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Abstract

This paper presents a traction fault accommodation system(TFAS) for four wheel independent drive
electric vehicle (4WID EV), which can comprehensively address issues of drive capability, stability per-
formance, reduce vehicle body impact and protect motor when fault occurs. This fault accommodation
system uses available information to reallocate the traction force. Firstly, this strategy takes account of
wheel force saturation and rate limitation as constraints; secondly, the strategy utilizes meeting desired
longitudinal traction force and yaw moment as optimization objective; thirdly, the strategy takes account
of the idea reducing priority in use of failure motor. Then, a dynamic control allocation method using
constrained quadratic programming is proposed, which can be solved by active set method. Detailed
simulations and trial results with an independent 4WID EV verify that the developed fault accommoda-
tion system provides significant benefits in terms of drive capability and stability performance while at
the same time also meets demand of motor characteristics in different fault situation.
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1 Introduction

In last decades, electric vehicle(EV) has attracted
a great deal of interest as a powerful solution
to both energy and environmental problems [1],
which has already become a significant aspect of
vehicle industry. Among various types of EV,
four wheel independently driven(4WID) electric
vehicle(EV) demonstrates broad prospects in ve-
hicle application in the future. 4WID EV could
achieve advanced performance than that of con-
Vzenéional vehicle due to the following advantages
[2, 3]

e High torque response.
e Precise torque generation.

e Precise knowledge of torque and wheel
speed.

o Capability of generating traction and brake
torque.

e Potentials in energy conservation.

e No adverse effect on driveshaft stiffness.

e In-wheel motors can be installed in rear and
front tyres.

e Eliminate series of energy-robbing parts,
including clutch, transmission, driveshafts
and differentials.

e Make the drivetrain more modular and pro-
vide additional space for other devices.

With these attractive property, many advanced
vehicle dynamic control strategies have been de-
veloped to enhance the vehicle dynamic con-
trol performance, including yaw moment control
[4], traction control [2] and other advanced con-
trol systems. Even though the new structure is
very attractive, some new problems arise. As
4WID EV is a complicated system which con-
tains many components, such as motors, invert-
ers, current sensors, batteries, controllers, speed
sensors, wires, et al, and all these components
continue operation over long life cycles under se-
vere environmental conditions. Although good
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design practise tries to minimize the occurrence
of faults and failures, there is a certain probabil-
ity that faults will occur during long life running.
The motor driven system is one of the most com-
mon and important sources of faults among all
components. When in-wheel motor fault occurs,
the motor can not provide the expected torque
and serious traffic accident takes place without
suitable control [5].

In order to deal with failsafe control in motor
drive system, current study focuses on motor
fault diagnosis [6] and motor fault tolerance con-
trol [5, 7]. In the EV application field, high re-
liability and robustness is necessary for various
vehicle operation conditions. Many fault tolerant
methods have been proposed when speed sensors
[5, 8], current sensors [8] , position sensors,etc.
fault occur.

These conventional studies on EV failsafe con-
trol are focused on how to detect fault states of
the constituting components and compensate for
the failed situations. A severe drawback of these
approaches is that these studies can only deal
with a total fault of single motor [8].

In order to maintain the vehicle stability and
track desired vehicle motions cooperatively, yaw
moment control and longitudinalptraction force
control should be concerned when we analyze
fault conditions. The virtual controllers of 4WID
EV consists yaw moment and longitudinal force.
As there are four independent drive motors in
4WID EV, the number of actual controllers ex-
ceeds virtual controllers(i.e. 4WID EV is an ac-
tuation redundancy system). There is a certain
probability that the excess number of motor can
be exploited to accommodate the faults in the re-
dundancy control problem.

Significant effort has been made in the last 30
years to solve problems in fault tolerant control
[9]. The problem of traction fault accommoda-
tion system(TFAS) for 4WID EV is closely asso-
ciated with control allocation in underwater ve-
hicles [10] and aircrafts [11]. In such cases, the
problem can be defined as the determination of
the independent actuator control values to gen-
erate desired virtual control in actuation redun-
dancy system. A control energy cost function is
often used as optimization objective.

This paper mainly focus on a novel TFAS for
4WID EV, which can comprehensively address
issues of drive capability, stability performance,
reduce vehicle body impact and protect motor
when fault occurs. Section 2 describes the con-
trol architecture of TFAS. A simplified vehicle
motion controller is introduced in section 3. In
section 4, firstly, a simplified 4WID EV model
for TFAS is developed. Secondly, a failure con-
trol allocation problem is established. The prob-
lem takes account of wheel force saturation and
rate limitation as constraints and utilizes fulfill
desired longitudinal traction force and yaw mo-
ment as optimization objective. A significant
algorithm 1s designed, which can reduce prior-
ity in use of failure motor. Thirdly, a dynamic
control allocation method is proposed by us-
ing constrained quadratic programming, which is
solved by active set method. In section 5, con-
trol strategy is tested and verified by experiments.

The conclusion with potential future work is ad-
dressed in the final section.

2 Control architecture

A standard hierarchical TFAS control structure
is shown in Fig.1. The state estimator collects
the information from 4WID EV and driver. The
vehicle motion controller calculates the desired
longitudinal traction force F.; and desired yaw
moment M,; by suitable algorithm. The con-
trol laws derived in the motion controller use the
generalized forces F.;, M .4 as virtual controls.
In normal conditions, the traction force allocator
allocates the traction force according to vehicle
state. Otherwise, TFAS takes in charge of the
allocator. Actual controls (traction force of in-
dividual motor) achieved by TFAS will give rise
to the desired virtual controls according to well
designed rules and constraints when fault occurs.

Controller
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Figure 1: TFAS control architecture

3 Vehicle motion controller

3.1 Desired longitudinal traction force

The desired longitudinal traction force can be
considered has linear relationship with acceler-
ation pedal reference «, which can be calculated
by Eq. (1) directly.

de:Kaa (1)

where K, denotes the magnification coefficient
of traction force.

3.2 Desired yaw moment

Years of effort has been paid to design the direct
yaw moment controller, especially using model
matching control theory[4, 12]. However, this
paper focuses on fault control not yaw moment
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calculation. It is assumed that the desired yaw
moment should be zero when fault occurs.

M.q=0 (@)

Further study will give a detail analysis of yaw
moment, which is not included in this paper.

4 TFAS control allocation algo-
rithm

4.1 4WID EV model design

In this paper, the actual 4WID EV model used in
control is shown in Fig.2. The vehicle has three
planar degrees of freedom for longitudinal mo-
tion, lateral motion and yaw motion. The con-
trol objective of TFAS is to make the faulty vehi-
cle motion control performance the same as the
healthy one. That means the vehicle motion con-
trol by TFAS should fulfill the desired longitudi-
nal traction force and yaw moment. The lateral
speed is not considered here. In this paper, indi-
vidual wheels are addressed by the subscripts as
presented in Table 1.

Figure 2: Actual 4WID EV model

Table 1: Abbreviations for the wheel positions

1 Frontleft 2 Frontright
3 Rearleft 4 Rearright

The vehicle longitudinal traction force F, and di-
rect yaw moment M, generated by in wheel mo-
tor can be expressed as Eq. (3)(4).

Fr=F+F+F3+Fy 3)
by b,
M, = E(FQ_F1)+§(F4_F3) “4)

where Fj;,7 = 1,4 denotes the tyre longitudinal
force generate by in wheel motor, by is front axle

track and b, is rear axle track. By writing the re-
lationship to a matrix form, Eq. (5) is generated.

y = Bx 5
y = [an MZJT

x = [Fy, Fy, F3, Fy)"

B =

1 1 1 1
by by b. b,
2 2 2 2
where y is virtual control, x is actual control, B
is the control effectiveness matrix.

4.2 Constraints design

As shown in Fig.1, the major approach to deal
with the fault motor is setting up linear con-
straints which depend on failure factor, motor re-
sponse rate and maximum traction force. Consid-
ering different fault situations, the motor is typi-
cally allowed to continue operation in a fault con-
straint, as shown in Eq. (6)

0 < F; < piFmax (6)

wi =0 Total fault
0 < p; <1 Partial fault, i =1,4
w =1 No fault

w; 1s the fault factor, which can be obtained from
motor fault diagnosis system. Fj,,x is the max-
imum traction force generated from each wheel
in healthy condition. The constraints described
by Eq. (6)should be simplified and rewritten in
matrix form:

x<x<X (7
X = [0707070]T
X = [/—1'17 M2, 13, /-1’4]TFmaX

Rate constraints should also be taken into ac-
count in the control allocation problem. The rate
constraint for motor is given by Eq. (8)

I'min S X S I'max (8)

where rmin, 'max denotes the minimum and max-
imum rate constraint of the motor.
It is reasonable to approximate the time deriva-
tive as

. x(t) —x(t—=T)

x() = - )

where T is the sample time, ¢ is real time.
Combining Eq. (7)-(9) yields over all constraints
at time ¢.

x <x<X 10)

x* = max{x,x(t = T) 4+ Trpin}
X* = min{X,x(t = T) + Trmax}
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4.3 Cost function regulation

A control allocation problem can be formulated
now. The optimization objective of control al-
location is to fulfill longitudinal traction and
yaw moment demands with the constraints in
Eq. (10). The control strategy utilizes desired
longitudinal traction force and yaw moment as
optimization objective. Such problems can take
the form of a cost function shown in Eq. (11)

Q=arg min |Hy(Bx—yg)l2 (1D
x*<x<x*

Ya = [Fea, M.q]"
Hy = diag(HyF, HyM)

where H,r is the weighting function of longi-
tudinal force, Hy s is the weighting function of
yaw moment, yq is desired virtual control.

H, should be tuned by real-time vehicle status,
when vehicle velocity is low and steering angle is
small, TFAS tends to fulfill longitudinal traction
force F);, H,r should increase; when vehicle ve-
locity is high or steerinﬁngle is big, TFAS tends
to fulfill yaw moment M, H, s should increase
to fulfill the desired yaw moment. One possible
way to dynamic regulate H, is Eq. (12)(13).

Hyr = cre~e2lvel 4 cgemealdsl (12)

Hyy = C5€CG|UZ| + 07ecs|5f| (13)

where c;,j = 1,8 are positive real parameters,
v, can be estimated by the method developed by
our group[13]. The solution of Eq. (11) satisfies
the demand of the driver but not an optimal solu-
tion. Considering the idea of reducing the usage
level of fault wheel, a further optimization objec-
tive is developed, as shown in Eq. (14).

u = arg min | Hyx||2 (14)
x€e)

1 1 1
pr+n g +n p3+n g+

where H, denotes the usage level weighting
function matrix. By increasing usage level
weighting coefficient of fault wheel, the usage
level of failure wheel is reduced. 7 is a very small
positive real parameters.

By combining Eq. (11)(14), a new cost function
can be obtained.

H, = diag(

w=arg_min_[FLx|3+ \H,(Bx - ya) 3

x* <x<X*

(15)
where ) is a penalty factor. A is normally chosen
to be very large in order to emphasize the im-
portance of fulfill longitudinal traction and yaw
moment demands.

4.4 QP problem solve algorithm

(15)can

The control allocation problem of Ec%
em form,

be transformed to a standard QP prob
shown in Eq. (16).

1
min 5xTHx +c’x (16)
s.t. Ax>Db
H =2(H]H, + \B"H,H|B)
" =-2\y;H,HB
A= 1"
b=[x" —X']
This QP problem can be solved by active set al-

gorithm [14].

5 Experimental results

Experimental validation of TFAS is carried out
over a test 4WID EV developed by our group,
shown in Fig.3 [15].

A series of tests is conducted to verify TFAS. In
this paper. experiment data of two manoeuvres
are considered here, as shown in Table 2.

Table 2: Experimental Manoeuvre

Case No. Manoeuvre Tendency

Al FR wheel fault, low speed F,
A2 FR wheel fault, high speed M,

Experiment is carried out on good road, and mo-
tor fault occurs when the vehicle is running. In
order to guarantee comparability of each exper-
iment, the desired traction force F,; is equally
distributed to four wheels in healthy condition,
which is defined as F'™*.

EVS26 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium 4



Fig.4 corresponding to Al. In Al, vehicle ve-
locity is low and steering angle is small, the ten-
dency of the strategy is to fulfill the longitudinal
traction demand, H,r increases. At 1.3s, front
right wheel is partial fault, o = 0.2. The in-
creasing force of rear wheel compensates the lost
force of front right wheel. Both the longitudinal
traction force and yaw moment demands are sat-
isfied. At 2.8s, front right wheel recover partial
function, pue = 0.5. The failure coordinate con-
trol strategy works well. At 4s, the front right
wheel is totally faulty, o = 0. In case A1, TFAS
increases the force of all the healthy wheels to
maintain traction demand but generate a small
yawl rate, which can be compensated by steering
angle.
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Figure 4: Experiment data of Al

Fig.5 corresponding to A2. In A2, vehicle veloc-
ity is high and steering angle is small, the ten-
dency of the strategy is to fulfill the yaw mo-
ment demand, H,); increases. At 3.2s, front

right wheel is partial fault, 4o = 0.2. The in-
creasing force of rear wheel compensates the lost
force of front right wheel. Both the longitudinal
traction force and yaw moment demands are sat-
isfied. At 5.8s, front right wheel recover partial
function, po = 0.5. At 7.6s, the front right is
totally faulty, pio = 0. In case A2, TFAS works
well and controls the forces of all the wheels to
fulfill yaw moment demand.

6 Conclusion

Traction fault accommodation system for four
wheel independently driven electric vehicle has
been proposed. The validation of the proposed
TFAS is verified by reasonable and acceptable
experiment results. TFAS can maintain traction
ability and stability of 4WID EV, reducing vehi-
cle body impact and protecting motor when fault
occurs. TFAS is also fit for independent drive ve-
hicle with multi-wheels. Further research should
concentrated on fault diagnosis and yaw moment
calculation when fault occurs.
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Figure 5: Experiment data of A2

Abbreviations

TFAS  Traction Fault Accommodation System
4WID Four Wheel Independently Driven

EV Electric Vehicle

QP Quadratic Programming
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