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Abstract -- This paper deals with multiple faults detection in
Permanent Magnet Synchronous Motor (PMSM) based
Adjustable Speed Drives (ASD) using a signal processing
technique. Indeed, in this study, the Discrete Wavelet Transform
(DWT) based—Multiresolution Analysis (MRA) algorithm is used
as a detection technique in order to generate a unique signature
for each studied fault. The considered faults are: a total loss of
the current sensor information, a total loss of the position sensor
information, a single open motor phase, a single IGBT open-
circuit, two IGBTs open-circuit in two different inverter legs.
Simulation results were carried out under MATLAB-
Simpower ® environment, in order to conclude to the relevance
and effectiveness of the proposed technique in faults detection
Index Terms—PMSM, ASD, fault, detection, DWT-MRA.

I.  INTRODUCTION

hanks to their advantages such as high efficiency, high

speed operation, reliability, robustness and compactness,
the Permanent Magnet Synchronous Motors (PMSMs) based
Adjustable Speed Drives (ASD) are suitable candidates for
several applications such as aerospace, military, medical,
robotic and land transports, [1-3].
However, mechanical and electrical faults may affect the
PMSM ASD leading to very dangerous operating conditions.
Giving this fact, accurate and fast detection of these faults
should be performed to avoid the system breakdown and to
reduce its down time in order to keep the PMSM ASD
performances and to ensure the system service continuity [1],
[4-12].Therefore, it is paramount to detect abrupt faults as
early as possible.
In fact, several techniques have conducted to efficient fault
detection in the PMSM drives. Nevertheless, in the literature,
researchers have not worked on the effectiveness of a given
method to detect multiple faults that may occur on a drive. In
the majority of the studied cases, a detection method is
efficient for one fault and not for another [4], [6], [11-12].
In this paper, the considered method is the Discrete Wavelet
Transform-based MultiResolution Analysis (DWT-MRA). It
consists in a strong signal processing technique that has
proved its capability to detect abrupt changes caused by faults
occurrence in PMSM ASDs. In our previous works, the use of
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this technique, based on real stator currents, as a fault
detection tool for position sensor breakdown in a PMSM ASD,
gave acceptable results, [8-10].

In this paper, the novel contribution consists in the normalized
stator currents analysis through the DWT-MRA technique in
order to generate a signature for each considered fault. Thus,
the challenge is then to highlight the effectiveness of this
method for multiple faults detection in the considered PMSM
drive. These faults are: a total loss of the current sensor
information, a total loss of the position sensor information, a
single open motor phase, a single IGBT open-circuit, two
IGBTs open-circuit in two different inverter legs.

The sections of this paper are summarized as follows.

First, the PMSM drive operating under each fault occurrence
conditions is analyzed. Second, the DWT-MRA is used as a
detection technique of the studied faults based on the
normalized stator currents. Third, a discussion is carried out to
highlight the effectiveness of the used technique for the
PMSM drive multiple faults detection.

1L PMSM DRIVE OPERATING UNDER FAULTY CONDITIONS

A. PMSM drive model

The studied system includes a PMSM, a PWM voltage
inverter, current and position sensors. A closed loop flux
vector control strategy is considered in order to achieve high
PMSM drive performances, Fig.1.

The PMSM model has been developed in the (d, q) reference
frame. Its mathematical model is described by equations (1-
5). The PMSM parameters are listed in the table II of the
appendix. The stator voltages are described by equations (1)
and (2).

, di, . .
va’d = RJ' lszl' + lsz!' dtd - He l,\'q l,vq (l)
) di, . . .
Vsq = RJ Ly + lsq dt + galsd La +0g b PM 2)

where vy, vy, ise and igare the direct and quadrature stator
voltages and currents.
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Fig. 1. The PMSM drive and its Flux Oriented Control scheme.
The electromagnetic torque is given by equation (3). the measured stator current iy, and the disturbance of the other
3 o ) measured stator currents iy and is..
Cem == p((lrd - l.vq )l,rd l.vq) + LIJPM l,rq (3) .. . .
2 C. Position sensor total loss information fault
The mechanical equation is given by (4). The position sensor is used for measuring position/speed,
Jodw, _ c.-C -f We (4) which is the paramount controlled variable for closed loop
p dt o N p operation. Thus, its erroneous values lead to the instability of
where: the PMSM ASD. This fault may be caused by a breakdown of
do the sensor, of its supply or of its connexions as well as the
d te =w, ©) current sensor, which are the common possible faults for

The Park vector components iss and is, resulting from the stator
currents ispe Park transformation are given by (6) and (7),
respectively.

isd =%(COS(0€) i.va+COS(0e _2?71) i,rb +(X)S(0€ +2?7T) l‘sc) (6)

. . 27T . 27T
iy = %(—smwe) i =SB, = )iy ~SiN(6,+7) zj )

Simulation results were carried out under MATLAB-
Simpower®, for the following operating conditions: The rotor
speed reference is set at 600 rpm with a load torque equal to
10% of C..

In the following subsections, the PMSM ASD model under
study will be used in order to well analysing the impact of
different faults on the PMSM behavior, namely a total loss of
the current sensor information, a total loss of the position
sensor information, a single open motor phase, a single IGBT
open-circuit, two IGBTs open-circuit in two different inverter
legs. The study particularly focuses on the impact of each fault
occurrence on the stator currents. In order to compare the
impacts of the faults on the PMSM drive behavior, all faults
have been applied at the same instant #=0.75s.

B. Current sensor total loss information fault

In this study, two current sensors are used in normal
operation, but when a current sensor fail, an important
degradation in the closed loop control strategy can be
observed. The failure may be caused by the sensor breakdown
which is the case of the studied fault [7]. So it is critical to
detect the fault as rapid as possible.

Fig. 2 depicts a sudden change in the balanced stator currents
isabe after a total loss of the a-phase current sensor information.
This change is translated by the vanish of

sensors [8-10].

Fig. 3 shows the stator currents iz before, during and after a
total loss of the position sensor information fault occurrence.
It can be well noted that the fault introduces a DC component
into the stator currents. Then, the PMSM is badly supplied,
and it is not able to operate in closed loop conditions.

D. Single phase open circuit fault

This type of fault may be caused by a mechanical failure of

the machine terminal connector, an internal winding rupture,
or by an electrical failure in one of the inverter phase legs,
which it is the case of this study [11-12].
Fig. 4 shows the three phase stator currents before, during and
after a single phase open circuit fault occurrence. As a
consequence, the stator current is, becomes null and, as for the
current sensor fault case, the other measured stator currents i,
and i are disturbed.

E. Single IGBT open-circuit fault

This fault may be the consequence of a failure in the IGBT

electronic components or in its control circuit [4], [5]. When
an open IGBT fault occurs in the inverter and the closed loop
control strategy remains unchanged, the PMSM can be able to
continue working in some cases, but the system stability
cannot be guaranteed. For that, it is necessary to detect rapidly
the fault occurrence.
Fig. 5 shows the impact of the IGBT open-circuit fault on the
stator phase currents. As the faulty IGBT is chosen to be T1,
then, the stator current is, becomes null for the positive half
period. On the other hand, the stator currents iy and i;. contain
a DC component and become in phase opposition in order to
compensate the loss of the defective phase current.



F. Two IGBTs open-circuit in two different inverter legs

This subsection deals with the case of two IGBTs open
circuit fault in two different legs. It should be noted that when
this fault occurs in the power converter, the PMSM will be
badly controlled and may lead to the PMSM ASD
performances degradation. Therefore, it is critical to detect the
fault occurrence rapidly in order to ensure the system stability
and its service continuity.
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Fig. 2. The impact of the current sensor breakdown on the stator currents iy,
iy, and i, under 10% load torque and 600 rpm operating conditions.

60
~ 40 _m |
= ;
@n 20
5 A
£ o0
Q
= -20
%) il
E 40| Single phase—p; | ]

open circuit
-60 ‘ . ‘
0.74 0.745 0.75 0.755 0.76
Time (s)
Fig. 4. The impact of a single phase open circuit on the stator currents iy, i,
and i, under 10% rated load torque and 600 rpm operating conditions.
60

Fig. 6 shows the impact of a simultaneous open-circuit fault
of the two IGBTs T; and Ty on the stator currents iy, is» and .
Indeed, the stator currents iy, and iy become null for the
positive half period. Consequently, the three stator currents
become highly unbalanced and this may lead to dangerous
consequences on the drive operating, [4].
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Fig. 3. The impact of a position sensor breakdown on stator currents iy, iy
and i, under 10% rated load torque and 600 rpm operating conditions.
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Fig. 5. The impact of the 7; IGBT open-circuit on the stator currents iy, is»

and ;. under 10% rated load torque and 600 rpm operating conditions.
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Fig. 6. The impact of T; and T, IGBTs open-circuit in inverter legs 1 and 2 on the stator currents i, iy and i;. under 10% rated load torque and 600 rpm

operating conditions.

111 DWT-MRA BASED MULTIPLE FAULTS DETECTION

A. Application of the MRA to the normalized PMSM currents
signals

As it has been mentioned above, this study aims to ensure an
early, rapid and effective multiple faults detection by defining
a signature for each considered fault independently of
operating conditions.

This aim will be reached using the Discrete Wavelet
Transform-based MultiResolution Analysis (DWT-MRA)

technique in a novel way. Indeed, the originality of the
proposed technique consists in applying the MRA to the
normalized stator currents is., and isp.n.

In fact, these currents were normalized by the instantaneous
module of (d, q) currents.

The normalized stator currents are calculated as follows:

. _lsab
Lsa,b-n —

: ®)
ls
where the instantaneous module i, is given by the equation (9).
i,=+(i%+i2) ©)



B. DWT-MRA technique

In recent years wavelet analysis technique has been
applied to many areas of signal processing [5], [8-10]. For this
section, the DWT-MRA technique is recalled. Indeed, the
DWT-MRA theory is based on a numerical filter bank, which
is composed by low-pass filters (LPF) and high-pass filters
(HPF), these filters are used for the construction of the
MultiRésolution time-frequency plane.

The MRA analyzes a numerical signal S(n)through many
frequency bands with different resolutions by decomposing it
into approximations and details signals information [14].

The approximation and detail signals, which are the outputs of
the low-pass and high-pass filters respectively, are given by
equations (10) and (11).

a,(m) =Y s(k)yh(n - k) (10)
k=0
()= Y s(k)g(n—k) (v

k=0
The decomposition of signals into frequency sub-bands is
limited by the maximum level J, given by equation (12).
27m < N (12)

where N is the number of samples, whose value is equal to 10°
in this study case.

Consequently, the maximum decomposition level J is chosen
equal to 7. This level is considered sufficient for effective faults
detection. Thus, the used mother wavelet is the 2™ order
Daubechies DB2.Indeed, the use of this mother wavelet allows
highlighting in the best way the fault occurrence transients.

C. Multiple Faults Detection using DWT-MRA

In this subsection, simulation results are given based on the
DWT-MRA technique for all the studied faults. As it was
mentioned above, the analysis was performed based on both
normalized stator currents is.., and iw.,in order to generate
more information about faults signatures.

Indeed, Fig. 7, 8, 9, 10 and 11 present the high and low
frequency details signals obtained from the DWT-MRA
analysis of the normalized stator currents i, and is.-
sregarding the current sensor, the position sensor, the single
phase open circuit, the single IGBT open circuit and the two
IGBTSs open-circuit faults, respectively. It is mandatory to note
that, for a better illustration of the obtained results, only the
details signals that highlight abrupt changes caused by the
considered faults occurrences have been presented in this
paper.

It can be concluded that, significant abrupt changes in high
frequency details signals contents appear for all the considered
faults. Thus, thanks to the characteristics of the normalized
stator currents, a threshold can be fixed for the high frequency
detail signal independently of the PMSM operating
conditions.

As a consequence and under different PMSM ASD faulty
conditions, the generation of fault signatures can be ensured
from both is., and igw., details signals.

Therefore, comparisons between details signals are performed
and presented in the coming section in order to generate
signature for each fault occurrence.

It should be noted that the aim of this paper is the detection of
multiple faults as early as possible. For that reason, a well-

developed and detailed study must be carried out in order to
guarantee a relevant detection based on details signals, which
allow treating information about fault occurrence or false
alarm cases.

IV. DISCUSSIONS

Regarding the obtained results, a comparative study was
carried out in order to highlight the effectiveness and the
relevance of the used detection technique to distinguish the
studied faults.Indeed, the detection is based on the abrupt
changes characteristics analysis in the normalized stator
currents and the definition of fixed thresholds for details
signals.

According to Fig. 7, 8,9, 10 and 11, the detection of all studied
faults is possible using the DWT-MRA technique since
changes due to faults occurrence appear in details signals.
Indeed, table I summarizes the details and the fixed thresholds
that can be considered for each fault detection. In this step, the
question is how to distinguish between these faults.

In fact, a classification can be deduced. There are two sets of
faults. The first set includes the current sensor fault and the 7;
and T, IGBTs open-circuit fault since their effect appear in all
details signals d;.7 according to Fig. 7 and 11, respectively.
Whereas, the second set includes the other faults, namely the
position sensor, the 77 IGBT open circuit and the single open
phase faults. However, for the two sets, it is difficult to
identify the faulty component.

Giving this fact, the DWT-MRA itself is not sufficient for
faults localization. Therefore, it is important to address other
methods in order to ensure an efficient fault localization.
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TABLE I

THE CONSIDERED THRESHOLDS FOR FAULTS DETECTION

: Details signals - -
Thresholds (10”) i i Possible fault detection
sa-n SD-n N N
di & daldld Jd [d [ad]d]d]d]d [d | d Not possible fault detection
Current sensor 2 3 3 2 07 04 03 2 3 3 2 07 04 03
T:&T+1IGBTs open circuit 2 3 3 2 07 04 03 3 2 3 3 2 07 04 03
T; IGBT open circuit 207 04 03727 2 07 04 03
Position sensor 2 0.7 04 03 7 ;2 07 04 03
T: IGBT open circuit 207 04 037 2 07 04 03
Single phase open circuit 32 07 04 037 2 07 04 03
V. CONCLUSION VIL ACKNOWLEDGMENT

In this paper, a multiple faults detection has been presented

for PMSM ASDs. These faults are: a total loss of the current
sensor information, a total loss of the position sensor
information, a single phase open-circuit, a single IGBT open-
circuit, two IGBTs open-circuit in two different inverter legs.
The detection technique has been based on the
MultiResolution Analysis. It requires only the normalized
measured currents of the a and b PMSM phases.
Simulation results of the PMSM drive operating under
multiple faults conditions were presented and discussed
according to the signals details that were useful for the
detection based on the normalized stator currents in order to
define fixed thresholds. This consists in a first step before
dealing with the fault localization, which can be ensured by
using other methods to reach the objective of generating a
signature for each fault affecting the PMSM drive.

VL APPENDIX
TABLE. II
PMSM PARAMETERS
Variable Notation Value
Rated power P 53 kW
Rated current I 122 A
DC bus voltage Vbc 560 V
Maximal current Imax 368 A
Rated torque Cp 832 Nm
Rated flux Yoy 0.5 Wb
Rated speed N, 600 rpm
Armature resistance Rs 0.087 Q
Poles pairs number p 5
TABLE. III
FREQUENCY BANDS DECOMPOSITION
Decomposition Frequency bands (Hz)
level ai di

7 0-7812.5 7812.5— 15625

6 0 - 15625 15625- 31250

5 0-31250 31250 - 62500

4 0 - 62500 62500 — 125000

3 0 - 125000 125000 — 250000

2 0—-250000 250000 - 500000

1 0 -500000 500000 — 1000000
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