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ABSTRACT In this paper, a six-phase N+2 power converter for switched reluctance motor is studied.
An open-circuit fault diagnosis and faulty devices location scheme based on midpoint current spectrum
analysis is proposed. In order to realize fault diagnosis, five fault cases are distinguished, including
single-phase fault, multiphase fault and midpoint switch fault. Taking the phase current frequency as the
fundamental frequency, the DC component, the fundamental frequency component, and the second harmonic
component have different change rules in the five fault cases. The third harmonic component is used as the
denominator, three spectrum coefficient could be obtained and be used as the fault characteristic. Through
this scheme, using a single current sensor to detect the midpoint current can ensure open-circuit faults
accurately. After the fault case is confirmed, the amplitude of the harmonic component is used to define
a fault location threshold, and the threshold is numerically compared with the midpoint current to realize the
faulty bridge arm location. Finally, the complete process of fault diagnosis and location is described, then
the effectiveness of the proposed diagnosis method is validated by the simulation and experiment.

INDEX TERMS Switched reluctance motor (SRM), power converter, fault diagnosis, spectrum analysis.

I. INTRODUCTION
With the development of electric vehicles, new energy power
generation, aerospace technology, and so on, there is an
increasing demand for motor systems with larger capacity,
higher reliability and better fault tolerance. Switch Reluc-
tance Motors (SRMs) have some distinct features including
simple structure, permanent magnet material needless, these
characteristics make SRMs have prominent advantages in
some applications requiring low cost, high reliability and
wide speed range [1], [2], [3].

However, SRMs also have obvious disadvantages such
as high torque ripple, high vibration noise, and low power
density [4], [5], [6]. Furthermore, the most widely used
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power converter in SRM drive systems is the Asymmetric
Half Bridge (AHB) converter, three-phase full-bridge power
converters cannot be used directly [7]. Hence, novel converter
topology with high performance has also received a lot of
attention in the SRM research field [8], [9].

For some applications, increase the phase number is a
simple and effective method to decrease the torque ripple
and reduce each phase current [10]. However, along with
the increase of phase number, the number of power devices
in converter is also multiplied, then the volume and cost of
converter will increase. The novel converter topologies with
high performance and less power devices simultaneously are
one of the optimization directions of multiphase SRM drive
system. In [11] and [12], a six-phase m-switch converter is
studied, this converter topology requires only six switches,
each phase shares one half bridge arm with the previous phase
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and another half bridge arm with the next phase. In [13]
and [14], split-phase converter and three-phase full bridge
converter are improved to novel structures and be applied to
drive multiphase SRM.

An N+2 converter topology has been proposed in refer-
ence [15], which is derived from the split-phase topology
and uses two switch devices instead of midpoint capacitors
to clamp the midpoint voltage. Compared with an N-phase
AHB converter, N-2 switch devices and N power diodes can
be saved in this converter. In [16], the midpoint current of the
N+2 converter is analysed. The variation rule of midpoint
current under different control parameters and fault states is
summarized. In [17], an optimal control strategy is proposed
to reduce torque ripple and improve efficiency by controlling
the midpoint current waveform.

The converter topologies mentioned above can effectively
reduce the amount of power devices in multiphase converters.
However, in these topologies, power devices should be shared
by more than one phase, then the independence and fault
tolerance of each phase is reduced, the fault diagnosis process
could become complicated.

The optimization of SRM fault diagnosis scheme mainly
focuses on improving reliability, reducing detection devices,
and simplify diagnostic process [18]. Switch devices are the
most vulnerable part in the converter, so most of the fault
diagnosis scheme for converters focus on switch devices [19].

In [20], an online diagnosis scheme for transistor faults
based on two current measurement methods is proposed.
The wires of one bridge arm pass through a current sensor
three times, according to the change of the measured current
the faulty devices can be located. In [21], fault diagnosis
is also realized by changing the wiring to make wires pass
through one current sensor multiple times. In [22], the current
sensor is installed on the excitation circuit and the demag-
netization circuit respectively, two fault diagnosis schemes
for three-phase AHB converter is proposed, and the fault
characteristics are extracted by calculating the difference of
the measured current signals. In [23], a current reconstruction
scheme is proposed and applied to a four-phase SRM. The
phase currents can be reconstructed with only two sensors
regardless of the number of phases. In [24], high-frequency
signal injection is used to measure the instantaneous value
of phase current, real-time fault identification and broken
transistors localization could be implemented.

The fault diagnosis schemes that directly detect current or
voltage signals often has the advantages of high reliability
and easy to realize online diagnosis, but it also has the dis-
advantages of modifying circuit structure and long diagnosis
time. Hence, in some fault diagnosis schemes, mathemat-
ical transformations, including spectrum analysis, wavelet
packet analysis, Kalman filter, are applied to the measured
signals first, and then fault characteristic is extracted [25].
In [26], FFT algorithm is used to perform spectrum analysis
on DC bus current, open-circuit fault diagnosis and faulty
devices location is implemented. In [27], the wavelet packet
decomposition algorithm is applied to the DC bus currents
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FIGURE 1. The topological structure of N+2 converter.

for fault diagnosis, the discrete degree of the wavelet packet
node energy is chosen as the fault coefficient. In [28], power
converter supply current is analyzed, and the fault is detected
when the measured amplitude of the DC bus current dif-
fers from its expected amplitude, assuming normal operating
conditions. In [29], the presented technique uses the phase
currents only, and the algorithm is based on the calculation of
average quantities.

In this paper, the N+2 power converter mentioned in [15],
[16], and [17] is studied, a fault diagnosis scheme based
on spectrum analysis of its midpoint current is proposed.
In section II, the typical operation modes and midpoint cur-
rent characteristics of the N+2 converter under intact con-
dition are introduced. In section III, the open-circuit faults
of N+2 converters are classified into four cases, and a new
fault diagnosis scheme is proposed based on the variation
of the midpoint current spectrum under different fault cases.
In section IV, the effectiveness of the proposed fault diagnosis
scheme is verified by simulation, different speed and control
angle is tested. The method of fault phase location is also
described. In section V, the proposed fault diagnosis method
is verified by experiment, and the section VI summarizes the
whole paper.

Il. THE N+2 CONVERTER AND MIDPOINT CURRENT

The structure of the N+2 converter is shown in Fig.1. The
‘N’ represents the phases number of SRM. When phases
number is even, the number of upper bridge arms and lower
bridge arms is equal. The current input terminal of odd phase
winding is connected to the upper bridge arm, and the current
output terminal of even phase winding is connected to the
lower bridge arm. The even phases are opposite to the odd
phases. A midpoint bridge arm is connected to the common
midpoint for all phase winding.

A. OPERATION MODES OF N+2 CONVERTER
Fig. 2 (a) and (b) shows four operation modes of the upper
bridge arm taking phase A as an example.

Mode 1: Phase switch S; and the lower switch Q, of
midpoint bridge arm conduction, the current path is shown
in the line @ in Fig. 2 (a), the terminal voltage of phase A
is Vie.

Mode 2: S; conduction, the current path through the diode
inverse-parallel with Q; which is shown in the line @ in
Fig. 2 (a), and the terminal voltage of phase A is 0.
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FIGURE 2. Typical operation modes of phase A and B. (a) Switch device of
phase A conduction. (b) Switch device of phase A cut-off. (c) Switch
device of phase B conduction. (d) Switch device of phase B cut-off.

Mode 3: S; cut-off, the current path through the diode
inverse-parallel with Q; which is shown in the line @ in
Fig. 2 (b). In this mode, phase A is demagnetizing and the
terminal voltage of phase A is —Vjc.

Mode 4: S; cut-off and Q> conduction, the current path is
shown in the line @ in Fig. 2 (b), the terminal voltage of phase
Ais 0.

Q; and Q; are set as complementary conduction with a
duty cycle of 0.5. When S; is conduction, in one PWM
period of the midpoint switches, the following equation can
be obtained:

t+T17/2 4T’
Ya = / (Vae — iaR)dt+ / (—iaR)dt
t t+T7/2

t+T'
- f (Vae/2 — iaR)dt (1)
t

where T, ¥a, ia and R represent PWM period of the mid-
point switches, flux-linkage value and current value of phase
A, winding resistance respectively.

After reduction, equation (2) can be obtained:

d
ﬂ + iR = Vg /2 2)
dt
Similarly, when S is cut-off, equation (3) can be obtained:
d
iR = Va2 3)

Fig. 2 (¢) and (d) shows four operation modes of the lower
bridge arm taking phase B as an example.

It can also be concluded that the terminal voltage of phase
B equivalent to Vy./2 when S is conduction, and the terminal
voltage equivalent to -V4./2 when S, is cut-off.

To sum up, the effect of N+2 converter can be regarded
as an AHB converter with Vy./2 bus voltage when the higher
harmonics are ignored.
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FIGURE 3. Schematic diagram of midpoint current. (a) Definition of
midpoint current io. (b) Sequence of iq;, iy, ia. io-

B. THE CHARACTERISTICS OF MIDPOINT CURRENT

For measurement and analysis, the common midpoint o’ of

all phase windings is separated from the midpoint o of the

shared bridge arm, the positive direction of i, flows from o’

to 0. As shown in Fig. 3(a), the current sensor is also installed.
The relationship between i, and the current of each phase

can be written as equation (4):

iop =IA+ic+ig—iB —ip —IiF “4)

In the equation, ia to ip represent the instantaneous value

of the phase currents. When the sum of the odd phase current

approaches the sum of the even phase current, i, could be

smaller. That is to say, the current stress on the midpoint
switches could be lower.

The current equation of the midpoint switches can be
written as:

iQr = (—ia —ic —ig) - Sz + (i + ip +ir) - Sq1 (5)
iQ2 = (ia +ic +ig) - Sq2 + (—ig —ip — iF) - SQ1 (6)

where iq; and igy represent the current flowing through
switch Qq and Q> respectively, Sq1 and Sqp are the Boolean
Function that represents the switching state of Q; and Q.
When ig; and ig; are greater than zero, current flows through
the switch devices, and when iq; and i, are less than zero,
current flows through the reverse parallel diodes. Combine
equations (4), (5) and (6), equation (7) can be obtained:

o = —iQ1 +iQ2 @)

Fig. 6 (b) shows a diagram of iq1, iQ2, iv, and ia, iQ1 and
iQ2 is discontinuous and bipolar. On the other hand, the phase
current is periodic, so the midpoint current should also be
periodic. For an N phases SRM, the frequency of i, should
be N/2 times of the phase current.

Ill. FAULT DIAGNOSIS SCHEME

The simulation model of six-phase SRM is established in
MATLAB-Simulink, and the parameters of the prototype are
shown in Table 1. The midpoint current waveform is anal-
ysed, when speed n is 1200r/min, turn-on angle 6,, = —4°
(the position of minimum inductor is 0°) and conduction
width 6Oyq is equal 12°.
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TABLE 1. Parameters of the motor.

Parameter Value
Stator pole number 12
Rotor pole number 10

Stator outer diameter 155mm

Rotor outer diameter 84mm
Gap length 0.5mm
Core length 65mm

Wire turns 23

Maximum induction 1.83mH
Minimum inductance 0.35mH

Pole arrangement NSNSNS-SNSNSN

A. OPEN-CIRCUIT FAULT IN PHASE SWITCHES
According to the above analysis, in N+2 converter, the open-
circuit fault of any phase will lead to the change of i,.

The frequency of phase current can be expressed by
speed n:

np n
'=%"% ®
where f is the frequency of phase current, p is the number
of rotor poles which is equal to 10. And the frequency of
midpoint current i, is three times that of phase current.

The midpoint current is decomposed by FFT algorithm
and f is set as fundamental frequency. The obtained spectrum
is shown in Fig. 4.

In the spectrum of i,, the DC component and the funda-
mental frequency component are very small, only the third
harmonic component has a large amplitude. When the open-
circuit fault occurs in phase switches, according to the phase
current sequence of the faulty phases, there are four fault
cases can be analysed.

Case 1: Open-circuit faults occur in only one bridge arm.
Then the midpoint current is no longer symmetrical, and the
amplitude of DC component, fundamental frequency com-
ponent and second harmonic component in the spectrum
increases greatly. Taking phase A as the example, when the
open-circuit fault occurs, the spectrum is shown in Fig. 5 (a).

Case 2: Open-circuit faults occur in a pair of interval
phase bridge arms. Then the DC component, fundamental
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FIGURE 4. The time domain waveform and frequency spectrum of io,
when N+2 converter is intact.
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FIGURE 5. The time domain waveform and frequency spectrum of ip
when open-circuit fault occurs in phase switches. (a) Open-circuit faults
in phase A. (b) Open-circuit faults in phase A and C. (c) Open-circuit faults
in phase A and B. (d) Open-circuit faults in phase A and D.

frequency component and second harmonic component of the
io spectrum will all increase greatly, and the amplitude of the
DC component is nearly twice that of single phase bridge arm
broken. Taking phase A and C as the example, the frequency
spectrum is shown in Fig. 5 (b).

Case 3: Open-circuit faults occur in a pair of adjacent phase
bridge arms. Then the amplitude of fundamental frequency
component and second harmonic component in spectrum
increases obviously, but the DC component is still very small.
Taking phase A and B as the example, the frequency spectrum
is shown in Fig. 5 (¢).

Case 4: Open-circuit faults occur in a pair of complemen-
tary phase bridge arms. After the fault occurs, the amplitude
of DC component in the frequency spectrum is still small.
However, the phase difference between complementary phase
is half period, i, is still symmetrical, so only the amplitude
of fundamental frequency component in the fault spectrum
increases sharply. Taking phase A and D as the example, the
frequency spectrum is shown in Fig. 5 (d).

Since the waveform of phase current will change with
the speed and load, it is difficult to take the amplitude of
harmonic components as the basis of fault diagnosis.

When the N+-2 converter is intact, the third harmonic com-
ponent amplitude of i, is greater than zero and change with
the load, taking the other spectrum components normalised
to the third harmonic component, three spectrum coefficient
103, A13, and Ap3 could be obtained:

A3 = Ao /A3
M3 = A1 /A3 ®)
A3 = Az [A3

where Ag, A1, A2 and A3 represent the amplitude of dc com-
ponent, fundamental frequency component, second harmonic
component and third harmonic component respectively.
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Fig. 5 shows that, the changes of Xg3, A13 and A>3 have
obvious differences under different open-circuit fault cases.
When the N+2 converter is intact, the values of Ay3, A13,
and X,3 are approximately zero. While the values of A3 rise
sharply when any open-circuit fault case occurs.

In open-circuit faults case 1 and case 2, Ag3 will rise
sharply, however the change of A3 in open-circuit faults case
3 and case 4 is small. The value of A,3 in fault case 3 increases
greatly, while the value of A3 in fault case 4 remains small.
According to the variation rule of spectrum coefficient under
different open-circuit fault cases, the flow chart for identify-
ing different fault cases shown in Fig. 6 can be obtained.

In Fig.6 C1, C2, C3 and C;4 are the fault threshold value for
determining the fault cases. In ideal conditions, A3 is equal
to zero when the N+2 converter is intact. In order to prevent
misjudgement, the threshold C; should be slightly greater
than zero. When the actual value of A3 is greater than C1,
the converter can be judged to have an open-circuit fault.

After the open circuit fault is confirmed, the spectrum
coefficient Aoz is detected, and the value of threshold C;
should also be slightly greater than zero.

If g3 > C», the fault case can be identified as case 1 or
case 2. In case 2, the rise of DC component is obviously
greater than that of case 1. Therefore, it is easy to distinguish
the two fault cases by selecting an appropriate threshold C3
for the second judgment of Xq3.

If Ag3 < C3, the fault case can be determined as case 3 or
case 4. The difference of A3 between the two fault cases
is obvious, and the threshold C4 can be easily selected to
achieve accurate fault diagnosis.

B. OPEN CIRCUIT FAULT IN MIDPOINT SWITCH
Different from the open-circuit fault in phase bridge arms, the
open-circuit fault of midpoint switch will directly affect the

o3 Detection

| Case 2 | | Case 1 | | Case 3 | | Case 4 |

Output The Fault Number
(The code number is 0 when intact )

End

FIGURE 6. The flow chart for identifying different fault cases.
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FIGURE 7. The time domain waveform and frequency spectrum of iq
when open-circuit fault occurs in Q;.

circuit of i,. When an open-circuit fault occurs in Q1, the mid-
point current can only pass through the reverse parallel diode
of Q1, and i, becomes unipolar. The frequency spectrum is
shown in Fig. 7.

When the open-circuit fault occurs in Qy, only the ampli-
tude of the DC component increases greatly, and the ampli-
tude of the third harmonic component decreases to about half
of that in the intact condition. That is, the spectrum coefficient
Ao3 increases greatly after the fault occurs, while A3 and A3
are still approximately zero. Hence, the spectrum feature is
unique, and can be used for fault diagnosis.

IV. SIMULATION ANALYSIS UNDER DIFFERENT
WORKING CONDITION
A. CHANGE OF CONTROL PARAMETERS
In this subsection, the spectrum coefficients under different
control parameters are listed and analysed. The pulse-width
modulation (PWM) is adjusted in a PI controller to realise
closed-loop control. The PWM signal is superimposed on the
control signals of phase switches for controlling the speed
when changing the parameters.

Fig. 8 shows the variation of the spectrum coefficients at
different speeds when the turn-on angle 6,, = —4° and
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Phase A&B open -¢-Phase A&D open
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FIGURE 8. The spectrum coefficient varies with the speed.
(a) o3 = Ag/A3- (b) A3 = A1 /A3. (€) Ay3 = Az /A3.
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FIGURE 9. The spectrum coefficient varies with 6,,;q while n=1200r/min.
(a) o3 = Ag /A3, bon = —4°. (b) Lq3 = Ay /A3, fon = —4°. (C) y3 = Ay /A3,
Oon = —4°. (d) L g3 = Ag/A3, 0on = —2°. (€) A3 = Ay /Asz, bon = —2°.

(f) X235 = A3 /A3, bon = —2°.

conduction width ;g = 12° unchanged. The coefficient L¢3,
A13 and Ao3 basically remain unchanged at different speeds,
the fault diagnosis scheme has good robustness to speed.
Although the speed will fluctuate in real time when one or two
phase broken, as long as the fault threshold selected properly,
the speed fluctuation does not affect the accuracy of fault
diagnosis.

As Ap3, A13 and A3 will jump from a very small value to a
large value in the open-circuit fault cases, the fault threshold
C1, Cy and C4 can be easily selected. The selection of fault
threshold C3 requires offline simulation in advance and small
adjustment according to the load of the motor.

It is pointed out in reference [16] that among the control
parameters, 6yiq has a greatest influence on the characteristics
of iy. In Fig. 9 (a), (b), and (c), Oy = —4°, speed n =
1200r/min, when 6yq is close to 12°, the amplitude of i, is
small, so the denominator A3 is very small when calculating
the spectrum coefficient. The values of Aoz, A13 and Aoz
rising obviously after the open-circuit fault occurrence, and
the accuracy of fault diagnosis can be easily guaranteed.
However, when 6yq is close to 18°, the amplitude of i,
become larger in the intact state, when the phase bridge arm
open-circuit, the rising proportion of spectrum coefficient is
smaller, and the selection of fault threshold become difficult
and prone to misjudgement. In Fig. 9 (d), (e), and (f) Oy
changes to —2°, the spectrum coefficients also vary with yig
and the change rule just similar to 8, = —4°.

Fig. 10 (a) shows Ag3, A13 and A3 vary with the speed
when the Q; has open-circuit fault. Fig. 10 (b) shows the

105988

X ho3 * iz =gy

ol 1 w12 %EJP

= =

= 3

=0 = 0.

2 )

] ]

< 9 <, m
700 1100 1500 1900 12 14 16 18

speed / r/min Oyia/ deg

(@ (b)

FIGURE 10. The spectrum coefficient changes when Q1 has open-circuit
fault. (a) The spectrum coefficient varies with speed. (b) The spectrum
coefficient varies with conduction width.

variation of Aoz, A3 and XAp3 with the conduction width.
Same with the phase bridge arms broken, when 0y;q = 12°,
rising proportion of spectrum coefficient is larger, and when
Owia = 18° the rising proportion is smaller. But the numerical
difference is not obvious compared with the phase bridge arm
fault.

B. FAULT SWITCHES LOCATION

Based on the above analysis, the spectrum coefficient of
midpoint current i, can determine the fault case, then the fault
bridge arms need to be located.

In open-circuit fault case 1, only one phase bridge arm
broken. If the broken one is an upper bridge arm, in the
interval when the fault phase current should be greater than
zero, the negative peak of i, will rise sharply. If the broken one
is a lower bridge arm, the positive peak of i, will rise sharply.
On the other hand, the amplitude of i, does not change greatly
when conduction phase switches are all faultless.

After the frequency spectrum analysis determines fault
case, define the fault location threshold T = A; + Az and
a upper bridge arm fault location signal Sy :

s 1 i, <-T 10
Lu = 0 iy>—T ( )
As shown in Fig. 11 (a), after the open-circuit fault occurs in
phase A, the interval of Sy, = 1 mostly overlaps the interval
of So = 1 which is the driving signal of the faulty phase.
Although it is difficult to ensure the skip edge of Sp, to be
completely synchronized with that of Sy, it can also ensure
that the first jump edge of Sy, is within the interval of Sy =1,
then location of broken upper bridge arm can be implemented
simply.
Similarly, the lower bridge arm fault location signal St q is
defined as follow:

1 i,>T

Sta = 11
Ld 0 i <T (1D

As shown in Fig. 11 (b), most of the interval of
Sra = 1 overlapped with the interval of Sg = 1 after the open
circuit fault occurred in phase B.

Hence, the complete fault diagnosis process is as follow.

@ The fault type can be determined by spectral coefficient
variation.
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FIGURE 11. Location of broken bridge arm when single phase failure.
(a) An upper bridge arm broken. (b) A lower bridge arm broken.
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FIGURE 12. Location of broken bridge arm when two phases failure.
(a) Phase A and phase C broken. (b) Phase A and phase B broken.
(c) Phase A and phase D broken.

@ Measure the current values of A; and Az to determine
the fault locating threshold.

® Compare T and -T with i, respectively.

@ If the upper bridge arm fault location signal Sy, jumps to
high level, detect Sa, Sc and Sg and the phase whose driving
signal is high level is the fault phase. If S;4 jumps to high
level, detect S, Sp and S to confirm the fault phase.

Fig. 12 shows the sequential relationship between fault
location signals and driving signals in three two-phase
fault cases. Similarly, select the fault locating threshold
T =A; + As.

As shown in Fig. 12 (a), if the upper bridge arms of phase
A and phase C broken simultaneously, the high level region
of the fault location signal must be wider than single-phase
broken and overlap with the drive signal of non-fault phase.
While, in fault cases 3 and 4, which is corresponding to
Fig. 12 (b) and (c), both fault location signals St and Spq
have high level region. Fig. 13 shows the flowchart of the
fault phases location process. Due to space limitation, some
similar branches are omitted. Before locating the fault bridge
arms, the fault code number has been determined, then rising
edge of the fault locating signal needs to be detected.
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Since the fault location method need to get the rising edge
of the fault location signal, the location process may take
one or two current cycles. Hence, the slow detection speed is
the shortcoming of the proposed fault diagnosis scheme that
needs to be improved.

105989



IEEE Access

M. Guan et al.: Fault Diagnosis Scheme for Open-Circuit Fault in N+2 Converter of Six-Phase SRM

5 ia i 1
§>_f 3 =, '/ ';“ /
b} 4 /1B 2
RE P
W R RRP o SPRR I i PR
RS ¥l % LN
2 :

WZ i
[l ncE o+ S T

(a)
2 .
3 £,
= g:a
s —‘2
: k]!
o
- 2ms/d;\;‘. . 2n%;/div
(c) (d)
35 gé /la
i MIMEN'
w lllllLlllNﬂlJHllW AL
M“! T LAALPAGR AN

" 2ms/div 2ms/div

(© 6

FIGURE 15. The time domain waveform of N+2 converter when
n=1200r/min and 6on = —4°. (a) Intact condition, 6,,;q4 = 12°. (b) Intact
condition, 6,,;y = 18°. (c) The S; open-circuit, 6,4 = 12°. (d) The S,
open-circuit, 6,4 = 18°. (e) The Q; open-circuit, 6,4 = 12°. (f) The Q;
open-circuit, 6,;q4 = 18°.

For the midpoint bridge arm open-circuit fault, after one of
the midpoint switch broken, i, will become unipolar. If the
open-circuit fault occurs in Q1, i, will always be greater than
zero, while when Q; is broken, i, will always be less than
zero. Therefore, after judging that the fault bridge arm is the
midpoint bridge arm, the fault switch can be determined by
detecting the polarity of midpoint current directly.

For a six-phase SRM using other power converter topolo-
gies, equation (4) can also be used to construct a virtual i,.
Then similar fault diagnosis scheme for open-circuit fault
could be used. However, modifying the circuit structure or
adding more current sensors is necessary.

V. EXPERIMENTAL VERIFICATION

The experimental platform employed in this paper is mainly
composed of three parts: @ six-phase 12/10 SRM which is
shown in Fig.14 (a); @ N42 power converter and its con-
troller which is shown in Fig.14 (b); ® spectrum analyzer and
upper computer which is shown in Fig.14 (c). And the system
block diagram is shown in Fig. 14 (d).

A. THE TIME DOMAIN WAVEFORM
Fig.15 shows the time-domain waveform of N+2 power
converter in intact condition, open-circuit fault of Sy, open-
circuit fault of Qq, n is set to 1200r/min, and 6,, = —4°.

In Fig.15 (a) and (b), the power converter is intact, and
the conduction width is set to 12° and 18° respectively.
Consistent with the theoretical analysis, the midpoint current
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FIGURE 16. The spectrum of iy. (a) Intact condition. (b) Open-circuit fault
in phase A. (c) Open-circuit fault in phase A and C. (d) Open-circuit fault
in phase A and B. (e) Open-circuit fault in phase A and D.

is periodic when the converter is intact, and the period is three
times of the phase current period.

When 0yiq = 12°, the amplitude of i, is small, and when
Owia = 18°, the amplitude of i, is large.

In Fig.15 (c) and (d), the phase switch St is cut-off, and
the negative peak value of i, increases substantially. The gray
line in the figure shows the fault location threshold calculated
based on spectrum analysis. It can be seen that where i is less
than the fault threshold the control signal Sa is high level.
In Fig.15 (e) and (f), the midpoint switch Sy is cut-off, and i,
becomes unipolar.

B. EXPERIMENTAL OF HIGH SPEED STATE

In Fig. 16, the spectrum of i, in different working condition
is shown. Similarly, # is set to 1200r/min, and 6., = —4°.
And the phase current frequency is set to the fundamental
frequency.

In Fig. 16 (a), similar to the simulation results, when
the converter is intact, the amplitude of the third harmonic
component is the largest, while the amplitude of the DC
component, the fundamental frequency component and the
second harmonic component are small.

Fig. 16 (b), (¢), (d), (e) shows the spectrum of four different
fault cases.

In Fig. 16 (b), S; is open-circuit, the DC component,
fundamental frequency component and second harmonic
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FIGURE 17. The spectrum coefficient varies with the load torque.
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component all rise obviously.In Fig. 16 (c), both S1 and S5 are
open-circuit, the amplitude of DC component is larger than
that when only S; is open-circuit. In Fig. 16 (d), both S; and
S, are open-circuit, the fundamental frequency component
and the second harmonic component rise obviously and the
DC component is still very small. In Fig. 16 (e), both S| and
S4 are open-circuit, only the fundamental component of the
spectrum increases significantly. In summary, the experimen-
tal results are consistent with the theoretical and simulation
conclusions.

Fig. 17 shows the spectrum coefficient calculated from the
measured spectrum data of i,. Each data point corresponds
to a different output torque. During the experiment, the Vy. is
adjusted to ensure the speed remain unchanged. The values of
spectrum coefficient are in good agreement with the simula-
tion results, and the variation rules are obvious under different
fault cases. Furthermore, the coefficient Ag3, A13 and A,3 has
good stability under different load torque, which indicates
that the fault diagnosis scheme has good robustness.

VI. CONCLUSION

In this paper, open-circuit faults in a six-phase N+2 con-
verter for SRM drives are analyzed and a new fault diagnosis
method is proposed. Only one current sensor is needed to
detect the midpoint current, and a FFT algorithm is employed
in spectrum analysis, the phase current frequency is taken
as the fundamental frequency. According to the sequence
relationship of the fault phases, the phase bridge arm faults
can be divided into four cases. And there is one fault case of
midpoint bridge arm fault. Simulation and experiment show
that under five fault cases, the frequency spectrum variation
of the midpoint current is significantly different. The DC
component, fundamental component and second harmonic
component are regarded as numerators, the third harmonic
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component is taken as the denominator, three spectrum coef-
ficients can be obtained and be used as a fault characteristic.

When the fault case is determined as phase bridge arm
fault, the sum of the fundamental frequency component and
the third harmonic component in the spectrum is taken as the
fault location threshold. If the open-circuit fault occurs at the
midpoint bridge arm, detecting the polarity of the midpoint
current can locate the faulty switch. The complete process
of fault diagnosis and location is described. Simulation and
experiments have proved that, the extracted fault characteris-
tic has excellent robustness.

The proposed fault diagnosis method is simpler. It only
needs to measure and analyze the midpoint point current
without modifying the circuit structure, and there are few
additional measuring devices. This work could help improve
the application prospect of multiphase SRM and novel struc-
ture power converter with less power device.
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