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Second-Time Fault-Tolerant Topology and Control
Strategy for the Open-Winding PMSM
System Based on Shared Bridge Arm

Xiaoguang Zhang

Abstract—To further improve the fault-tolerant operation ca-
pacity of the open-winding permanent magnet synchronize motor
system after second-time fault occurring, a novel fault-tolerant
topology and a fault-tolerant control strategy for single phase
open-circuit is proposed in this article. The fault-tolerant topology
proposed in this article can operate stably in case of second-time
fault that occurs after one-phase open-circuit fault by the way of
sharing a bridge arm. Thus, the fault-tolerant ability of the driving
system is further improved. In the terms of control strategy, the
amplitude and the phase of the remaining two-phase current are
redesigned to keep the system operating steadily according to the
conventional expression of motor torque. Moreover, considering
that the electromagnetic torque of the system will contain the third
harmonic component when the three-phase current is unbalanced,
the torque fluctuation will affect the stability of the system. A
torque optimization strategy for suppressing the third harmonic
component of the torque by injecting corresponding harmonics into
the current is proposed. Finally, the experimental results validate
the effectiveness of the proposed topology and strategy.

Index Terms—Fault tolerance, open winding, permanent magnet
synchronize motor (PMSM), third harmonic component, topology,
torque.

1. INTRODUCTION

HE permanent magnet synchronize motor (PMSM) has

been widely studied and applied in industrial and electric
vehicle field due to its high efficiency, large torque-current ratio,
high power-weight ratio, high power factor, and good control
performance [1]-[3]. However, with the increasing demand of
driving system performance, the reliability has become the focus
of attention. The conventional PMSM has insufficient fault toler-
ance due to its inherent topology limitation, and its application
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in high power field is restrained by the capacity of switching
devices [4], [5].

In order to overcome the deficiencies of the conventional
PMSM mentioned above, the open-winding permanent mag-
net synchronize motor (OW-PMSM) is formed by opening the
neutral point of the traditional PMSM windings and supplying
power from both ends of the winding with two inverters. The
OW-PMSM retains all the advantages of traditional PMSM
without changing the overall structure of the motor, while de-
coupling the three-phase windings greatly improves its fault
tolerant capability [6]—[9]. Furthermore, the system capacity of
the OW-PMSM topology can be doubled and the output voltage
vector is the same as that of three-level inverters, but compared
with the traditional three-level inverters, the cost can be saved
because no clamping diodes are needed [ 10]-[12]. Therefore, the
OW-PMSM system is very suitable for high power and strong
reliability occasions.

The ability of driving system to withstand faults is critical
for stable operation. In order to improve the reliability of the
OW-PMSM driving system, some methods have been proposed.
In [13], a simplified pulsewidth modulation (PWM) for fault-
tolerant control of OW-PMSM fed by hybrid inverter is pro-
posed. In [14], the fault-tolerant control strategy of an open-end
winding system driven by single power supply under six switch-
ing devices open-circuit fault is proposed where the direct torque
control (DTC) algorithm is adopted for the postfault operation.
In addition, according to the distribution of vectors in fault state,
a modulation scheme using two orthogonal voltage vectors to
synthesize target voltage is proposed in [15] to realize the fault-
tolerant operation of inverter fault. In [16], an open-winding
five-phase driving system with short-circuit fault on switching
devices is considered, the driving system can keep the torque
unchanged under fault condition by reconstructing the structure
of faulty inverter simply and utilizing the inherently switching
states. In [17], a hybrid modulation fault-tolerant control of
an open-end winding linear vernier permanent-magnet (OEW-
LVPM) motor is presented. When the open-circuit fault of power
switching occurs, this OEW-LVPM system is able to achieve
steady operation. The work in [18] presents the fault-tolerant
strategy of the open-winding motor system when different fault
occurs. Thus, the continuous operation can be achieved under
the control of this control strategy by reconstructing the neutral
point of motor.
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In addition, there are some research results on the fault-
tolerant operation of dual inverter topology. Freire has very
rich research results and put forward a variety of fault-tolerant
topologies, among which the topology in [19] and [20] stands out
due to the lower cost and better performance. In [19] and [20],
fault-tolerant operation is realized by replacing fault bridge arm
by connecting dc bus midpoint with TRIAC, but the difference is
that the topology in [19] use three TRIACs and cannot deal with
the simultaneous fault of the inverter on both side at the same
time, while the topology in [20] can deal with this problem by
using six TRIACs. In [21]-[23], according to the idea of five-leg
operation of back-to back inverter, fault-tolerant operation is
realized by turning on the fault phase TRIAC to make the front
and rear stages share the same bridge leg after the fault occurs.
It can be found that the idea of bridge arm sharing is very
interesting, although this kind of topology increases the cost
of the system and sacrifices the capacity of original system after
fault occurs, it provides a simple way to realize the fault-tolerant
operation of dual inverter system.

Although the existing work can achieve effective fault-
tolerance control of the open-winding motor system, the second-
time fault-tolerant problem is not considered, and no second-
time fault-tolerant topology and control strategy are reported in
the OW-PMSM system. In order to further improve the fault-
tolerant performance of the OW-PMSM driving system, based
on the idea of bridge arm sharing, the control of driving system
after the second-time open-circuit fault of the remaining inverter
power devices during one-phase open-circuit fault operation is
researched in this article. The remainder of this article is orga-
nized as follows. In Section II, a novel fault-tolerant topology
is proposed by analyzing the voltage vector generated by the
conventional fault-tolerant topology. In Section III, the math-
ematical model of OW-PMSM is introduced and based on it,
the fault-tolerant control method and the suppression strategy of
torque ripple under second-time open-circuit fault are proposed.
Moreover, to study the capacity change of system after fault
occurs, the speed and torque output ability are analyzed in Sec-
tion I'V. Then, experimental results are carried out to validate the
effectiveness of the proposed fault-tolerant topology and control
strategy in Section V. Finally, Section VI concludes this article.

II. PROPOSED FAULT-TOLERANT TOPOLOGY AND
ITS VOLTAGE VECTORS

In this section, the one-time fault-tolerant topology of the
OW-PMSM system is introduced first. Then, in order to fur-
ther improve the fault-tolerant operation ability of the OW-
PMSM system after second-time open-circuit fault, a novel
fault-tolerant topology for single phase open-circuit is proposed.

A. One-Time Fault-Tolerant Topology of the OW-PMSM
System With Single Phase Open-Circuit

The one-time fault-tolerant topology of OW-PMSM system
with single phase open-circuit is shown in Fig. 1. The OW-
PMSM is driven by two-phase full-leg inverter, which includes
four bridge arms and eight switching devices. In this topol-
ogy, there are 16 combinations of switching states, which can
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Fig. 1.

OW-PMSM system one-time fault-tolerant topology.

TABLE I
SWITCHING STATES AND VOLTAGES OF CONVENTIONAL TOPOLOGY
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Fig. 2. Voltage vector distribution. (a) Voltage vectors generated by one-time
topology. (b) Voltage vector generated by the proposed second-time topology.

generate 9 kinds of effective voltage vectors. In this article,
the current that flows from winding terminal B(C) to winding
terminal B (C') is considered as the positive phase current, then
the relationship between phase voltages, voltage vectors and
switching states shown in Table I can be obtained.

The distribution of voltage vectors generated by this fault-
tolerant topology is shown in Fig. 2(a), including one zero vector
and eight nonzero vectors. Among these eight nonzero voltage
vectors, the amplitudes of u; — ug are 2U4. /3 and the other two
voltage vectors have an amplitude of 2v/3Uq. /3. These nine
voltage vectors can be used to drive the OW-PMSM system to
achieve fault-tolerant operation.

By analyzing the voltage vectors of this topology and its
switching states, it can be found that the voltage vectors u,
uy, uz, and ug are formed by single switching states, and the
voltage vectors ug, uo, us, us, and ug are formed by different
switching states. For example, the switching state (0001) and
the switching state (1101) both can generate voltage vector us;
however, it should be noted that, when the switching state (0001)
is applied to form vector us, the B and C’ arms have the same
switching state, i.e., S = S¢" = 0. Similarly, the switching states
of remaining voltage vector ug, us, us, and ug also have the same
phenomenon. In addition, the voltage vector u; formed by single
switching states (1001) has the same switching states “0” of the
B and C" arms; the voltage vector ug formed by the switching
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Fig. 3. Proposed second-time fault-tolerant topology of the OW-PMSM sys-
tem with B and C’ share a bridge arm.

states (0110) has the same switching states “1” of the B and C
arms.

Above analysis results indicate that the most voltage vectors
in this topology can be obtained when the B-arm and the C -arm
are merged. This means that, when the open-circuit fault of the
power switches in the B-arm or the C -arm occur after A-phase
open-circuit, the winding terminal B and C’ can share a bridge
arm to continue to ensure system operation, which increases the
fault-tolerant ability of second-time fault.

B. Proposed Fault-Tolerant Topology of the OW-PMSM
System With Single Phase Open-Circuit

The proposed second-time fault-tolerance topology of OW-
PMSM system with single phase open-circuit fed by three-leg
inverter is shown in Fig. 3. Compared with the one-time fault-
tolerant topology, winding terminal B and C’ share a bridge arm.

This novel topology includes three bridge arms (six switching
devices), thus eight different working states can be obtained, as
shown in Fig. 4. Fig. 4(a) and (b) describes the current flow
path when the switching states are (000) and (111), respectively.
Under these switching states, the winding terminal B, B, C, and
C’ are connected to the same point, thus the phase voltages of
phase B and C are both 0. This means that the zero voltage vector
ug can be formed. When the switching state is (001), the winding
terminal C is connected to the positive pole of the dc bus, while
the remaining winding terminals are connected to the negative
pole of the dc bus, as shown in Fig. 4(c). In this case, the phase
voltages of phase B and C are 0 and Uy, respectively, which
can form the voltage vector us. Similarly, Fig. 4(d) describes
the current flow path when the switching state is (100). The
winding terminal B’ is connected to the positive pole of the dc
bus while other winding terminals are connected to the negative
pole of the dc bus. Obviously, the phase voltages of phase B and
C are Uy, and 0, respectively; thus, the voltage vector as us
is generated. Using the similar way to analyze other switching
states, the current flow path displayed in Fig. 4(e)—(h) can also be
obtained. Then, according to the above analysis, the relationship
during the phase voltages, the voltage vectors and the switching
states of the proposed topology can be obtained, as shown in
Table II.

From Table II, the voltage vector distribution of the proposed
fault-tolerant topology can be gained, as shown in Fig. 2(b).
Compared with the voltage vectors generated by the one-time
topology, the proposed topology can generate seven kinds of
voltage vectors, which are the same as the one-time topology
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Fig. 4. Current flow path in proposed topology. (a) Switching state:000.
(b) Switching state:111. (c) Switching state:001, (d) Switching state:100.
(e) Switching state:110. (f) Switching state:011, (g) Switching state:101.
(h) Switching state:010.

TABLE II
SWITCHING STATES AND VOLTAGES OF PROPOSED TOPOLOGY
Vectors U Uy us Us Us Uy ug
s2'ss<)s¢ | %% | oo | 100 | 10| o | 101 | 010
u, 0 0 U 0 Uue Ui | Us
U, 0 Uue 0 U 0 U Uk

except #; and uy. Although the proposed topology generates less
voltage vectors compared with the one-time topology due to the
decrease of bridge arm, the smooth operation of the OW-PMSM
system can be ensured by the proposed two-phase fault-tolerant
control strategy in Section III.

Similarly, in all voltage vectors except u; and uy, B and C
arms have the same switching state. This means that, when the
open-circuit fault of the power switches in B -arm or C-arm
occurs after A-phase open-circuit, the winding terminal B and
C can share a bridge arm to continue to ensure system operation
too. The reconfigured second-time fault-tolerant topology is
shown in Fig. 5, and its voltage vectors are the same as in
Fig. 2(b).

Obviously, redundant power devices are needed to realize the
reconfiguration from one-time topology to second-time topol-
ogy when the second-time fault occurs. In addition, for the
one-time fault, it may occur in phase A, B, and C. Considering
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Fig. 5. Proposed second-time fault-tolerant topology of the OW-PMSM sys-
tem with B’ and C share a bridge arm.

Fig. 6.

Proposed fault-tolerant topology of the OW-PMSM system.

the possibility of all fault combinations, the topology as shown
in Fig. 6 is proposed, which can realize the switching of the
OW-PMSM system from healthy mode to one-time topology
and then to second-time topology.

C. Proposed Fault-Tolerant Switching Topology of the
OW-PMSM System

The OW-PMSM fault-tolerant topology that can realize one-
time fault and second-time fault operation is shown in Fig. 6.
Next, the switching method will be introduced in the following
section.

1) One-Time Open-Circuit Fault: When the one-time fault
occurs, the simplest and the lowest cost method is to discard
the fault phase and use the remaining healthy winding to make
the driving system run continuously by changing the control
strategy. Taking A-phase open-circuit fault as an example, when
the fault occurs, the one-time fault-tolerant topology of OW-
PMSM system shown in Fig. 1 can be obtained by discarding the
A-phase winding (without fault-action TRIACs behavior). The
method of discarding phase can be divided into two categories:
1) for winding open-circuit, lock the gate signals of all A-phase
switching devices; and 2) for the open-circuit fault of switching
devices, lock the gate signal of Q5 and continually send the
gate signals of Qq1, Q21, and Q22 with a duty cycle of 0.5 [24].
And, the method of discarding phase B and C is similar.

2) Second-Time Open-Circuit Fault: When the OW-PMSM
system is in fault-tolerant operation under the condition of single
phase open-circuit, if the remaining healthy switching devices
have open-circuit fault again, a new fault-tolerant topology can
be constructed to realize the second-time fault-tolerant operation
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by the behavior of fault-action TRIACs. Taking the one-time
fault tolerance of A-phase open-circuit as an example, if the B
and C’ bridge arms are in open-circuit fault of switching device
(single device open-circuit fault, two devices in the same leg
open circuit or two devices in different phase leg diagonal open
circuit), as long as TRg is turned ON, the second-time fault-
tolerant topology shown in Fig. 3 can be obtained; similarly, if
the B’ and C bridge arms are in open-circuit fault of switching
devices, the second-time fault-tolerant topology as shown in
Fig. 5 can also be gained by turning ON TRy.

In addition, when one-time fault occurs in phase B (or in phase
C), two kinds of second-time fault-tolerant topologies can be
constructed by controlling TR5 and TRy (or TR3 and TR;). In
general, six kinds of second-time fault-tolerant topologies can
be formed by controlling the fault-action TRIACs according to
different fault combinations.

III. PROPOSED FAULT-TOLERANT CONTROL STRATEGY

In the previous section, a novel topology is proposed and
its voltage vectors are analyzed. In order to cooperate with
this topology to control the OW-PMSM system with a good
control performance, a fault-tolerant control strategy is proposed
in this section. Since the OW-PMSM is driven by two-phase
winding after one-phase fault occurs, torque control perfor-
mance deteriorates. Therefore, a torque optimization method
is proposed to suppress the fluctuation of the system’s torque,
which further improves the system control performance under
the fault condition.

A. Mathematical Model of the OW-PMSM System

The voltage equation of the OW-PMSM system in the abc-
coordinate can be written as follows:

Ugq RO00 iq LMM lq €q
up | = | 0RO ip | + | MLM % |+ | e
Ug 00R Te MML ic €
(1)

where R, L, and M are stator resistance, self-inductor and mutual
inductor, respectively. ug, ix, and ey (k = a,b,c) represent three-
phase voltages, currents, and back electromotive force (EMFs),
respectively. The back EMFs can be expressed as follows:

eq = —Pwprsin() — 3Pw,, 1 r3 sin(36)
ep = —Pwy, )y sin(0 — 27/3) — 3Pw,, sz sin(36)  (2)
ec = —Pwy, g sin(0 + 21/3) — 3Pw,, ¢ 3 sin(36)

where P, w,,, and vy are the number of pole pairs, mechanical
angular speed, and magnet flux linkage, respectively; 6 is the
electrical angle, and v ¢3 is the third harmonic component of the
permanent magnetic flux linkage.

The electromagnetic torque of the OW-MPSM system in the
abc-coordinate is expressed as follows:

eaia + Ebib + ecic

wm.

Te = (3)
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In normal operating, three-phase balanced current shown in
(4) is needed to ensure the stability of electromagnetic torque of
the OW-MPSM system

lq = — I, sin(f)
iy = — L sin(6 — 2m/3) ()]
ic = —Ipmsin(f + 27/3)

where I,,, is the amplitude of the three-phase current. Then, the
torque can be expressed as follows:

3
Tehealthy = §P1/)ffm )

Obviously, under the normal operation of the OW-PMSM
system, only when the three-phase currents are in the same phase
with the respective back EMF, can the motor obtain stable torque,
and only in this way can the OW-PMSM system operate stably
and reliably. However, under the fault condition (such as A-phase
open-circuit), if the current of B-phase and C-phase is kept
in phase with their own back EMF, the stable electromagnetic
torque cannot be obtained. Therefore, in order to keep the system
running stably in the fault-tolerant state, current control strategy
need to be redesigned.

B. Redesigned Amplitude and Phase of Current

As analyzed above, in order to maintain the stability of the
electromagnetic torque, the amplitude and phase of the current
need to be redesigned. Assuming that A-phase winding open-
circuit fault occurs and the phase difference of B-phase current
and C-phase current is « and 3, the three-phase current can be
expressed as follows:

iq =0
iy = — Ly sin(f — «) (6)
ic = —I';msin(f — )

where I,,, and I, are the amplitude of ¢; and i., respectively.
Combining (2), (3), and (6), the torque of the OW-PMSM
system can be expressed as follows:

Tetautt = Im Ptpy sin(0 — 27/3) sin(0 — «)
+ I',, Py sin(0 + 27/3) sin( — 8)
+ 31, Ptpy3 sin (0 — ) sin (36)

+ 30", Pygssin (0 — () sin (36) . (7)
Further simplification can obtain the following equation:
I, P
Tetaury = 2¢f [cos(av — 27/3) — cos(26 — a — 2 /3)]
r,P
+ wa [cos(B + 27 /3) — cos(20 — B + 27/3)]

+ 31, Ptpys sin (0 — ) sin (36)
+ 30", Pyyssin (0 — ) sin (36) . 8)

According to (8), it can be found that the electromagnetic
torque under A-phase open-circuit will fluctuate due to the
existence of variable  in the expression. In addition, itis obvious
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that the torque is mainly generated by the first two items in
(8), and the proportion of the last two items is small in the
electromagnetic torque, since the third harmonic component of
the permanent magnetic flux linkage 13 is far smaller than
the permanent magnetic flux linkage ). Therefore, in order to
suppress the pulsating torque, the following condition must be
satisfied to ensure the first two items can generate stable torque:

I, =—1I, ©)
B=a+4r/3
Then, substituting (9) into (8) one can obtain the following:

Totanlt = [cos(a — 27/3) — cos(B + 27/3)]

+ 31, Pz sin 30 [sin (6 — a) — sin (6 — B)].
(10)

From (10), it is obvious that the maximal torque can be
obtained under the fault condition when the angle « and 3 are

selected as follows:
a=57/6
B=7/6

Therefore, in order to ensure the motor can obtain stable and
maximize torque, the remaining two-phase current needs to be
designed according to the following rules:

{ i, = —Ip, sin(6 — 57/6)

(1D

12
i, = —Ip, sin(0 + 57/6). (12)
Similarly, the remaining healthy phase currents need to meet
(13) and (14) respectively when the open-circuit fault occurs in
B-phase or C-phase

iqg = — Ly sin (6 + 7/6)

{z’c = —I,sin(0 +7/2) (13)
iqg = — Iy sin (0 — w/6)

{ib: —I,sin (0 —7/2). 19

C. Torque Optimization

According to the above analysis, it can be found that, when
the angle « and 3 are selected according to (11), the maximal
torque as shown in (15) can be obtained. The torque is mainly
generated by the first item of (15), which is 1/ V3 times the
normal torque (5), so it can be concluded that 42.26% of the
output capacity of the torque is sacrificed when the system
runs under second-time fault condition. Moreover, it is obvious
that the second item in (15) is the harmonic component of the
torque. Although torque harmonic amplitude 3\/§Isz/)f3 is
rather small compared with the main torque itemv/31,,, P1) /2,
the torque instability will affect the control performance of the
whole control system. Therefore, it is necessary to optimize the
torque

31,,P
Totautt = % — 3V31,,Py3sinfsin3f.  (15)
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Fig. 7. Control diagram of the proposed control system.

According to (12), the zero sequence current of the one-phase
open-circuit OW-PMSM system can be gained as follows:

1 3
Iy = 3 (ip +ic) = g[m sin(9). (16)
Then, the torque expression (15) can be rewritten as follows:
3Py¢l,, .
Tefault = f# - gplowfg sin 36. (17)

It can be seen from (17) that triple frequency torque com-
ponent will cause the torque fluctuation and affect the system
control performance, since the zero-sequence current is not zero.
Therefore, in order to eliminate the torque fluctuation, a torque

compensation strategy is presented. In this method, a harmonic

torque W/)%n?’e is injected into the current amplitude I,

according to (17), then, compensated torque can be expressed
as follows:

Tefault =

V3P 6v/3101 3 sin 30
- 4 Im 4
2 Yy

V3Pyy
2 ™

— 9P Iy sin 360 = (18)

Therefore, the triple frequency torque 9P Iy 3 sin 36 of sys-
tem torque can be eliminated by injecting harmonic into the
current amplitude. The whole control diagram of the proposed
fault-tolerant control method is shown in Fig. 7.

D. Deadbeat Current Control Under One Phase
Fault Condition

1) Reference Voltage Prediction: Taking A-phase open-
circuit as an example, after obtaining the current amplitude /,,,
with compensated torque, the B phase and C phase reference
current (i; and i}) can be calculated according to designed
current shape function (12). Then, based on the motor model
(1) and (2), the following voltage equation can be gained by
using the Euler discretization method:

L L
Wi = (R )it it - e

19)

In digital control system, the control period is very short, thus
it can be considered that the rotor angular speed w,,, and rotor
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electrical angle # are constant in the adjacent control period,
which means that e} T ~ ef .

Additionally, according to the deadbeat control theory, it is
believed that the current value will reach its reference value at the
next instant when desired voltage vector is applied. Therefore,
the reference voltage vector (desired voltage vector) is the key
variable to achieve the current deadbeat control. In this article,
this reference voltage vector can be obtained based on (19),
when 72 and i*+2 in (19) are equal to the reference value i}
and 7. Then, the reference voltage (u;,.) that is needed to realize
the deadbeat current control can be expressed as (20). Next,
SVPWM modulation strategy is used to control the inverter to
output the target voltage (u;,). At this time, the current of the
OW-PMSM system can reach the reference value at next control

period, and realize the tracking of the reference currents

L L
* k+1 -k k
Uy = <R — ) e T e — €pe

20
T T.. 20)

where current z’lfjl is the predicted current at the next control

instant. Based on (1) and (2), this predicted current can be
obtained by forward Euler discretization method as follows:

. TSC . TSC
e L R

2y

where T, is the switching period.

2) SVPWM Modulation: The conventional fault-tolerant
topology consists of four legs and eight switching devices. Cur-
rent hysteresis control is the main way to coordinate control of
switching devices to achieve fault-tolerant operation. However,
the proposed topology is composed of three-leg inverter which
is the same as the traditional two-level inverter. Therefore, the
existing SVPWM technology can be easily used to replace the
hysteresis control.

It is well known that the implementation of SVPWM can be
divided into three steps: sector judgment, active time calculation,
and duty cycle calculation. The calculation of active time and
duty cycle can be obtained by using the principle of volt-second
balance and the principle of minimum switching frequency,
which is the same as conventional SVPWM method and not
explain in detail in this article. It should be emphasized that
the sector judgment and voltage limitation are different in the
proposed topological modulation.

Sector judgment: the sector where the voltage vector is located
is determined by the following parameters:

U1 = Uy
Us = up — /3uq (22)
Us = —ug — \/§ua.
Then the sector number can be gained based on (22)
Nsector =A +2B +4C (23)

where

1,U; >0 1,U; >0 1,U3 >0
A= ' ;B = : ;O = ’
0,U; <0 0,U3<0 0,Us <0.
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E

Fig. 8. Linear modulation ranges of voltage vectors under different operation
conditions.

Voltage limitation: for the proposed fault-tolerant topology,
the linear modulation range of SVPWM is shown as circle OR
in the Fig. 8. To ensure that the sum of working time of the two
candidate voltage vectors in the control process does not exceed
the switching period, the following constrains should be applied
to t; and 75 (71 is the active time for the first voltage vector and
t5 is for the second one)

tior2, t1+t2<T
tior2 = ti1or2 T, t +ty > T

t1+t2
T Tse,
- TSC

\/g)

(24)

where
Nsector = 17 6
Nsector = 27 3a 47 5.

IV. OUTPUT CAPABILITY ANALYSIS OF THE PROPOSED
FAULT-TOLERANT SYSTEM

Due to the lack of the bridge leg and the sharing of the bridge
leg, the output capability of fault-tolerant system is inevitably
affected. In this section, the output performance of the proposed
fault-tolerant system will be analyzed quantitatively.

A. Voltage and Current Limits of Inverter

1) Utilization Ratio of DC Voltage: Linear modulation
ranges of voltage vector formed by normal topology and two
kinds of fault-tolerant topologies (one-time and second-time
fault-tolerant topology) are shown in Fig. 8, and the definition
of voltage utilization is shown in the following equation:

Unm
m Ur (25)

In (25), Uj1, is the amplitude of the output fundamental line
voltage and Ug. is the dc voltage.

Under the normal operating condition, the OW-PMSM is
powered by dual healthy inverter. In this topology, voltage
vectors of hexagonal A, B, C, D, E, F and their inner regions can
be synthesized, and the maximum linear modulation region is
the hexagonal tangential circle OP. Hence, the radius OP of the
tangential circle is the maximum amplitude of the phase voltage
that can be output by linear modulation, which is 2Uq./ V3.
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Fig. 9. Voltage vector limit in different operation condition.

According to the relationship between line voltage and phase
voltage and (25), it is not difficult to conclude that the maximum
utilization ratio of dc voltage under linear modulation is 2.

However, in the one-time fault-tolerant topology, voltage
vectors of hexagonal G, H, I, J, K, L, and their inner regions can
be synthesized by using voltage vector u;—ug. And the radius
0Q of the tangential circle is the maximum amplitude of the
phase voltage that can be output by linear modulation, which is
Udgc/ v/3. In this case, the utilization ratio of dc voltage is 1.

Similarly, in the proposed second-time fault-tolerant topol-
ogy, us, Uy, Us, Us, ug, and ug is the basic vectors for synthesizing
the target voltage vector. And the range of voltage vectors that
can be synthesized is a hexagon formed by H, M, I, K, N, and
L and its internal region. The linear modulation region is the
hexagonal tangential circle OR. OR = Ugy./3 is the maximum
output phase voltage under linear modulation in the proposed
fault-tolerant topology, so the maximum utilization ratio of dc
voltage is 1/ V3.

The results show that the dc voltage utilization ratio of the
one-time fault-tolerant topology is 50% lower than that of the
normal operation topology, while the proposed second-time
fault-tolerant topology is 42.3% lower than that of one-time
fault-tolerant topology. And the voltage limits of inverter under
different operation modes are shown in Fig. 9.

2) Current Limit of Inverter: Because the second-time fault-
tolerant topology adopts the structure of shared bridge leg,
the shared leg will inevitably affect the current limit of the
inverter. Next, the current flowing through the shared leg will
be quantitatively analyzed.

It can be seen from the relevant derivation in this article that
the current of healthy phase satisfies (12) under the proposed
second-time fault-tolerant control strategy. According to Fig. 3
and Kirchhoft’s current law, it can be known that the current of
power semiconductors on the shared leg satisfy

ishare = Up — e = — I, [sin(0 — 57/6) — sin(0 4 57/6)] .
(26)
Further simplification obtains

Ishare = I cos 0. 27)

According to (12) and (27), it can be found that the amplitude
of current flowing through all inverter power semiconductors is
I,,, which is the same as that of the healthy operation of the
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Fig. 10.  Current vector limit in different operation condition.

OW-PMSM system, so the current capacity of the shared leg
is also the same as that of the health system. However, since
the OW-PMSM system changes from three-phase operation to
two-phase operation after fault occurs, the current vector will be
reduced to 57.74% of the healthy operation after the fault occurs
according to the principle of coordinate transformation, which
is as shown in Fig. 10.

B. Output Capability Analysis

The output capability performance of the OW-PMSM system
under different operation conditions can be analyzed according
to the relation expression of power, speed and torque, which is
shown as follows:

P, = wmTs. (28)

1) In Normal Condition: Under the healthy condition, the
three-phase voltage can be expressed as follows:

Ugq = —Upy, sin(6)
up = —Up, sin(f — 27/3)
Ue = —Uy, sin(0 4 27/3)

(29)

where U, is the amplitude of the three-phase voltage. Then, the

power of the three-phase system can be expressed as follows:
Py = Uglq + Uply + Ucle. (30)

Combining the three-phase voltage [in (29)] and current [in

(4)] the power expression of normal condition can be obtained
as follows:

3
a Um, I m:e

5 €29}

PeNhealthy =

2) In Fault-Tolerant Condition: Taking A-phase open-circuit

as example, the current and voltage of phase A are both 0.
Under this condition, according to the derivation of fault-tolerant
control in Section III, it can be known that the current of healthy
phase windings is (12). As for the voltage, constrained by the
electrical structure, since the space position of windings does
not change before and after the fault, its electrical characteristics
will not change, so the voltage of phase B and phase C meets
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Fig. 11. Comparison of torque and speed output capacity under different
operation mode.

the following:

up = —U'p, sin(0 — 27/3)

32
e = =U'p, sin(6 + 27/3). G2

Then, the power expression of the fault-tolerant system can
be obtained as follows:

V3
2
Based on the above analysis of the voltage utilization ratio, the
relationship between the normal condition power (P, Nhealthy)
and the fault condition powers (one-time fault power P n_4icq
and two-time fault power P, y_3;¢4) can be gained as follows:

PeNfault = UylnIm (33)

3
PeN74leg = %PeNhealthy

P — 1P
eN_3leg — G4 eNhealthy-

Therefore, under the fault condition, the relationship during
rated power, rated speed, and rated torque can be obtained as
follows:

{P6N4leg — ?

1 1
PeN_Bleg = gPethalthy = gmeTethalthy

_ V3
eNhealthy — ?meTeNhealthy (35)

where w;, v and T Npealthy are rated speed and rated torque of
the normal condition, respectively.

In addition, according to (5) and (18), the rated torque relation
between the normal condition and the fault condition (includ-
ing one-time fault and second-time fault) can be expressed as
follows:

(36)

TeNfault = 7TeNhealthy .

3

Then, according to (35) and (36), the rated speed relation

between the normal condition and the fault-tolerant condition
can be obtained as follows:

_ Punaleg 1
me*LHEg - TcNfault - 2me (37)
w _ PN sieg @w
mN_3leg = T yra, 6 “mN-

According to the theoretical analysis above, the output capac-
ity of the OW-PMSM system under different operation modes
(showninFig. 11) can be obtained. And the following conclusion
can be drawn: compared with the health condition, the one-time
fault-tolerant topology and control strategy will sacrifice 42.26%
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TABLE III
PARAMETERS OF OW-PMSM

DC-bus voltage 320V
Rated power 1.25kW
Rated speed 2000 rpm
Rated torque 6 N.m
Number of pole pairs 2
Stator phase resistance 1.5Q
d- and g-axis inductances 6.6 mH
Flux linkage of permanent magnets 0.4 Wb
Third harmonic component of 0.0059152 Wb

permanent magnetic flux linkage

DC Voltage Power
Supply
m Load Motor #2

] 3

Fig. 12.  Experimental platform of system.

torque capacity and 50% speed capacity when the system runs
at the rated operating point; on the other hand, the second-time
fault-tolerant topology will sacrifice 42.26% speed capacity and
maintain the same torque output ability when it runs at rated
operating point under the proposed control strategy, compared
with the one-time fault-tolerant topology.

V. EXPERIMENTAL RESULTS

To verify the feasibility of the proposed fault-tolerant topol-
ogy and the control performance of the proposed control strat-
egy, experimental results are provided in this section. The fault-
tolerant four-leg topology (one-time fault-tolerant topology) and
its control method reported by [25] are used to compare with
the proposed topology (second-time fault-tolerant topology) and
control strategy. The relevant parameters of the OW-PMSM used
in the experiment are shown in Table III.

A. Introduction of Experimental Platform

The hardware platform based on TI digital processor
TMS320F28335 is built for the experiment of this article, as
shown in Fig. 12. Two standard three-phase two-level inverters
of the dual inverter adopt the IPM with the model of PS21869-
AP, the TRIAC model in the fault-tolerant topology is BAT16-
100B, and the dc bus of the platform is powered by the dc
voltage power supply (EA-PS 9500_30) with the value of 320 V.
Control unit for OW-PMSM is used to verify the control strategy,
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while control unit for load motor is used for loading, and the
position sensors of the two motors are 2500-line incremental
photoelectric encoders with a solution of 10 000. During the
operation of the OW-PMSM system, the control frequency is
set to 15 kHz.

During the experiments, four kinds of information are needed
to be observed: current, speed, torque, and flux. The measured
phase current is directly measured by Tektronix A622 ac/dc
current probe, and the rest information is obtained by the DA
output of the controller (TMS320F28335). Using the position
sensor and current transformer (LA 100-p) contained in the
platform to detect the relevant information, and then using the
controller to process the data, respectively, the information of
speed and I, can be obtained; the back EMFs, torque, and
flux information during the operation of the drive system are
calculated by the controller based on the mathematical model,
wherein the mathematical models of back EMFs and torque are
(2) and (3), respectively, and the mathematical model of flux is
as shown in the following equation:

Ya = Lglg + 5
wq = Lqu

6= \JvE+v3

where L4 and L, are the components of stator inductance on
d-axis and g-axis, respectively, for the surface-mounted OW-
PMSM used in the experiment Ly = L, = L is satisfied; 1) is
the component of the flux in the d-axis, 1), is the component
of the flux in the g-axis, and ¢ is the amplitude of flux shown
in the experimental results. Current /4 and I, can be obtained
by the following equation:

(38)

l[d] 2 [COSGCOS(G — 27 /3) cos(0 + 2m/3) i,a
3

I, sin @ sin(6 — 27/3) sin(6 + 27/3) Z.b
"39)

B. Steady-State Performance Evaluation

Firstly, in order to verify the effect of the torque optimization
method on the proposed fault-tolerant OW-PMSM system, the
following experiment is carried out: The motor speed is given
to 500 r/min with load torque of 3.46 N-m. The experimental
results are shown in Fig. 13.

It can be found that the waveform difference of the fault-
tolerant system before harmonic injection and after harmonic
injection exists. Compared with the system performance without
harmonic injection, the output torque under the control of torque
optimization strategy has smaller fluctuations. In detail, torque
fluctuation is 0.8 N-m before harmonic injection, and torque
fluctuation is reduced to 0.45 N-m after harmonic is injected.
For the flux ripple, harmonic injection will have a negative
impact on it, and its value increases from 0.003 to 0.0035 Wb. In
addition, since the proposed torque optimization control strategy
is realized by injecting harmonic into the amplitudes of B-phase
current and C-phase current, the strategy will inevitably have
negative impacts on the current, which can be confirmed from
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Fig. 13.  Effect of torque optimization strategy of the proposed topology.

TABLE IV
PERFORMANCE COMPARISON TABLE
Current THD | Torque ripple | Flux ripple
Healthy topology 5.24% 0.15 Nm 0.001 Wb
One-time topology 4.36% 0.92 Nm 0.003 Wb
Second time topology 5.96% 0.48 Nm 0.0035 Wb

(It needs to be explained that for the same load torque, because the phase current required
by the healthy system is smaller, the current THD will get higher).

the results of current waveforms. After harmonic injection, the
THD value of current will increase from 4.33% to 5.96%. It
can also be seen from the experimental results that the current
waveforms have a slight distortion after harmonic injection.
Next, the steady-state performance comparison between
healthy topology, one-time fault-tolerant topology, and the pro-
posed fault-tolerant topology (second-time fault-tolerant topol-
ogy) is evaluated through experiments. According to (34), (35),
and the parameters of the OW-PMSM shown in Table III, it can
be noticed that the rated speed and rated torque of the proposed
fault-tolerant topology is 577.4 r/min and 3.46 N-m, respectively.
Therefore, in order to test the control performance of the pro-
posed fault-tolerant topology (and the proposed control method)
under the rated operation state, the given speed reference and
load torque are set to 577.4 r/min and 3.46 N-m, respectively.
The experimental results are shown in Fig. 14 and Table I'V.
From the experimental results, it can be concluded that the
torque ripple and flux ripple of the OW-PMSM will increase
whether it is the one-time fault or the second-time fault, but the
torque optimization strategy proposed in this article significantly
suppresses the torque fluctuation (although the current THD and
flux ripple are increased due to the addition of the harmonic
current). The proposed second-time fault-tolerant system can
operate smoothly at its rated operating point, and has better

Fig. 14.
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(b) One-time topology. (c) Healthy topology.

Steady-state experimental results. (a) Proposed second-time topology.
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Fig. 16. Dynamic experimental results when the speed suddenly changes from
300 to 500 r/min. (a) Proposed second-time topology with the proposed control
strategy. (b) One-time topology with its control strategy. (c) Healthy topology
with its control strategy.

Fig. 15.  Dynamic experimental results when the load torque suddenly changes
from 1.98 to 3.46 N-m. (a) Proposed second-time topology with the proposed
control strategy. (b) One-time topology with its control strategy. (c) Healthy
topology with its control strategy.
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Fig. 17.

steady-state output performance under the proposed control
strategy, compared with the one-time fault-tolerant system.

C. Dynamic Performance Evaluation

In order to evaluate the performance of the proposed fault-
tolerant topology and its control strategy in dynamic response,
the OW-PMSM system dynamic test is carried out. First, the
load test is carried out, and the experimental condition is set to a
rated speed of 577.4 r/min with the load torque suddenly change
from 1.98 N-m to rated torque 3.46 N-m. The comparative exper-
iment results between healthy topology, one-time and proposed
second-time fault-tolerant system are shown in Fig. 15, it can
be seen that both systems have good dynamic response. When
the load torque suddenly changes, the speed of the two systems
can quickly recover to steady state. The proposed second-time
fault-tolerant system has dynamic performance comparable to
the one-time fault-tolerant system.

Next, the speed transient test is carried out to further verify
the dynamic performance of the proposed fault-tolerant topology
and its control strategy. The experimental condition is set to a
rated load torque of 3.46 N-m with the speed suddenly changing
from 300 to 500 r/min. The experiment results are shown in
Fig. 16, from the experiment results, it can be found that the
OW-PMSM system can follow the change of the speed command
well, and reach a new steady state in a short time. Combined
with the two kinds of dynamic test, it can be concluded that
the proposed fault-tolerant topology and control strategy have a
good dynamic performance.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 11, NOVEMBER 2020

D. Operation Mode Switching Test

In order to verify the feasibility of the proposed fault-tolerant
topology, switching test from the healthy mode to one-time
topology and then to second-time topology is carried out. In
the experiment, the speed is set to 577.4 r/min with a load
torque of 3.46 N-m. Assuming that the one-time fault is A-phase
open-circuit, and the second-time fault occurs between B and C
bridge legs, the switching process of the OW-PMSM system
is shown in Fig. 17. The experimental results certificate the
feasibility of the proposed topology and the proposed control
strategy.

VI. CONCLUSION

A kind of second-time fault-tolerant topology and control
method is proposed in this article, in order to further improve
the continuous operation ability of the OW-PMSM system under
fault condition. The proposed fault-tolerant topology and the
proposed control method can realize the smooth operation of the
second-time open-circuit fault of remaining inverter bridge arm
under the condition of one-phase open-circuit fault operation.
In addition, a torque optimization strategy is presented. This
strategy based on torque equation can realize the suppression of
system torque ripple by injecting harmonic into current ampli-
tude to make the system run with more security and stability.
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