer—F (51’11 —_ 1>Tﬂ - <§h2 - 1>Tf2

(1, ay
—a)2<1121f +12> —a)l(zlzl}">

= 4 i+ ) T = T+ (1)L + () e

7z’ 2\ Zs VAVA
\z) e =770 =77
2 443 442

(11)

The STC-TVD mechanism

This system has two stationary clutches and two series
of planetary gears which are on the both output shafts

Left clutch

1+ Right clutch

‘ ‘ I gear

| _Speed reducing

Input gear

..\
N 5 7
1 Z, 3
Tnﬁ —z | = I]- 2 1.
Ve I, — = '
srlsmn)
Ced | A
“E |4C5 L6
e )/ 1\Zy 2.\ Zg
v o B R
Differential i \
mechanism o !

Speed increasing gear

Figure 3. Kinematic schemes of SPC-TVD.
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Figure 4. Kinematic schemes of STC-TVD.
of the ordinary differential (Figure 4). This differential i 2
acts like a normal differential while clutches being Hy; =2h—21’ H>» =2h—21’
inactive. When the left clutch is activated, more (52 :2 ) (hy—1)
torque is transferred to the left wheel and when the =Li+i (I+1g+1p), Ip=I,
right clutch is activated, more torque is transferred to L=L+I11.L=h+1s IL,=1I,. (15)

the right wheel. The demanded torque transfer to the
faster wheel can be achieved if the wheel speed differ-
ence does not exceed by more than the 28% of slower
wheel speed (equations (12) and (13)).

It is assumed that this system is used in the rear
axle of a 4WD vehicle and in front axle an open dif-
ferential is used. The relative speed between the left
clutch plates and the relative speed between the right
clutch plates are calculated from the equations (12)
and (13), respectively. The torque transmitted to the
left and right wheels is derived from the equations (14)
and (15), respectively.

wpn = Hyjjwy — Hpw (12)
wp = Hyiwy — Hypw) (13)
T, = %iTer +HpTp — HoyTp

— i (IT +%izl}k + Hiy el +H§11C2)

naw
— 2| 41 I' —HyHpley — HyHnle

(14)
I,
le :leer—i_szsz_H”Tfl
e
—an| 4 I; —HyHppley — HyHyplcr
. 1.
—a)z(rzk +11212" +H%11Cl +H%21C2)
AVA hy 2—h
h=h=—>—, Hi=r—"7=, Ho=g—"+
7>74 2(hy — 1) 2(h = 1)

The 4WD-TVD mechanism

This differential is particularly designed for using in
4WD vehicles, which possesses two stationary
clutches and two sets of planetary gears. This system
is not built around the traditional open differential
and when the clutches are disengaged, the output
torque is equal to zero. Through the simultaneous
control of both clutches, torque distribution between
the front and rear axle is adjusted and by the inde-
pendent control of each clutch, the torque between the
left and right wheels is regulated (Figure 5).

The relative speed between the left clutch discs and
the relative speed between the right clutch discs are
calculated from the equations (16) and (17), respect-
ively. The torque transmitted to the four wheels is
taken into account from the equations (18) to (21).

oy =Gio3+ Giwgs — o (1 + hy) (16)

wp = Grwz + Growg — wr(1 + hy)

z i Z i
hi = 7r, Gi=h gz—ll.lf, hy = 7 G, = hzgz—ll.lf,
S r S r
hi
=i 17
! lf/’ll +1 an

Thn=Tn(1+h)+ 3G L (1 + hi) + osGila (1 + h)
— (I + Iy (1 + ) (18)

Tp=Tp(1+hy)+a3G2Lp(1+ hy) + 043Gl (1 + hy)
: —in(l5 + Io(1 + 1)) (19)
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Figure 5. Kinematic schemes of 4WD TVD.
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The parameter values used in the vehicle model and
active differentials are given in Appendix 3.

The ESC system

Creating differential braking by increasing the brake
pressure at the left wheels compared to the right
wheels generates a counter-clockwise yaw moment and
vice versa. In the understeering situation, braking force
is applied on the inside rear wheel and in the oversteer-
ing situation the braking force is applied on the outside
front wheel.>* In this research, the vehicle equipped with
ESC has open differential in both front and rear axles.

The controller

The purpose of controller here is to track the desired
yaw motion and limit the side-slip angle within the

stability region. At high slip angles, the tyres lose
their linear behaviour and approach the limit of adhe-
sion. It is pointed out that on dry asphalt roads, the
limitation reached at a side-slip angle of approxi-
mately +12°, while on packed snow roads, this
value is about £2°.%° The control algorithm is fuzzy
due to fast response and simplicity in implementation.
The following empirical relation is suggested as the
critical side-slip angle of the vehicle for stability.*

IBC'i'ili(?al = tanil (002 Hg) (22)

where o is the road friction coefficient. This relation
yields an upper bound of 10 degrees at a friction coef-
ficient of u = 0.9 and an upper bound of four degrees
at a friction coefficient of © = 0.35. In this research,
low, medium and high side-slip angles are defined as
follows

1
Low side-slip angle: | B | < gﬂcritical (23)

Medium side-slip angle: %,BC,.,-,M/ <|B|< % Beritical
(24)

2
High side-slip angle: 5,3(,,.,-,,-65,/ < |,3| (25)
A desired yaw rate can be defined based on the dri-

ver’s steering input, bicycle model and vehicle speed
from equation (26)**%’

o Vo K — M ﬂ a
T hra+ K2 T T bh+a\CG G
(26)
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where M is the vehicle mass and (v,) is longitudinal
speed taken from vehicle model. Considering the tyre—
road friction coefficient, the desired yaw rate r; must
comply with the following conditions*+>°

lral < |— 27

X

where Crand C, are the front and rear cornering stiff-
ness, respectively. The fuzzy inputs are side-slip angle
(B), yaw rate error (e =r—ry) and its derivative
(é =7 —ry) and the output is clutch torque, T, in
equation (7). Obviously, by choosing n. and r. by
the designer, the force needed to push the clutch is
derived from T,./n.r. (equation (7)). The vehicle
yaw rate (r) is taken from vehicle model and the
side-slip is estimated from the measured vehicle
states. The control system decides to switch the appro-
priate clutching in the torque vectoring differentials or
appropriate tyres for braking in ESC. Moreover, the
allowable wheel speed difference for torque distribu-
tion is controlled in this layer. The schematic diagram
of the control system is depicted in Figure 6.

It should be noted that to minimize the total clutch
loss for the given torque transfer TVD’s, only one
clutch should be engaged in each time. The detail of
design and optimization of fuzzy control can be seen
in Appendix 4.

Fuel consumption and energy
considerations

The energy dissipated during each of the manoeuvres
is taken into account from equation (28)°

Eq= ) ( / Fri(riw;— Uyi)dt
i=RF,LF.RR,LR

2
- / FeiVydt + / TB,-w,-dt> +> / Thoudt  (28)
i=1

where E, is dissipated energy. The integrand terms are
energy losses due to tyre longitudinal slip, tyre lateral
slip, brakes and differential clutches. Also, the energy
losses can be obtained by subtracting the total kinetic
energy from the power train energy as given in the
equation (29). Both equations (28) and (29) give the
same result.

1 .
E; = / T.w.dt — [5 [M(vi + )+ (I + 1)

4
+ waz + lew% - M(V,zx() + V}Zyo):| + KTran.vi|
i=1

It

(29)

Model validation

In order to validate the vehicle model, the dynamic
responses including vehicle path, yaw rate, rolling
angle, and side slip angle under the fishhook man-
oeuvre are obtained and compared with those of
Carsim built model. As it can see in Figure 7, both
the 8-DOF model and Carsim model have very similar
dynamic behaviour. Therefore, the model is prepared
to be used in the optimum fuzzy control design pro-
cess. The main reason for using 8-DOF model rather
than Carsim model is its efficient execution time. This
property makes it suitable for performing a design
process based on optimization.

Parameter estimation

In order to estimate the side-slip angle and the cor-
nering stiffness in equation (26), a combined observer

Optimization
Bicycle model iControl system’s! Control system’s
| firstlayer | second layer A (pitor TVD model

- - | | | :

Ay, — ~ e | | T, ) !

9 i S (S | |
1/ VT S ]
v +H e ! e

1] Y @mmmj—l
»[ Vehicle model I, N

¥

V. .r

Steer angle — - St I - &
Crt, e S N
. . SRR - %

Parameter Estimation

-

QA

Throttle position

Figure 6. Schematic diagram of control system.
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Figure 7. Comparison of the vehicle responses for the 8-DOF model and the Carsim model.
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Figure 8. Bicycle model.

based on full-order observer and recursive least
square method is used.

Side-slip angle estimation

The 2-DOF vehicle model (bicycle model) with con-
stant speed is adopted to estimate the side-slip angle.
The bicycle model does not consider the tyre tangen-
tial force and ignores the load transfer of the vehicle
and the air resistance. Figure 8 shows the bicycle
model.

Assuming the vehicle side-slip angle (8) and the
steer angle of the front wheel (6;) are small, the vehicle
formulas are obtained as follows®

ma, = 2Cf<5f— B _va’> + 2cr<v—:b - ,3)
(30)

Li = 2aCy <5f— B~ fa) — 2bCr<va - ﬂ)-
(3D

Side-slip angle g and yaw rate r are used as state vari-
ables, and lateral acceleration a, and yaw rate are
used as system measurement variables. Equations
(30) and (31) can be expressed as state—space form

X = Ax + Bu (32)
y=Cx+ Du (33)
where
- 5 )
ot R O P
L r 0 a,
_2AG+CG) 2aG-2C
A= mvy mv2
2(aG=bCy) 22+ H2C)
L ]z IZVX
2C
i
_ X
B= 2aC 1 (35
L L. L
0 1
C=| 2(G+C)  2(aCr=bC) |,
m mvy (36)

0 0
D=|2¢

E
m

Then, the state—space observer dynamic equation can
be obtained using the state observer theory®

f= A%+ Bu—KG —y) (37)
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y=Cx+ Du (38)
where K is observer matrix gain. For high
response and robustness purposes, K is selected as
follows?’

1 (2aCf— 2bC,)/11}v212 1
4 CCla+b) Vy
K= 2 2
A=y m(a Cf+b C,A)
]Z(aCf— bCr)

(39)

in which A; and /, are the assigned pole values of the
observer. The diagram of designed observer is shown
in Figure 9.

&)

-~
L)

Figure 9. Structure of observer for side-slip angle.

Cornering stiffness estimation

To estimate the cornering stiffness, the recursive least
square method has been used. In least square estima-
tion, unknown parameters of a linear model are
chosen in such a way that the sum of the squares of
the difference between the actually observed and the
computed values is minimum. Equations (40) to (44)
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Figure 11. Flowchart of BA algorithm.
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explain the method

¥(t) = @"(16(1) 40
e(t) = y(t) — " (10(1) a1
% = P()p(t)e(?) (42)
1) = 7o (1 - ”?PO”) w
? = UDP() = P()e(1)e” (1)) P(1) (44)

where 6(7) is the vector of estimated parameters, ¢(7) is
the regression vector and e(z) is the identification error
between measured y(¢) and estimated value ¢’ (t)é(t).
The parameter 2 is called the forgetting factor.’® It
operates as a weight which diminishes for the more
remote data and P(t) is called covariance matrix, and
for the better results it is recommended to assume that
|IP|| < Ky. Equations (30) and (31) can be rewritten in
standard regression form as

2(5,»— B —%a) 2(Vib - ,3)

s ol
Pl r r c |
2a(6f—ﬂ—;a> 2b<v—b—,8) '
A L
(45)
Then
2<5f—ﬂ—via> 2<V'—'b—ﬂ>
y=[a;"], o' = " ! .
! 2a<5,-—,6—v—a) Zb(v—b—ﬂ>
A T L
GZ[C/]
C,
(46)

Therefore, cornering stiffness will be determined
by means of equations (40) to (46). Figure 10

shows the estimated and actual cornering stiffness
and side-slip angle. It is seen from Figure 10 that
the estimates of the states match well with the simu-
lation results.

Optimization

In order to improve the controller performances, the
designed controller is optimized for each TVD strat-
egy using Bees algorithm optimization method (BA).
The BA method is an optimization algorithm which is
inspired from a searching behaviour of the bees.>' The
flowchart of BA algorithm is depicted in Figure 11. In
this method, a population of optimization parameters
(fuzzy rules and the orientation of the membership
functions) with » individuals each called a bee is gen-
erated. The cost function for each bee is evaluated to
show which one finds a better place for flowers.
Comparing fitness function of the bees, m best
places are selected and a ngh neighbourhood for
each m places is defined. Then a number of bees for
best e places are recruited. After that, m bees related
to the best m places are selected. For n—m remaining
places, again some neighbourhood is randomly
defined and new population is generated.

Since the main purpose of controller is to improve
the vehicle handling and vehicle stability, the objective
function is obtained from the equation (47)

Minimize F(u)

where F(u) = V1/|I‘—I’d|dt

dt,

1 1 1
+ 5 V2 f(|ﬁ| - Eﬁcritiml) + '(|ﬂ’ - 5 ﬂ(fritica/)
(47)

in which v; and v, are weight factors for normaliza-
tion of cost function parameters. The first term of cost
function is defined for minimizing the integral of yaw
rate error (e = r — ry) and the second term is defined
to limit the side-slip angle lower than 1/28.iica as
much as possible. There are two layers of optimiza-
tion. In the first layer, fuzzy rules are optimized. In the
second layer, the skewness of the membership func-
tions is taken to obtain best value of the cost function
during a standard manoeuvre.

70(m) 25(m) 30(m) 25(m) 70(m)
I o o |
E 7 e b S -
2 S e e e e N .
e o o o - T e o o o
il a7 Input -7 ey Output
L ] " L ] [ ] L ] L ] ® L ] L ] L ] [ ] L ]

Figure 12. Desired path in DLC manoeuvre.



Jadfari and Shirazi

479

Manoeuvres

In order to evaluate the influence of each TVD, the
vehicle undergoes standard testing including the fish-
hook, J turn and double lane change (DLC). The
desired path in DLC manoeuvre is shown in Figure 12.
Steering angle histogram for the front wheels in J turn
and fishhook manoeuvre is shown in Figure 13.

Steer Angle(deg)
A b o 4O 4N WEG

4 5
Time (sec)

Figure 13. Steering command in front wheels in ] and
fishhook manoeuvre.

Discussion

Handling, stability, ride comfort and fuel consump-
tion are four criteria for comparing the performance
of the TVDs. Yaw rate error, side-slip angle and vehi-
cle speed—acceleration are quantitative measures for
handling, stability and ride comfort, respectively,
and for fuel consumption (or energy losses) equation
(28) is used as well. The integral of yaw rate error and
the side-slip angle for different TVDs’ strategies and
different initial speeds are shown in Figures 14 and 15.
It is seen that besides limiting the side-slip angle inside
the allowable range, four TVD strategies improve the
yaw rate.

Handling

Figures 14 and 15 depict that TVDs are as effective as
ESC in handling improvement. In fact the TVD stra-
tegies produce the necessary yaw moment by using
two wheels instead of one. However, 4WD-TVD
shows weaker performance than the other, because
when 4WD-TVD is activated, the torque in the
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Figure 14. folo |r — rq|dt and side-slip angle for vehicle equipped with the torque distribution systems under medium initial speed.
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Figure 15. fom |r — rq|dt and side-slip angle for vehicle equipped with the torque distribution systems under high initial speed.

front axle is reduced and on the contrary it increased
in the rear axle. Therefore, the handling tends to be
more oversteer. Among the different TVD strategies,
stationary clutch torque vectoring differential (STC-
TVD) and after that superposition clutch torque vec-
toring differential (SPC-TVD) show the best handling
performance.

Ride comfort

A weak point of ESC is speed and longitudinal accel-
eration reduction due to braking and as a result
reduction of ride comfort as well as more fuel con-
sumption. As a quantitative measure for ride comfort
performance, both the longitudinal speed and acceler-
ation reduction are taken into account. Figure 16
shows the longitudinal acceleration in the different
TVD strategies. Obviously in all three manoeuvres,
ESC dramatically reduces the ride comfort while in
TVDs, the speed and acceleration reduction is
negligible.

Figure 17 shows the percentage of average vehicle
speed reduction compared to a conventional vehicle in

investigated manoeuvres. According to this figure, the
ESC has a significant reduction in average speed,
while torque vectoring differential has a negligible
variation on the vehicle speed. According to
Figures 16 and 17, it can be said that ESC has weakest
ride comfort performance while among the TVD stra-
tegies, 4WD-TVD and STC-TVD have the
highest and lowest benefits, respectively. In TVDs,
the total wheel torque decreased when one of the
left or right clutches is activated, and thus the vehicle
tends to slightly decelerate during the torque distri-
bution process, but this reduction is much lower
than ESC.

Fuel consumption (energy loss)

One of the important sources of fuel consumption is
energy loss during successively braking and accelerat-
ing. From the fuel consumption point, each TVD
strategy as well as ESC should be analysed and eval-
uated. Figure 18 depicts the energy loss during the
standard manoeuvres. It is clear that the energy loss
for the ESC is much larger than that of lost by all
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Figure 16. Longitudinal acceleration in DLC manoeuvre.
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Figure 17. Percentage of average vehicle speed reduction.

kinds of TVD strategies. Among TVD strategies,
STC-TVD and SPC-TVD have more energy loss in
comparison with 4WD-TVD; however, this is much
less than the energy loss in the ESC.

Weight and price are other important concerns of
vehicle industries. One of the important items that
affects the price and weight of TVDs is the type of

the actuator. Figure 19 shows the integral of required
actuating torque for the different TVDs.

One can see that the required actuating torque to
generate corrective yaw moment in SPC-TVD is much
larger than that in STC-TVD and 4WD-TVD.
Accordingly, unlike 4WD-TVD and STC-TVD, a
SPC-TVD  requires a heavier and larger



482

Proc IMechE Part K: | Multi-body Dynamics 230(4)
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Figure 19. Actuation torque.

actuator which could be more complex and energy
consuming.

Handling and stability in lower friction coefficient

Cornering stability in low friction road condition is
one of the main concerns of vehicle dynamic control
system designers. Figure 20 shows the integral of
yaw rate error and side-slip angle of the vehicle
behaviour under wet road conditions. All the four
TVDs have improved the yaw rate, and the vehicle
side-slip angle has stayed in stability limits as well.
Moreover, both the TVDs like ESC improve the
stability, however STC-TVD shows the best hand-
ling performance while the 4WD-TVD is the worst
like before.

In spite of satisfactory functioning of TVDs, there
are several limitations in their applications. Unlike
ESC, the TVDs try to stabilize cornering using driving
and positive torque on wheels. Stabilization using
positive torque sometime has unexpected results.
To investigate some of these situations, two severe
manoeuvres are illustrated. In the first manoeuvre,
the vehicle is facing an obstacle and trying to avoid
it, whereas there is another obstacle beside the

vehicle’s path. The vehicle is moving with speed
Vo = 140’% and the steering angle suddenly reached
to the maximum value §; = 10°. In the second man-
oeuvre, the vehicle is facing an obstacle but there is a
transition from normal to slippery road condition
when it is avoiding the obstacle. The vehicle speed is
Vo = 80",—1’” and the steering angle suddenly reaches to
8= 6°.

To compare the performance of different systems,
five vehicle models are prepared. The passive model
consists of a simple Transmission model in the
absence of any TVD or ESC, three models equipped
with three types of TVD strategies and one model
has ESC. From Figure 21, it is seen that the best
performance belongs to ESC. Unfortunately, all
the three TVD strategies failed to control the sta-
bility of the vehicle. The main reason of priority
of ESC in stabilizing the motion is that ESC not
only controls the cornering dynamics based on the
generation of yawing moment but with reducing the
speed and lateral acceleration simultaneously. These
two cases showed that in critical situations, ESC
can control the wvehicle; however, none of the
TVDs is successful in stabilizing the cornering
dynamic.
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Conclusion

In this paper, different TVD strategies were introduced
and their performance is compared under the control
of an optimized fuzzy controller. The vehicle perform-
ances included handling, stability, fuel consumption,
and ride comfort. The vehicle model consists of engine
dynamics model, Pacejka tyre-road model, and trans-
mission model, and an eight DOF mixed longitudinal
and lateral dynamic model. Then three types of TVD
strategies as well as ESC system were used as cornering
and stability control system. Each system equipped
with an optimized fuzzy control which is optimized
using Bee’s Algorithm. The main contributions of
this research are summarized as below:

e Unless in the critical situations (high speed, high slip
angle and low friction) in which the ESC has domin-
ant stability control performance, in other situations
TVD strategies show much better performance.

e STC-TVD shows the better handling performance.

e 4WD-TVD has better ride comfort as well as fuel
consumption performance.

e SPC-TVD requires stronger actuator and larger set
of clutches to generate the controlling torques.

e 4WD-TVD required the driving torque apply to
the rear wheels to correct operation while there is
no such limitation for SPC-TVD and STC-TVD.
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Appendix |

Notations

“dg,,"dg,

a, b

Caf 5 Cocr
d,.dy

Fri, Fei, N;

Icarl 5 IcarZ

Ic
Ic
I

e

acceleration of the sprung and
unsprung mass (m.s °)
longitudinal distance from the front
and rear axle to the centre of
mass (m)

front/rear cornering stiffness
(N.rad™")

front/rear roll damping

(N m.rad's™")

longitudinal, lateral and vertical
tyre forces labelled

i= RF,LF,RR, LR(N)

gear ratio of the speed increasing
device

height of the unsprung mass from
the road surface (m)

height of the sprung mass above
roll axis (m)

height of roll axis above the
unsprung mass (m)

angular momentum of unsprung
and sprung mass

speed ratio of differential bevel gear
speed ratio of front and rear
differential bevel gear, respectively
the moment of inertia of the
ordinary differential (kg.m?)

the moment of inertia of the left
and right planetary carriers,
respectively (kg.m?)

the moment of inertia of the left
clutch (kg.m?)

the moment of inertia of the left
clutch and the gear 3 (kg.m?)

the moment of inertia of the right
clutch (kg.m?)

the moment of inertia of the right
clutch and the gear 2 (kg.m?)

the moment of inertia of the front
ordinary differential (kg.m?)

I,

E,F,E, B L

oyt fxyo fyz

I,
L, I

L, L, 5,1

k. ky

K Trans

my, my,

ne
r,rqg

RW? rC

T
Te, Ter
Tp, Tp

Treq

the moment of inertia of the gears
4,5 and 6 (kg.m?)

the moment of inertia of the gear 1
(kg.m?)

the moment of inertia of the rear
propeller shaft (kg.m?)

the moment of inertia of the rear
bevel gear (kg.m?)

the moment of inertia of the left
and right ring gears, respectively
(kg.m?)

the moment of inertia of the rear
left and rear right half shafts,
respectively (kg.m?)

sprung mass moment of inertia and
product inertia (kg.m?)

the moment of inertia of left clutch
and the left sun gear (kg.m?)

the moment of inertia of right clutch
and the right sun gear (kg.m?)

the moment of inertia of the gear 1
(kg.m?)

the moment of inertia of the gear 4
(kg.m?)

unsprung mass moment of inertia
(kg.m?)

wheel inertia (kg.m?)

the moment of inertia of the rear
left and rear right half shafts,
respectively (kg.m?)

the moment of inertia of the rear left,
rear right, front left and front right
half shafts, respectively (kg.m?)
front/rear roll stiffness (N
m.rad™ )

kinetic energy of transmission
system (J)

understeering parameter

wheel base (m)

total vehicle mass (kg)
self-aligning moment of wheel
labelled i = RF, LF, RR, LR (N.m)
mass of the sprung mass, mass of
the unsprung mass (kg)

number of active friction surfaces
vehicle yaw rate and desired yaw
rate (rad.s™")

effective radius of wheel and effec-
tive radius of clutch (m)

wheel tread (m)

braking torque applied to wheel
i= RF,LF,RR, LR (N.m)

engine torque and torque supplied
to rear axle (N.m)

clutch frictional torque right and
left (N.m)

hydraulic torque (N.m)
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U wis Vwi

Vi
Vi, Vy

VXO > VyO

Xy
Zi(i=1...4)
Zi (i=1...6)

Z,Zs

We

wp, W
Wi, @2

w1, W2, W3, W4

Appendix 2

torque supplied to the wheels
labelled i =1,2,3,4 (N.m)

the coordinate fixed to sprung and
unsprung mass

longitudinal and lateral wheel
centre velocities i= RF,LF, RR,
LR (m.s™h

wheel centre lateral velocity labelled
i= RF,LF,RR,LR (m.:s™ ")
longitudinal and lateral velocities of
the unsprung mass centre (m.s~')
longitudinal and lateral initial
velocities of the unsprung mass
centre (m.s~ ")

longitudinal distance from centre of
sprung and unsprung mass (m)
THE number of teeth of the gears
1-4 in Figure 4

the number of teeth of the gears 1-6
in Figure 3

the number of teeth of the ring gear
and sun gear, respectively

sideslip angle of the wheel labelled
i= RF,LF,RR,LR

different percentage of throttle
position

steering angle of front wheels (rad)
roll/yaw angle (rad)

longitudinal slip of wheel

road friction coefficient

angular velocity of the wheel labelled
i= RF,LF,RR, LR (rad.s™")

motor speed (rad.s™")

right/left clutch slip speed (rad.s™")
angular velocity of the rear left and
rear right wheels, respectively
(rad.s™h)

angular velocity of the rear left,
rear right, front left and front right
wheels, respectively (rad.s ™)

The “dq, (i), “dc,(j), “ac, (), “dc,(j), *Ha, (i), *He,())
and *Hg, (k) components are given as follows

“Hg,(k) = I sin(¢)d + L cos(p)fl + 2I,_ cos(¢)6¢

— I sin()0¢ + I,¢" + I, sin(¢)0¢
— Isin(9)0g — I,0% + I, (cos(¢))*¢”

(50)

“ag (i) = vy — v, — 6%x, + Osin(p)hs 4 2 cos()dghs
“aG.(j) = vy 4 Oy + Ox, + sin(p)¢hy
— cos(@)@hs + 67 sin(p)hy

“lig, (k) = — cos(@)¢”hs — sin(p)@h,

"G, (i) = by — Ovy, g, (j) = ¥, + vy

(1)

(52)

The vertical loads on the wheels can be expressed
as equation (53)

Nrp=Nsr— ANy —AN,,Nir=Nsg+ ANy —AN,,
Nir=Nsp— ANy + AN, Ng = Nsg + AN, + AN,

(53)

The parameters used in the above equations are given as

Nsr

Nsr

— ((mu + mv)g - msuan(k))C

2L

— ((mu + ms)g - n’ls‘uaG.S (k))b

2L

_ Hi(j) + (mi"dg, (i) + my"ag, () (hy + hv)

AN,

2L

Hy(j) = (hyn,“dg,(i) + *He,(j)) cos(p)
— hym, g, (i) — sin(g) He, (k)

AN,

_ Hy()) — sin p(0)hymyg
B 2t

_ (muuéG,,(j) + msuan(j))(hu + hl)

2t

(54)

(55)

(56)

Ho(i) = hym,“d6,(j) +* He, (i) — sin(@)hym g, (k)
— cos(@)hymy"ag, ().

(57)

According to Figure 1, the velocity at the centre of

SI?IG,V(Z') = Pj+ Px} sin(g)f + 1;29'2 _ 2I;Z(cos(<p))zéz vehicle wheels is calculated from equation (58)

+ I cos(¢) sin(p)d” — Ij cos(¢) sin(go)é2 My, — 9',/2 n v+ ét/2 7
(43) virp=|v,+6a |, Vrr=|v,+6a |,
. ) I . 6 6
*Hg,(j) = I,¢ + I sin(p)f + I} cos(¢)d - ; /2: - ; /2: (58)
- . - vy + 0t vy — 0t
+ P cos(p)f¢ — 2P _sin(¢)@ . v . .
ycos()fg = 21, sinp)y L @9 Sre=| v —6b |, Fix=| v —0b
+ I, cos()0¢ + I, cos(p) sin(p)0 K | K |

— I} cos(¢)bg
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So the slip angle of the wheels is calculated from
equation (59)

oy p = tan”! ( Yy +.0a ) —8narR

vy — 6t/2
— ! ( v, — 6b )

ve —0t/2)

QRp = tan™! ( Yy +.9a ) 5f,
vy + 60t/2

. —6b

arr = tan~! (“4> (59)

vy + 61/2

The wheel equation of motion is calculated from
equation (60)

lyoj=T;— R,Fri, i=LF LR, RF,RR. (60)
In equation (60), 7; is the torque transfer to the wheel,
R,; is effective radius of wheel and I,,; is moment of
inertia of wheel.

The longitudinal slip is
equation (61)

calculated from

_ |Rwiwi - Uwi|

61
Uwi ( )

Ki

In equation (61), w; is angular velocity and U,,; is the
velocity of each wheel hub in the rolling direction of
that wheel that can be derived from equation (62)

.t .
Uwrr = (vy + 6 x E) cos(8) + (vy + 6 x b)sin(5y),

UwLr = (v\ —0 x é)

UwLr = (vx —0x é) cos(8) + (v, + 60 x b) sin(8y),

Uwrr = (Vx +6 x é)
(62)

Stribeck equation

ur (in equation (7)) is described by the Stribeck equa-
tion that is given in equation (63).’

1r = (e + (s — e 1oV 4 Bl lsen(wr)  (63)

In equation (63), u., us and B, are the Coulomb
friction, static friction and viscous friction coeffi-
cients, respectively. wy is the relative speed between
clutch plates and w; and k are the Stribeck coeffi-
cients. The parameters used in equation (63) are
given in Table 2.

Table 2. Stribeck coefficients parameters.?

k Ws ,Bv Ms Mc
| 2 0.0032 1.2 0.9

Table 3. Numerical values of the vehicle parameters.

t=1.55(m) b=1.63(m) a=1.13(m)
h, = 0.3(m) hy = 0.1 (m) hs = 0.14(m)
I = 606 (kgm?) ms = 160 (kg) ms = 1369 (kg)

1Y = 100 (kgm?) I = 3791 (kgm?) I = 4191 (kgm?)

R, = 0.3(m) I = 450 (kgm?) It =200 (kgm?)
dr = 2000 k, = 30,000 ks = 30,000
(Nms rad) (Nms rad) (Nms rad)
g =9.81 (m/s?) l, = 0.9 (kgm?) dr = 2000
(Nms rad)

Table 4. Numerical values of the SPC-TVD mechanism
parame'cers.I4

hy = 1.125
I, = 0.05 (kgm?)

h; = 0.875 I* = 0.15 (kgm?)
I| = 0.05 (kgm?) i=2.8

Table 5. Numerical values of the STC-TVD mechanism
parame’cers.I4

hy =1.125 hy =1.125 I = 0.15 (kgm?)
Hi, = 3.5 Hi = 4.5 IF =0.15 (kgm?)
I =0.002(kgm?)  Hpp = 3.5 Hy = 4.5

I, = 0.001 (kgm?) I, =0.001 (kgm?) I = 0.002 (kgm?)
I, = 0.05 (kgm?) I| = 0.05 (kgm?) i=28

Table 6. Numerical values of the 4WD-TVD mechanism
parame'cers.I4

hy =26 h =26 ] =0.25 (kgm?)
l; = 0.002 (kgm?) Iy = 0.002 (kgm?) g=1.05
l4 = 0.05 (kgm?) I3 = 0.05 (kgm?) ir=2.8

Table 7. Linguistic terms of fuzzy controller.

Positive low ZP Negative low ZN Zero Z
Negative very high N3 Negative high N2 Negative medium NI

Positive very high  P3  Positive high P2  Positive medium Pl

Appendix 3

The numerical values of vehicle model and the active
differentials parameters are given in Tables 3-6.
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Table 8. Performance of the control system.

TVD ESC

Error & Fuzzy output Vehicle status Clutching Braking
e<0 8 >0 Positive Understeer Right clutch Rear-left
e<0 o <0 Positive Oversteer Right clutch Front-left
e>0 o >0 Negative Oversteer Left clutch Front-right
e>0 3 <0 Negative Understeer Left clutch Rear-right
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Figure 22. (a) Input membership functions and (b) output membership functions for the fuzzy controller.

Table 9. Fuzzy rule base.

B e N2 NI z Pl P2
Low z N2 P3 P2 Pl ZP z
NI P2 Pl ZP z ZN
z Pl ZP z ZN NI
Pl ZP z ZN NI N2
P2 z ZN NI N2 N3
Medium Pl N2 P3 P2 Pl Pl ZP
NI P2 Pl ZP ZP z
z Pl ZP z z ZN
Pl ZP z ZN ZN NI
P2 z ZN ZN NI NI
NI N2 Pl Pl ZP ZP z
NI Pl ZP ZP z ZN
z ZP z z ZN NI
Pl z ZN ZN NI N2
P2 ZN NI NI N2 N3
High P2 P3 P3 P3 P3 P3
N2 N3 N3 N3 N3 N3

Appendix 4

To set the fuzzy controller a Gaussian membership
function, Mamdani inference engine and centre of
gravity defuzzification method have been employed.
The abbreviations used in fuzzy rules and membership
functions are given in Table 7. Table 8 shows the
performance of the controller in selecting the appro-
priate clutching or braking. Positive fuzzy output
means that positive yaw moment is generated, and
the negative one means that the yaw moment is nega-
tive. Input and output normalized membership func-
tions (of non-optimized controller) are shown in
Figure 22(a) and (b). Fuzzy rules (of non-optimized
controller) used to control the torque control systems
are given in Table 9.





