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Summary

Due to the complex operating environment, higher requirements for fault tolerance are proposed to
direct-drive hub motor. Multi-unit modular hub motor is a common design scheme for fault tolerance,
and removing fault modules is the commonly used strategy, however, the workload of healthy modules
will increase significantly, which brings in heat risk. In order to alleviate the above problems, this paper
studies different fault-tolerant strategies for four-element modular hub motor under open-circuit and
short-circuit faults making fully use of the healthy winding in fault unit. Firstly, the inverter topology
suitable for multi-unit modular hub motor to realize fault tolerance function is discussed, and then the
motor performance under circuit faults is analyzed. Through theoretical analysis and simulation
verification, different fault-tolerant strategies under open circuit and short circuit faults are derived and
analyzed respectively. This work provides reference to the study of fault tolerance strategy for modular
hub motor.
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1 Header

As the core technology of distributed drive of new energy vehicles, hub motor is widely favored by the
new energy vehicle industry -1, The hub motor is generally arranged in the hub, with compact space and
severe operating environment, which puts forward strict requirements for system reliability and fault-
tolerant operating under fault state.

The multi-unit modular design makes the hub motor system with redundant fault-tolerant function, which
can easily realize magnetic and thermal isolation, and effectively inhibit the diffusion of failure hazards.
Each unit motor can work independently or concurrently, ensuring the reliable operation of the system [+°1,
In case of winding fault, in order to ensure the output torque equivalent to the normal state, the fault module
can generally be removed to make the remaining healthy modules continue to work, but the working load
of the healthy module increases, which is likely to introduce hidden troubles. Therefore, in order to reduce
the workload and motor loss of the remaining healthy modules, the fault module must operate under a
certain fault-tolerant strategy, and the torque distribution principle of each module also needs to be adjusted.

In order to explore the above problems, this paper focuses on the fault-tolerant strategy of four-unit
modular hub motor. Firstly, the inverter topology suitable for multi-unit modular hub motor to realize

EVS35 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium



fault-tolerant function is discussed ®-®, then the electromagnetic and thermal characteristics of the motor
under open circuit and short circuit faults are analyzed, and the fault-tolerant strategies for open circuit
and short circuit faults are discussed and studied respectively. Finally, the motor performance is verified
by simulated open circuit fault test.

2 Fault-tolerant inverter topology of hub motor

In order to realize the fault-tolerant function of hub motor system, it is necessary to consider not only the
design of motor, but also the topology of inverters, so as to realize the effective fault-tolerant control of
each motor module ). Some common inverter topologies are discussed as below.

2.1 Neutral point interconnection scheme

For three-phase AC motor, the inverter normally adopts three-phase half bridge topology (as shown in
Figure 1). Since the sum of three-phase currents is not always zero when the motor fails, it is necessary to
provide a special loop for zero sequence current. Therefore, to realize the fault-tolerant performance of
hub motor under fault, the topology of inverter for motor drive is also different from that of general system.
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Figure 1: Three phase half-bridge topology

For multi-unit modular motors, to realize fault-tolerant operation in fault cases, the neutral points of the
motor windings of each module can be interconnected through bidirectional thyristors, so that the zero
sequence current of the fault module can be introduced into the three-phase winding of the health module.
The additional cost of module interconnection topology is relatively low, but the control method is
complex, and it is necessary to sacrifice certain performance of health modules to meet the fault-tolerant
operation of fault module. In cases of faults, the health modules and fault modules cannot be effectively
isolated. To realize the independent control operation of each module motor, the fault-tolerant control
scheme of single motor is generally adopted.

2.2 Three phase H-bridge scheme

The three-phase H-bridge circuit can not only realize the independent control of each module of the hub
motor, but also realize the independent control of the three-phase winding of each module with high
reliability. Its topology is shown in Figure 2. Meanwhile, the withstand voltage of power devices is also
reduced compared with the three-phase half bridge topology. However, the disadvantages of H-bridge
circuit are obvious as well: compared with the three-phase half bridge structure, the number of power
devices is doubled, as a result, the volume, weight and cost of inverter are significantly increased.

Figure 2: Three phase H-bridge topology
2.3 Two-phase four-switch scheme

The topology of the two-phase four-switch inverter is shown in Figure 3. The neutral point of the three-
phase winding is connected to the capacitor midpoint of the power bus through the bidirectional thyristor.
When one winding fails, the corresponding phase is cut off through the closed control signal, and the
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bidirectional thyristor begins to conduct, the remaining two-phase winding current is connected from the
neutral point of the three-phase winding to the midpoint of the bus to form a zero sequence current circuit.
The topology of two-phase four switch structure is relatively simple. Compared with the three-phase half
bridge topology, only one bidirectional transistor needs to be added, and the additional cost is relatively
low. However, the zero sequence current entering the middle point of the bus will lead to large ripple in
the capacitive current, especially under heavy loads, the bus voltage fluctuation is more serious. Multiple
inverters share the same bus in a modular motor system, so this fault-tolerant structure is not suitable.
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Figure 3: Two-phase four switch structure topology
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For multi-modular hub motor with one power bus, the fault-tolerant topology commonly used in
engineering is the three-phase four-leg topology, as shown in Figure 4. When the system works normally,
the bidirectional thyristor is disconnected, the fourth bridge leg is not put into operation, and the inverter
works as a three-phase half bridge inverter. When the winding fails, the fault winding is cut off and the
two-phase thyristor triggers to conduct at the same time to put the fourth bridge leg into operation to
provide a loop for zero sequence current. Compared with the two-phase four-switch topology, although
the three-phase four-leg topology equips with one bridge arm additionally, but alleviate requirements for
the bus capacitance and is of high reliability.

Lt

Figure 4: Three-phase four-leg topology
2.5 Topology scheme selection of fault tolerant inverter

The modular hub motor is improved from the traditional hub motor, which is divided into several modules
in the circumferential direction of the motor stator. Each stator module equips with an independent three-
phase AC winding and is powered by an independent inverter. For the four-unit modular hub motor, the
comparison results of the above four different inverter topologies are shown in Table 1.

Tablel Comparison of four module In-wheel motor with different Inverters topology

Neutral point Two-phase four- Three-phase
. . . Three phase H- )
Project interconnection bridge topology switch structure four-leg
scheme topology topology
Number of
IGBTs 24 48 24 32
Number of
bidirectional 4 0 4 4
thyristors
Advantage Low additional cost High reliability | Low additional cost | High reliability
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The control is High additional
complex, and the cost, the increase

Bus voltage Add one bridge
. module cannot of volume and .
Disadvantage . fluctuation is arm for each
operate weight of the .
. . . serious module
independently in inverter are
case of failure significantly

Considering the system reliability and the additional cost of the inverter, the three-phase four-leg topology
of the inverter is more suitable. All modules share one rotor and all inverters share the same bus voltage.
The fault-tolerant system of modular hub motor is shown in Figure 5.

Figure 5: Modular hub motor topology

During normal operation, the stator windings of each module of hub motor are connected with three-phase
symmetrical current to jointly drive the rotor to rotate according to the principle of average torque
distribution 29, At this time, each module generates a traveling wave magnetic field in the air gap and a
rotating magnetic field together in the air gap of the motor, which is the same as the traditional permanent
magnet hub motor. In case of winding fault (such as open circuit on a phase winding of one module), the
fault module can be removed and the remaining healthy module can continue to work. To maintain the
same output as a whole, the winding current and output torque of the healthy module are obviously greater
than those under normal operation. In order to alleviate the workload and motor loss of the remaining
healthy modules, the fault module is supposed to operate under a certain fault-tolerant strategy. At this
time, the torque distribution principle of each module also needs to be adjusted. In the following part, the
motor characteristics under fault state are analyzed, and then the fault-tolerant strategies of modular hub
motor under open circuit and short circuit faults are discussed.

3 Motor performance analysis under fault state
3.1 Electromagnetic analysis of motor under open circuit fault

Open circuit fault is the most common fault in motor operation. During normal operation, the stator
windings of each motor unit are conducting with three-phase symmetrical current which is in the same
phase with the corresponding no-load back EMF, named *“ ‘e = 0” control strategy. At this time, the
electromagnetic torque of the unit motor can be expressed as:
T — eoalateopipteocic _ 3Eol L)
€ 0 0

Eosand iain the formula represent the back electromotive force and current of a phase respectively, @
represents the rotor speed.

When open circuit fault occurs in one phase winding (assuming A phase winding), the current of the fault
phase winding disappears. The three-phase current phasor of the fault module before and after the open

EVS35 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium



circuit fault is shown in Figure 6.

Is
Eos
a) Before fault b) Aafter fault
Figure 6: Three phase current phasor before and after open circuit fault

After the open circuit fault, the electromagnetic torque of the unit motor becomes:

__eogiptegcic
T, = “tee )
It can be seen from formula (2), The electromagnetic torque of the fault module motor is reduced to 2/3
compare with the normal state, and for the four-unit hub motor, the electromagnetic torque is reduced to
11/12 of the normal working. After the three-phase winding of the fault module is cut off, only three unit
motors are left to work, so the electromagnetic torque decreases to 3/4 of the normal state.

3.2 Thermal analysis of motor under open circuit fault

Considering hub motor is of good sealing performance and the heat dissipation effect of water-cooled
motor is generally much better than other heat dissipation methods, it can be supposed that the heat
generated by motor loss is mostly taken away by the coolant in the pipeline. Therefore, the following
factors are ignored in the heat transfer of modular hub motor:

(1) Heat conduction between the inner surface of the rotor and the bearing;
(2) Natural convection between motor end and air;
(3) Heat radiation at the end of the motor and the outer surface of the casing.

After a series of assumptions, equivalences and simplifications, the temperature field model of multi-unit
modular hub motor is finally transformed into an unsteady heat conduction problem with boundary
conditions. The network division of the calculation model is shown in Figure 7.

a) Whole model B) Local magnification
Figure 7: Mesh subdivision of the thermal field model

Assuming that the initial temperature of the motor is 70 <C, when an open circuit fault occurs in one phase
winding of a module of the hub motor, the steady-state temperature field obtained by finite element
simulation is shown in Figure 8. At this time, there is no current in the phase winding under open circuit
fault, no copper consumption as well. Therefore, the temperature is significantly lower than that of other
windings, and the temperature of stator teeth wound by the fault phase winding is also relatively low.
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Figure 8: Thermal distribution of hub motor under open circuit fault

It is noted that since the thermal field model of the hub motor regards the rotor as stationary, the influence
of rotor rotation on the thermal distribution is not taken into account. Although Figure 8 shows that the
temperature of the rotor permanent magnet and rotor core close to the fault phase winding is relatively low,
in fact, due to the rotation of the rotor, any permanent magnet on the rotor may be rotated close to the fault
phase winding. Therefore, even if the modular hub motor operates asymmetrically, the thermal distribution
of each permanent magnet in the rotor is roughly the same, and the temperature of the rotor core is evenly
distributed in the circumferential direction.

3.3 Vibration Analysis of motor under open circuit fault

When an open circuit fault occurs in one phase winding (assuming A phase winding) of modular hub motor,
the electromagnetic force on the center point of stator teeth is simulated and showed in Figure 9. Compared
with normal operation, the amplitude of radial air-gap electromagnetic force at the stator teeth wound by
open circuit winding will decrease, the tangential component of air-gap electromagnetic force at the
corresponding notch will increase, and the peak value is higher than that of other healthy modules.
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Figure 9: Oscillogram of stator tooth force under open circuit fault
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Teeth of health module

Radial electromagnetic force density/kPa

3.4 Electromagnetic analysis of motor under short circuit fault

When a short-circuit fault occurs at the end of a phase winding (assumed to be phase a winding), back
EMF in phase is generated while the rotor rotating and short-circuit current i, is generated in the winding,
as shown in Figure 10. When the short-circuit current is steady, it is a sinusoidal current, that is

iSC = ﬁISC Cos(wt + (pSC) (3)

Since the armature winding is resistive and inductive, and its resistance is small, so ¢, is slightly greater
than 90< Similar with the open circuit fault, the short circuit fault will also cause the decrease of
electromagnetic torque and a secondary fluctuation of torque in a cycle. However, compared with the open
circuit fault, the electromagnetic torque caused by the short circuit fault decreases and fluctuates more
violently, and the heat problem of the motor caused by the increase of copper consumption of the fault
winding is more serious.
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Figure 10: Short circuit current waveform

3.5 Thermal analysis of motor under short circuit fault

Assuming that the initial temperature of the motor is 70 <C, when the short circuit fault occurs in one phase
winding end of one unit motor, the thermal field of the motor under the action of water cooling obtained
by finite element simulation is shown in Figure 11. At this time, the short-circuit fault winding will have
a large current, and its copper consumption and temperature rise are much higher than other windings. The
thermal distribution on the stator core is uneven, and the temperature of the stator teeth wound by the short-
circuit phase winding is high. The temperature rise of rotor permanent magnet and yoke is slow. When the
motor operates for 180s, the rotor temperature is less than 90 <C, while the short-circuit fault winding
temperature reaches 142 <C. Since the heat generated by the short-circuit current cannot be taken away by
the coolant in time, the motor is not suitable for long-term continuous operation under short-circuit fault.

Y211l
65.16 Min

Figure 11: Thermal distribution of hub motor under short circuit fault (operating for 180s)

It can be seen from the above analysis that the motor torque will drop sharply and thermal distribution
change dramatically regardless of open-circuit fault or short-circuit fault, which brings in great harm in
vehicle operation. Therefore, it is necessary to study the corresponding fault-tolerant strategies for open
circuit and short circuit faults.

4 Research on fault-tolerance strategy of open circuit

Under open circuit fault of the hub motor, all windings of the fault module can be cut off. The previous
analysis shows that the torque of the motor decreases to 3/4 compare with normal state. In order to ensure
the output torque of the hub motor remains unchanged, the output torque of the remaining three health
modules has to increase to 4/3 as before. According to formula (1), the three-phase current of the health
module needs to be increased to 4/3 as before. The calculation formula of Joule copper loss of unit motor
is normally as follows:

P, = IZRs + IR, + I%R, 4)

Where Is . s, Ic represents the phase current of three windings respectively, Rsrepresents the phase
resistance of the motor winding. At this time, there is no current in the three-phase winding of the fault
module, and no copper consumption. The copper consumption of the other three healthy unit motors is
16/9 times of their normal operation. Obviously, compared with the normal state, the overall copper
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consumption is 4/3 times of the normal operation.

In order to reduce the working load and copper consumption of the remaining healthy module, it is
necessary to make effective use of the remaining two-phase windings of the faulty module. At present, the
commonly adopted method is the fault-tolerant strategy of magnetomotive force compensation. It is easy
to conclude from the AC winding theory of electrical machine that the three-phase synthetic
magnetomotive force can be expressed as:

f=fa+fo+fac =220 cos(t —0)  (8)

Where N is the number of series turns per phase, kw1 is the winding factor of fundamental wave, I is the
number of poles of the motor, and ! is the effective value of phase current, w is the angular speed of motor
rotation, ©sis the electrical angle of the motor.

When A phase winding of one module is under open circuit fault, the magnetomotive force generated by
phase B and C can be expressed as:

ff=fstfc=

In order to compensate for the loss of magnetomotive force caused by the failure of A phase, it is necessary
to readjust the amplitude and phase of the winding current of phase B and C, to make the magnetomotive
force generated by the winding of the fault module consistent as normal state, then the current of phase B
and C can be obtained, as shown in formula (7):

ip = V6I cos (a)t - 5?”)
ic =6l cos (a)t + %n)

The fault module adopts the magnetomotive force compensation strategy, meanwhile, adjusts the torque
distribution of each module to realize the fault-tolerant operation of modular hub motor under open circuit
fault. The open circuit fault tolerance performance of modular hub motor under three different current
distribution principles of magnetomotive force compensation strategy is discussed below, as principle of
equal torque, principle of equal current and principle of minimum copper consumption.

4.1 Principle of equal torque

4N
T

Kuwi s 2 . 2
zpl [ig cos (95 — ?ﬂ) + iccos(6s + ?n)] (6)

(")

Under this principle, the torque distribution ratio of each module is adjusted to 1:1:1:1. For the fault module,
assuming that A phase winding occurs open circuit fault, according to formula (7), the current of the
remaining two-phase winding needs to be +/3 times of that under normal operation, the current phase of
phase B winding is adjusted to be 30 “behind its no-load back EMF, and the current phase of phase C
winding is adjusted to be 30 “ahead of its no-load back EMF. The three-phase currents and phases of the
left healthy modules remain unchanged.

According to the copper loss formula (4), the copper loss of the remaining two-phase winding of the fault
module increases by twice as much as that before the fault. The overall copper consumption of hub motor
is 1.25 times compared with normal state.

4.2 Principle of equal current

It is assumed that except for the open circuit fault winding, the current of all windings is k times that of
normal operation. At this time, except for the open circuit fault winding, the copper consumption and heat
source of other windings are evenly distributed, which is conducive to the heat dissipation of the motor.
Ignoring the influence of motor core saturation, it is considered that the electromagnetic torque is of a
linear relationship with armature current. To maintain the same electromagnetic torque as before, while
all the winding currents equal, the equation can be derived as follows:

%[(M — Dk + %] =T, (8)

So:
\3M

O = T
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Where M is the number of sub module motors. In this paper, M =4, so k = 1.118 is obtained. At this time,
the torque distribution ratio of each module is adjusted to 0.577:1:1:1, in which the output torque of the
fault module is the smallest. For the fault module, it is assumed that the A phase winding occurs open
circuit fault , the current of the remaining two-phase winding is 1.118 times that of the normal operation,
the current phase of phase B winding is adjusted to be 30 “behind its no-load back EMF, and the current
phase of phase C winding is adjusted to be 30 “ahead of its no-load back EMF. The three-phase current
of the remaining health module is 1.118 times that of normal operation, the phase remains unchanged, and
the copper consumption is 1.25 times that of normal operation. The copper consumption of fault module
is reduced to 83.4% of that of normal operation, and that of health modules is increased to 1.25 times of
that of normal operation. The copper consumption of hub motor is 1.146 times compared with normal state.

4.3 Principle of minimum copper consumption

Assuming that the winding current of M modules increases to k1, k..., knof the normal working current,

where %1 is the current amplitude increase multiple of the remaining two-phase winding of the fault module.
To ensure that the output electromagnetic torque is consistent with that before open circuit fault, the
following equation can be listed:

T, [k
|k + kst k| = T (10)

At this time, the copper consumption of the motor is:
P = 2(kyD)?R + 3(ky;D)?R + -+ + 3(kpy—1D?R + 3(ky )?R

= I?R(2ky” + 3k, + -+ 3kp_1” + 3ky”) (11)
The minimum value of copper loss is obtained by Lagrange multiplier method:
\V3M
ki = 2M—-1 (12)
ko = oo = ko = M
27 T M T oy
In this paper, M =4, so:
{ ki, =0.99
kz = k3 == k4, = 1143

For the fault module, it is assumed that the A phase winding occurs open circuit fault, the current of the
remaining two-phase winding is 0.99 times that of the normal operation, the current phase of B winding is
adjusted to be 30 “behind its no-load back EMF, and the current phase of C winding is adjusted to be 30 <
ahead of its no-load back EMF. The three-phase current of the remaining health module is 1.143 times that
of normal operation, and the phase remains unchanged. The torque distribution ratio of each module is
adjusted to 0.5:1:1:1, in which the output torque of the fault module is the smallest.

The current of health module is 1.143 times of normal operation, and the copper consumption is 1.306
times of normal operation. The remaining two phase currents of the open circuit fault module is 0.99 times
of the normal state, the copper consumption is 0.98 times of the normal working, and the copper
consumption of the fault module is reduced to 65.3% of the normal state. The copper consumption of hub
motor is 1.143 times compared with normal state.

4.4 Comparison of electromagnetic torque under different open circuit fault tolerance
strategies

The electromagnetic torques of the 4-module hub motor under normal operation, open-circuit fault of one-
phase winding and open-circuit fault tolerance strategy are simulated and are shown in Figure 12.
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Fig.12 Electromagnetic torque of hub motor under normal operation, open circuit fault and fault tolerance

Due to the existence of the third harmonic in the back EMF, the electromagnetic torque fluctuates four
times in one cycle. After adopting the fault-tolerant strategy of magnetomotive force compensation, the
electromagnetic torque is slightly lower than that in normal operation, and the difference between them is
less than 1%, which is caused by the stator core saturation under increase of armature current. Compared
with the equal torque principle, the fault-tolerant strategy of magnetomotive force compensation under the
principle of equal current and minimum copper consumption can make the electromagnetic torque of the
motor closer to normal operation, and remaining minimum motor copper consumption.

5 Research on fault-tolerance strategy of short circuit

In case of short-circuit fault of modular hub motor, the short-circuit current always exists, even when the
fault module is removed, and the electromagnetic torque will fluctuate twice in one cycle. Therefore, the
short-circuit fault module has to continue operating under certain fault-tolerant strategies. At present, the
methods adopted for motor short-circuit fault contain magnetomotive force compensation fault-tolerant
strategy and electromagnetic power compensation fault-tolerant strategy. For electromagnetic power
compensation fault-tolerance strategy, there are two principles under different torque distribution: equal
torque distribution principle and minimum copper consumption principle.

5.1 Fault tolerant strategy of magnetomotive force compensation

In case of short circuit fault of A phase winding, the magnetomotive force generated by the motor can be
expressed as:

. 4 NKyy ¢ . 2 . 2
fr=fetfc= phase;71 [isc cos 65 + ip cos (95 — ?n) + iccos(6s + ?n)] (13)

The magnetomotive force generated by the winding of the fault module before and after fault can be
consistent by changing the current magnitude of B and C phase windings. The current of phase B and C
windings after short- circuit fault can be expressed as:

ip = isc + V6l cos (wt - 5?”)

(14)
ic = igc +V6I cos (wt + 5?71)
According to formula (14), during fault-tolerant operation, the remaining two-phase windings of the short-
circuit fault module need to add the short-circuit current with the same amplitude and phase as the short-
circuit winding isc to eliminate the magnetomotive force generated by A phase short-circuit current, and
add the same current as the open circuit fault tolerance to generate electromagnetic torque.

5.2 Fault tolerant strategy of electromagnetic power compensation on equal torque
distribution principle

When A phase winding occurs short circuit fault, according to the principle of constant electromagnetic
power, the current of phase B and C can be conducted by taking the minimum copper consumption of
short-circuit fault module as the optimization objective. The phase difference ¢sc between short-circuit
current and no-load back EMF is approximately 90 < and the expression of fault-tolerant current of phase
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B and phase C can be derived as:
ipg = \/7(1575 - \/§I) cos (a)t + g)

ic = \/7(157”+\/§I) cos (wt+5?n)

Fault-tolerant operation of modular hub motor under short-circuit fault can be realized adopting the short-
circuit fault-tolerant strategy based on electromagnetic power compensation, meanwhile, adjusting the
torque distribution of each module. Equal torque principle can be applied under this condition, which
means torque distribution ratio of each module is 1:1:1:1. The three-phase current of the health module
remains unchanged before and after the fault, as a result, current and copper consumption of two phase
winding of the fault module increase a lot. However, compared with the magnetomotive force
compensation strategy above, the currents of the remaining two phases reduce slightly.

5.3 Fault tolerant strategy of electromagnetic power compensation on minimum
copper consumption principle

(15)

Increasing the output electromagnetic torque of the health module can reduce the working load of the
short-circuit fault module in certain extent. To maintain constant electromagnetic torque, it is assumed that
the current of remaining two phase winding in the fault unit is k1 times that under normal state , as follows:
ipg = ‘/;ISC cos (wt + %) + 2k, Icos(wt — 5?“)

(16)

ic = ‘/;ISC cos (wt + 5?”) + 2k Icos(wt + 5?”)

The winding current of the other three health modules increases to k2 times of nhormal operation. supposing
the hub motor reaches the same electromagnetic torque with normal state and taking the minimum copper
consumption as the optimization goal, k1 and k2 can be solved.

The current of health module is 1.143 times that of normal operation, and the copper consumption is 1.306
times that of normal operation for the four-unit modular hub motor. The currents of two phases in the
short-circuit fault module is greater than that in the health modules, while the current in the left phase is
relatively small. The copper consumption of fault module is relatively large, however, it gets reduction
compared with equal torque principle.

5.4 Comparison of electromagnetic torque of hub motor under different short-circuit
fault-tolerant strategies

The electromagnetic torques of the four-unit modular hub motor under normal operation, short-circuit fault
and different short-circuit fault tolerance strategies are verified by simulation, as shown in Figure 13.
After the short-circuit fault occurs, the electromagnetic torque decreases sharply, and two large torque
fluctuations appears in one cycle. The fault-tolerant strategy of magnetomotive force compensation can
improve the electromagnetic torque and reduce the torque fluctuation, but the fault-tolerant current of the
remaining two phase windings of the short-circuit fault module becomes large. The fault-tolerant strategy
of electromagnetic power compensation can make the electromagnetic torque close to the normal state,
and the torque fluctuation and copper consumption are smaller. Compared with equal torque distribution,
the electromagnetic torque is closer to normal state, when the torque distribution of each module meets the
minimum copper consumption principle.
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Fig.13 Electromagnetic torque of hub motor under normal operation, short circuit fault and fault tolerance
6 Experiment analysis

In order to verify some simulation calculation results, the experiment platform is constructed as shown in
Figure 14. The experiment simulates the open circuit fault of the modular hub motor, adopting the strategy
of cutting off the whole fault unit motor, and phase currents of other healthy unit motors were collected.
On condition that the output torque of the hub motor remains unchanged, the phase currents of the hub
motor unit motor before and after fault occurs are compared. As shown in Figure 15, the amplitude of
phase current increases to 4/3 times of that before the fault, which is consistent with the theoretical analysis.

Current (A)

Time (s)

e s phiase e B} phizise C phase

A phase with open circuit fault =B phase with open circuit fault == C phase with open circuit fault

Figure 15: Unit motor line current of In-Wheel motor under normal operation and open circuit fault

In addition, since it is difficult to collect the vibration data of one single tooth in the test, the vibration
sensor is placed on the corresponding shell of each unit motor to collect vibration data in the test. The
vibration data of the hub motor under normal operation and open circuit fault is explored and studied, as
shown in the radar map of Figure 16. Through the motor shell vibration test, it can be seen that the vibration
amplitude of the motor increases from 2.8mm to 4.9mm, approximately 77%, after the open circuit fault.
The intensification of motor vibration is mainly from the unbalanced magnetic pull while one direction
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electromagnetic force weakened after open circuit fault [11.12]
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Fig.16 Vibration amplitude radar map of hub motor under normal operation and open circuit fault
7 Conclusion

Based on the topology of three-phase four-leg inverter, the fault-tolerant strategies of four-unit module
hub motor are studied in this paper. Firstly, the electromagnetic and thermal characteristics of the motor
under open circuit and short circuit faults are analyzed, which shows that the modular hub motor is not
suitable for long-term operation under short circuit faults. The open circuit fault of one phase will lead to
sharp torque decrease and large torque fluctuation. This paper discusses the compensation strategy of
magnetomotive force based on the principle of equal torque, equal current and minimum copper loss.
Compared with the principle of equal torque, the magnetomotive force compensation strategy based on
the principle of equal current and the principle of minimum copper consumption can make the motor torque
closer to the normal level and minimize the copper consumption of the motor, which is of certain
application value. Short-circuit fault will also sharply decrease motor torque, introduce large torque
fluctuation and aggravate the motor temperature rise. This paper discusses the magnetomotive force
compensation strategy of modular motor and the electromagnetic power compensation strategy based on
the principle of equal torque and minimum copper consumption. Compared with the magnetomotive force
compensation strategy, the electromagnetic power compensation strategy can make the motor torque close
to the normal state, and the torque fluctuation and copper consumption are the smallest, which is of more
practical application value. Finally, through the multi-unit modular motor open circuit fault experiment,
some motor characteristics under fault mode are verified.

This paper provides theoretical basis and analysis method for the research of fault-tolerant performance of
multi-unit modular hub motor, and provides references for the research of fault-tolerant strategy of this
type motor.

References

[1] LiYong, Xu Xing, Sun Xiaodong et.al, review and future development of In-Wheel motor drive technology,
Elect machines & control application, 2017,44(6):1-7,18.

[2] Zhu Wengiang, Applications and Developing Trend of In-wheel Motors Home and Abroad[J]. Micromotors, 2017,
40(9): 77-81.

[3] El - Refaie, A. M. Fault-tolerant permanent magnet machines: a review[J]. IET Electric Power Applications,
2011, 5(1):59-74.

[4] Zhao W, Liang X, Liu G . Overview of permanent-magnet fault-tolerant machines: Topology and design[J].
CES Transactions on Electrical Machines and Systems, 2018, 2(1):51-64.

[5] Wenxiang Zhao, Liang Xu, and Guohai Liu. Overview of Permanent-Magnet Fault-Tolerant Machines:
Topology and DeS|gn CES Transactions on Electrical Machines and Systems 2018, 2(1):51-64.

EVS35 Internatlonal Battery, Hybrld and Fuel Cell Electric Vehicle Symposium 1



Russian Young Researchers in Electrical and Electronic Engineering (EIConRus ). IEEE, 2019.

[7] Ifedi CJ, Mecrow B C, Brockway S TM, et al. Fault-Tolerant In-Wheel Motor Topologies for High-
Performance Electric Vehicles[J]. IEEE Transactions on Industry Applications, 2013, 49(3): 1249-1257.

[8] Dwari S, Parsa L. Fault tolerant control of five phase permanent magnet motors with trapezoidal back
EMF[J]. IEEE Transactions on Industrial Electronics, 2011,58(2): 476 485.

[9] Alan G. Jack, Barrie C. Mecrow, and James A. Haylock. A Comparative Study of Permanent Magnet and
Switched Reluctance Motors for High-Performance Fault-Tolerant Applications. IEEE Transactions on
Industrial Applications, 1996, 32(4):889-895.

[10]Mecrow BC, Jack AG, Haylock J, et al. Fault tolerant permanent magnet machine drives[J]. IEE Electric
Power Applications, 1996, 143 (6): 437-442.

[11]1slamR, Husainl. Analytical Model for Predicting Noise and Vibrationin Permanent-Magnet Synchronous
Motors[J]. IEEE Transactions on Industry Applications, 2010, 46(6): 2346-2354.

[12] Sugimoto H, Miyoshi M, Chiba A. Axial Vibration Suppression by Field Flux Regulation in Two-Axis
Actively Positioned Permanent Magnet Bearingless Motors with Axial Position Estimation[J]. IEEE
Transactions on Industry Applications, 2018, 54(2): 1264-1272.

Presenter Biography

Xiangrui Yin, male, born in 1992, master graduate from Harbin Institute of Technology, engineer.
His research interests include electromagnetic performance design and vibration & noise optimization
of new energy vehicle motors.

Huichao Zhao, male, born in 1975, master graduate from Jilin University. He is President of the New
Energy Development Institute of FAW, China. His research interests include design of electric drive
powertrains for Electric Vehicle and Hybrid Electric Vehicle. Huichao Zhao is a member of China
Electrotechnical Society, a member of IGBT Technology Innovation and Industry Alliance in China,
and a senior advisor of Automotive Digest. He is the main writer of electric drive system part of Made
in China 2025.

Shuang Yu, female, born in 1986, master graduate from Harbin Institute of Technology, engineer.
Her research interests include electromagnetic performance design and optimization of new energy
vehicle motors.

Jinhao Wang, male, born in 1986, master graduate from Tsinghua University, engineer. His research
interests include thermal design and optimization of new energy vehicle motors.

Zhanxi Lin, male, born in 1990, master graduate from Harbin Institute of Technology, engineer. His
research interests include electromagnetic performance design and optimization of new energy
vehicle motors.

EVS35 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium



