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Abstract: Compared with the three-phase motor, the six-phase motor has lower torque ripple and
higher fault tolerance performance, which makes it widely used in aviation, ships, industrial manu-
facturing, and other application fields. However, the probability of failure of the polyphase motor
system increases with the increase in the number of phases. In order to deal with the open phase fault
and power switch fault of the six-phase inverter, a fault diagnosis method for the six-phase inverter
based on vector space decoupling (VSD) is proposed. The open phase fault index is first determined
according to the VSD decoupling inverse transform and the current constraints. The fault index
is then optimized from the perspective of preventing misdiagnosis and improving reliability, and
the open phase fault can be diagnosed in one fundamental cycle. In addition, the current trajectory
of harmonic plane after switch fault is analyzed, and the back propagation (BP) neural network is
used to identify the harmonic plane current trajectory of different types of switch fault. Finally, the
correctness and feasibility of the proposed fault diagnosis method are verified by simulations and
experiments. The obtained results demonstrate that the proposed method can quickly and accurately
locate the open phase fault and switch fault without additional hardware. The proposed method is
simple, efficient, and robust.

Keywords: six-phase permanent magnet synchronous motor (PMSM); inverter fault diagnosis; neural
network; open circuit fault; power switch failure

1. Introduction

The polyphase permanent magnet synchronous motor has its unique advantages in
improving power, restraining torque ripple, and fault-tolerant control. It is suitable for
ships [1], aerospace [2], energy utilization [3], rail transit [4], and other application domains
with high-reliability requirements. However, compared with the three-phase motor, the
number of power devices and sensors in the driving system of the polyphase motor is also
doubled. In the case of failure, it will threaten personal safety or lead to system collapse.
Therefore, it is necessary to detect and diagnose the different operating parameters in the
early stage of system fault.

In the polyphase motor drive system, the inverter switch failure and phase failure
rate are the highest [5]. The fault diagnosis technology can instantly and accurately locate
the fault location of the motor drive system and provide key information for maintenance
and repair. In addition, it provides an accurate basis for the selection of the subsequent
fault-tolerant control technology of the polyphase motor. Therefore, a fast, stable, and
accurate fault diagnosis method for polyphase motor drive systems is crucial.

Three main fault diagnosis methods for motor drive systems exist: model-based [6-8],
knowledge-based [9,10], and signal-based [11]. In [12], the related terms of DC side voltage
and current of inverter are modeled and analyzed, and the residual evaluation function of
DC side voltage is constructed to diagnose the fault of switch. A phase current observer
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is designed to convert the phase current error into coordinates to obtain the fault vector
angle, so as to locate the switch fault [13]. A current interval sliding mode observer is
designed to improve the prediction process of the phase current [14]. The performance
of the model-based fault diagnosis method highly depends on the model’s accuracy. The
changes in the motor parameters and operating conditions will also have a certain impact
on the diagnosis accuracy.

In the knowledge-based diagnosis method, the main neural network algorithm and
auxiliary neural network are used to analyze the amplitude-frequency characteristics of DC
bus voltage harmonics and diagnose the fault of the three-level inverter power device [15].
In [16], the intermittent faults of power equipment are studied, and the fault levels under
different fault conditions are classified by using fuzzy theory. In [17], a new method is
mentioned to diagnose the fault of a wind turbine by developing a knowledge base to
simulate the thinking mode of experts. This method has a high computational load, and
low real-time performance, and it is difficult to implement.

The fault diagnosis based on signals can be divided into voltage and current methods.
The typical shape of the fault track is matched by calculating the distance from the harmonic
plane current track to the centroid [18]. This algorithm is complex and requires a lot of
calculations. In [19], a new method is mentioned to decompose and reconstruct the voltage
signal by using wavelet packets. It also uses the characteristic frequency related to the fault
signal in its power spectrum to judge the open circuit fault type of the switch. In [20], by
analyzing the frequency and angle of each current vector, whether the power switch of the
three-phase inverter fails can be judged. In [21], the sampled current is decomposed using
the wavelet transform and transformed by coordinate, and the fault trajectory is diagnosed
using the support vector machine.

In this paper, a fault diagnosis method based on VSD is proposed for phase failure
and power switch failure. The phase failure index is first determined according to the VSD
transformation and phase failure constraints. A series of fault indexes are then optimized
in order to improve the diagnosis reliability. Afterward, the switch fault is diagnosed as
the characteristic signal by analyzing the current trajectories of harmonic planes after VSD
transformation. Finally, considering the 10 kW double Y-phase shifted 30° six-phase PMSM,
the correctness of the diagnosis algorithm is verified by simulations and experiments.

2. Mathematical Model of the Six-Phase Permanent Magnet Synchronous Motor

The six-phase PMSM drive system is mainly composed of a six-phase voltage source
inverter (VSI). Its topology is shown in Figure 1. Note that N1 and N2 are the neutral points
of the two windings.

O
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Figure 1. Topology of the six-phase inverter with neutral isolation.

The six-phase PMSM is a nonlinear and strongly coupled system. Therefore, an appro-
priate decoupling transformation is required to simplify the analysis. In addition, the VSD
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decoupling method, which is more suitable for polyphase motors, can control the harmonic
component. The vector space decoupling matrix is given by:

(1 -1 _1 3 _¥v3 g ]
2 2 2 2
0 V3 _ V3 1 1 -1
N
Ces = "' =5 -2 -7 5 0 1)
Glop T T
1 1 1 0 0 0
o 0 0o 1 1 1 |

In this matrix, the first two rows of variables correspond to the a-f subspace, the
middle two rows correspond to the z1-z, subspace, and the last two rows correspond to the
01-03 zero sequence. The conversion of electromechanical energy is only related to x-f.

The rotation coordinate transformation is expressed as:

cosf sinf 0
Ces/or = | —sinf cosf 0 2)
0 0 I

where 14 is a fourth-order unit matrix. The motor mathematical model after VSD transfor-
mation is detailed in the sequel.
The magnetic flux equation is:

wl=1e o lli]wlo]

— o+ (3)
[ Py 0 L, |li ] T o0

where L; and Ly, iy and ig, 4 and ¢, are the inductance, current, and stator flux of the

direct axis and quadrature axis, respectively.
The voltage equation is:

Uy R 0 id d Py —lqu
= | — 4
b=l )l leali el @
where 1, and u, are the stator voltages of the direct axis and quadrature axis, respectively.
The electromagnetic torque equation is:

Te = 3p[prig + (La — Lq)iaiq] @)

where Te and i are the electromagnetic torque and permanent magnet flux linkage,
respectively.
The equation of motion is:

dwpm

Te = TL — Bwm =] dt

(6)
where Ty, B, wm, and | are load torque, damping coefficient, mechanical angular velocity,
and moment of inertia, respectively.

3. Open Phase Fault Diagnosis Strategy

After VSD transformation, the property of the a-f plane variable is similar to that of the
three-phase motor, while the z;-z; plane is a unique property of the six-phase PMSM [22].
Simultaneously, the change of the z;-z; component during inverter fault is explored, which
can be used for inverter fault diagnosis.
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3.1. Calculation of the Phase Failure Index

In the normal state, the fundamental subspace current iy, i g in the VSD static coordi-
nate system is obtained by decoupling transformation of the six-phase stator current:

1, 1 @._@i

iy :ia—ilb—iic+ 5 g 5 e 7)
V3. VB 1 1
Zﬂ: 71b—71c+§ld+§l€_lf (8)

Substituting the six-phase stator current of the motor during normal operation into
Equations (7) and (8), the following is obtained:

in = Imsin(8) — Lmsin(6 — Z2) — Ly sin(6 + ) + LIy sin(6 — Z) — LI sin(6 — 5%) = 31, sin(6) ©)
iy = @Im sin(f — &) — @Im sin(0 + &) + msin(0 — F) + 1 sin(0 — %) — Iy sin(0 + ) = 31 cos(0)
Similarly, the current relationship in the harmonic subplane can be obtained:
iy =i — iy — Yio — Biy + Li, 10)
iy = =iy + Pic + Lig+ Lie — iy

Substituting the six-phase stator current of the motor during normal operation into
Equation (10) results in:
iy =0
{ ) (11)

iy=0
It can be deduced from this analysis that the output electromagnetic torque of the
motor is mainly provided by the fundamental subspace current components i, and ig. In
the normal state, the current i1, iz of the harmonic subplane is null. The currents iy,ig
and i;1,iz after VSD decoupling transformation are shown in Figure 2. The fundamental
subspace is circular in the steady-state current ia,i/g. The harmonic subspace current i,1,izp
is the point at the origin, which is coherent with the theoretical calculation results.

2 2
1 1

% 0] %O "
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io (A) i-1(A)
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Figure 2. a-B and z1-zp plane current waveform during normal operation: (a) a-3 plane current
waveform in case of normal operation; (b) z1-z, plane current waveform in case of normal operation.

By inverting the normal VSD transformation, the following is obtained:

; 1 0 1 0 10 ;

! _1 V3 _1  _ V3 1 0 *

1y 2 2 2 2 g

i 1] -1 -3 1 10|

Sl = 2 2 2. 2 2 (12)
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When a phase failure occurs, it can be seen from Equation (12) that the fundamental
and harmonic plane currents have a certain relationship. It is assumed that the phase failure
of phase a winding occurs. That is, when the constraint condition is i, = 0, the first row of
the VSD inverse matrix (cf. Equation (12)) is multiplied by the plane current in order to
obtain iy + i;; = 0. When the motor is in normal operation, the harmonic current is i;; = 0.
In summary, the open circuit fault index F, can be computed as:

F, = — 2 (13)

Iy

Similarly, the open-circuit fault index of six-phases (cf. Equation (14)) can be obtained:

F,=-%
— izl
Fb o _ia"r\/gl'/s—\/gizl
Fc = — iz'1 -
e Vaig i y
Fd — 171 ( )
ia+1/\/§iﬁ+1/\/§iz2
EF, = iz1
© T i—1/VBig—1/V3ixn
_ _In
Ff = _iz?

The numerator of this fault index is the harmonic plane current. Due to the fact that the
harmonic plane current component is null in the normal state, the fault index is always kept
null during the normal operation of the motor. When a phase fault occurs, the fault index
of the phase rises 1, so as to distinguish the normal operation and inverter phase fault.

3.2. Optimization Scheme of the Winding Open Circuit Fault Index

In the case where only the fault index F,, (n =a,b,c,d,ef) is used, because the denomina-
tor of the fault indicator is too small near the zero-crossing area, a spike pulse will appear,
which may lead to misdiagnosis. Therefore, the fault index F,, should be improved and
optimized. The optimization process is illustrated in Figure 3.

Current signal

Improve fault
indicators

1 [4E 1 ¢t 3
F o E! e Ei Ffor E2 (o) Ei E,
» L__G
t " T,=7+T (7<1) i

Zero crossing treatment Filter belt integral Threshold comparison

A 4

Figure 3. Fault index optimization process of disconnected phase.

The fault index F,, is first subjected to peak pulse processing using Equation (15), in
order to obtain the first fault index E}, :
E, =0, |Fue| <A
(15)
{ E}z: Fu, [Fudeo| > A

where F,,4,, is the denominator value of fault index F,, and A is the threshold value of the
zero-crossing area width. This value cannot be too large, in order to ensure the diagnosis
speed. The specific value is determined according to the experiment. In this paper, A is set
to 0.1.
The fault index after peak pulse processing is then filtered using Equation (16) in order
to obtain the second fault index E2:
E2=E}, (1-6 <E} <1+9)
2 1¢pl (16)
E;=0,(1+6<E,&E, <1-9)
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where J is the width of the filter band, which is used to filter out the unnecessary interference
while not affecting the subsequent processing. The recommended value range of J is
[0.1-0.3]. In this paper, it is set to 0.1.

The processed fault index will be set to 1 after the fault occurs. However, the fault
index will be set to zero in the zero-crossing area, due to the processing of the zero-crossing
spike pulse. Therefore, it is necessary to integrate the fault index according to Equation (17)
in order to obtain the third fault index E>:

3 1T,
E”:TT./O E2()dt (17)

Ty =1+ Ts(r < 1) (18)

where T; is the periodic value of the current fundamental wave. The larger the value of
T, the slower the diagnosis speed, but the higher the diagnosis accuracy. On the contrary,
the smaller the value of 7, the faster the diagnosis speed, but the smaller the diagnosis
accuracy. In this paper, T is set to 0.6, in order to ensure the diagnosis accuracy and rapidity.
The traditional integration consists in integrating the fault indicators of the whole cycle,
which will prolong the fault diagnosis time and reduce the diagnosis efficiency. Selecting
Ty Equation (18) can speed up the detection speed.

Finally, the third fault index E is compared with the threshold in order to obtain the

improved fault index OPF,;:
{ OPF, =1, E2 > Gy,
3 (19)

OPF, =0, E; < Gy,

where Gy, is the judgment threshold selected between 0 and 1. If the value of Gy, is too
large, the diagnosis speed will slow down. Because these steps have a negative integration
link to suppress the fluctuation of fault indicators, the value can be appropriately reduced,
and Gy, can have a value between 0.1 and 0.3.

It can be deduced that using the constraint condition that the fault phase current is null
after the phase failure, combined with the vector space decoupled VSD inverse matrix, the
fault index of the phase failure is derived. This can diagnose and locate 15 types of phase
faults of the inverter, including 6 types of single-phase faults and 9 types of two-phase
faults of different windings.

4. Power Switch Fault Diagnosis Strategy

Several types of power switch faults exist. They mainly include the short circuit and
open circuit faults. The short circuit fault has a short duration and is difficult to detect.
For further treatment, the short circuit fault is changed into open an circuit fault by a fuse
device. The open-circuit faults are mostly single-switch and two-switch faults. The fault of
two switches on the same bridge arm can be treated as open phase fault. Therefore, this
paper only tackles the open circuit fault of a single switch and two switches on different
bridge arms.

4.1. Harmonic Plane Current Fault Trace Analysis

Figure 4 shows the current waveform of the z1-z; plane when different switches fail
after VSD conversion of the six-phase stator current. When T1 fails, the current trajectory
of the z;-z5 plane points to the negative half of the z; axis. When T1 and T2 fail, the current
trajectories of i;1 and i,y are fan-shaped. Similarly, when other switches fail, they also have
these trajectory characteristics.
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Figure 4. z;-z; plane current in case of different power switch faults; (a) z1-z, plane current waveform
in case of T1 fault; (b) z1-z; plane current waveform in case of T1 and T2 faults.

The reference direction of the current vector during each phase fault can be expressed as:

Cref— An [ m—(k=1)F fn<1
dn —ref = arctan(AZl){ —k-1)E, >0 (20)

where A;; and A, represent the amplitude of harmonic currents i1 and i,,, respectively. n
represents the a,b,c,de,f phase, while the fault phase corresponding tok=1,5, -3, —4, 6,4
is a,b,c,d,e/f, respectively. The fault current vector turns counterclockwise by angle dn-ref
from the x axis. f,(t) = fOT indt is the average value of fault current in a current cycle.

It can be deduced that in the case of a single-switch or two-switch open-circuit fault of
the inverter, the current trajectory in the harmonic 7,; and 7, planes regularly changes. The
current vector trajectory profile under single-switch and multi-switch faults can be developed
using the current values in the i;; and i, harmonic planes, as shown in Figures 5 and 6.

Figure 5. Reference direction of i,; and 7,5 current trace in the case of a single switch failure.

According to the different reference directions of the current track under the z;-z,
plane fault, the intelligent algorithm has the characteristics of strong analysis ability and
several diagnosis types. Therefore, the neural network algorithm is used for fault diagnosis
based on the characteristics of fault current trajectory.

In order to distinguish the fault types and improve the diagnosis efficiency, different fault
types should be classified and coded. The 12 bit bmary number FlF2F3F4F5F6F7F8F9F10F11F12
is used to encode the single-switch and two-switch faults of the six-phase inverter. When
all the bits are equal to 1, the switch has an open-circuit fault. On the contrary, when all the
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bits are 0, the switch has no fault. Note that there are 36 fault conditions. The specific fault
types are shown in Table 1.

T1 T2 fault T1 T3 fault T1 T8 fault T1 T9 fault T2 T3 fault T2 T7 fault
in 12 i in in in
T2 :]'() T T2
30
. w 0 0
/ 60° in i iy ) in 1 A
60° /]
A0
T3 T8 T3
T2 T()_ fault T3 T7 fault T3 T8 fault T7 T8 fault T7 T9 fault T8 T9 fault
in iy iy %3 Aip in
w( T2 ? ? TR | T9
N\ \ 30
N A in g i _ia 60 iy “ i
600 605 / i
0 / / /
T3 T8¢ _| T3 T8¥__| T8
T4 T5 fault T4 T6 fault T4 T11 fault T4 T12 fault T5 T6 fault T5 T10 fault
122 in in in in in
T6 T6
Tl
in in ,'/ in 2 in / iy
T200 TR0 >
TS5 L e / o 3 7500 7560
— N r12
T5 T}Z fault T6 TliO fault T6 Tlli fault T10 T11 fault T10 T12 fault T11 T12 fault
2 2 2 in in in
/ T6 T6
FBTH /—\,’1‘11 60° 60Tol,1
i 30°C iz /’{30° iy 5300 _in ( ] i -7 TL\
30
T5
TI12 TI12

T12

Figure 6. Reference direction of i,; and 7, current trace, in the case of two-power-switch faults.

Table 1. Fault type code.

Fault Switch Fault Type Fault Code Fault Switch Fault Type Fault Code
Nothing Normal 000000000000

T1 100000000000 T4 000100000000

T2 Single-switch 010000000000 T5 Single-switch 000010000000

T3 fault of the 001000000000 T6 fault of the 000001000000

T7 first set 000000100000 T10 second set 000000000100

T8 of winding 000000010000 T11 of winding 000000000010

T9 000000001000 T12 000000000001
T1T2 110000000000 T4T5 000110000000
T1T3 101000000000 T4T6 000101000000
T1T8 100000010000 T4T11 000100000010
T1T9 100000001000 TAT12 Failure of 000100000001
T2T3 Failure of 011000000000 T5T6 v st . 000011000000
T2T7 two switches 010000100000 T5T10 e 000010000100
T2T9 of the first set 010000001000 T5T12 st 000010000001
T3T7 of winding 001000100000 T6T10 sfef;’in i 000001000100
T3T8 001000010000 T6T11 & 000001000010
T7T8 000000110000 T10T11 000000000110
T7T9 000000101000 T10T12 000000000101
TSTY 000000011000 T11T12 000000000011

4.2. Principle and Algorithm of BP Neural Network

The neural network is a nonlinear system. Each neuron can output a signal according
to the input layer signal and activation function. In addition, a large number of neurons
can jointly form a highly nonlinear system [23]. Figure 7 presents a representative neuron
structure model.
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Jl*) —>»y,

i
Figure 7. Single neuron structure.

In the latter, x1,x2,X3 ... X, is the input parameter, Wiy, Wiz, Wis ... Wi,_1y, Wiy
represents the weight of each parameter, 6; denotes the threshold, f(-) s the activation
function, and y; represents the neuron output. The relationship between each variable is
given by:

n
u; = Z w,-]-x]-
j=1
v; =u;+06

(21)

The output y; of the neuron is expressed as:

vi=f <Z wijxj + 91') (22)

=1

The structure of the BP neural network is shown in Figure 8. Due to the gradient
descent method, the training can fall into the local minimum, which leads to the inability of
effective training [24]. Therefore, this paper uses the Levenbrg-Marquardt algorithm based
on the combination of the gradient method and Newton method, in order to optimize the
BP neural network. This method has less iterations and a fast iteration speed. Therefore, it
can approach the optimal weight faster in order to complete the training.

Error feedback (L-M algorithm)

Input layer Hidden layer Output layer

\ 4

Signal flow

Figure 8. Neural network structure model.

Considering that the residual of the output layer is y(x), which has a nonlinear rela-
tionship with x, the iterative formula of the Gauss Newton method is given by:

Xpy1 = Xk + Dxgn 23
{ Xjy1 = X — H'Vf @)
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where Vf and H are respectively the gradient and Hessian matrix of y(x) given by:
m
Vf=2fr=2L g
= (24)
m 2
ooy T1 — ori O s
H]k - 217 ]}’ - 21§1(5X] 5Xk + 7’1 xjaxk)
and therefore: )
Axgn ==/ Jr) Jir (25)

The Levenbrg-Marquardt algorithm improves the iteration step size:

vi=f (Z wjjxj + 91') (26)

j=1

where I is the identity matrix and y represents the damping factor usually having a value
range of [1078, 1], which ensures that J! J,+ul is a positive definite matrix and that the
iteration is in the downward direction.

Before using the neural network diagnosis, the relevant parameters of the neural
network should be set according to the needs, the Sigmoid function should be selected as
the activation function, the three-layer neural network should be used for training, and the
other parameters should be set by default.

5. Simulation Analysis
5.1. Simulation Analysis of Winding Open-Circuit Fault

In order to verify the proposed fault diagnosis algorithm, a six-phase motor simulation
model is built, which is mainly composed of a rectifier, controller, inverter, and motor. The
motor parameters are: rated output power P = 10 kW, rated voltage U = 311 V, rated current
I=20 A, rated speed N = 1500 r/min, rated torque T = 60 N-m, pole pair p =5, quadrature
axis and direct axis inductance Lq = Lq = 8.5 mH, and power factor = 0.9.

The current waveform obtained by increasing and decreasing load and disturbance
under normal conditions of the motor is shown in Figure 9. After the motor speed is
increased, the load is set to 30 N-m and runs stably at 500 r/min. The six-phase stator
current waveform is balanced and the sinusoidal degree is satisfactory. When the load of
the motor suddenly changes to 45 N-m at 0.2 s, the current amplitude rapidly increases
and runs in a stable state. When the load decreases to 40 N-m at 0.4 s, the current decreases.
When the interference is added at 0.6 s, the motor current slightly increases and then
decreases to the stable state.

ia, b, lIc,1d, le, if (A)

[}
it

i(s)

Figure 9. Current waveform of load and disturbance during normal operation.

The fault index waveform corresponding to this case is shown in Figure 10. The fault
index of the six-phase open circuit is null. In addition, there is no rise when the motor
stably operates, suddenly increases or decreases load, and suddenly adds disturbance. The
fault index has no false diagnosis under different conditions without fault, which proves
that the diagnosis method has a good robustness.
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LV V4 ‘;(‘S‘) V.U .S v V.o ;(;) V V.o

Figure 10. Fault indicators under normal operation load and disturbance.

The current waveform of the open-circuit fault of phase a at 0.3 s is shown in Figure 11.
The load torque is 30 N-m, and the phase failure of phase a occurs at 0.3 s. The phase
a current becomes zero after 0.3 s. Among the remaining four-phase currents, phase b
and phase ¢ have the same amplitude and complementary waveforms, and the waveform
amplitude and phase of phase d, e and f change to varying degrees.

20

| ia,i?,ic,id,ie,if (A)

NS
S

Figure 11. Phase a current waveform of open-circuit faultin 0.3 s.

The fault index waveform under these conditions is shown in Figure 12. After 0.3 s,
the phase a fault index rises to 1 and the fault indexes of other phases do not change.

(]

Lo
[¥5]

Figure 12. Phase a fault indicator waveform when open fault occurs within 0.3 s.

The current waveform of the open-circuit fault of phase a and phase d at 0.3 s and 0.5 s
is shown in Figure 13. The load torque is 30 N-m, the phase failure of phase a and phase d
occurs at 0.3 s and 0.5 s, respectively. The phase a current becomes zero after 0.3 s and the
phase d current also becomes zero after 0.5 s.
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0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
«s)

Figure 13. Current waveforms of phase a and phase d at 0.3 s and 0.5 s open-circuit fault, respectively.

The fault index waveform under these conditions is shown in Figure 14. After 0.3 s,
the phase a fault index rises to 1, and the phase d fault index rapidly rises to 1 within the
second half cycle of 0.5 s, so as to accurately locate the two-phase open-circuit fault.

1 —Fa ! —Fd
0.5 0.5
0 0
1

—Fb —Fe
0 0
-1 -1
1 1

—F¢ —Ff
0 0
-1 -1

0 02 04 0.6 08 0 02 04 0.6 08
i(s) 1(s)

Figure 14. Fault index waveforms of phase @ and phase d at 0.3 s and 0.5 s open-circuit fault, respectively.

The current waveform of the open-circuit fault of phase a and phase f at 0.3 s and 0.5 s
is shown in Figure 15. The load torque is 30 N-m, the phase failure of phase a and phase f
occurs at 0.3 s and 0.5 s, respectively. The phase a current becomes zero after 0.3 s and the
phase f current also becomes zero after 0.5 s. Among the remaining four-phase currents,
phase b and phase ¢ have the same amplitude and opposite phase. Similarly, phase d and
phase ¢ have the same amplitude and opposite phase.
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Figure 15. Current waveforms of phase a and phase f at 0.3 s and 0.5 s open-circuit fault, respectively.

The fault index waveform under these conditions is shown in Figure 16. After 0.3 s,
the phase a fault index rises to 1, and the phase f fault index rapidly rises to 1 within the
second half cycle of 0.5 s, so as to accurately locate the two-phase open-circuit fault.
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Figure 16. Fault index waveforms of phase a and phase f at 0.3 s and 0.5 s open-circuit fault, respectively.

5.2. Switch Fault Simulation

Figure 17 shows the harmonic plane current trajectories obtained by simulation in the
case of 12 single-switch faults. It can be observed that the fault trajectories of the 12 switches
of the six-phase VSI inverter are consistent with the theory.

j Y
|
2ol ~ -
L
L
e N
i(A)

Figure 17. z1-z, harmonic plane current trace in case of single-switch fault.

Figure 18 illustrates the harmonic plane current trajectories obtained by simulation,
in the case of 24 types of two-switch faults. The harmonic plane current trajectories are
fan-shaped patterns with different center angles in the case of two-switch faults, that are
used as characteristic signals for fault diagnosis.
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Figure 18. z;-z, harmonic plane current trace in case of two-switch fault.
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Figure 19 presents the training model of the neural network. The current vector
characteristic trajectories of single-switch fault and two-switch fault, are used as samples
for training. The hidden layer neuron is 9, the expected error is 0.001, and the maximum
number of iterations is 1000. The Newff function is used for training and the Sigmoid
function is used as the activation function. The feedback process of the optimization error

is performed using the L-M algorithm.

4\ Neural Network Training {nntraintool) - O X

Neural Network

Layer Layer
Input Output
800 12
B 12
Algorithms
Training: Levenberg-Marquardt (trainlm)

Performance: Mean Squared Error (mse)
Calculations: MEX

Progress
Epoch: o 14 lterations 1000
Time: 0:01:16
Performance: 0.448 0.0007562 0.00100
Gradient: 0.183 [ 00120 1.00e-07
Mu: 0.00100 1.00e-07 1.00e+10
Validation Checks: o 0 6
Plots

Performance | (plotperform)

Training State | (plottrainstate)

Regression (plotregression)

1 epochs

Plot Interval

& Opening Performance Plot

@ Stop Training @ Cancel

Figure 19. Neural network training model.

Figure 20 shows the training error convergence curve of the neural network. The
neural network optimized using the L-M algorithm has a high convergence speed. When
the training is completed 14 times, the mean square error is 7.6208 x 10~*, which meets the

error requirements.

Best Training Performance is 0.00076208 at epoch 14

Mean Squared Error (mse)
=
L&)

Train

-~ Best
-~ Goal

0 2 4 6 8 10
14 Epochs

Figure 20. Error convergence curve of neural network.
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The coincidence degree between the error regression curve and the expected curve
shown in Figure 21 is high. This proves that the neural network has good fitting and
classification ability for different fault current trajectories.

Training: R=0.99753

o
©

o o
~ o

o
=

o
i

Output ~= 0.96*Target + 0.0079
<} <}
w (9]

I
S

0 0.2 0.4 0.6 0.8 1
Target

Figure 21. Regression curve of neural network training error.

The diagnosis results of the neural network are shown in Table 2. It can be seen that
the trained network can identify the single-switch and two-switch faults. The error between
the output value of 12 neurons in the output layer and the coding value of the fault type is
very small, which leads to an accurate diagnosis.

Table 2. Neural network diagnosis results.

Serial Number Actual Output Ideal Output Fault Type

0.9574 0.0003
0.0923 0.0119
0.0492 0.0087
1 0.0029 0.0565 100000000000 T1
0.0984 0.0278

0.0106 0.0012

0.0094 0.9869
0.0147 0.0131
0.0106 0.0236
? 0.0293 0.0001 010000000000 T2
0.0882 0.0017

0.0453 0.0031

0.0895 0.0282
0.9365 0.0013
0.0003  0.0002
3 00718 0.1507 001000000000 T3
0.0004 0.0077

0.0002 0.0221

0.0016 0.0000
0.0071  0.9399
0.0615 0.0297
4 0.0001 0.0578 000100000000 T4
0.0000 0.0313

0.0001 0.0373
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Table 2. Cont.

Serial Number Actual Output Ideal Output Fault Type

0.0002 0.0181
0.0001 0.0198
0.9987 0.0001

5 00003 0.0001 000010000000 5
0.0000 0.0001

0.2961 0.0052

0.0068 0.0009
0.0001 0.0384
0.0000 0.9631

6 00064 0.0002 000001000000 T6
0.0103 0.0000

0.0200  0.0000

0.0010 0.0060
0.0217 0.0580
01198 0.0036

7 09810 0.0385 000000100000 T
0.0447 0.0691

0.0316 0.0005

0.1813 0.0000
0.0052 0.0019
0.0398 0.0241

8 00077 0.9211 000000010000 T8
0.0005 0.0055

0.0000 0.0904

0.0049 0.0096
0.0003 0.0111
0.0893 0.0558

9 00040 0.0764 000000001000 To
09695 0.1351

0.0002 0.0058

0.0156 0.0001
00099 0.0003
0.085 0.0324

10 00000 0.0054 000000000100 T10
0.0009 0.9973

0.0001 0.0237

0.0000 0.0019
0.0021 0.0021
0.0055 0.0009

" 0.0001 0.0000 000000000010 T
0.0014 0.6796

0.9954 0.0058

0.0137 0.0000
00233 0.0171
0.0014 0.0001

12 0.0244 00005 000000000001 T12
0.0000 0.0001

0.0227 0.9101

0.9455 0.9961
0.0199 0.0014
0.0007 0.0059

13 0.0699 0.0720 110000000000 TIT2
0.0533  0.0006

0.0000 0.0012
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Table 2. Cont.

Serial Number

Actual Output

Ideal Output

Fault Type

14

0.9635 0.0585
0.9787 0.0003
0.0013 0.0002
0.1210 0.0322
0.0418 0.1409
0.0006 0.0002

101000000000

T1T3

15

0.9465 0.0002
0.0262 0.0004
0.0414 0.0618
0.0002 0.9202
0.0022 0.0302
0.0000 0.0214

100000010000

T1T8

16

0.9799 0.1623
0.0730 0.0002
0.0022 0.0116
0.0092 0.0692
0.9608 0.1598
0.0000 0.0007

100000001000

T1T9

17

0.0247 0.9807
0.9339 0.0015
0.0016 0.0001
0.0754 0.0216
0.0840 0.0010
0.0391 0.0007

011000000000

T2T3

18

0.0001 0.9602
0.0222  0.0063
0.0264 0.0007
0.9491 0.0050
0.0870 0.0007
0.0175 0.0411

010000100000

T2T7

19

0.0004 0.9792
0.0095 0.0001
0.0016 0.0549
0.0009 0.0012
0.9561 0.0095
0.0141 0.0937

010000001000

T2T9

20

0.0479 0.0051
0.9673 0.0080
0.0000 0.0008
0.9701 0.0603
0.0000 0.0512
0.0000 0.0003

001000100000

T3T7

21

0.0076 0.0000
0.9344 0.0029
0.0003 0.0068
0.0003 0.9902
0.0001 0.0724
0.0958 0.0069

001000010000

T3T8

22

0.0000 0.0000
0.0195 0.9876
0.8665 0.0032
0.0001 0.0001
0.0000 0.0051
0.0507 0.0106

000110000000

T4T5
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Table 2. Cont.

Serial Number Actual Output Ideal Output Fault Type

0.0002 0.0186
0.0001 0.9968
0.0311 0.9535

23 0.0064 0.0002 000101000000 TAT6
0.0000 0.0000

0.0366 0.0000

0.0000 0.0092
0.0005 0.9422
0.0242 0.0008

24 0.0000 0.0008 000100000010 T4T11
0.0000 0.0036

0.9658 0.0414

0.0000 0.0000
0.0051 0.9606
0.0115 0.0004

2 0.0428 0.0034 000100000001 T4T12
0.0000 0.0009

0.0274 0.9119

0.0002 0.0494
0.0000 0. 0011
0.8858 0.9982

26 0.0017 0.0001 000011000000 T5T6
0.0032  0.0001

0.0969 0.0000

01324 0.0013
0.0000  0.0000
09892 0.0006

27 00000 0.0357 000010000100 T5T10
0.0004 0.8010

0.0008 0.0048

0.0001 0.0001
0.0122 0.1004
0.9647 0.0000

28 0.0021 0.0003 000010000001 T5T12
0.0000 0.0363

0.0163 0.7030

0.0315 0.0002
0.0368 0.0010
0.0001 0.9669

29 00163 0.0004 000001000100 T6T10
0.0328 0.8387

0.0001 0.0033

0.0000 0.0015
0.0001 0.1827
0.0001 0.6872

30 0.0673 0.0000 000001000010 T6T11
0.0026 0.0000

0.9825 0.0000

0.0050 0.0000
01506 0.0274
0.0174 0.0003

31 09106 0.9372 000000110000 T7TS
0.0022 0.0685

0.0001 0.0021
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Table 2. Cont.

Serial Number

Actual Output

Ideal Output

Fault Type

32

0.0724
0.0004
0.0014
0.9778
0.9280
0.0000

0.0930
0.0007
0.0508
0.1332
0.0191
0.0002

000000101000

T7T9

33

0.0837
0.0092
0.0446
0.0275
0.9892
0.0000

0.0270
0.0007
0.0027
0.9727
0.1027
0.0011

000000011000

T8T9

34

0.0000
0.0401
0.0001
0.0005
0.0005
0.6568

0.0000
0.0074
0.0153
0.0002
0.9980
0.1243

000000000110

T10T11

35

0.0002
0.0033
0.1596
0.0033
0.0000
0.0083

0.0001
0.1092
0.0033
0.0407
0.9995
0.9203

000000000101

T10T12

36

0.0008
0.0451
0.0005
0.0014
0.0000
0.9609

0.0044
0.0283
0.0000
0.0002
0.0009
0.9795

000000000011

T11T12

6. Experimental Verification

Figure 22 shows the overall block diagram of the six-phase PMSM control system,
which provides the required DC bus voltage for the inverter after rectification by a three-
phase uncontrolled rectifier bridge. The DSP-28335 chip outputs the IGBT driving wave-
form. The resolver and current hall sensor detect the position and phase current of the
motor rotor. The Labview host computer platform can receive the motor running state and
fault index waveform in DSP in real time.

380V~
Ude

Three

phase full 1
bridge :r

rectifier

Six- phase
inverter

IGBT

<: drive

circuit

Load motor

Figure 22. Overall block diagram of the six-phase PMSM control system.
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In order to verify the proposed fault diagnosis algorithm, a six-phase motor experi-
mental platform based on DSP is built. The experimental platform is shown in Figure 23. It
is mainly composed of a rectifier, controller, inverter, and motor. The motor parameters are:
rated output power P = 10 kW, rated voltage U = 311V, rated current I = 20 A, rated speed
N = 1500 r/min, rated torque T = 60 N-m, pole pair p = 5, quadrature axis and straight axis
inductor Lq = Lq = 8.5 mH, and power factor = 0.94.

Open

circuit Current
protection Hall

board sensor

Figure 23. Experimental platform of the six-phase motor control system.

Figure 24 shows the phase current waveform when the motor is running at 500 r/min.
The current is observed by collecting the voltage at the two ends of the sampling resistance.
The voltage value is 100 mV, which corresponds to a current value of 2 A. The amplitudes
of the phase currents are equal with a high sinusoidal degree. The current waveforms of
phase 4, b, and d under the same conditions are shown in Figure 24a. The phase difference
between phase d current and phase a current is 30 degrees. The waveform of the motor is
smooth and sinusoidal during normal operation.

i(AA/div)
i(AA/div)

T lomsidiv)
@ (b)
Figure 24. Waveform of motor under stable operation at 500 r/min: (a) current waveform of phase a,
b, and c; (b) current waveform of phase a, b, and d.

Figure 25 shows the motor speed and six-phase current waveform under sudden load.
When the motor speed increases from 400 r/min to 500 r/min in Figure 25a, the actual
motor speed gradually increases in the form of the slope with the given speed; the transition
is gentle and the overshoot is small in the process of speed increase. In Figure 25b, the
amplitude of the motor phase current gradually increases during loading, and the dynamic
adjustment process is smooth and stable.

Figure 26 shows the motor speed and the six-phase current waveform during sudden
load reduction. When the motor decelerates from 500 r/min to 400 r/min in Figure 26a,
the actual motor speed gradually decreases in the form of the slope with the given speed.
The transition is smooth and the overshoot is small during deceleration. In Figure 26b, the
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amplitude of the motor phase current gradually decreases during load reduction, and the
dynamic regulation process is smooth and stable.

n(50r/min/div)

(a) v

Figure 25. Waveform of the motor under sudden load: (a) speed waveform; (b) current waveform of

the six-phase motor.

B o
3 <

£ <B

CE T S —
= | _

? L

' C(sdiv) #(10ms/div)
(a) (b)

Figure 26. Waveform of the motor under sudden load: (a) speed waveform; (b) current waveform of

the six-phase motor.

Figure 27 shows the fault index waveform of the motor during stable operation and
sudden load increase and decrease. During stable operation and sudden load increase and
decrease in the motor, the values of the six-phase open phase fault index are zero, and there
is no change. The fault index has no misdiagnosis under fault-free operation, which proves

that it has good robustness.

2 2 2
1 11 1
i 53 |
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71 ] 1 7] T
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2 2 2
1 1 1
= o ol
s3] m m
0 0 0
-14 J -4 1 -1 |
892 t(s) 11892 892 1(s) 11892 892 1(s) 11892

Figure 27. Fault index waveform under stable operation at 500 r/min.

Figure 28 presents the phase current and fault index waveform of motor phase 4 in the
case of phase failure. Figure 28a presents the current waveform before and after the fault, in
which the blue, black, and green lines respectively represent the current waveform of phase
a, b, and c of the motor. After the phase failure of phase a, the current value of this phase
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drops to zero, the current amplitude of phase b and ¢ becomes almost twice the original
one, and the phase positions are complementary. Figure 28b illustrates the waveform of
the fault phase current and fault index. After the phase failure of phase 4, the phase failure
index Ea of phase a increases to a high level after 32 ms, and the optimized fault index has
no obvious burr and peak pulse. Therefore, the fault diagnosis and early warning can be
performed in a short time.

#(10ms/ le) t( 1 Oms/ d1V)
(a) (b)

Figure 28. Phase current and fault index waveform in case of phase failure of phase a: (a) fault current

waveform; (b) fault phase current and fault index waveform.

Figure 29 shows the fault index waveform of the six-phase disconnection when the a
phase disconnection fault occurs. After the fault occurs, only the fault index Ea of phase
a rises to 1, while the fault indexes of the other phases do not change, and there is no
misdiagnosis.

2 2T 2
1 14 1
8 ] 2

— ]

2506 1(s) 3506 2506 1(s) 3506 2509 1(s) 3509
2 2 2
1 ‘ 1 1 ‘
= o ]
=3] m =
0 j I o} oj
-4 e i -1
2506 1(s) 3506 2506 1(s) 3506 2506 1(s) 3506

Figure 29. Fault index waveform in case of phase failure of phase a.

The phase current and fault index waveform of phase a4 and phase d of the motor
with phase failure, are shown in Figure 30. The blue, black, and green lines shown in
Figure 30a represent the current waveforms of motor phases a, b, and d, respectively. After
the phase failure of phase a and d, the corresponding phase current value drops to zero,
and the amplitude of the phase b current increases. The six-phase failure index waveform
of phase a and phase d is shown in Figure 31. Before the phase failure occurs, the six-
phase failure index remains null. After the failure occurs, the failure indexes Ea and Ed
of phase a and phase d rise to 1, while the other four-phase failure indexes remain null
without misdiagnosis.

Figure 32 shows the phase current and fault index waveform of phase failure of phase
a and phase f. The blue, black, and green lines shown in Figure 32a represent the current
waveforms of motor phases 4, b, and f, respectively. A phase failure occurs in phase a and
phase f, and the current value drops to zero. After the failure of phase a4 and phase f, their
failure indexes Ea and Ef jump to the high level after 22 ms and 24 ms, respectively. These
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situations show that the proposed open phase fault diagnosis method has a high diagnosis
speed, and can accurately locate the fault phase position.

i(4A/div)

i(4A/div)

#(10ms/div)
(a) (b)

Figure 30. Phase current and fault index waveform in case of phase failure of phase a and phase d: (a)
fault current waveform; (b) fault phase current and fault index waveform.
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Figure 31. Fault index waveform in case of phase failure of phase a and phase d.

i(4A/div)

#(10ms/div
(a) (b)

Figure 32. Phase current and fault index waveform in case of phase failure of phase a and
phase f: (a) fault current waveform; (b) fault phase current and fault index waveform.

The six-phase failure index waveform of phase a and phase f is shown in Figure 33.
During normal operation, the failure indexes of the two phases are 0. After phase a and
phase f fail, their failure indexes Ea and Ef rise to 1, and the failure indexes of the other
phases do not change. It can then be deduced that the fault index of each phase can
accurately locate the position of the fault phase. In addition, the diagnosis results are
accurate, and there will be no false diagnosis. Finally, the experimental results are coherent
with the theoretical analysis, which verifies the correctness and efficiency of the proposed

diagnosis algorithm.
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Figure 33. Fault index waveform in case of phase failure of phase a and phase f.

7. Conclusions

This paper proposed a fault diagnosis method based on vector space decoupling
(VSD). The open phase fault index is derived according to the VSD inverse transformation
and the current constraints after the fault. The fault index is optimized in order to prevent
misdiagnosis and improve reliability. The diagnosis of a single-phase and double-phase
fault can be performed in one fundamental cycle. In addition, by considering the unique
harmonic plane current track after VSD transformation as the characteristic signal, a neural
network is used to identify different fault current tracks, in order to diagnose the switch
fault. The simulation and experimental results show that the proposed scheme has a high
detection speed, ability to deal with several fault types, and good robustness. Finally, the
proposed approach can accurately locate the winding open-circuit fault and power switch
fault, which can be used for inverter open-circuit fault diagnosis and provides a basis for
maintenance personnel.
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