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Abstract: This paper addresses the fault problem in distributed-four-wheel-drive electric vehicle
drive systems. First, a fault-factor-based active fault diagnosis strategy is proposed. Second, a
fault-tolerant controller is designed to reconstruct motor drive torque based on vehicle stability. This
controller ensures that the vehicle maintains stability by providing fault-free motor output torque
based on fault diagnosis results. To validate the effectiveness of the fault diagnosis and fault-tolerant
control, SIL simulation is conducted using MATLAB/Simulink and CarSim. A hardware-in-the-loop
(HIL) simulation platform with the highest confidence level is established based on NI PXI and
CarSim RT. Through the HIL simulation experiments, it is shown that the proposed control strategy
can accurately diagnose the operating state of the motor, rebuild the motor torque based on stability,
and demonstrate robust stability when the drive system fails. Under various fault conditions, the
maximum error in the vehicle lateral angular velocity is less than 0.017 rad/s and the maximum
deviation in the lateral direction is less than 0.7 m. These findings substantiate the highly robust
stability of the proposed method.

Keywords: distributed drive; electric vehicle; fault diagnosis; failure control; torque reconstruction

1. Introduction

A distributed-drive electric vehicle typically refers to an electric vehicle driven by
wheel-side motors or hub motors, offering several advantages over classical centralized
single-motor-drive electric vehicles. By eliminating the need for transmission shafts, gear-
boxes, and other components, the distributed-drive electric vehicle reduces vehicle weight,
optimizes the chassis structure, and ensures a more compact design, higher space uti-
lization, and improved transmission efficiency [1]. Moreover, the ability to individually
control each driving motor allows for more flexible and precise torque control, enabling the
implementation of advanced features such as operational stability, anti-slip driving, and an
electronic differential [2,3]. Therefore, it serves as an ideal platform for the application of
advanced vehicle dynamics control theories. Furthermore, the redundancy provided by
the distributed-drive electric vehicle drive system, with multiple power sources, enables
the coordinated control of multiple actuator units to achieve the desired driving torque.
This redundancy configuration ensures that even if some of the drive system motors fail,
the vehicle can maintain the intended driving state, thus ensuring driving safety [4,5].
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However, at the same time, a distributed-drive electric vehicle drive system with
multiple actuator redundancy configurations increases the probability of failure. To ensure
stable and safe driving, failure control can be employed to take advantage of the redundancy
configuration of the drive system actuators. In a distributed-drive electric vehicle, failure
control mainly refers to measures such as fault diagnosis, separation, and control of the
driving motor in the drive system hardware or software after the occurrence of a failure,
but before the vehicle becomes unstable. This reduces the tendency toward instability and
improves the safety and reliability of driving [6].

Fault diagnosis provides the theoretical basis for failure control, and precise and
reliable identification results are essential for failure control. Reference [7] proposes a
fault diagnosis method for distributed-drive electric vehicles based on an online estimator
of the tire—road friction coefficient. This method can work well even in the presence of
interference and modeling errors and has good robustness. Reference [8] proposes a fault
diagnosis method based on actuator redundancy. By comparing the actual motor torque
with its nominal value, motor faults can be detected more accurately, and faulty motors
can be assessed and located. Reference [9] designs a distributed-drive electric vehicle fault
detector based on the Extended Kalman Filter (EKF) wheel hub motor, which can observe
hub motor parameter changes caused by faults and identify motor faults. Reference [10]
applies differential algebraic methods to diagnose and isolate faults by establishing a
motor model. After identifying the faulty motor through fault diagnosis, an effective
failure control algorithm needs to be designed to reconstruct torque and fully utilize the
advantages of multiple actuator redundancy, ensuring that the vehicle can track the driver’s
expected trajectory even if the drive system fails. Reference [11] proposes to compensate
for the loss of the faulty motor by using an uncompromised one but lacks consideration of
actual working conditions. Reference [12] designs a fault control strategy for distributed-
four-wheel drive electric vehicles based on sliding mode control and proposes the use of the
motor weight matrix to characterize whether it is working properly. Reference [13] applies
fault factor limits to the faulty motor and reconstructs the torque of each wheel motor.
Reference [14] proposes a distributed-drive electric vehicle drive failure control method
based on power and stability to cope with different failure modes and driving conditions.
Reference [15] classifies different failure situations into two categories: the deceleration
and stopping type and the maintaining speed type. For the latter, the method suggests
shutting down the opposite motor of the faulty motor and using fuzzy control to maintain
the expected driving trajectory of the vehicle. References [16,17] propose a hierarchical
failure control strategy, which consists of signal acquisition, logic recognition, and failure
control layers. Reference [18] designs a torque distribution optimization strategy based on
direct lateral force control on top of the conventional drive system failure control to ensure
optimal overall performance.

At present, in the event of a failure, the control of the distributed-drive electric vehicle
drive system mainly consists of two components: fault diagnosis and failure control. Fault
diagnosis primarily involves comparing the actual output torque of the drive motor with the
expected output torque or a characteristic value that represents the current output torque,
which allows for the determination of whether the motor is malfunctioning. Conversely,
failure control mostly employs rule-based methods. Based on the failure mode of the drive
system, an appropriate control scheme is employed to reconstruct the driving torque of the
remaining functional motors, thereby preserving the vehicle’s power and driving stability.

This paper presents the design of a fault diagnosis tool that uses a cumulative judgment
approach, comparing the actual and expected values of the drive motor. By relying on this
fault diagnostic method, misjudgment of motor failure caused by motor torque fluctuation
can be avoided. Leveraging a set of rules designed to prioritize driving stability, a failure
control algorithm is developed for the remaining functional motors to ensure the seamless
operation of the vehicle.
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2. Drive System Fault Diagnosis and Failure Control Strategy Design

This paper presents a failure control strategy, encompassing fault diagnosis and torque
reconstruction, as illustrated in Figure 1. Based on the torque distribution outcomes from
lateral stability control, the ratio between the actual motor torque signal collected from
the drive system and the expected output motor torque, along with its rate of change, are
used as input variables for fuzzy control. The output is the failure factor k; of each drive
motor. The current failure mode is identified based on the failure factor k;, which can
be categorized into six different modes. The torque reconstruction process follows a set
of predefined rules, ensuring optimal driving stability and satisfying the driver’s power
requirements to the maximum possible extent, resulting in the final torque input to the
drive system, Tjs.

Results of
primary
torque

distribution

N
Rule — based
Fuzzy control B
2 torque
motor Failure 4 X
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Figure 1. Distributed-Drive Electric Vehicle Drive System Failure Control Framework.

2.1. Active Fault Diagnosis of the Drive System

Based on fuzzy control, a proactive fault diagnosis tool is designed for the drive motor,
allowing for timely and accurate monitoring of the motor’s working status, proactively
detecting malfunctioning motors, isolating them, and taking failure control measures to
ensure safe vehicle operation.

In the proactive fault diagnosis tool for the drive motor, the output failure factor k;
has a value of either 0 or 1, with 0 indicating a motor malfunction and 1 indicating normal
operation. p is defined as:

Ti
=Ty @

In the equation, T;g represents the expected output torque of the drive motor and Tj;
represents the actual output torque of the drive motor. Both can be obtained by collecting
the CAN communication messages of the motor.

A proactive fault diagnosis tool is designed based on fuzzy control, using p and its
rate of change, Ap, as input variables and ¢ as the output variable to evaluate the motor’s
operating status at this moment. First, the variables are fuzzified, and the fuzzy sets for
the input and output variables are defined. The range of p is [0, 2], divided into five fuzzy
sets. The range of Ap is [-100, 100], divided into three fuzzy sets. The range of the output
variable ¢ is [0.85, 1.05], also divided into three fuzzy sets. The partition of the fuzzy
variable fuzzy sets is shown in Table 1. The membership functions of each variable are
shown in Figures 2—4.

Table 1. Fuzzy sets of input and output variables for the Fault Diagnosis Fuzzy Controller.

p Ap (g
MS (Smaller) N (Negative) F (Failure)
S (Small) Z (Zero) Z (Possible failure)
Z (Zero) P (Positive) N (Normal)
B (Large)

MB (Larger)
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Figure 2. Membership functions of input variable p.
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Figure 4. Membership functions of output variable ¢.
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Subsequently, based on the fuzzy rules stored in the rule base, fuzzy inference deter-
mines the corresponding output variable based on the combination of input variables. The
design of fuzzy rules influences the control effectiveness of the fuzzy control and they are
established by the continuous fine-tuning of experience and model. The fuzzy inference
rules established are shown in Table 2.

Table 2. Fuzzy inference rules of the Fault Diagnosis Fuzzy Control.

P MS S z B MB
Ap
N F F z N F
z F z N z F
P F N z F F

The centroid method is adopted in this article for defuzzification, which ensures a
smoother output. As the expected output torque may be zero, leading to a zero point in
the denominator of p and consequently, an infinite value for Ap, a simple filtering process
needs to be applied to the expected output torque before feeding it into the fuzzy controller:

Tio = max(0.01, | Tj|) (2)

The current motor status is determined based on the output variable . If ¢ > 0.95, the
motor is in normal working condition, otherwise, a motor fault is present.

Figure 5 shows a comparison between the expected and actual values of the output
torque collected during the on-road test of a distributed-drive vehicle equipped with hub
motors on the rear wheels.

8000 " , ; .
— Actual value of motor output torque
6000 —— Motor output torque expectation

4000

2000

Torque (N-m)

-2000

-4000 : : : :
0 5 10 15 20 25

Time(s)
Figure 5. Comparison of the actual and desired output torque of the hub motor.

It can be observed that the actual and expected values of the output torque of the drive
motor are not the same, as small deviations exist under normal circumstances. Fuzzy control
can ignore these deviations and accurately determine the working status of the motor.
Moreover, at approximately 22 s, the motor experiences torque loss due to communication
interference and other factors. This situation is brief, and the motor quickly returns to
normal operation. To address this issue, the output results of the fuzzy controller need to
be cumulatively analyzed. If the number of fault judgments within a given period exceeds
the set threshold, the motor is considered to have failed, and it will be deactivated for
isolation treatment. The determination period and threshold can be adjusted according to
the real-time requirements of the vehicle.

By tracking the motor’s working status using two global variables and analyzing them
with the set threshold, the failure factor k; of the motor can be outputted, and ki = 0 would
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lead to the locking of the output results to prevent secondary damage to the motor due to
frequent failures.

2.2. Drive System Failure Control Strategy

As shown in Figure 6, the failure mode of the drive motor can be divided into six types:
no failure, single-motor failure, double-motor failure on different axles and sides, double-
motor failure on the same axle, double-motor failure on the same side, and multiple-motor
failure. The analysis of the six failure modes is as follows:

.
o

(a) (b)

-
-

() (d)

o
-

(e) ()

Figure 6. Drive system failure mode diagram (the grey-colored wheel in the figure represents
the wheel driven by the failed motor): (a) Normal operating conditions; (b) Single-motor failure;
(c) Dual-motor failure: opposite shaft and opposite side; (d) Dual-motor failure: coaxial; (e) Dual-
motor failure: same side; (f) Three-motor failure.

(1) No failure: the vehicle operates normally; (2) Single-motor failure: the lost longi-
tudinal force can be compensated for by reconstructing the torque of the normal working
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motor, while the lost lateral moment can be compensated for through the driver’s steering
angle or reconstructing the torque of the motor; (3) Double-motor failure on different
axles and sides: the lost longitudinal driving force and lateral moment can be compen-
sated for by reconstructing the torque of the two non-failed motors, prioritizing stability;
(4) Double-motor failure on the same axle: in this case, the drive system is considered as a
front- or rear-axle drive format; (5) Double-motor failure on the same side: the lost lateral
moment cannot be compensated for, and the vehicle needs to be stopped immediately for
treatment; (6) Multiple-motor failure: it is impossible to meet driving requirements, and
the vehicle needs to be stopped immediately for treatment.

In addition to normal driving and situations that require immediate braking, this
article will propose torque reconstruction control strategies based on vehicle stability
for failure modes (2)—(4). For this purpose, a seven-degrees-of-freedom distributed-dive
vehicle model shown in Figure 7 is considered, which includes the longitudinal and lateral
movement of the vehicle, the yaw motion around the z-axis, and the rotational motion of
the four wheels. In the dynamic equation of the model, W is the wheelbase, a is the distance
from the front wheel to the center of gravity, b is the distance from the rear wheel to the
center of gravity, r is the rolling radius of the wheel, and ¢ represents the steering angle of
the front wheel. ij =fl, fr, rl, rr respectively represent the left front wheel, right front wheel,
left rear wheel, and right rear wheel.

-

Fys 4
wi o
\ Fyaa

I
|
i
I

Figure 7. Distributed-drive electric vehicle 7-degrees-of-freedom model.

When a single-motor failure occurs, taking the example of the failure of the left front
wheel motor, the motor output should be isolated and shut off, i.e., Tﬂs =0. To improve the
real-time performance of the control algorithm, a distribution method that considers the
vertical load distribution of the front and rear axles is used, which can make full use of the
road attachment rate, at which point the constraint is expressed as follows:

Tfls =0
Tfls + Tfrs + Tos + Tirs = Ty
(Tﬂs + Tfrs)asiné + (Tf,scosé — Tf15c080 + Tyys — Trls> % =AM-r 3)
Tfls+Tfrs _ k
Ts+Trs z

where T is the total driving torque, AM is the additional lateral moment, and k; is the
ratio of the sum of the front wheel vertical loads to the sum of the rear wheel vertical loads,
which is defined as:

o F, zfl +F zfr

= 4
: Fyp + Forr @
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where F, is the vertical load of the wheel.
Solving Equation (3) yields the drive torque of the three motors that have not failed:

Tps =0
_ k
Tprs = 1 T
_( kyasind kzcosé+1\  Tqs  AMr 5
Ts = (7zw 5 ) ok W ©)
_ AM-r kzasind kzcosd—1 T,
TrrS_W_(ZW L >'1+kz

Based on the vehicle’s lateral stability, when the motor output exceeds the maximum
torque limit, sacrificing some power is necessary to ensure vehicle stability. The new
constraint condition can be expressed as follows:

T =0
Tfrs = Tfrm

(Tﬂs + Tfrs>asin5 + (Tfrscosé — Tf15€086 + Typs — Trls) W=AM-r (6)
Tfls+Tfrs _
Ts+Tes — 7

where Tf,;;, is the maximum output torque of the right front wheel motor at the current speed.
Solving for the reconstructed output torque of each motor yields the following results:

Tqs =0
Tfrs = Tfrm
Trem AM-r—Tg,,asind T £, COS0O 7
Ts = 2ka + V\j; — 2 @
Ttrm AM-r—Tfpyasind Tfrmcosé
Trrs = 2k, W + 2

When a dual-motor failure occurs on opposite sides of the vehicle, taking the example
of the failure of the left front and right rear wheel motors, these motors should be isolated
and their torque output should be shut off, i.e., Tﬂs =0and T,s = 0. The constraint condition
can be expressed as follows:

Tfls - Trrs =0
Tfls + Tfrs + Tos + Tirs = Ty (8)
(Tfls + Tfrs>asin5 + (Tf,scosé — Tf15086 + Trps — Trls) W=AM-r

Solving Equation (8) yields the output torque of the two normally operating motors:

Tfls =0
T, — _2AMr+W-T,
frs = 2asind+Wcoso+W

T — (2asind+Wcosd) T;—2AM-r
rls = 2asind+Wcosé+W

Trrs =0

©)

Based on the vehicle’s lateral stability and considering the maximum output torque
limit of the motors, the constraint condition should select the maximum output torque of
the larger motor after reconstructing the normally operating motors. Taking the example of
the right front wheel torque being greater than the left rear wheel, the constraint condition
is as follows:

Tfls = Trrs =0
Tfrs = Tfrm (10)
(Tﬂs + Tfrs)asiné + (Tf,scosé — Tf15c080 + Tyys — Trls> g =AM-r
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Solving Equation (10) yields the output torque of the two non-failed motors after
reconstruction when a dual-motor failure occurs on opposite sides of the vehicle:

Tfs =0
Tfrs = Tfrm

I, — (2asind+Wcoss) Ty, —2AM-r (11)
ris — W

Trrs =0

When a dual-motor failure occurs on the same axis of the vehicle, taking the example
of both motors on the rear axle failing, these motors should be isolated and their output
torque should be shut off, i.e., T;;s = 0 and T}s = 0. At this time, the distributed-drive
system changes from four-wheel drive to two-wheel drive, and the constraint condition
can be expressed as follows:

Trs = Tis =0
Tfls + Tfrs + Tos + Trrs = Ty (12)
(Tﬂs + Tfrs>asin5 + (Tfrscosé — Tf15c080 + Tyys — Trls) g =AM-r
Solving Equation (12) yields:

_ (2asind+Wcosd)T;—2AM:r

Tf Is = 2Wcosd
T — (Wcosd—2asind) T;+2AM:r
frs = 2Wcosd (13)
Ts =0
Trrs =0

Due to the maximum output torque limit of the motors, the constraint condition should
select the maximum output torque of the larger motor after reconstructing the normally
operating motors. Taking the example of the right front wheel torque being greater than
the left front wheel, the constraint condition is as follows:

Tis = Trs =0
Tfrs = Tfrm (14)
(Tﬂs + Tfrs)asiné + (Tf,scosé — Tf15c080 + Tyys — Trls> g =AM-r

Thus, the output torque of the two motors on the front axle after reconstruction can be
obtained when both motors on the rear axle fail:

Tris = Tim

T — 2AM-r—(Wcosd—2asind) Ty,
frs = Wcosd+2asind (15)

Trls =0
Trrs =0

3. Drive System Failure Control Strategy Simulation Verification

To verify the effectiveness of the designed failure control strategy, this study uses both
simulated software and hardware-in-the-loop simulation methods. The simulations are
based on the most common driving conditions of vehicles such as straight-line driving and
single-lane changing. The stability control effect of the vehicle is analyzed under various
failure conditions, including complete and partial failures of a single motor, dual motors
on the same axis, and dual motors on opposite sides of the vehicle.
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Fuzzy controller output o
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3.1. Software-in-the-Loop Simulation Results

The software-in-the-loop simulation verification of the designed fault-tolerant control
strategy for the distributed-drive system mainly includes the verification of the active fault
diagnostic of the drive system and the verification of the fault-tolerant control strategy after
identifying the failure. Since the simultaneous failure of the two motors on the same axis
is an automatic change of the vehicle from four-wheel drive to two-wheel drive, it is not
further verified here.

The actual output torque and the expected output torque of the drive motor shown in
Figure 5 are used as inputs to verify the effectiveness of the fault diagnostic. The results are
shown in Figure 8, which shows that in most cases, the value of ¢ is greater than or equal
to 0.95, and occasionally it is less than 0.95. However, due to the short duration, the motor
can still operate normally, and the failure factor remains at 1, indicating that the motor is in
a normal operating state. This verifies that the fault diagnosis has good robustness and can
avoid misjudgments caused by torque losses due to temporary signal fluctuations.

2
=
515+
[=%
=]
S
Rl
2 1
[
)
o)
g
505
©
w
. . . ] ol . . . . J
10 15 20 25 0 5 10 15 20 25
Time(s) Time(s)
(a) (b)

Figure 8. Robustness simulation results of the drive system fault diagnosis: (a) Fuzzy controller
output o; (b) Fault diagnosis output k;.

Based on the actual torque output expectation collected from the wheel hub motor in
Figure 5, noise and fault signals are added to simulate the actual torque output of the motor,
as shown in Figure 9. At 4 s, the motor fails, and the drive motor is unable to provide the
expected output torque for a long time. The fuzzy controller determines that it has failed,
and based on the accumulated diagnosis results, analyzes that it has failed. Therefore, at
4.01 s, the fault diagnosis output result becomes 0, indicating that the motor has failed, as
shown in Figure 10. At the same time, when the fault diagnostic output indicates that the
motor has failed, it is assumed that the motor may continue to fail in the future. To avoid
further damage to the motor caused by frequent failures in the future, the diagnostic result
is locked and the power output of the motor is turned off.

8000 ‘ ‘ : ;
— Actual value of motor output torque

6000 | } |—Desired value of motor output torque | -
— 4000 |{
E
z
T 2000
=]
23
2 0f

-2000 |

-4000 : . . :

0 5 10 15 20 25
Time(s)

Figure 9. Actual and expected torque values of fault diagnosis motor output.
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Fuzzy controller output o
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Figure 10. Simulation results of fault diagnosis for the drive system: (a) Fuzzy controller output o;
(b) Fault diagnosis output k;.

To verify the control effect when a single motor fails, verification was conducted
separately for the straight-line driving condition and the single-lateral-lane-shift driving
condition. The simulation control group did not deal with the failure situation. The
parameters of the two simulation conditions are shown in Table 3. The left front wheel
drive motor failed, and the fault factor is shown in Figure 11. A brief torque loss occurred
at 0.5 s, and the motor failed for a long time after 1 s.

Table 3. Simulation condition settings for single-motor failure control.

Operating Initial Speed Road Adhesion Throttle Pedal ~ Simulation End
Conditions (km/h) Coefficient Opening Distance/Time
Straight-line 50 0.85 40% 200 m

Single-lane-shift 50 0.85 15% 10s

1.5

1 -
S
3]
8
[0} 05 [ 7
S
©
L

0 b

-0.5 : : :
0 5 10 15 20
Time(s)

Figure 11. Simulation verification of failure control based on motor fault factor.

In the straight-line driving condition, the steering wheel angle remains unchanged at
0°, and the simulation stops at a longitudinal displacement of 200 m. The simulation results
are shown in Figure 12. In Figure 12a, the final speed of the optimized control group at the
end of the simulation is 59.21 km/h, while that of the uncontrolled group is 58.38 km/h. By
reconstructing the torque of the normal working motor, the driving force lost by the failed
motor can be compensated. Therefore, the final speed of the optimized control group is
higher, as shown in Figure 12¢, while the uncontrolled group in Figure 12d maintains its
original torque output. Figure 12b shows that reconstructing the torque can keep the vehicle
in a straight line, with a maximum lateral offset of 0.1 m, while the maximum lateral offset
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of the uncontrolled vehicle has reached 5.98 m, significantly deviating from the expected
straight-line trajectory. Figure 12e shows the deviation in the yaw rate between the two
groups of vehicles under the current simulation conditions, which is within a small range.
The stability performance of both groups of vehicles is good. Since the control strategy
proposed in this paper is more focused on tracking the yaw rate within the stable region,
the average deviation in the optimized control group’s yaw rate is 0.0002 rad /s, while that
of the uncontrolled group is 0.0047 rad/s. The optimized control group’s tracking of the
yaw rate is more accurate.

60 E 250 : :
'5 —— Optimal control group
2 —— No control group
58 2200 f
73
—_ ©
= g
£ 56 5 150 |
g 0
3 g
@ 54 S 100
2 °
7] =
52 : 50
—— Optimal control group o
— No control group §
50 © 0 .
0 10 15 g -2 0 2 4 6 8
Time (s) > Y-coordinate of vehicle centre-of-mass position (m)
(a) (b)
150 60 T T
100 F 50 \
P — Left front wheel =40 =----
£ 50 ——Right front wheel || 1S F ______________
< —Left rear wheel Z
(0] —— Right rear wheel o 30+
s | =
g o g
= =207 —— Left front wheel
-50 - = =Right front wheel
10+ —— Left rear wheel
- = =Right rear wheel
-100 0
10 15 0 5 10 15
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(c) (d)
6 x10°
A
-1 A
]
S 4t
9]
RNl
s 3
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5 2]
c
-% 1+ — Optimal control group |
S = = =No control group
2o |
-1
0 10 15
Time (s)
(e)

Figure 12. Simulation results for single-motor failure straight-line driving condition: (a) vehicle speed;
(b) vehicle trajectory; (c) optimal control of individual wheel torques; (d) no control of individual
wheel torques; (e) deviation in yaw rate.

The steering wheel angle in the single-lane-shift condition is shown in Figure 13:
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Steering wheel angle(deg)

Time(s)
Figure 13. Steering wheel angle input in the single-motor failure single-lane-shift condition.

The simulation results of the single-motor failure single-lane-shift condition are shown
in Figure 14. From Figure 14a, it can be seen that the final speed of the optimized control
group is 50.55 km/h, while that of the uncontrolled group is 50.27 km/h. Both groups
of vehicles can maintain their speed almost unchanged during the driving process. In
Figure 14b, the maximum lateral offset of the optimized control group during the single-
lane-shift process is 0.67 m compared to the normal driving, which can keep the expected
trajectory of the single-lane shift, while that of the uncontrolled group is 1.01 m, and the
trajectory has already deviated from the expected single-lane-shift trajectory. The lateral
deviation will gradually increase with time. Figure 14c,d show the torque output of each
wheel of the two groups of vehicles. The optimized control group detects the failure of
the left front motor, isolates and shuts off its power output, and adjusts the torque of the
remaining motors to ensure driving stability. Figure 14e shows the deviation in the yaw
rate of the two groups of vehicles during driving, with an average value of 0.016 rad /s for
the optimized control group and 0.022 rad/s for the uncontrolled group. Adopting failure
control can improve the yaw stability of the vehicle during turning.

The effectiveness of the failure control strategy for double-motor failure with different
axles and sides is verified, where the failed motors are the left front wheel motor and the
right rear wheel motor. The simulation results of the straight-line driving condition are
shown in Figure 15. From Figure 15a, it can be seen that the final speed of the optimized
control group is 60.31 km/h, while that of the uncontrolled group is 54.63 km/h, because
two motors have failed, the uncontrolled group has lost a significant amount of power,
and the optimized control group can compensate for the lost driving force by the normal
working motors, thus achieving a higher final speed. In Figure 15b, the maximum lateral
offset of the optimized control group is 0.02 m, while that of the uncontrolled group is
2.11 m, indicating that reconstructing the torque can keep the vehicle in a straight line,
while the uncontrolled vehicle will have a much larger lateral deviation. However, due
to the normal working of the remaining motors, a certain lateral force moment will still
be generated, resulting in a relatively smaller lateral deviation compared to the case of
single-motor failure. Figure 15e shows the deviation in the yaw rate of the two groups of
vehicles, with an average deviation of 0.0001 rad /s for the optimized control group and
0.0016 rad/s for the uncontrolled group, similar to the performance with single-motor
failure. The optimized control group can better track the expected yaw rate, and both
groups of vehicles are within the stable region.

To make the comparison more obvious, the duration of the single-lane-shift condition
simulation is set to 20 s, and the simulation results are shown in Figure 16. From Figure 16a,
it can be seen that the final speed of the optimized control group is 52.24 km/h, while that
of the uncontrolled group is 48.38 km/h. Similar to the straight-line driving condition, the
uncontrolled group will lose some power, and the optimized control group can meet the
driver’s power demand. In Figure 16b, the lateral deviation in the optimized control group
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compared to normal driving during the driving process is 0.52 m, which can maintain the
expected single-lane-shift trajectory, while that of the uncontrolled group is 1.84 m, and the
trajectory has already deviated from the expected single-lane-shift trajectory. The lateral
deviation will gradually increase with time. Figure 16c,d show the torque output of each
wheel of the two groups of vehicles. The optimized control group adjusts the torque of the
other two normal working motors on the diagonal to improve driving stability. Figure 16e
shows the deviation in the yaw rate of the two groups of vehicles during driving, with
an average value of 0.0083 rad/s for the optimized control group and 0.01 rad/s for the
uncontrolled group. Adopting failure control can improve the yaw stability of the vehicle
during turning.

50.6 : : . E160
—— Optimal control group & ——Optimal control group
—No control group "@ —— No control group
o
50.4 2120
—_ @
£ £
€ S
=< g
F50.2 £ 80
? g
Q @
% 2
50 2 40
k]
L
2
49.8 T 0
0 2 4 6 8 10 g -2 0 2 4 6 8 10
Time(s) P Y-coordinate of vehicle centre-of-mass position (m)
(a (b)
300 25
— Left front wheel
—Right front wheel
200 ~ Left rear wheel 20
—Right rear wheel
A R —
=

Deviatlon of yaw rate(rad/s)

oL Y

E
=
\/ N :
g10
-100 °
— Left front wheel

5 - = =Right front wheel ||
——Left rear wheel
- = =Right rear wheel

0 2 4 6 8 10
Time (s)

(d)

Time(s)

(e)

Figure 14. Simulation results for single-motor failure with single-lane shift: (a) vehicle speed;
(b) vehicle trajectory; (c) optimal control of individual wheel torques; (d) no control of individual
wheel torques; (e) deviation in yaw rate.

The simulation results for the two failure modes under straight-line driving and single-
lane-shift driving conditions are presented in Table 4. This failure control strategy effectively
diagnoses the occurrence of failures, exhibits robust performance, and successfully isolates
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the failed motors while reconstructing the torque of the remaining motors based on the
specific failure mode, ensuring both driving stability and power demand.
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Figure 15. Simulation results of double-motor failure on the opposite side of the opposite axis under
the straight-line driving condition: (a) vehicle speed; (b) vehicle trajectory; (c) optimal control of
individual wheel torques; (d) no control of individual wheel torques; (e) deviation in yaw rate.
Table 4. Failure control simulation results.
The Mean Value of Angular
Velocity Deviation of the Max. Lateral Deflection (m) Final Speed (km/h)
Failure Mode Condition Pendulum (rad/s)
Optimized No Control Optimized No Control Optimized No Control
Control Group Group Control Group Group Control Group Group
, Straight-line driving 0.0002 0.0047 0.10 598 5921 5838
Single-motor _ condition
failure Single-lane-shift 0.0163 0.0217 0.67 1.01 5055 50.27
condition
Double-motor Straightline driving 0.0001 0.0016 0.02 211 60.31 54.63
failure on the condition
opposite side of the Single-lane-shift 0.0083 0.0100 052 1.84 5004 4838

opposite axis condition
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Figure 16. Simulation results of double-motor failure on the opposite side of the opposite axis under
single-lane-shift condition: (a) vehicle speed; (b) vehicle trajectory; (c) optimal control of individual
wheel torques; (d) no control of individual wheel torques; (e) deviation in yaw rate.

3.2. Hardware-in-the-Loop Simulation Results

To further verify the effectiveness of the failure control strategy in an actual vehicle
control unit (VCU), HIL testing was conducted. In this paper, a hardware-in-the-loop
simulation platform based on NI PXI and CARSIM RT was constructed, as shown in
Figure 17. The platform is seamlessly integrated with the Simulink control model in SIL for
co-simulation. It consists of three main parts: the host computer, the tested VCU hardware,
and the industrial PC cabinet equipped with real-time processors and digital-to-analog
input and output boards.

Due to the inconsistency between the simulation cycle and the communication cycle of
HIL testing, the threshold for fault determination needs to be adjusted during HIL testing to
adapt to the actual controller. The minimum sampling period of the constructed HIL testing
platform was recorded as 10 ms. Therefore, the judgment period was set to 100 ms. If the
number of times when ¢ was less than 0.95 during the judgment period exceeded eight, it
was determined that the drive motor had failed and isolation processing was needed.
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Figure 17. HIL testing platform.

The actual output torque of the drive motor shown in Figure 5 and the expected
output torque were used as inputs to the fault diagnostic tool for HIL testing, as shown
in Figure 9. The test result is shown in Figure 18. Figure 18a is the output ¢ of the
designed fault diagnostic tool, while Figure 18b always outputs k; = 1, indicating that
the motor is in normal working condition. The HIL test results have demonstrated that
the designed fault diagnostic tool has good robustness which can avoid misjudgment
caused by torque loss due to transient signal fluctuations. For Figure 18c,d, when the motor
fails at 4 s, the drive motor cannot provide the expected output torque for a long time.
The fuzzy controller determines that the motor has failed, and based on the cumulative
judgment result, the fault diagnostic output results indicate that it has failed at 4.08 s. This
is consistent with the simulation results. The HIL test results have demonstrated that the
designed fault diagnostic tool can still diagnose whether the motor has failed in a timely
and accurate manner in actual controllers. Compared with the simulation results, the
influence of signal fluctuations is reduced due to the different sampling frequencies of the
controller and the CAN communication frequency, which is the reason why the threshold
needs to be adjusted according to the sampling frequency of the controller and the CAN
communication frequency.

To verify the consistency between HIL testing and the simulation results, the test was
conducted using the operating conditions in Table 3. The HIL test under the condition of a
single-motor failure in straight-line driving is shown in Figure 19. The results of the HIL test
are consistent with the simulation results; when the lateral angular velocity deviation is in a
small range in a stable situation, the average value of the lateral angular velocity deviation
optimized by the control group is 0.0005 rad /s, while that of the uncontrolled group is
0.0047 rad/s. The control group can track the lateral angular velocity more accurately. By
reconstructing the torque of the non-failed motor, the expected power of the driver can be
guaranteed, and the final speed of the optimized control group is higher than that of the
uncontrolled group. At the same time, adopting failure control can ensure that the vehicle
travels along the expected straight trajectory, with a maximum lateral deviation of 0.01 m,
whereas the maximum lateral deviation of the uncontrolled vehicle is 5.99 m.

The simulation of a single-motor failure in a single-lane-shift condition is shown in
Figure 20. Both groups of vehicles can maintain a speed of around 50 km/h, but the
trajectory of the uncontrolled vehicle gradually deviates from the expected single-lane-
shift trajectory, while the optimized control group can continue to travel on the expected
trajectory through adjustment of the torque of each wheel. Figure 20e shows the lateral
angular velocity deviation of the two groups of vehicles while driving. The average value
of the optimized control group is 0.016 rad/s, while that of the uncontrolled group is
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0.022 rad/s. Compared with the uncontrolled group, the optimized control group can
reduce the deviation from the expected lateral angular velocity and improve the stability
during turning, which is consistent with the simulation results.

The simulation of a straight-line driving condition with dual-motor failure on opposite
sides is shown in Figure 21. In Figure 21a, the final speed of the optimized control group is
60.32 km/h, while that of the uncontrolled group is 54.64 km/h. The optimized control
group can maintain the expected power. It can be seen from Figure 21b that the maximum
lateral deviation of the optimized control group is 0.072 m, which is slightly increased
compared to the simulation results, but it can still prevent the vehicle from running off
the road. The maximum lateral deviation of the uncontrolled group is 2.111 m, and the
vehicle gradually deviates from the straight-line-driving trajectory. Both groups of vehicles
are stable. The average lateral angular velocity deviation of the optimized control group
is 0.0002 rad /s, while that of the uncontrolled group is 0.0016 rad/s. The lateral angular
velocity deviation is improved compared to the uncontrolled group.

The simulation of a single-lane-shift working condition with dual motor failure on
opposite sides is shown in Figure 22. Similar to the straight-line driving condition in
Figure 22a, the uncontrolled group will lose some power and the vehicle speed gradually
decreases. The final speed is 48.38 km/h, while the optimized control group can meet
the driver’s power requirements, and the final speed is 52.27 km/h. In Figure 22b, the
optimized control group can still maintain the expected single-lane-shift trajectory, while
the trajectory of the uncontrolled group vehicle has deviated. With time, it will gradually
deviate from the expected trajectory. Figure 22e shows the lateral angular velocity deviation
of the two groups of vehicles while driving. Both groups of vehicles are in a stable operating
region. Due to the two normal working motors on both sides, the uncontrolled group
can provide some additional lateral torque, which makes it more stable compared to
the single motor failure condition. The average lateral angular velocity deviation of the
optimized control group is 0.0082 rad/s, while that of the uncontrolled group is 0.01 rad/s.
Adopting failure control can improve the driving stability after dual-motor failure on
opposite sides, and the lateral angular velocity deviation is smaller, which is consistent
with the simulation results.
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Figure 18. Drive system fault diagnosis HIL test results: (a) Fuzzy controller output for fault diagnosis
o; (b) Failure factor kj; (c) Fuzzy controller output for fault diagnosis o; (d) Failure factor k;.
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Figure 19. HIL test results for single-motor failure in straight-line operation: (a) vehicle speed;
(b) vehicle trajectory; (c) optimal control of individual wheel torques; (d) no control of individual
wheel torques; (e) deviation in yaw rate.

The hardware-in-the-loop (HIL) test results for the two failure modes in the respective
working conditions are presented in Table 5. These results are consistent with the simulation
findings, validating the efficacy of the proposed failure control strategy for the distributed-
four-wheel-drive system. The strategy can effectively diagnose drive-system faults in the
actual VCU. It can also isolate the faulty motor according to the failure condition and
restructure the torque of the remaining non-faulty motors, thus improving the driving
stability of the vehicle, maintaining the expected power, and enabling the vehicle to follow
the intended driving trajectory.
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Figure 20. HIL test results for single-motor failure single-lane-shift condition: (a) vehicle speed;
(b) vehicle trajectory; (c) optimal control of individual wheel torques; (d) no control of individual
wheel torques; (e) deviation in yaw rate.
Table 5. Failure control HIL test results.
The Mean Value of Angular
Velocity Deviation of the Max. Lateral Deflection (m) Final Speed (km/h)
Failure Mode Condition Pendulum (rad/s)
Optimized No Control Optimized No Control Optimized No Control
Control Group Group Control Group Group Control Group Group
, Straight-line driving 0.0005 0.0047 0.01 599 59.24 58.39
Single-motor _ condition
failure Single-lane-shift 0.0162 0.0219 0.70 1.01 50.54 50.28

condition
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Figure 21. HIL test results for hetero-shaft and hetero-side dual-motor failure in straight-line driving
condition: (a) vehicle speed; (b) vehicle trajectory; (c) optimal control of individual wheel torques;
(d) no control of individual wheel torques; (e) deviation in yaw rate.
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Figure 22. HIL test results for single-lane-shift condition with dual-motor failure on the opposite
shaft and opposite side: (a) vehicle speed; (b) vehicle trajectory; (c) optimal control of individual
wheel torques; (d) no control of individual wheel torques; (e) deviation in yaw rate.

4. Conclusions

The fault-tolerant control strategy designed in this study comprises two key components:
fault diagnosis and fault-tolerant control. The actual output torque of the drive motor and
the ratio of the expected output torque along with its rate of change are used as inputs to
design a fuzzy controller, which produces the motor fault diagnosis result. The accumulated
diagnosis results within a specified time period are analyzed to determine if the motor has
failed. The fault-tolerant controller identifies the failure mode based on the diagnostic results
of the four motors and applies fault-mode rules to restructure the torque of the non-failed
motors. This fault-tolerant control strategy effectively mitigates the impact of interference
signals, accurately identifies the failed motors and their failure mode, and exhibits robust
performance. By adopting torque reconstruction, this strategy can maintain driving power and
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stability. The software simulation and HIL test results show good consistency, confirming the
effectiveness and reliability of the designed control strategy.
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