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ABSTRACT This paper proposes a method to diagnose the open-circuit faulty phases and faulty points
of the six-phase permanent magnet synchronous motor (PMSM) drive circuit. The current sensor is used
to obtain the six-phase current signal, and the least mean square error (LMS) adaptive filtering algorithm
is used to filter out the vibration and noise. Empirical Mode Decomposition (EMD) is performed on the
filtered current signals, and the EMD energy entropy of each phase current signal is calculated. The change
of energy entropy can simplify the double-bridge arm open-circuit fault to the single-bridge arm open-circuit
fault, which reduces the number of fault characteristics. After the faulty phase is judged by the change of
energy entropy, the fault diagnosis system can diagnose the specific faulty point according to the normalized
average value of each phase current signal. Finally, the current data of normal state and fault state are used
to train the support vector machine (SVM) and classify the fault state. Each type of fault can be accurately
diagnosed by substituting experimental data into the SVM. Experimental results prove that the proposed
method can accurately diagnose the open-circuit faults of the six-phase PMSM drive system.

INDEX TERMS Six-phase permanent magnet synchronous motor, open-circuit fault, empirical mode
decomposition, energy entropy, support vector machine.

I. INTRODUCTION
In recent years, multi-phase PMSM has been widely used in
aircraft, electric vehicles, marine motor propulsion systems,
and other important industrial fields requiring high reliability
by the advantage of its low-voltage components to achieve
high power, small torque ripple, and high fault tolerance
[1]–[3]. Therefore, the research on optimal control, fault-
tolerant control, and fault diagnosis of multi-phase PMSM
has become a popular direction in the field of motor control
[4]–[8]. Since the six-phase PMSM can still operate normally
after a phase loss, an open-circuit fault will generate more
harmonics, and the current distortion will cause the magnetic
potential to change, which will cause more severe torque rip-
ple andmake themotor unstable. Therefore, it is significant to
diagnose and identify the open-circuit faults of the single and
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double-bridge arm of the six-phase PMSM drive system. The
safe and reliable operation of the motor can be guaranteed by
obtaining the specific position of the open-circuit faulty point
and cutting off the fault in time. At present, compared with
the three-phase PMSM, there are fewer relevant kinds of lit-
erature on the open-circuit diagnosis of the six-phase PMSM
drive. Because the six-phase PMSM has many parameters,
complex conditions, and many considerations, it is necessary
to propose a comprehensive diagnosis method that combines
multiple methods [9]–[12].

The main faults of the six-phase PMSM drive circuit
include short-circuit fault and open-circuit fault of IGBT.
Compared with the open-circuit fault, the short-circuit fault
occurs in an extraordinarily short time (usually about 10µs),
and it is easy for the fault diagnosis system to diagnose
open-circuit faults. In [13], a method of adding a fuse to the
inverter circuit is proposed to convert the short-circuit fault
of the inverter into an open-circuit fault. The advantage of
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this method is to improve the accuracy of fault diagnosis and
make better use of topology reconstruction and fault toler-
ance measures. The diagnosis methods can be divided into
voltage-basedmethod and current-basedmethod according to
different fault characteristics. In [14]–[17], the voltage-based
method is used for fault diagnosis.

The voltage-based method can be implemented with exter-
nal hardware or model. In [18], the proposed method chooses
a simple hardware circuit to replace the sensor to analyse
the switch and judge the working state of the drive circuit,
which requires a fast time to determine the faulty point, but its
anti-interference performance is poor. In [19], the proposed
method uses a voltage observer to estimate the actual output
voltage of the converter, which reduces the false alarms. This
method has good stability, but it is only suitable for high-
performance drives.

In [20]–[24], the current-based method is used for fault
diagnosis. The current-based method is used in most motor
control, so it has the advantage of sharing a current sensor
with the controller in the closed-loop system without the
need for additional hardware. For example, it is used in field-
oriented control and direct torque control. In [25], a method
of fault diagnosis using reference current error is proposed,
which uses the three-phase current and its corresponding
reference signal to obtain the three-phase reference current
error. Then the average value of the current error and the
average absolute value of the motor phase current are used to
realize the diagnostic variable. These variables are compared
with defined thresholds to diagnose faults. However, it is
difficult to determine the threshold when the load changes.
In [26], a method of using the test phase current provided
by the main control system as input is proposed, which
avoids the use of additional sensors and prevents fault alarms.
Moreover, the algorithm normalizes the current, so that it can
define a general threshold that independent of the power and
load of the motor.

In [27], the proposed method relies on the motor current
signal, it uses a discrete wavelet transform to preprocess the
three-phase output current and uses approximate coefficients
to obtain the energy vector. Similar currents are compared
by calculating the Euclidean distance between the energy
vectors and diagnoses the faults. However, wavelets are easily
affected by closed-loop systems. In [28], a method of using
half-period phase difference current is proposed to diagnose
multi-circuit faults of three-phase motors. This method only
needs to collect phase currents to diagnose the multi-circuit
points accurately, which improves the independence of diag-
nosis. In [29], a method of using EMD empirical mode to
decompose entropy and extract dynamic feature information
is proposed, which has high diagnostic accuracy.

This paper proposes a diagnosis method based on EMD
energy entropy and normalized average current. When
one or more phases in the drive circuit have open-circuit
faults, the faulty phase entropy value will change signifi-
cantly. The method is not affected by speed and torque, and
the energy entropy value can reflect the degree of uniform

change of signal. The advantage is that the double-bridge arm
open-circuit fault is simplified to the single-phase bridge arm
open-circuit fault. The calculation amount of the fault charac-
teristic quantity is reduced, and the diagnosis is extraordinar-
ily effective. Chapter 2 introduces the model of the six-phase
PMSM drive system. Chapter 3 introduces the fault diagnosis
method based on the EMD energy entropy and the normalized
current method. The SVM is trained, and the fault state is
classified and processed. Chapter 4 provides experimental
results to verify the effectiveness of the proposed method.
Chapter 5 summarizes the conclusions.

II. THE SIX-PHASE PMSM DRIVE SYSTEM MODEL
The main circuit topology of the six-phase voltage source
inverter is shown in Fig.1, where Udc is the DC voltage,
T1-T12 is the power switching device, and D1-D12 is the
anti-parallel diode. The input terminals of each phase are
controlled by a pair of IGBT full bridge arms. Different
voltage vectors are modulated by controlling the turn-on and
turn-off time of the IGBT.

FIGURE 1. The main circuit topology of a six-phase voltage source
inverter.

The open-circuit fault of the six-phase PMSMdrive system
can be divided into single-bridge arm open-circuit fault and
double-bridge arm open-circuit fault. The number of single-
bridge arm open-circuit faults in the six-phase PMSM drive
system is 12. As shown in Fig.2(a), T1 is open as an example.
The number of double-bridge arm open-circuit faults in the
six-phase PMSM drive system is 66. The double-bridge arm
open-circuit faults can be divided into 3 types: the same side
bridge arm of double-phase, the cross-side bridge arm of
double-phase, the fully bridge arm of single-phase. The same
side bridge arm of double-phase is shown in Fig.2(b), where
both T1 and T3 are open as an example. The cross-side bridge
arm of double-phase is shown in Fig.2(c), where both T1 and
T4 are open as an example. The fully bridge arm of single-
phase is shown in Fig.2(d), where both T1 and T2 are open
as an example. Therefore, this paper analyzes 78 open-circuit
faults and studies the diagnosis methods.

III. FAULT DIAGNOSIS OF THE DRIVE CIRCUIT
A. ELIMINATION OF MOTOR VIBRATION AND NOISE
In the six-phase PMSM drive system, the fault signal caused
by the inverter open-circuit is often submerged bymotor noise
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FIGURE 2. The open-circuit fault of the six-phase PMSM drive system.

FIGURE 3. Basic structure of adaptive RLS volterra filter.

and environmental noise. The adaptive RLS Volterra filter is
widely used in non-stationary and non-linear environments.
It does not require prior knowledge of the original signal and
noise pollution signal and has a certain adaptive adjustment
ability. It has a good filtering effect to eliminate signal noise
interference and environmental noise interference. The basic
structure of the adaptive RLS Volterra filter is shown in Fig.3.
x(k) is the current signal collected by the current sensor, d(k)
is the set input signal, y(k) is the output signal of the adaptive
algorithm, and e(k) is the output signal of the filter. The
vibration and noise are set as the input signal. The deviation
of d(k) and y(k) is the target function of the RLS Volterra
algorithm [30], which is the equation (1).

When the objective function of the adaptive RLS Volterra
algorithm is the smallest, the output is infinitely close to
the set input motor vibration noise signal. The output signal
of the filter is the current signal after eliminating the noise
interference, which realizes the cancellation of the vibration
and noise signal of the motor.

J = E
{
|d(k)− y(k)|2

}
(1)

B. DIAGNOSE FAULT PHASE BASED ON EMD
ENERGY ENTROPY
When an open-circuit fault occurs in a multi-phase PMSM
drive system, the characteristics vector formed by all fault
features extracted has a large dimension and is difficult to be
classified. Therefore, this paper introduces the entropy that
can reflect the uniform distribution and uncertainty of the
signal to diagnose the operating state of each phase. The EMD
method is an adaptive signal processing method suitable for
non-linear and non-stationary signals, and the EMD energy
entropy can be obtained by introducing the definition of
information entropy. The fault diagnosis method based on
EMD energy entropy is selected to diagnose the open-circuit
faulty phase of the six-phase PMSM system. The six-phase
current signal Ii(t) collected by the current sensor is analyzed
by EMD method, and many IMF components with different
frequency bands cj(t) and a margin rn(t) are obtained. The
current signals of the A-phase open-circuit fault and normal
state on the upper bridge arm are taken as an example. The
first four IMF components obtained by EMD method for the
current signal are shown in Fig.4.

For each IMF component [31] cj(t) is calculated by the
equation (2).

Ej =
∫
+∞

−∞

∣∣cj(t)∣∣2dt (2)

Ej is the energy of each component of IMF. The obtained
Ej is calculated by the equation (3).

pj = Ej/
n∑
j=1

Ej (3)

The percentage of Ej in the total energy of the signal is pj.
The equation (4) is used to calculate the obtained pj [32].

HEN = −
n∑
j=1

pj log2 pj (4)

The EMD energy entropy HEN of the six-phase current
signal can be obtained.

It can be seen from Fig.4 that the distribution uniformity
of the current signal is different under fault state and normal
state, so the EMD entropy value is also different. The energy
entropy of EMD in fault state changes obviously. The exam-
ples of diagnosing single-bridge arm open-circuit fault of
inverter and double-bridge arm open-circuit of the inverter are
listed to verify the effectiveness of the diagnosis method. The
motor operating conditions are set as the speed of 100 rad/s
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FIGURE 4. A-phase current IMF component diagram.

FIGURE 5. Curve of current entropy when the upper bridge arm of
A-phase is opened.

and the torques of 50Nm, and the fault is set at 0.5s. The
curve of entropy value changing with time can be obtained
by the sliding window method, with the window length set to
the sampling frequency and the sliding speed set to 1. The
following four examples of faults illustrate the changes in
entropy, which are the open-circuit faults that occur in the
single-bridge arm of single-phase, the same side the bridge
arm of double-phase, the cross side of the bridge arm in
double-phase, the full-bridge arm of single-phase.

Entropy changes during four types of faults: (1) Single-
phase single-bridge open-circuit taking the A-phase upper
bridge arm open-circuit as an example, the six-phase current
EMD energy entropy curve is shown in Fig.5, and the red
curve shows the change of entropy of A-phase. It can be
seen from the figure that the EMD energy entropy value of
the faulty phase current increases rapidly near the 0.5s faulty
point and exceeds 1, while the non-faulty phase entropy value
has little effect, and there is no obvious sudden change. The
entropy value is always below 1, and there is a clear difference
between the EMD energy entropy of the faulty phase and the
non-faulty phase.

(2) Open-circuit fault occurs in the same side bridge
arm of double-phase, that is, the double-phase upper bridge
arm or lower bridge arm has an open-circuit fault at the
same time. The fault takes the A-phase upper bridge arm and

FIGURE 6. Curve of current entropy when the upper bridge arm of
A-phase and B-phase is opened.

FIGURE 7. Curve of current entropy when the upper bridge arm of
A-phase and lower bridge arm of B-phase is opened.

the B-phase upper bridge arm have an open-circuit fault as
examples. The six-phase current EMD energy entropy change
curve is shown in Fig.6. The red curve shows the change of
entropy of the A-phase, and the blue curve shows the change
of entropy of the B-phase. It can be seen from Fig.6 that when
the drive system occurs the fault, entropy value of the faulty
phase is greater than 1, and the EMD energy entropy value of
the non-faulty phase is less than 1 most of the time.

(3) Open-circuit fault occurs in the cross side of the bridge
arm of double-phase. Take the A-phase upper bridge arm
open-circuit fault and the B-phase lower bridge arm open-
circuit fault as an example. The entropy curve is shown in
Fig.7 below, and the red curve shows the change of entropy of
the A-phase, and the blue curve shows the change of entropy
of the B-phase. It can be seen from Fig.7 that the change of
phase entropy value of the cross side of the double-bridge
arm open-circuit fault is the same as that of a single-bridge
arm open-circuit fault. The non-faulty phase entropy is less
than 1 most of the time, and the faulty phase entropy will be
greater than 1.
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FIGURE 8. Curve of current entropy when the upper and lower bridge arm
of A-phase is opened.

(4) Open-circuit fault occurs in fully bridge arm of the
single-phase. Take the A-phase fully bridge arm open-circuit
as an example, and the entropy curve is shown in Fig.8. The
red curve shows the change of entropy of A-phase, at 0.5s
when the upper and lower bridge arms of A-phase have an
open-circuit fault at the same time, the A-phase current value
is 0, and the entropy value is about 1. It can be seen from
Fig.8 that the entropy value of the non-faulty phase is not
affected by the full-bridge arm of the faulty phase, and the
current entropy value of the non-faulty phase is always less
than 1.

According to the analysis of Fig.5-8, when the inverter has
an open-circuit fault, the entropy value of the faulty phase
current will increase, and it is significantly greater than that
of the non-faulty phase, while the entropy value of the non-
faulty phase will change between 0 and 1.

The EMD energy entropy of the faulty phase changes
greater than 1, while the EMD energy entropy of the non-
faulty phase changes in the range of 1 and 0, so the energy
entropy threshold is set to 1. Thus, the double-bridge arm
of double-phase open-circuit fault can be transformed into
the combination of two single-bridge arms of single-phase
open-circuit faults. Because the entropy cannot diagnose the
specific location of the faulty point, the next chapter uses
the normalized average current method to improve the fault
diagnosis process.

C. THE NORMALIZED AVERAGE CURRENT METHOD FOR
ACCURATE JUDGMENT OF THE FAULTY POINT
In the previous section, the faulty phase and the non-faulty
phase have been judged by the entropy value. This section
conducts fault diagnosis on the specific point of the open-
circuit bridge arm of the faulty phase of the six-phase PMSM
inverter. Using the normalized average current method [33],
the specific process is:

(1) Calculate the average value of the six-phase current in,
n=A,B,C,U,V,W.

Īn =
ωs

2π

∫ ωs
2π

0
indt (5)

Among them, Īn is the average current per phase of
the stator winding of the PMSM, and ωs is the angular
velocity of the PMSM.

(2) Calculate the absolute value of the six-phase current in,
and then use equation (5) to calculate the absolute
average current value |Īn|, n = A,B,C,U ,V ,W .

(3) Use the absolute average current value Īn to normalize
the average current Īn in equation (5) to obtain the
normalized average value ĪnN , n = A,B,C,U ,V ,W .

ĪnN =
Īn∣∣Īn∣∣ (6)

The ĪnN is compared to the threshold value δ. If ĪnN > δ,
the lower bridge arm of the phase appears open-circuit fault,
if ĪnN < −δ, the upper bridge arm of the phase appears open-
circuit fault. The fault diagnosis table is shown in Table 1.

TABLE 1. Fault diagnosis list.

When the inverter is operating normally, ĪnN is equal to 0.
When an open-circuit fault occurs in the single-bridge arm,
ĪnN is close to ±1, and it can be concluded that the threshold
should be greater than 0 and less than 1. The threshold can be
able to adapt to the current transient during normal operation,
and no faulty alarms will occur. The normalized average
current value is close to ±1, when the actual inverter has a
single-bridge arm open-circuit fault, this paper sets the δ to
0.45 according to [34].

D. DIAGNOSE FAULT STATES BASED ON SVM
The problem of the single-bridge arm and double-bridge arm
open-circuit fault diagnosis in the six-phase PMSM drive
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TABLE 2. The fault state output comparison.

system is simplified to the single-phase open-circuit fault.
The SVM with a better classification effect of small samples
is used to diagnose the fault state of each phase, and the
indirect classification method is used to construct a one-to-
many SVM classifier, and 4 SVM sub-classifiers are set to
correspond to these 4 operating states. The six-phase current
EMD energy entropy value and the normalized average cur-
rent are taken as the fault characteristic value as shown in
equation (7).

T =



HENA ĪAN
HENB ĪBN
HENC ĪCN
HENU ĪUN
HENV ĪVN
HENW ĪWN

 (7)

The operating state of each phase SVM should output
six-dimensional parameters and set the output value of each
phase to 1, 2, 3, 4, respectively with normal operation, upper
bridge arm open-circuit fault, lower bridge arm open-circuit
fault, and fully bridge arm open-circuit fault. In the six-phase
PMSM drive system, the inverter has a total of 78 fault states
for single-bridge arm and double-bridge arm open-circuit
faults. The open-circuit fault of the upper bridge arm is set to
‘‘+’’, and the open-circuit fault of the lower bridge arm is set
to ‘‘−’’. Table 2 shows the correspondence between 78 fault
states and the output labels of the SVM classifier.

FIGURE 9. Flow chart of diagnosis plan.

In order to clearly understand the fault diagnosis method,
the flow chart is shown in Fig.9. First, the LMS adaptive
algorithm is used to calculate the EMD energy entropy of
the filtered current, and the energy entropy threshold HEN
is set. If the EMD energy entropy value of a certain phase
is greater than the entropy threshold HEN, the bridge arm
has an open-circuit fault, and fault diagnosis will continue;
if the EMD energy entropy value of a certain phase is less
than or equal to the entropy threshold HEN, the bridge arm is
normal operation. Here the threshold A is set to 1.

Then the normalized average current of the six-phase stator
current values is calculated, the normalized average current
thresholds δ and −δ are set, when the normalized average
value of a certain phase current is less than the threshold
−δ, the upper bridge arm has an open circuit fault. If the
normalized average value of a certain phase current is greater
than the threshold δ, the lower bridge arm has an open-circuit
fault. The value of δ is 0.45.
Finally, the six-phase current entropy value and the normal-

ized current value are input into the four SVM sub- classifiers
as fault characteristic values. The SVM sub-classifier has
output values of 1, 2, 3, and 4 for the four operating states of
normal operation, upper bridge arm open-circuit fault, lower
bridge arm open-circuit fault, and fully bridge arm open-
circuit fault. Through the look-up table method, the specific
open-circuit location point of the inverter can be accurately
diagnosed.

IV. EXPERIMENTAL RESULTS
The experimental platform of the six-phase PMSM is
shown in Fig.10. The main experimental equipment includes
the inverter, microcontroller, oscilloscope, microcontroller
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FIGURE 10. Six-phase PMSM system experiment platform.

power supply, six-phase PMSM. The cooling method of the
motor is water-cooled. The actual fault current parameter
value is obtained through the experimental platform. The
calculation program of EMD energy entropy and normalized
average current is completed by usingmathematical software.

Set the speed of 100 rad/s, the torque of 50 Nm; the speed
of 130 rad/s, the torque of 50 Nm; the speed of 130 rad/s,
the torque of 60 Nm operating conditions. Set the six-phase
PMSM drive system normal operation, the upper bridge arm
open-circuit fault, lower bridge arm open-circuit fault, and
fully bridge arm open-circuit fault, these four operating states.
Under the operating conditions of the speed of 100 rad /s,
the torque of 50 Nm and the speed of 130 rad/s, the torque
of 50 Nm, the current values of four operating states are
collected.

The collected current signal is continuously intercepted
for a current cycle length until the end of the system oper-
ation. A total of 100 groups of six-phase current signals
are intercepted in each operation state. EMD energy entropy
and the normalized average current value of each six-phase
current signal under each operation state are calculated. Each
operation state takes 100 groups to form 400 groups of fault
feature vectors. 400 sets of fault feature vectors are used as
SVM training data, so there are a total of 4800 training data.

FIGURE 11. Training data sample distribution.

The distribution of training data samples is shown
in Fig.11. The characteristics vectors of tags F1, F2, F3,

FIGURE 12. The speed and current of normal operation.

and F4 respectively indicate normal operation, the upper
bridge arm open-circuit fault, lower bridge arm open-circuit
fault, and fully bridge arm open-circuit fault. Each type of
characteristics vector in the figure has good aggregation,
and each type of characteristics vector can be distinguished.
In order to test the accuracy of the fault diagnosis system, four
kinds of fault experiments are carried out under the working
conditions of 130 rad/s and 60 Nm, and the normal operation
experiment of changing the speed is carried out. The actual
classification and prediction classification of test data and the
accuracy of fault diagnosis are as follows: (T1 T2 T3 T4 is
shown in Fig.1).

FIGURE 13. Actual and forecast classification diagram of normal
operation.

A. THE NORMAL OPERATION: NO OPEN-CIRCUIT FAULT
OCCURS IN THE INVERTER
The speed and current of normal operation are shown
in Fig.12. After stable operation for 2s, the speed drops from
150 rad/s to 130 rad/s and the current also decreases. The
actual classification diagram and forecast classification dia-
gram of normal operation are shown in Fig.13. The blue circle
represents the test set for actual classification, and the red
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asterisk indicates the test set for forecast classification. When
the blue circle overlaps the red asterisk, the fault diagnosis
is accurate. There is no misjudgment point in Fig.13, which
proves that the fault diagnosis method will not be affected
when the motor changes its operating conditions during nor-
mal operation.

FIGURE 14. The speed and current of fault type I.

FIGURE 15. Actual and forecast classification diagram of fault type I.

B. THE FAULT TYPE I: OPEN-CIRCUIT FAULT OCCURS IN
THE SINGLE-BRIDGE ARM OF SINGLE-PHASE
The fault type I is that the upper bridge arm T1 of A-phase in
the inverter is open-circuit. According to the designed SVM
classifier, the output value is 211111. The output value of
A-phase is 2, which indicates that the upper bridge arm has
an open-circuit fault. The output value of other phases is 1,
which indicates normal operation. The speed and current of
the fault type I are shown in Fig.14. After stable operation
for 2s, the A-phase upper bridge arm has an open-circuit
fault, so only the current waveform of the lower bridge arm is
displayed, and the speed fluctuates significantly. The actual
classification diagram and forecast classification diagram of
the fault type I are shown in Fig.15. There are 9 misjudgment
points in 600 test data, and the misjudgment points are diag-
nosed as the fault type IV.

FIGURE 16. The speed and current of fault type II.

FIGURE 17. Actual and forecast classification diagram of fault type II.

C. THE FAULT TYPE II: OPEN-CIRCUIT FAULT OCCURS IN
THE SAME SIDE BRIDGE ARM OF DOUBLE-PHASE
The fault type II is that the upper bridge arm T1 of A-phase
and the upper bridge arm T3 of B-phase are open-circuit.
According to the designed SVM classifier, the output value
is 221111. The speed and current of the fault type II are shown
in Fig.16. After stable operation for 2s, the A-phase upper
bridge arm and B-phase upper bridge arm have an open-
circuit fault. Therefore the current waveforms of A-phase
lower bridge arm and B-phase lower bridge arm are dis-
played, and the speed fluctuation is more obvious. The actual
classification diagram and forecast classification diagram of
the fault type II are shown in Fig.17. There are 10 misjudg-
ment points in 600 test data. Most of misjudgment points are
diagnosed as the fault type III, and a few misjudgment points
are diagnosed as the fault type IV.

D. THE FAULT TYPE III: OPEN-CIRCUIT FAULT OCCURS IN
THE CROSS SIDE BRIDGE ARM OF DOUBLE-PHASE
The fault type III is that the upper bridge arm T1 of A-phase
and the lower bridge arm T4 of B-phase are open-circuit.
According to the designed SVM classifier, the output value
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FIGURE 18. The speed and current of fault type III.

FIGURE 19. Actual and forecast classification diagram of the fault type III.

is 231111. The output value of B-phase is 3, which indicates
that the lower bridge arm has an open-circuit fault. The
speed and current of the fault type III are shown in Fig.18.
After stable operation for 2s, the A-phase upper bridge arm
and B-phase lower bridge arm have an open-circuit fault.
Therefore the current waveforms of A-phase lower bridge
arm and B-phase upper bridge arm are displayed, and the
speed fluctuation is similar to the fault type II. The actual
classification diagram and forecast classification diagram of
the fault type III is shown in Fig.19. There are 9 misjudgment
points in 600 test data, and the misjudgment points are diag-
nosed as the fault type IV.

E. THE FAULT TYPE IV: OPEN-CIRCUIT FAULT OCCURS IN
THE DOUBLE-BRIDGE ARM OF THE SINGLE-PHASE
The fault type IV is that the upper bridge arm T1 and the
lower bridge arm T2 of A-phase are open-circuit. According
to the designed SVM classifier, the output value is 411111.
The output value of A-phase is 4, which indicates that the
fully bridge arm has an open-circuit fault.

The speed and current of the fault type IV are shown
in Fig.20. After stable operation for 2s, the A-phase fully
bridge arm has an open-circuit fault. Therefore, the current

FIGURE 20. The speed and current of fault type IV.

FIGURE 21. Actual and forecast classification diagram of fault type IV.

TABLE 3. Fault diagnosis accuracy table.

of A-phase is close to zero. The actual classification diagram
and forecast classification diagram of the fault type IV is
shown in Fig.21. There are 7 misjudgment points in 600 test
data.

Table 3 shows the accuracy of the diagnostic method. It can
be seen from Fig.12-21 and Table 3 that the fault diagno-
sis method is effective for test data. The SVM classifier is
composed of the EMD energy entropy and the normalized
average current. The specific conditions of the SVM classifi-
cation of the test data and the accuracy of the fault diagnosis
show that the fault vector has a superb classification effect
and the classifier output can accurately diagnose the faulty
point.
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V. CONCLUSION
In order to diagnose the open-circuit fault of the six-phase
PMSM drive circuit, a new fault diagnosis method is pro-
posed. Firstly, the EMD energy entropy of the current is cal-
culated by LMS adaptive filtering algorithm, and the energy
entropy of the faulty phase change obviously, so the non-
faulty phase and faulty phase can be distinguished. Secondly,
the normalized average current of the six-phase stator cur-
rent is calculated, and the specific faulty point is judged.
Finally, the entropy value of the six-phase current and the
normalized average current value are input into the four SVM
sub-classifiers as fault characteristics. SVM sub-classifier
classifies the normal operation, upper bridge arm open-circuit
fault, lower bridge arm open-circuit fault, and fully bridge
arm open-circuit fault. The faulty phase and faulty point of
open-circuit can be distinguished according to the state table.

Compared with other fault diagnosis methods, this method
has some unique advantages.

(1) The diagnosis method combining LMS adaptive fil-
tering and EMD energy entropy has strong anti-noise
ability, which can effectively offset the interference
of motor vibration and noise when collecting current
signal, and the fault characteristic are more obvious.

(2) The energy entropy is not affected by the torque and
speed and can well reflect the internal uniform change
degree of the signal, which effectively solves the prob-
lem that the fault characteristics quantity is easily
affected by the load change. The accuracy of fault
diagnosis is improved.

(3) The double-bridge arm of double-phase open-circuit
fault of the six-phase PMSM drive system is simpli-
fied as a single-phase bridge arm open-circuit fault,
which reduces the calculation of fault characteristics
and improves the efficiency of fault diagnosis.

This means that an accurate fault diagnosis method is
provided for the open-circuit fault of the six-phase PMSM
drive system. And new ideas and references are provided
for the open-circuit fault diagnosis method of multi-phase
PMSM drive system.
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