CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL.10, NO. 1, MARCH 2026 87

Fault-tolerant Control and Fault Diagnosis of
Symmetrical Six-phase Permanent Magnet
Synchronous Motor Drives without Controller
Reconfiguration

Aihua Liu, Feng Yu, Member, IEEE, Qingan Zhu, and Xiaoxin Wu, Member, IEEE

Abstract—Owing to the multi-degree-of-freedom
characteristics and inherent fault-tolerant capacity, six-phase
motors have been widely adopted in high-power applications,
such as electric vehicle propulsion and aerospace systems. This
paper presents the fault-tolerant control strategy of symmetrical
six-phase permanent magnet synchronous motor (SSPMSM)
under an isolated neutral point topology and proposes a fault
diagnosis scheme based on joint diagnosis of multiple variables.
First, two mathematical models of SSPMSM and their
relationship are established. Subsequently, the current vectors in
the torque subspace and harmonic subspace of the two winding
sets under fault conditions are analyzed, and the cause of post-
fault torque ripple is explained as resulting from controller
conflict. In addition, a multivariate fault diagnosis scheme based
on voltage threshold in the x-y subspace and current trajectory
characteristics in the a-# subspace is proposed to enhance the
diagnostic accuracy. Finally, the feasibility and stability of the
proposed control and diagnosis methods are verified by
experiments..

Index Terms—Fault-tolerant control, Symmetrical six-phase
permanent magnet synchronous motor (SSPMSM), Isolated
neutral point, Controller conflict, Multivariate fault diagnosis.

. INTRODUCTION

IX-PHASE motors possess multiple control degrees
of freedom and exhibit inherent advantages in fault
tolerance compared to three-phase motors [1]-[3]. Currently,
fault-tolerant operation of six-phase motors remains a key
research focus, as continuous operational reliability is
critically important in many applications [4]. Among different
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types of faults, winding open circuit faults occur most
frequently [5]-[6].

Multi-phase motors can achieve fault tolerance operation
without additional hardware [7]. At present, the mainstream
fault-tolerant control (FTC) strategies are categorized into
three types: minimum copper loss (MCL) [8]-[9], maximum
torque (MT) [10]-[11], and full-range minimum copper loss
(FRMCL) [12]-[13].

To minimize stator copper losses caused by fault-tolerant
operation, many scholars have proposed an FTC strategy
based on MCL as a constraint. As presented in [8], the fault-
tolerant current is derived under the constraint of minimum
stator copper loss, followed by the implementation of
deadbeat predictive current control. In [9], the fault-tolerant
current is calculated based on the MCL constraint for the
nine-phase flux-switching permanent magnet motor, and a
corresponding harmonic injection algorithm is designed to
achieve the FTC of the motor and mitigate torque ripple.

However, in some applications, it is necessary to maintain a
large torque output after fault. Therefore, the FTC strategy
with the maximum torque as the optimization objective is
studied. In [10], a computationally efficient FTC solution is
proposed, which can maximize the average torque, minimize
the torque and speed ripple induced by the fault, and is
effective under both steady-state and transient operation
conditions. In [11], a maximum torque per ampere (MTPA)
control strategy is proposed for dual three-phase interior
permanent magnet synchronous motors (DT-IPMSM), which
can maximize the ratio of average torque to stator current and
ensure smooth switching between FTC and health-state
control without including significant torque ripple.

Since both MCL and MT adopt a single optimization
objective to design FTC strategies, they have certain
limitations. Therefore, scholars have studied a FTC strategy
that takes into account both, that is, FRMCL. In [12], a full-
range minimum losses fault-tolerant strategy is proposed to
minimize the stator copper loss while maintaining a high
output torque, thereby avoiding secondary faults induced by
local overheating. A global optimization strategy based on an
online current optimization algorithm is proposed in [13].
Considering fault conditions, MCL and torque ripple-free
operation across the full torque range can be achieved without
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requiring prior knowledge of the number and location of fault
phases.

However, all the aforementioned FTC strategies require
closed-loop control of harmonic subspace currents and
accurate fault location. Owing to this, some scholars proposed
a passive FTC scheme for the open-circuit fault of the
winding [14]-[16], which does not need to solve the fault-
tolerant current and locate the winding of the fault, which
greatly reduces the complexity of the fault-tolerant algorithm.
The relevant and valuable researches are listed as follows.

In [14], the causes of abnormal field-oriented control
(FOC) prior to fault occurrence are analyzed, followed by the
proposal of an FTC scheme that does not require
reconstruction of the current reference values. In [15], the
fault-tolerant reference current of the x-y subspace is obtained
according to the open-loop operation of the fault, and a
unified fault-tolerant reference current is established
accordingly. The smooth switching from fault operation to
fault-tolerant operation can be realized without fault location.
A natural FTC method based on deadbeat predictive current
control (DPCC) was designed in [16], which significantly
improved the dynamic performance of the system compared
with the traditional FOC. In [17], the direct torque control
based on virtual vectors was proposed to eliminate the third
and fifth harmonic components in the system and achieve
FTC without reconfiguring the controller after a fault, thereby
improving the low-speed operation performance of the
system. In [18], by studying the offset of the voltage vector
after a fault, a universal space vector pulse width modulation
(SVPWM) algorithm that can achieve natural fault tolerance
was proposed, which solved the problem of designing
multiple transformation matrices in traditional methods,
reduced the complexity of the algorithm, and decreased the
torque ripple after a fault.

In the studies cited above, both conventional FTC and the
recently emerging natural FTC require fault diagnosis,
prompting extensive research on fault diagnosis algorithms by
numerous scholars. In [19], the exact fault occurrence time
was determined by monitoring whether the current amplitude
in the harmonic subspace exceeded a preset threshold. In [20],
an online data-matching-based drive fault diagnosis method
was introduced, achieving higher diagnostic accuracy with
reduced sample data requirements. Nevertheless, the large
data volume and high computational complexity render the
method difficult to implement in practical applications.

In view of the above literature review, the traditional FTC
needs to solve the fault-tolerant current according to different
fault locations, and the corresponding fault diagnosis
algorithm is designed to cut into the FTC in real time. This
increases the algorithm complexity and the storage space of
the program. The proposed natural FTC strategy simplifies the
fault-tolerant scheme, but it still needs to design a more
complex fault diagnosis algorithm. Therefore, this paper
proposes a fault diagnosis algorithm based on multivariate
joint diagnosis and the corresponding FTC strategy to
improve the stability and security of the system. In this paper,
firstly, two mathematical models of symmetrical six-phase

permanent magnet synchronous motor (SSPMSM) are
presented. Subsequently, a x-y subspace open-loop FTC
strategy is designed based on the conflict between the two sets
of winding torque subspace currents after the fault. Then a
fault diagnosis algorithm is developed according to the o-8
subspace current trajectory and the x-y subspace voltage
threshold. Finally, an experimental platform is established to
verify the proposed control strategy.

The remainder of this paper is organized as follows. First,
two mathematical models of SSPMSM and their
interrelationship are introduced, followed by an analysis of
subspace current characteristics under fault conditions in
Section Il. Section Il presents the current vector expressions
in the torque subspace for both winding sets during fault
operation, derives the conclusion that controller conflict arises
between the harmonic and torque subspaces, and proposes an
open-loop FTC strategy. Section IV introduces the fault
diagnosis method and corresponding control strategy for the
SSPMSM. Experimental validation is conducted in Section V
to verify the correctness of the theoretical analysis. Finally,
Section VI provides the conclusions and outlook of this study.

Il. THE MATHEMATICAL MODEL OF SSPMSM

The SSPMSM can be regarded as two sets of three-phase
windings with a phase shift of 60°. The universal winding
structure of SSPMSM includes common neutral point and
isolated neutral point. The topology shown in Fig. 1(a) has no
current flowing between the two sets of windings; therefore,
there is no need to control the zero-sequence component,
which simplifies the control complexity. This paper
only studies the isolated neutral point topology as shown in
Fig. 2, and gives the performance improvement of the FTC
strategy.

Fig. 1. Different neutral point configurations of SSPMSM. (a) Isolated neutral
point. (b) Common neutral point.
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Fig. 2. The isolated neutral point configurations of SSPMSM.

In order to simplify the model of the SSPMSM drive system,

the vector space decomposition (VSD) technology is proposed
by decoupling the multi-dimensional voltage and current

Battery
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vectors, and the VSD matrix of SSPMSM is:

1 12

2 Y2 1 12

0 32 -\3/2 32 0o -\B/2||p
- I N L ER
U303z B2 Bf2 0 —B/2||Y

Y2 y2 Y2 -y2 -2 -y2 |9

Y2 y2 y2 2 y2 y2 |5

where a, S, X, y, 05, and 0, represent the subspace components
of electrical values such as current and voltage according to
VSD. The d-q transformation matrix shown in (2) is further
decomposed into DC variable.

cos@ singd 0,
T,=|-sin@ cosd O, 2
04><1 04><1 I 4x4

where 0 is electrical angle of PMSM, 04, and 0.« are zero
matrices, and l4«4 is a fourth-order unit matrix.

In addition, for the isolated neutral point topology, the
motor can also be analyzed by double d-q transformation. The
Clark transformation is performed on winding ABC and
winding UVW, respectively. After the coordinate
transformation, the a;-f; and a,-f, components in the
stationary coordinate system can be expressed as (3):

[t fu] =Toulfa fo f]

[fo o] =Tlfe £ ]
where a;-f; and a,-f, represent the subspace components of
electrical values such as current and voltage according to
double d-q, f is the current, voltage, and other variables of the
motor. The double Clark matrixes T,z and T,z are shown as
(4). Then, combined with the Park matrix, the relationship
between the subspace components in the double d-q
coordinate system and the components in the natural
coordinate system can be obtained by Park matrix,
respectively.

T

3)

211 i, 1
2 2 2 2| 2 2
Ta = — s Ta = — 4
O N B I IV BN |
2 2 2 2

According to (3) and (4), it is easy to get the relationship
between the double d-q coordinate system and the VSD
coordinate, which is also an important prerequisite for the
analysis of the subspace current mechanism when the fault is
running. The relationship of them is shown as:

fy =0.5(fy, + fy,)
fy=05(fy+f,)
f, =05(fy—f,)
f,=0.5(~f, +fy)

The mathematical model of the SSPMSM based on VSD
can be established, and corresponding voltages can be
presented as:

(5)

vV, L] (L oTldfl, -L,1,

A B T b G e
v, L L 0]d|kL
W e b

where V, (m=d, q, x, y) and I, (m =d, q, X, y) represent the
currents or voltages based on decoupled subspaces of the
SSPMSM, respectively; R is stator resistance; w is electrical
angular velocity; L, Lg, and L, are the d-axis, the g-axis, and
the stator leakage inductances, respectively; w; is the
permanent magnet flux. The electromagnetic torque equation
of the SSPMSM in d-g coordinate system can be obtained, as
shown in (8):

TeZSpanI:Id(Ld_Lq)+l//f:| (8)
where p, is the number of pole pairs. Since the dg-axis
inductances of the surface-mounted motor are equal, the
control method of iy = 0 can be adopted.

In order to facilitate the analysis, this paper takes the A-
phase open circuit as an example. After the A-phase winding
is disconnected, the A-phase current is missing in the current
closed-loop, which eventually leads to the current value of each
phase no longer balanced. According to the above vector space
decoupling theory, the phase current will be changed to (9).

la=1,+1,+1 +1, =0 9)

According to Kirchhoff’s law, the 0,-0, subspace current is

always 0. Hence, both 1, and I, in (9) are 0. Therefore, the

subspace current relationship after the open-circuit fault of the
A-phase winding can be obtained, as shown in (10), which is
caused by physical disconnection.
I, =-1, (10)
According to (10), it is easy to think that after the open-
circuit fault of the winding, the reference value of the original
I, is changed from 0 to —I,, and then the proportional resonant
(PR) controller is introduced to control it to achieve fault-
tolerant operation. However, this kind of traditional fault-
tolerant scheme has the following three defects: 1) Due to the
resonant characteristics of the PR controller, the parameter
tuning process is difficult. 2) For different winding open
circuit, fault-tolerant control strategy needs to introduce the
corresponding fault-tolerant current reference value, the need
for accurate fault diagnosis and location algorithm. 3) The six-
phase, twelve-phase and even more multi-phase motors
require more pre-stored fault-tolerant current reference values,
occupying chip resources. Therefore, this paper proposes a
FTC algorithm without fault location, pre-storage of multiple
sets of fault-tolerant current reference values, and no current
reconstruction to achieve undisturbed operation pre- and post-
fault.

I1l.  THE FAULT OPERATION ANALYSIS OF SSPMSM

A. Healthy Operation

When the system is in healthy operation, the output torque
of the motor is controlled by controlling the d-q subspace
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current. The x-y subspace voltage is theoretically 0. However,
in the actual system, the motor winding is differentiated and
affected by the dead time of the inverter; then, the x-y subspace
current is inevitably generated. Therefore, if the x-y subspace
voltage is given to 0 directly during modulation, the harmonic
current of the x-y subspace cannot be effectively suppressed.
Therefore, the x-y subspace current closed-loop control is
adopted during healthy operation and the reference value is 0.

B. Fault Operation

Taking the open circuit of winding, a winding as an
example, the following analysis of the torque component
current and harmonic component current generated by the two
sets of windings during fault operation is carried out, and the
reason for the conflict of the controller is deduced.

Firstly, the symmetrical component method for the three-
phase system with star connection is introduced. After the
system is unbalanced, the positive sequence component and
the negative sequence component will be generated. The
angular velocity of the positive sequence component is w,
and the angular velocity of the negative sequence component
is —w,. Therefore, for the three-phase winding where winding
A is located, the current vector of the a-8 subspace can be
written as:

j(o.t+6, i(—ant—
Ialﬂl — IpleJ(we + p1) + Inlel( Wt—0y) (11)

where w, is electrical angular velocity; 1y, and 6, are the
amplitude and phase of the positive sequence component,
respectively. Similarly, I,,; and 8,, are the amplitude and phase
of the negative sequence component, respectively.
Additionally, lasm is a-f subspace current of ABC. Park
transformation is performed on both sides of (11),
respectively. The d-q component of the first set of windings is
obtained, as shown in (12).

1605

_ j(-2,t-6, )
Idlql = Iple +1,,e ! (12)

where 1 e/?*'"%) js the double frequency negative
sequence component generated in the d-q subspace after the
winding A fault. Iplejgpl is DC component in d-q subspace.

Since the isolated neutral point topology is adopted in this
paper, the winding current can be analyzed by combining the
double d-q and VVSD theory. The relationship between the two
is as (10) after the fault occurs, and under the dual action of d-
g closed-loop and x-y closed-loop, there may be two cases.
1) The d-q Closed-loop is Enabled with Priority

From the perspective of decoupling, the d-q subspace
current is obtained by superimposing the torque subspace
currents of two sets of windings. In order to maintain the d-q
subspace current without ripple pulsation after the fault, the
AC harmonic component in the torque subspace of the second
set of windings, that is, the d,-g, subspace, should cancel each
other out with the AC component in the first set of windings.
Therefore, the torque subspace current lg,q, of the second set
of windings can be obtained as:

10 Inlej(*zwet*lgm) (13)

where Ipze"‘gpz is DC component in d-g subspace of UVW.

Id2q2 = Ipze

According to (5), (12), and (13), the current of d-q subspace
and x-y subspace of SSPMSM in VSD coordinate system can
be obtained as shown in (14).

6, 6,
Iy =0.5(1,6™ +1,,e")
, . (14)
Ly = 05(1,8" — 1% ) +1,gle )

2) The x-y Closed-loop is Enabled with Priority

The x-y subspace current reflects the difference between the
two sets of winding currents. Therefore, if the harmonic plane
is to be controlled to be constant, the AC component in the d-
g subspace current of the second set of windings should be
equal to that of the first set of windings. Thus, the d,-q,
subspace current can be obtained as

y .
| = 18" + 1,812 (15)

Similarly, according to (5), (12), and (15), the current of d-
g subspace and x-y subspace of SSPMSM in VSD coordinate
system can be written as:

Iy = 0.5(Ip1ewpl +1,,e'% )+ | el o)
N 16
| :05(| el | e"%) (9
Xy : pl p2

According to the above derivation, especially the
comparative analysis of (14) and (16), the controller will
generate conflicting subspace currents in order to achieve
different control objectives. Therefore, the two control
objectives cannot be achieved at the same time. After the
open-circuit fault of the winding occurs, there is a serious
imbalance between the two sets of windings of the motor, so
the actual current of the x-y subspace cannot be controlled to
0. Therefore, it can be concluded that in order to ensure the
same torque output capacity and low torque ripple
performance after the fault, it is necessary to solve the conflict
between the d-q subspace and the x-y subspace current closed-
loop controller.

In this paper, the open-loop FTC strategy is proposed,
which is to disconnect the current closed loop of the x-y
subspace after the fault, and directly set the voltage reference
value of the x-y subspace to 0, thus avoiding the conflict
between the torque subspace and the harmonic subspace.
Under this condition, the harmonic subspace still has the
current generated by the open circuit fault, such that the
winding A open circuit will generate the current in (10).

IV. THE FAULT DIAGNOSIS AND CONTROL STRATEGY

After discussing the FTC algorithm in Section 111, it is also
very important to study the fault diagnosis of the system.
Based on the proposed fault-tolerant strategy, two fault
diagnosis algorithms are designed and tested at the same time,
which can effectively improve the robustness of the system
and reduce the risk of false diagnosis.

A. Fault
Threshold

According to the VSD theory, the current component in the
x-y subspace increases significantly after fault. At this time,

Diagnosis based on x-y Subspace Voltage
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the x-y subspace voltage will produce a larger value of x-y
subspace voltage. Therefore, a simple fault diagnosis
algorithm for x-y subspace voltage threshold can be designed.
During the operation of the SSPMSM, the output value of the
x-y subspace current closed-loop is detected at all times. In
order to avoid the misdiagnosis caused by normal
fluctuations, a simple filtering process is performed on the
obtained detection value. Then, compared with the preset
threshold uy, max, if it exceeds the preset value in both
electrical cycles and satisfies (17), it is judged that the
winding open circuit fault occurs in the motor.

{ux 2 uxy_max
Uy >Uu

Xy _max

(17)

where Uy, max is fault threshold. In this method, it is difficult to
select the threshold uy, ma. For different power levels and
different types of motors, different thresholds need to be adopted.

B. Fault Diagnosis based on a-f Subspace Current
Trajectory

It can be known from the VSD theory that the a-f subspace
current is the sine wave with the phase difference of 90° and
equal amplitude when the SSPMSM s in healthy operation.
Therefore, the current trajectory of the a-f subspace is the
standard circle, and the radius of the circle is equal to the
current g-axis current value. When the winding open circuit
fault occurs, the phase current imbalance increases, and the a-
£ subspace current is no longer balanced, so its trajectory also
changes from circular to elliptical. The phase current of
SSPMSM s collected in real time, and the real-time value of
a-f subspace current is obtained according to the VSD
transformation and stored as (l,o, l40), SO the tangent equation
of this point is shown in (18) when the motor is running
healthily. However, when the motor faults, the current
trajectory of the a-f# subspace becomes an ellipse with the
long half axis equal to I and the short half axis equal to 0.5 I,
Therefore, the tangent equation at this time is (19).

Ia'|a0+|/f'|/f0:|c|2 (18)

5l =1 qz (19)

In each control cycle, the a-axis current value 1, is
calculated according to the phase current obtained by
sampling, and then the ls and I, are solved by (18) and (19)
respectively. Under the two tangent equations, two values
with large difference will be obtained. Then, I5 and 1, are
compared with the actual g-axis current value 14 respectively.
If 15 is closer to 1y, it is in healthy operation at this time. If 15,
is closer to Iy, it is judged as a fault at this time.

This method can be directly applied to any motor without
determining the x-y subspace voltage preset threshold.
However, when the load changes abruptly, due to the rapid
change of |, it may lead to misdiagnosis. Therefore, it needs
to be combined with the first fault diagnosis method. Only
when both methods are judged to be faulty, the system will
disconnect the x-y subspace current closed-loop.

41, -1, +1

C. Control Strategy of Fault Diagnosis and Fault-tolerant
The following briefly introduces the control flow of

SSPMSM fault-tolerant operation and fault diagnosis based
on Fig. 3. As shown in Fig. 3(a), the multi-variable joint fault
diagnosis algorithm proposed in this paper is demonstrated.
On one hand, by judging whether the x-y subspace voltage
exceeds the set threshold, it is determined whether the fault
occurs. On the other hand, by solving the current value of the
a-f subspace at each moment in the operation of the motor,
and according to the tangent equation of the current trajectory
of the a-f subspace under different operating conditions, it is
judged whether the flux linkage runs in the circular state or
the elliptical state, and finally the fault flag is obtained. It
should be emphasized that two methods must be used to
obtain the fault flag at the same time to determine that the
system is really faulty and then switch to open-loop FTC.

Then, the overall control block diagram is introduced.
Firstly, for healthy operation, the speed is closed-loop
controlled. The output of the speed close-loop is the given
value of the g-axis current to control the torque output of the
motor. In addition, in order to avoid the excess loss of the
system, the d-axis current is controlled to 0. For the x-y
subspace current loop, when the system is in healthy
operation, the reference voltages u, and u, of the x-y subspace
current closed-loop control output are used as the input of
SVPWM, which can effectively suppress the generation of
current harmonics and reduce the operating loss. When the
winding open-circuit fault occurs, the x-y subspace current
closed-loop is disconnected, and the u,, are is directly given to
be 0, and it is sent to the modulation module for calculation to
eliminate the controller conflict and reduce the torque ripple
after the fault.

Enable fault-diagnosis
Collect uy,

Enable fault-diagnosis

Calculate | o )

(Calculate Ipand 1z

" Normal — — 7
| it Il o> |

SVPWM

ix

i,| /nec
1/ uww

[Encoder 1
Encoder

(b)
Fig. 3. Controller diagram for both pre- and post-fault operations. (a) Fault-
diagnosis. (b) Healthy and FTC strategy.

V. EXPERIMENTAL VERIFICATION

In order to verify the FTC and fault diagnosis algorithm
proposed in this paper, the experimental verification is carried
out on the experimental platform shown in Fig. 4. There are
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seven current sensors and a voltage sensor used as
measurement. The current sensor is used to measure the motor
winding current and the DC current, and the voltage sensor is
used to measure the DC bus voltage. The module has a
withstand voltage of 1200 V and uses a 15 V voltage to
ensure that it is reliably driven. In addition, Texas
Instruments” digital signal processor TMS320F28335 is used
to process sampling signals and implement drive control
algorithms. Finally, the parameters of the SSPMSM used in
this experiment are shown in Table I.

Fig. 4. Experimental test rig.

TABLE |
PARAMETERS OF EXPERIMENTAL PLATFORM
Parameters Value
Pole pairs 5
d-axis inductance/mH 8
g-axis inductance/mH 8
PM flux/Wb 0.042
Rated speed/(r/min) 1000
Rated torque/(N + m) 5
Rated current/A 10

A. Healthy-fault Operation

Firstly, the switching process of SSPMSM from healthy
operation to A-phase disconnection operation under isolated
neutral point topology is analyzed. The experimental results
are shown in Fig. 5. After the fault occurs, since the current
cannot flow in the winding A, according to Section I, I, =
-1, at this time. In addition, since |, is independent of winding
A, 1, does not change. Then, by observing the x-y subspace
voltage, it can be known that after the fault, due to the conflict
of the controller and the physical change of the actual value of
the x-axis, it cannot track the reference value, so uy is out of
control. Because the limiting setting of the x-y subspace
voltage is small when designing the controller, a waveform
similar to a rectangular wave is presented. Similarly, since the
y axis is independent of the winding A, the u, is not affected.
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Fig. 5. Healthy to fault operation. (a) x-y subspace current and voltage.
(b) Torque and speed of SSPMSM, d-q subspace current.

As shown in Fig. 5(b), after the open-circuit fault of the
motor winding occurs, on one hand, the winding current after
the motor phase is broken produces an extremely serious
imbalance. On the other hand, the conflict between the
physical immutability of I, and its reference value aggravates
the torque ripple.

B. Fault-fault-tolerant Operation

Before verifying the fault diagnosis algorithm, the FTC
performance is verified by experiments. Figs. 6(a)-6(c) are
tthe motor switching process from A-phase open-circuit fault
operation to x-y subspace open-loop fault-tolerant operation. It
can be clearly seen that after switching to open-loop control,
the x-y subspace current loop is released, and the conflict
between the torque subspace current loop is resolved.
Therefore, compared with the fault operation, the torque
ripple of the motor is reduced by 50%, and the excellent FTC
performance is obtained. In addition, it can be seen from the
figure that the d-axis current ripple is also reduced a lot. This
is because the projection of the torque subspace current on the
d-axis decreases with the release of the x-y subspace current
loop.
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Fig. 6. The result of fault-tolerant operation. (a) Torque and speed of
SSPMSM, d-q subspace current. (b) a-f and x-y subspace currents. (c) x-y
subspace current and voltage. (d) Phase current la, Ig, lc, and g-axis current
under fault operation. (e) Phase current la, lg, Ic, and g-axis current under
fault-tolerant operation. (f) Phase current ly, Iv, lw, and g-axis current under
fault operation. (g) Phase current Iy, Iy, lw, and g-axis current under fault-
tolerant operation.
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During the switching process from fault to fault-tolerant
operation, the a-f and x-y subspace currents are shown in
Fig. 6(b). It can be clearly seen that during the fault operation,
the torque subspace current shows a serious imbalance, and
the motor cannot produce a standard circular magnetomotive
force. However, after the FTC is involved, the torque
subspace current is rebalanced and a circular magnetomotive
force is generated.

In addition, in the case of fault and fault-tolerant operation,
the current of I, is equal to —1,, and I, is not affected by the
open circuit of winding A, which also verifies the conjecture
of Section Ill. In addition, Fig. 6(c) shows the x-y subspace
current and voltage from fault to fault-tolerant operation, and
the current and voltage of the x-axis are analyzed here. When
the FTC strategy is not cut in, I, shows some distorted
sinusoidal current. After the open-loop control of the x-y
subspace, |, becomes a standard sinusoidal current and the
amplitude is larger than before. This is because when the fault
is running, a part of the harmonic component is transferred to
the d-g subspace, and after the controller conflict is resolved,
the harmonic current is completely returned to the x-axis. In
addition, Figs. 6(d) and 6(f) show the phase current
waveforms of the motor during fault operation. It can be
clearly seen that the current is no longer sinusoidal and has
obvious distortion. Then, Figs. 6(e) and 6(g) show the phase
current waveforms after fault tolerance. After the controller
conflict is released, the current waveform distortion
disappears and returns to sine.

To more comprehensively demonstrate the advantages of
the fault-tolerant method proposed in this paper over
traditional methods, the following section takes the MCL FTC
strategy as an example for comparison. Fig. 7 shows the
switching process of the motor from healthy operation to fault
operation to fault-tolerant operation under the MCL strategy.
When it needs to be explained, the operating conditions are
consistent with the waveform shown in the manuscript,
including voltage, load, speed, etc. In the VSD theory, if the
system is connected to an isolated neutral point topology, the
relationship between the A-phase current and the subspace is
shown in (9). At this time, the MCL is taken as the
optimization objective. Obviously, I, has only the unique
solution —1,. Therefore, in this mode, the reference value of I,
in the original healthy operation is changed from 0 to —I, to
achieve the minimum loss FTC.

Then, comparing Fig. 7 with Figs. 5 and 6 in the
manuscript, there is no significant difference between the two
control methods in reducing torque and speed ripple. In
addition, both the MCL strategy and the strategy mentioned in
the manuscript show very close subspace currents, which
indicates that the open-loop FTC can achieve the same effect
as the harmonic plane current closed-loop control in terms of
copper loss and torque ripple. However, the method
introduced in this paper does not need to calculate the fault-
tolerant current reference in advance, nor does it need
to design a PR controller for controlling the alternating
current, which is the biggest advantage of the traditional
FTC method.
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Fig. 7. The result of fault-tolerant operation with MCL strategy. (a) Torque
and speed of SSPMSM, d-q subspace current. (b) l,, lg, Ixrer, and I from
healthy to fault operation. () l., lg, Ixrer, @and Iy from fault to fault-tolerant
operation.

According to the natural FTC method described in [14], it
was applied to SSPMSM in this manuscript, and the
experimental results are shown in Fig. 8. It can be seen that
since neither of the two methods requires fault location but
only simple diagnosis, both can quickly switch to FTC after a
fault occurs. In addition, due to the addition of closed-loop
control in the x-y subspace in [14], better torque performance
can be achieved. However, two PR controllers have also been
added, while the method adopted in this paper does not require
this step, further simplifying the system complexity and
enhancing reliability.
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Fig. 8. The result of fault-tolerant operation in [14]. (a) Torque and speed of
SSPMSM, d-q subspace current. (b) Phase current la, lg, lc, and g-axis
current under fault-tolerant operation. (c) Phase current Iy, lv, lw, and g-axis
current under fault-tolerant operation. (b) a-f and x-y subspace currents.

C. x-y Subspace Closed-loop or Open-loop

According to the above experimental verification,
disconnecting the x-y subspace current closed-loop after the
fault can effectively solve the conflict between the subspace
currents. Therefore, it can be imagined that in order to simplify
the complexity of the system, the following section is to
verify whether the open-loop control strategy is more
advantageous in the healthy state of the SSPMSM. Figs. 9(a)
and 9(b) show the experimental results of the closed-loop
switching from the x-y subspace current to the open-loop
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operation in the healthy state. It can be seen from the torque
and speed waveforms in Fig. 9(a) that there is almost no
change between the two before and after switching. Therefore,
no matter the x-y subspace current open-loop operation or
closed-loop operation, it has no effect on the output
performance of the motor. However, it can be seen from
Fig. 9(b) that the y-axis current fluctuates after both u, and u,
are given to 0. This is mainly due to the fact that the motor
windings cannot be completely consistent. Therefore, if the x-
y subspace current is not closed-loop controlled, even if the
default current loop output is 0 during modulation, the actual
X-y subspace current is not suppressed, which will cause
system loss and is not conducive to high-efficiency operation.
Therefore, in healthy operation, the x-y subspace current
closed-loop operation is still used.

T (2 Ndiv) _ 30msdiv | S50 ms/div
I42 A7div) B I.(5 A div)y
= Pdl b
4 VO i Tdnl GEC TG LA W o ki S [ NS
)a’_,ll.-\ div) }r.-._|||-\-' fiv)
- |'|l IR
oy rdi ; oy ity 10 Vodiv)
@) (b)

Fig. 9. Operation from x-y closed-loop to open-loop. (a) Torque and speed of
SSPMSM, d-q subspace current. (b) x-y subspace current and voltage.

D. Fault Diagnosis

Firstly, the diagnostic method based on x-y subspace
voltage threshold is experimentally verified, and Uy max is
selected as 1, 4, and 10, respectively. The Fault_flagl and
Fault_flag2 are fault diagnosis results. The results are shown
in Fig. 10(a), because the threshold value is too small, even if
no open-circuit fault occurs, the voltage fluctuation of the x-y
subspace is enough to make it diagnosed as a fault. However,
a larger threshold is selected in Fig. 10(e), which will cause
another problem. Even if a fault occurs, the x-y subspace
voltage always fails to reach the threshold. In Fig. 10(c), a
compromise value is selected as the judgment threshold. After
the fault occurs, the fault occurrence time is quickly judged
and the FTC is quickly cut in. Therefore, for this fault
diagnosis method, the voltage threshold selection of the x-y
subspace is extremely important.

Fig. 10(b) shows the experimental results of the fault
diagnosis algorithm based on the tangent equation. When the
fault occurs, the g-axis loses its activity, resulting in the
deviation of the flux circle trajectory. Therefore, the fault can
be determined quickly by judging the difference between Iz,
and lg. However, this method is sensitive to changes in the
external characteristics of the system. When the load changes or
the speed changes, the diagnostic marker may be triggered, and
there is a risk of misdiagnosis. Fig. 10(d) shows the switching
process of the reference speed from 800 to 400 r/min, and the
second method has a false diagnosis. Fig. 10(g) shows the
switching process of the load torque from 3 to 0 N-m, and
only also the second method has a false diagnosis. Therefore,
combining the two methods to diagnose at the same time, as
shown in Fig. 10(f), it is neither necessary to carefully select
the voltage threshold of the x-y subspace, nor to worry about

the risk of misdiagnosis caused by a single variable.
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Fig. 10. Fault diagnosis. (a) Torque, x-y subspace voltage, and Fault_flagl
under Uy max = 1. (b) Torque, lp, g, and Fault_flag2. (c) Torque, x-y
subspace voltage, and Fault_flagl under uy max = 4. (d) The misdiagnosis in
dynamic process from 800 to 400 r/min. (e) Torque, x-y subspace voltage, and
Fault_flagl under Uy max = 10. (f) The diagnosis results combined multi-
variable. (g) The misdiagnosis in dynamic process from 3 to 0 N-m.

VI. CONCLUSION AND FORESIGHT

Firstly, a clear comparison should be made between the
natural fault-tolerant methods mentioned in the paper and
those introduced in Section | to demonstrate the advantages of
the current methods in certain application scenarios, as shown
in Table II.

This paper introduces the x-y subspace open-loop FTC and
fault diagnosis of SSPMSM. The specific research work is
summarized as follows:

1) The VSD and double d-q models for SSPMSM with
double neutral point topology are established respectively, and
the relationship between them is obtained. Then, the expression
of subspace current after winding open-circuit fault is analyzed.

2) By analyzing the torque component and harmonic
component of the two sets of windings based on symmetric
component method after the fault, the conflict in the closed-
loop controller of the two subspaces is proved. A natural FTC
method is designed. Different from the traditional FTC that
pre-calculates the current reference value, this method can
achieve excellent control performance without reconfiguring
the controller after fault.
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TABLE Il
THE COMPARISON OF THE ADVANTAGES AND DISADVANTAGE OF NATURAL FAULT-TOLERANT METHODS
Method Ref. [14] Ref. [15] Ref. [16] Ref. [17] Ref. [18] Proposed
Number of PI/PR controllers 5 5 1 1 7 3

Fault diagnosis Needful Needful Needful Needful Needful Needful
Fault location Needless Needless Needless Needful Needless Needless

Response speed Medium Slow Slow Slow Medium Fast

Copper loss Low Low High Low High Low

Torque pulsation Low Low Low High Low Low

3) The two fault diagnosis algorithms based on x-y
subspace voltage thresholds and current trajectories in the a-8
subspace are introduced, and a fault diagnosis algorithm based
on multi-variable joint diagnosis is proposed to improve the
accuracy of the diagnosis results.

Finally, the proposed theoretical analysis is verified by
corresponding experiments, which proves the correctness and
operability of the theory. In addition, for the fault diagnosis
strategy adopted in this paper, more accurate diagnostic
algorithms can be further designed. Based on the
establishment of a reliable and stable model, by adopting
methods such as machine learning and designing fault
diagnosis strategies, the algorithm can more effectively adapt
to the motor control system and further enhance its
robustness.

It should be noted that the FTC method introduced in this
article aims to switch to the FTC algorithm after rapid
diagnosis to ensure the dynamic performance from normal
operation to fault operation. However, from both theoretical
and experimental perspectives, we have concluded that the g-
axis current after the fault contains a double-frequency
component. Therefore, this will become one of the subsequent
work contents.
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