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Open-Phase Fault Detection in Delta-Connected PMSM Drive Systems

Jun Hang
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Abstract—This letter presents an open-phase fault detection
method for delta-connected permanent magnet synchronous ma-
chine (PMSM) drive systems. This method is based on zero se-
quence current component (ZSCC) and stator currents. First, the
model of the delta-connected PMSM is established under healthy
and fault conditions. Then, the expression of the ZSCC is pre-
sented, and fault indicators are defined based on the ZSCC and
stator currents, which are used for the open-phase fault detection
and location. Finally, both the simulation and experimental results
validate the effectiveness of the proposed method.

Index Terms—Fault detection and location, open-phase fault,
permanent magnet synchronous machine (PMSM).

I. INTRODUCTION

OWADAYS, permanent magnet synchronous machines
(PMSM) are widely used in electrical vehicles, wind en-
ergy systems, and subways due to their inherent advantages of
high power density and high efficiency. In these occasions, the
reliability of the PMSM is greatly important. An open-phase
fault is the common fault for the PMSM drive system [1]. The
fault can cause large electromagnetic torque ripples and serious
mechanical vibration. If this fault is not detected in time, and
the remedial measures or fault-tolerant schemes are not taken,
the successive operation of the PMSM may cause the secondary
damage, even catastrophic failure to the overall system.
As known, the fault detection is the precondition of the fault
tolerance. However, most of the previous studies about the
open-phase fault focused on the fault tolerance in recent years
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Fig. 1.  Delta-connected PMSM with the inverter.

[2]-[12], while the relatively few studies focused on the open-
phase fault detection. In [12], the open-phase fault is detected
by the root-mean-square value of phase currents. In [13], the
open-phase fault is detected by frequency-domain analysis and
a3 current signature. In [14], the single open-phase fault detec-
tion is achieved by the predictive method, which is based on the
difference between actual stator current and its predicted value.
In [15], an open-phase fault detection method is presented based
on d-axis and g-axis (DQ) current signature. In [16], a method is
presented for the open-phase fault detection and discrimination
for the PMSM drive system, where the discrimination of the fault
types is achieved. In [17], the symmetrical components theory
is developed for the open-phase fault detection of the five-phase
PMSM drive system. The methods proposed in [12]-[17] fo-
cused on the wye-connected PMSM drive system, and they may
be not suitable for the delta-connected PMSM drive system. As
known, the wye-connected and delta-connected windings are
both common in the ac machine. Hence, it is also necessary for
fault detection toward the delta-connected PMSM. However,
the delta-connected PMSM with the open-phase fault is rarely
studied so far.

This letter proposes an open-phase fault detection method
for the delta-connected PMSM drive system, which is based on
zero sequence current component (ZSCC) and stator currents.
The fault indicators are defined based on the ZSCC and stator
currents, which are used for the open-phase fault detection and
location. Finally, the simulation and experimental platforms are
established to validate the proposed method.

II. DELTA-CONNECTED PMSM

Fig. 1 shows three-phase delta-connected PMSM with
the inverter. The voltage equations of three-phase healthy
delta-connected PMSM in abc reference frame is expressed as

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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where u,, up, and u, are the phase voltages, ¢,, %, and i, are the
phase currents, I, is the phase stator resistance, L is the phase
stator self-inductance, and M is the mutual inductance between
the stator phases. Ap ., Aparp, and Apyy,. are the flux in the
phases a, b, and ¢ due to permanent magnets, respectively, and
they are expressed as [16]

Apa.a = dpa1cos(0)+ >0, oy Aparwcos (vl —0,)

2

ApM.b = Api .1 COS <9 - 3) + 2okl APM

X COS (v9 -0, — 21}%)

3

X COS (119 -0, + 2v§>

2T
APM,c = ApM,1 COS (9 + ) + D ok APM
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where k is a positive integer, Apys,; is the amplitude of the
fundamental magnet flux, Ap; , is the amplitude of the vy,
harmonic magnet flux, € is the rotor electrical position, and
6, is the angle between the v;;, harmonic magnet flux and the
fundamental one.

Supposing the stator winding of the phase c is open circuited,
as shown in Fig. 1, the voltage equation of the stator phase ¢ does
not exist, and the stator current ¢.. is equal to zero. Hence, under
the fault condition, the voltage equations of the delta-connected
PMSM are expressed as

. di, diy dApaa
a — Rs a L M -
" K T AT )
. di, diy,  dipuyp
= R, M L— + ———
uy, = Rty + 7t + 7 + 0t

III. FAULT DETECTION

A. Healthy Condition

According to Kirchhoff’s voltage law, the sum of three-phase
voltages of a delta-connected PMSM is equal to zero, and ex-
pressed as

Ug + Up + U = 0. (4)
By substituting (1) into (4), it results in

d(ia + Z.b + 7/(’)

Ry (i + iy +ic) + (L + 2M) =

d
+ %()»PM,G +Apmy+Apae) =0. (5)

6457
The ZSCC is defined as
izsc = ia + ib + Z'z:~ (6)
By substituting (2) and (6) into (5), it yields
. dizsz: d)\l’f\l 0
Ry, L+2M = — . 7
izsc + (L +2M) ar 7t (7
where
APMO0 =APMa +APMbp +APae
=3 Z Apas .y cos (V0 —6,). )

v=3n,n=1,3,5...

Based on (7) and (8), it is known that ¢, . depends only on
the time derivative of Ap s . Hence, i, is constituted only by
the 3n(n = 1,3,5,...) order harmonic components.

B. Open-Phase Fault Condition

In the case that the fault occurs in the phase c, the stator
current 7, is equal to zero. Hence, 7. . is expressed as

lrse = lg + 0p- 9

By submitting (9) into (4), it has

d.zs’(:
Rsizsc + (L + M) 7;# - (ua + ub)
dipara | dipary
— : : . 1
( dt dt > (19)

Under fault condition, the symmetry of the PMSM is de-
stroyed. Based on the principle of the identical equation, it
is seen from (10) that, besides the 3n(n =1,3,5,...) order
harmonic components, the fundamental component and other
harmonic components are present in the .., compared with
the healthy condition. Furthermore, the amplitude of the funda-
mental component is the largest among those of the new added
harmonic component. Consequently, the open-phase fault in the
delta-connected PMSM can be detected by the fundamental
component of the 7, ..

Since only the fundamental component of the ZSCC ¢, is
considered, (10) can be simply written as

dizsc
dt

Rgi.se + (L + M) = Nsin (0 + 6y) (11)
where N and ¢ are the amplitude and initial phase angle of the
fundamental component, respectively.

In (11), if € is regarded as an independent variable and i,
is regarded as a dependent variable. Thus, (11) is a first-order
nonhomogeneous linear differential equation with constant co-

efficients. Hence, 7, ,. can be calculated as

. N
R RTES T E

= I, sin (6 + 3)

sin (0 + 605 + )

(12)
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TABLE I
AUXILIARY FAULT INDICATOR

State a, ay ac
Healthy 1 1 1
Fault in phase a 0 2 2
Fault in phase b 2 0 2
Fault in phase ¢ 2 2 0

where w, is the electrical angle speed of the PMSM, I, and ~ (3
are expressed as

N
I = =0+~ (13
V(@ (L + M) + R?
where ~y is a variable and is expressed as
v = tan"' (—w. (L + 2M)/Ry). (14)

C. Fault Indicator

To achieve fault detection, neglecting the variations of the
PMSM parameters (R, L, and M), the fault indicator is defined
as

FI= I \/R2 +w2(L+ M) /U = N/Use (1)

where FI is the fault indicator and Uy, is the dc-link voltage.
Based on the previous analysis, the fault indicator F1 is nearly
close to zero under healthy condition since the fundamental
component of the ¢, . does not exist.

For the delta-connected PMSM, the stator current of the faulty
phase is equal to zero. To locate the faulty phase without the
influence of the PMSM load, the auxiliary fault indicator is
defined as

2
" Tl + D (10

where [, m,n € {a,b,c}andl # m # n. (|i;|) (j =1, m, n)
denotes the mean value of the absolute value of i;, and the
calculation process is expressed as

(i) = 5= [ b

Theoretically, a; is equal to zero under healthy condition. As
the fault occurs in the phase n, a, is equal to zero, a; and a,,
are both equal to two. As the fault occurs in other phases, the
similar results can be obtained by analogy. The detailed results
are listed in Table I.

a7

D. Fault Detection and Location

To obtain the fault indicator, the amplitude of the fundamental
component of the ZSCC is required to be tracked. In this letter,
a simple and effective frequency tracking algorithm is adopted,
the detailed description can be addressed to [18]. The auxiliary
fault indicators can be calculated online.

After the amplitude of the fundamental component of the
ZSCC calculated by frequency tracking algorithm, and then the
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TABLE II
SPECIFIC PARAMETERS OF PMSM

PMSM Value PMSM Value
Rated Power (W) 550 Rated Speed (r/min) 1500
Rated Torque (N.m) 3.5 Self-inductance (H) 0.13
Number of Pole Pairs 2 Mutual-inductance (H) -0.03
Stator Resistance (£2) 10.5 Permanent Magnet Flux Linkage (Wb) 0.636
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Fig.2.  Simulation results of the fault in phase c, at a reference speed 480 r/min
with 50% rated load. (a) Stator current. (b) ZSCC. (c¢) Stator current. (d) Fault
indicator. (e) Auxiliary fault indicator.

fault indicator can be obtained based on (15). If the fault indi-
cator is larger than the preset threshold, which is corresponding
to its value for the healthy PMSM, the fault is detected. Once
the fault is detected, the faulty phases are identified based on
the auxiliary fault indicator in Table I.

In addition, this work can detect the open-phase fault and
identify the faulty phase, which can make the maintenance
personnel achieve the targeted maintenance or can prepare for
adapting the fault-tolerant control strategy. Hence, the reliability
of the PMSM is greatly improved, thus, improving the reliability
of the industry.

IV. SIMULATION AND EXPERIMENTAL VALIDATION
A. Simulation Validation

To validate the effectiveness of the proposed method, the sim-
ulation is carried out in the MATLAB/Simulink environment.
In the simulation, the PMSM is controlled by the 7y = 0 control
strategy employing current hysteresis. Table II lists the specific
parameters of the studied PMSM.

Fig. 2 shows the simulation results of the stator currents,
ZSCC, fault indicator, and auxiliary fault indicator, where the
delta-PMSM operates at a reference speed 1500 r/min with the
rated load. It is seen that the fault indicator is equal to zero and
three auxiliary fault indicators are all equal to one under healthy
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Fig. 4. FFT results of ZSCC 7, 4. under healthy and open-phase fault condi-
tion. (a) Healthy. (b) Open-phase fault in phase c.

condition. At the instant t = 1 s, the open-phase fault occurs in
the phase c. It can be seen that the stator current i, is changed into
zero and the amplitudes of the stator currents i, and ¢; increase.
The fault indicator quickly increases and converges to 0.43, and
three auxiliary fault indicators a,, ay, and a. are changed and
converges to 1.8, 2.3, and 0, respectively. Hence, the open-phase
fault can be detected through the difference of the fault indicator
between nonfault and fault states. There is a certain difference
between the simulation results and the theoretical value for the
auxiliary fault indicators. However, the auxiliary fault indicators
can be still used to identify the faulty phase.

B. Experimental Validation

The experimental platform is set up to further validate the
proposed method, as shown in Fig. 3, mainly including two
PMSMs. Two PMSMs are directly connected through one cou-
pling, where one is used as test machine, and the other one is used
as load machine. The dSPACE is used to control the PMSMs.
The test PMSM is controlled by the 7; = 0 control strategy em-
ploying current hysteresis. The load torque of the test PMSM is
imposed by a load PMSM controlled by the ¢; = 0 method. The
parameters of two PMSMs are the same, just the stator winding
connection mode is different. The connection modes of the test
and load PMSMs are delta-connected and wye-connected, re-
spectively. The parameters of two PMSMs are the same as those
listed in Table II.

It should be noted that, as the open-phase fault occurs in the
PMSM, the high speed or overload may lead to the damage to the
PMSM or the whole system, so the experiments are performed at
low speed and low load to avoid secondary failure. To evaluate
the diagnostic effectiveness, four different operation statuses,
namely 50% rated load at a reference speed 360 r/min, 25%
rated load at a reference speed 360 r/min, 50% rated load at a
reference speed 480 r/min, and 25% rated load at a reference
speed 480 r/min are studied.

Fig. 4 shows the fast Fourier transform (FFT) results of the
ZSCC i,. under healthy and open-phase fault condition, where
the PMSM operate at a reference speed 480 r/min with 50%
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Fig. 5. Experimental results of the fault in phase ¢, at a reference speed

480 r/min with 50% rated load. (a) Stator current. (b) Stator current. (¢) ZSCC.
(d) Fault indicator. (e) Auxiliary fault indicator.

rated load. It can be seen that the ZSCC i, is constituted by
the third harmonic component and ninth harmonic components
under healthy condition. In the case of the open-phase fault, the
fundamental component appears in the ZSCC 7. ,.. Hence, it is
shown that the experimental results agree with the theoretical
analysis.

Fig. 5 shows the experimental results of the stator currents,
ZSCC, fault indicator, and auxiliary fault indicator, where the
delta-PMSM operates at a reference speed 480 r/min with 50%
rated load. It can be seen that the fault indicator is close to zero
and three auxiliary fault indicators are all nearly equal to one.
At the instant ¢ = 8.22 s, the open-phase fault occurs in the
phase c. It is seen that the stator current i, is changed into zero.
The amplitudes of the stator currents ¢, and 7; increase, and the
waveforms of the stator currents ¢, and 4, are nearly same with a
certain phase difference. The fault indicator increases and con-
verges to 0.2, and three auxiliary fault indicators a,, a;, and a,
are changed into 1.7, 2.3, and 0, respectively. Hence, the open-
phase fault can be detected through the variation of the fault
indicator. There is a certain difference in the auxiliary fault indi-
cators, compared with the theoretical value. However, the faulty
phases can be still identified by the auxiliary fault indicators.

To further validate the effectiveness of the proposed method,
the experiments are performed at three different operating
points, where the open-phase fault occurs in the phase c¢ of
the test PMSM. The experimental results are presented in
Figs. 6-8. It can be seen that, under healthy condition, the fault
indictor is close to zero and the auxiliary fault indicators are
nearly equal to one. Under open-phase fault condition, the fault
is affected by the operating point. However, the open-phase
fault can be still detected through the difference of the fault
indicator between healthy and fault states. It can be also seen
that, under open-phase fault condition, the variation of the
operating point has a certain influence on three auxiliary fault
indicators. However, the faulty phases can be still identified by
the auxiliary fault indicators.



6460

0.5
=
2L oL L .
5 06 7.8 9 10 11 5 6 7 8 9 10 11
lime (s) Time (s)
(a) (b)
3 —————
—ty
= 2 (l;
: i
l ind
0 .
5 [ 7 8 9 10 11
Time (5)
(©

Fig. 6. Experimental results of the fault in phase ¢, at a reference speed
480 r/min with 25% rated load. (a) Stator current. (b) Fault indicator. (c) Aux-
iliary fault indicator.
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Fig. 7. Experimental results of the fault in phase c, at a reference speed
360 r/min with 50% rated load. (a) Stator current. (b) Fault indicator. (c) Aux-
iliary fault indicator.
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Fig. 8. Experimental results of the fault in phase ¢, at a reference speed
360 r/min with 25% rated load. (a) Stator current. (b) Fault indicator. (¢) Aux-
iliary fault indicator.

V. CONCLUSION

In this letter, the open-phase fault detection method is pro-
posed for the delta-connected PMSM drive systems, which is
based on ZSCC and stator currents. The open-phase fault can
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be detected by the fault indicator, and the faulty phase can
be located by the auxiliary fault indicator. Both the simulation
and experimental results confirm the validity of the proposed
method.
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