The
University
&> U
e Sheffield.

This is a repository copy of Model-based Luenberger state observer for detecting interturn
short-circuits in PM machines.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/218143/

Version: Accepted Version

Article:

Qin, Y., Li, G.-J. orcid.org/0000-0002-5956-4033, Zhu, Z.Q. et al. (4 more authors) (2025)
Model-based Luenberger state observer for detecting interturn short-circuits in PM
machines. IEEE Transactions on Transportation Electrification, 11 (2). pp. 5302-5311.
ISSN 2332-7782

https://doi.org/10.1109/TTE.2024.3478840

© 2024 The Authors. Except as otherwise noted, this author-accepted version of a journal
article published in IEEE Transactions on Transportation Electrification is made available
via the University of Sheffield Research Publications and Copyright Policy under the terms
of the Creative Commons Attribution 4.0 International License (CC-BY 4.0), which permits
unrestricted use, distribution and reproduction in any medium, provided the original work is
properly cited. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION

Model-based Luenberger State Observer for
Detecting Interturn Short-Circuits in PM Machines

Y. Qin, Student Member, IEEE, G. J. Li, Senior Member, IEEE, 7. Q. Zhu, Fellow, IEEE, M. P. Foster, D. A. Stone,
C. J. Jia, and P. McKeever

Abstract—This paper proposes a novel model-based
Luenberger state observer for interturn short-circuit (ITSC) fault
diagnostics. The residuals between the observed currents and the
measured currents in the a- and f-axes serve as fault indicator,
which can be used to detect ITSC faults not only at an early stage
with contact resistance but also at the fully short-circuited stage.
These currents are observed by the Luenberger observer, which is
designed under the assumption that the machine is operating in a
healthy condition. In addition, the investigation results indicate
that with greater fault ratio, larger load current and higher speed,
detecting the ITSC fault becomes easier. Moreover, three sets of
Luenberger observers, assuming the ITSC fault is in phases A, B,
and C, respectively, have been designed to identify the faulted
phase. A series of experiments have been carried out to validate
the developed fault detection method.

Keywords—fault detection, interturn short-circuit, Luenberger
observer, PM machine, PWM.

I. INTRODUCTION

NTER-turn short-circuit (ITSC) fault is one of the most

common and serious faults in electrical machines. This is
because ITSC fault accounts for approximately 30-40% [1] of
total failures in electrical machines, generating fault currents
nearly 30 times of the rated current. This serious fault is
primarily caused by insulation failures, which, in turn, result
from factors such as high dv/dt [2], aging and environmental
contamination [3]. In addition, the ITSC fault could escalate to
phase-to-phase and phase-to-ground short-circuits, leading to
the breakdown of the entire machine [4]. Furthermore, the large
fault current associated with ITSC faults could cause magnet
irreversible demagnetization [5]. Given these potential risks
posed by ITSC faults, they have attracted increasing attention
both in academia and industry. The research on ITSC faults
primarily focuses on three aspects: (1) fault modeling, (2) fault
detection, and (3) fault mitigation strategies. Fault modeling
enables an understanding of the electrical performances,
facilitating the evaluation of consequences resulting from this
serious fault [6]. Moreover, with an accurate fault model,
theoretical support can be provided for designing machines
with better fault tolerant capability [7]. Additionally, model-
based fault diagnostic methods can be employed to detect this
serious fault. In safety-critical applications, such as offshore
wind generators, electric vehicles, and aerospace systems, early
detection of faults, especially at their incipient stage, is
extremely important [8]. Furthermore, timely detection allows
for subsequent mitigation measures. Fault mitigation represents
the final step, helping improve the fault tolerant capability of
the system [9].

Based on the literature review, the fault detection methods
could be divided into three categories: model-based, signal-

based, and data-driven-based [10]. In [11], the fault models
have been firstly established, then the negative-sequence
current and the second order harmonic in the g-axis current are
used as fault indicators for ITSC fault detection. However, the
effectiveness of this detection method may be significantly
compromised in the drive systems with field-oriented control
(FOC) and current regulators, as they can compensate the
unbalance in the phase currents [12]. To enhance the detection
sensitivity, an alternative approach utilizes zero-sequence
voltage [13] and current [14] as fault indicators. However, this
approach has limitations, requiring access to the neutral point
of the phase windings and necessitating additional voltage
sensors, thereby adding complexity to the system.
Consequently, these limitations impact the widespread
application of this approach. The model-based high frequency
(HF) voltage injection methods have also been used for fault
detection [2] [15] [16]. However, due to the injected voltage,
the generated HF currents will produce extra torque ripple and
thermal stress, imposing additional burdens on the normal
operation of the system. In [17], HF rotating current injection is
integrated with zero-sequence voltage components (ZSVC) to
detect and differentiate between ITSC fault and resistance
unbalance faults. However, the frequency of the HF rotating
current injection is constrained to several hundred Hz due to the
limited bandwidth of the HF current regulator. This constraint
hinders the ability to achieve high-resolution ITSC fault
detection using the HF rotating current injection technique.
The signal-based fault detection methods use spectral tools
to detect changes in signals, such as stator phase current [3],
zero sequence current component (ZSCC) [18], and zero
sequence voltage component (ZSVC) [19]. However, this
approach, to some extent, may lead to false alarms, as with few
turns being short-circuited, the spectrum exhibits negligible
differences from the healthy conditions. As technologies
progress, some data-driven approaches have emerged as
alternative for fault detection [20]. Various data-driven
approaches leveraging artificial intelligence (AI) have emerged
for detecting ITSC faults in electrical machines. Al-based
methodologies offer several advantages over traditional
diagnostic approaches. They generally demonstrate enhanced
performance when finely tuned, are easily scalable and
customizable, and can be adjusted by integrating new data or
information as it becomes accessible [21]. Additionally, their
design does not necessarily require a comprehensive
mathematical model of the machine, which may not be
available in certain scenarios. These methods employ diverse
techniques for fault diagnosis, with common approaches
including expert systems, artificial neural networks (ANNs),
and fuzzy logic [22]. However, the collection of extensive
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historical data under various fault levels and operating
conditions is necessary. Owing to its reliance on powerful
computing capabilities, this approach faces limitations in
achieving widespread application.

Recently, some researchers have attempted to use
Luenberger observer (often used for sensorless control in
electrical machines [23]) for ITSC fault detection. For example,
in [24], the Luenberger observer is utilized to estimate the d-
and g-axes currents, and subsequently, the 2™ order harmonics
of residual components between the measured and estimated d-
and g-axes currents are employed as fault indicators. This
approach can effectively detect the ITSC faults and evaluate the
fault severity. However, it cannot locate the faulty phase. In
[25], the Luenberger observer is designed to estimate the d- and
g-axes resistance, which can be utilized to calculate the d- and
g-axes voltages. The second harmonics of the d- and g-axes
voltages can be considered as the fault indicator. However,
again, this approach cannot identify the faulted phase. In [26],
the Luenberger observer has been employed in the doubly-fed
induction generator to detect ITSC faults. The residuals
between the observed and measured phase currents serve as the
fault indicator. However, the faulted phase identification
strategy has not been elaborated. To obtain fault ratio in the
machine, a large number of Luenberger observers (>>3) have
been designed and executed in parallel. While this method is
feasible in MATLAB simulation, it is difficult to be
implemented in practice. This is because executing multiple
Luenberger observers in parallel requires the micro controller
unit (MCU) to have the same number of cores as the number of
observers. This is nearly impossible. For instance, the Infineon
TC275 MCU, utilized in the EV, has only three cores, far less
than the required number of observers. In addition to the
Luenberger observer, the extended Kalman filter, though not
the focus of this paper, is another main approach used to
estimate the state vectors, and it has also been employed for
detecting ITSC faults in electrical machines [27].

To address the above shortcomings, this paper proposes a
novel model-based Luenberger state observer for detecting
ITSC faults in PM machines. The proposed fault model
facilitated the development of a full-order Luenberger observer,
characterized by a robustly designed gain matrix L that
effectively handles variations in parameters of the state matrix
A, including the fluctuations in rotor speed and fault ratio. The
residuals between the observed currents and the measured a-
and f-axes currents are utilized as fault indicators, which can
be used to detect ITSC faults at both the early stage,
characterized by a non-zero contact resistance, and the fully
short-circuited stage (zero contact resistance). These observed
currents are obtained from the Luenberger observer. In
addition, only three Luenberger observers, one for each phase,
are needed to determine the faulty phase.

The rest of this paper is structured as shown in Fig. 1. In
section 0, a PWM-voltage-based model for PM machines under
ITSC fault is developed, the full-order Luenberger observer is
investigated, and the gain matrix L for the Luenberger observer
is designed. In section III, the fault detection strategy is
explored, the proposed detection method is validated under both
non-zero and zero contact resistance, and the main factors
influencing the residuals, such as fault ratio, speed, and load
current, are analyzed. In section IV, faulted phase identification

| Section II. Fault Modelling of Machine with ITSC |
LA B C

Development of the Full-order Luenberger Design for the Gain
Fault Model Observer Design Matrix L
| Section I11. ITSC Fault Detection |
A . B |C

Development of ITSC Validation of Proposed Factors lrgﬂuencingAi
Fault Detection Strategy Fault Detection Method and Ai,
| Section IV. Faulted Phase Identification |
Fig. 1 Flowchart summarizing the main structure of this paper.

strategy is explored and validated. Finally, some conclusions
are drawn in section V.

TABLE I PARAMETERS OF PM MACHINE WITH ITSC FAULT

N° of phases 3 Phase resistance (mQ) 7.780
N° of poles/slots 8/6  Phase inductance (uH) 300
N° of turns per coil 24 PM flux (mWb) 5.94
Rated power (W) 30 Rated torque (Nm) 0.6
Rated speed (rpm) 500  Rated phase current (A) 16
Maximum speed (rpm) 1500  Maximum power (W) 200

Inverter | = . R
: fa r‘_fqrvvgl Wﬂz
iy
i 3] b,
V. b, N VT
dc
Vasic ke ,.V.ng /'v'v‘vs2

Fig. 2 PMSM with series connected coils under ITSC fault in phase A.

II. FAULT MODELLING OF MACHINES WITH ITSC
A. Development of the Fault Model

It can be seen from Fig. 2 that each phase winding is
composed of two coils. The key parameters for the investigated
machine are shown in TABLE I. For the fault modelling, unless
stated otherwise, it is assumed that the ITSC fault occurs in coil
ai. Using Kirchhoff's Voltage Law (KVL), the relationship
between the inputs (PWM voltages) and the state variables
(three-phase currents and fault current) can be described as (1).
Using Kirchhoff's Current Law (KCL), the neutral point voltage
(v,) can be expressed as (2).
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where R and L;,4 are 4X4 resistance and inductance matrices,
respectively. Rqi; is the sum of the healthy winding resistance
of phase A and the contact resistance Ry, while R4 is the sum
of the faulted turns resistance of phase A and the contact
resistance Ry. The values of R4 and Ry, are equal to -R; due to
the coupled electrical circuits between the healthy turns and
faulted turns at the incipient stage of the ITSC fault. Ry, and
Rg33 are the resistances of phases B and C. eu and e, represent
the back-EMF of the healthy and faulted turns in phase A, e,, e
and e, are the back-EMFs of phases A, B and C, respectively.
The output signals from the inverter are labelled as Vg, Vius
and Vaac 4 = NN is the faulted turn ratio of coil a1, where
Ny and N are the numbers of faulted turns and total turns of
the a; coil, respectively. L1 and L4 are the inductances of the
healthy and faulted turns in phase A, Ls» and L33 represent the
total self-inductances of phases B and C, respectively. M, and
M are the mutual inductances between the healthy winding of
phases A and B, M3 and M3, are the mutual inductances
between the healthy winding of phases A and C, and M4 and
M4 are the mutual inductances between the healthy winding
and faulted winding of phase A. M3 and M3, are the mutual
inductances between phases B and C. M4 and Mg, are the
mutual inductances between phase B and short-circuited
windings of phase A, while M4 and Mwus are the mutual
inductances between phase C and short-circuited winding of
phase A.

According to the work presented in [28], the analytical fault
model in a-and - axes could be derived as (4).

iy
T I‘ﬁ] = L3%3 X Rax3 |8 [ + L3x3([ ] - [ } “4)
i
with
L3y3
2Lg1q + 2Lgpp — 4Mg1p + M3 2ZMg14 — 2M s34
3 3
= 0 Lgop = M3 0
Mgy — Mgy,
[ Mgy + Sz—s 0 Ly
&)
_ ZRsll _ RSZZ _ 2Rsl4
3 3 3
R3><3 = 0 _RSZZ 0 (6)
;R5141 1 0 _Rs44
S [— _- _Z 0] S,
af 33 3 s,
Sp| = V3 V3 s (N
S 0 — —— 0]f=¢
f 3 3 Sf

0 0 0 1
where S can be voltage (v), back-EMF and current (7).

B. Full-Order Luenberger Observer Design

Based on the proposed fault model, as presented in (4), a new
state vector [la g I €y €g]T has been selected. As a
result, the state-space representation for (4) can be transformed
into (8). In comparison with (4), the back-EMFs in a- and f-
axes have also been considered as part of the state vector.
Consequently, the back-EMF can be observed in the designed
full-order Luenberger observer.

3
lll ia lll
o5 5] J
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where w is the electrical angular velocity of the PM machine.
0,.3 and 0,,, are 2X3 and 2X2 zero matrices, respectively.

Luenberger observer operates by comparing the actual
system output, represented by measurable signals (i, and ig),
with the output (i, and iz ) predicted by the designed
Luenberger observer shown in Fig. 3. Based on the difference
(or residual) between the predicted and actual outputs, the
estimated output can be automatically adjusted. The observer
incorporates feedback of the measurable states to continually
refine its estimates, thereby enhancing the accuracy of state
estimation. The Luenberger observer is characterized as a
dynamical system, as described by (10).

{55 = Aot + L(y — 9) + Beseu (10)

9 =C%

where 4., is the estimated state matrix, B, is the estimated
input matrix, C is the output matrix and L is the Luenberger

gain matrix. u ( [Va Vg]T ) are the inputs, X
([tla g T e, €g]") are the estimated state vectors and

y and y are the measured and estimated currents in a- and S-
axes. The matrices A, Bes; and C have been described in (9a).

PM Machine with fault

Fig. 3 Structural diagram of a full-state observer.
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It can be observed from (9a) that the state matrix A and input
matrix B are influenced by the fault ratio (u), rotor speed which
can be obtained by the speed sensors, and machine parameters
such as phase resistance and inductance. In fact, one cannot
ascertain the true state of the machine, i.e., whether the motor
is in a healthy or faulty condition. This implies that, during the
design of the observation system, the fault ratio () cannot be
determined. However, one could initially assume the machine
is healthy, setting x to zero. Consequently, A, and B g can be
determined. If the machine is indeed healthy, 4,4 and B, for
the Luenberger observer show no residuals compared to their
actual counterparts, A, and B, representing the real state
and input matrices for the machine. The estimated state vector
residuals can be further derived, as shown in (11). It is found
that if the designed gain matrix L could ensure that all
eigenvalues of (A-LC) possess negative real parts, the residuals
between the estimated state variables and the actual state
variables could converge to zero within a finite time. This
implies that there are no residuals between the estimated
currents (I and iz) and the measurable currents (i, and ig).

Y

Ax(t) = e LOAy,
with

Ax(t) = x(t) — 2(t) and Ax, = x(0) — £(0) (12)

where Ax are the residuals between the state vector in the PM
machine ([la i i €; €g]T) and that in the designed
observer ( [la Iz I € €]" ). Ax, are the initial
estimation residuals.

However, if the system is actually faulty, such as one turn
being short-circuited, A.; and B, , determined under the
assumption of a healthy condition, will exhibit residuals when
compared to their counterparts A,. and B, . This residual
arises from differences in the estimated u used in the observer
design and the actual p present in the machine. Under this
scenario, the residuals in the estimation state vector can be
derived in more detail, as indicated in (13). It can be observed
from (13) that under these conditions, there are residuals
between the estimated currents (Z, and 7z) and the measurable
currents (i, and ig).

Ax(t) = (Ager — LOAX(t) + ABu + AAX(t) (13)

with
Ax(t) = x(t) — 2(t),AA = Ayt — Apst and AB = By — Begt
(14)
C. Design for the Gain Matrix L

The selection of the observer gain matrix L necessitates
ensuring that all eigenvalues of (4,4, — LC) possess negative
real parts. It is worth noting that the state matrix A, for the
machine with an ITSC fault is not only related to the rotor speed
but also to the fault ratio (u), as indicated in (9a). While rotor
speed can be measured, 4 in the machine is not known in
advance. Due to the uncertainty regarding pu, L should be
designed in such a way that, as x varies from O to 1 and the rotor
speed changes from O rpm to the maximum rotational speed, all
eigenvalues of (A, — LC) exhibit negative real parts. Using
the pole assignment method [29], the designed matrix L, as seen

0

genvaluel

Real Part of Ei

=
n
S
S

-

1)

=3

S

5
0.4

2 .
Fault Ratio(#) x10*

Fig. 4 Real part of eigenvalue 1 for A-LC vs fault ratio () and rotor speed.

in (15), ensures that all five eigenvalues of (A4 — LC) have
negative real parts as x varies from O to 1, and the speed changes
from Orpm to the maximum speed (1500 rpm), as shown in Fig.
4. However, due to space limit, results for eigenvalues 2 to 5
are not shown here, but they are all negative, similar as
eigenvalue 1.

—138788 —138788
141204 141204
L=1-116399 -116399 (15)
—6205 —6205
1392 1392

III. ITSC FAULT DETECTION
A. Development of ITSC Fault Detection Strategy

As discussed in section II.B, when the estimated u is the
same as the actual y, the estimated matrices A,z and B g will
be identical to A, and B ;. As aresult, in theory, there are no
residuals between the observed 7, and iz and the measurable i,
and ig; otherwise, i, and iz would differ from i, and ig. It is
evident that the initial assumption is that the machine is healthy,
thereby setting u to zero. If this holds true, the matrices A,g;
and B,g can be subsequently determined for the designed
observer. The observed i, and i3 can then be obtained from the
observer. To prevent false alarms, it is advisable to establish a
threshold for |izz - igp|. An alarm should only be activated
when this threshold is exceeded, which ensures precise fault
detection and reduces the likelihood of false positives. This
paper recommends a threshold of 0.015A, based on
experimental calibration for the investigated machine. As a
result, the fault detection strategy can be implemented, as
shown in Fig. 5. If the residuals between the observed 7, and iz
and the measurable i, and ip are lower than 0.015A, it can be
concluded that the machine is healthy. Otherwise, the machine
is experiencing an ITSC fault.

[ u = 0 HLuenberger Observer]
v

A 4
ITSC fault in No fault in
PM Machine PM Machine

Fig. 5 Flowchart of ITSC fault detection. y is fault ratio.
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Fig. 6 Test setup with ITSC fault in the test PM machine. (a) Test rig. (b)
Tested PM machine.

B. Validation of Proposed Fault Detection Method

To validate the proposed fault detection method, a series of
simulations and measurements have been conducted. The
simulated results were obtained using MATLAB/Simulink,
while the measured results were acquired from the test rig
shown in Fig. 6. The test rig comprises three main components:
(1) dyno and test machines, (2) two sets of three-phase
converters, and (3) a torque meter. The dyno machine provides
stable speed for the system, while the tested machine operates
in torque mode. Two sets of three-phase converters are
employed to control the dyno and the tested machine separately.
The torque meter is utilized to measure the torque and speed
waveforms. As depicted in Fig. 6, the ITSC fault is simulated
in the tested machine, where each phase winding is composed
of two coils, and each coil consists of 24 turns. To introduce
ITSC faults, coils ai, b1, and ¢; are each segmented into five
sections, with each section having a different number of turns.
This allows for the emulation of 1, 2, 4, 6, and 11 turns being
short-circuited with thick cables (where the resistance is
negligible) and a switch, facilitating the investigation of the
influence of the zero impedance in the short-circuit path.
Additionally, to simulate short-circuit faults with other different
numbers of turns than those specified above, one can connect
the above branches in series. For instance, to simulate a short-
circuit fault with 12 turns, the branches corresponding to 1 turn
and 11 turns can be connected in series, then the resultant
branch can be short-circuited. Therefore, this flexible design
allows for the simulation of short-circuit faults ranging from 1
to 24 turns. To simulate the initial stages of ITSC faults
involving contact resistance, one approach is to configure
series-connected resistors with varying resistance values across
the branch. In both simulations and experiments, unless stated
otherwise, the bus voltage is set to be 24V, the dead time is
configured to be 0.5us, and the switching frequency is 20kHz.

—_—r
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Fig. 7 Load currents are i; = OA and i, = 2A, and the rotor speed is 500rpm.
For healthy condition, Ry = co. For fault condition, u=1/24. (a) Measured and
observed i, and iy (R; = 1Q), (b) Ai, and Aig (R, = 1Q), (c) Measured and
observed i, and iz (Ry= 10mQ), and (d) Ai, and Aigz(R,= 10mQ).

a. At Early Stage of ITSC (Rf # 0)

To simulate the initial behavior of ITSC faults, resistors with
1Q and 10mQ are respectively series-connected within the first
branch of coil a;, which consists of a single turn, to emulate the
contact resistance. If the contact resistance is set to 1Q, which
is approximately 130 times larger than the phase resistance. In
this case, the ITSC fault can be regarded as in its early stage, so
the electrical performance of the machine remains very close to
its healthy condition. Fig. 7 (a) and Fig. 7 (b) show that, under
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healthy condition, the deviations between the observed and
measured currents are much smaller than the calibrated value
(0.015A), as shown in Fig. 5. However, when an ITSC fault
occurs at 5S0ms with the contact resistance of 10mQ, deviations
between the observed and measured currents begin to appear,
resulting in the expected residuals (Ai, and Aig). Fig. 7 (c) and
Fig. 7 (d) demonstrate that when the contact resistance is set to
10mQ, much larger residuals (Ai, and Aig) compared to the
contact resistance of 1Q are observed, triggering the fault alarm.

b. At Fully Short-circuited Stage (R = 0)

The ITSC fault in phase A has been taken as an example, it
can be observed from Fig. 8 (a) that under healthy conditions,
the observed currents are identical to the measured ones.
However, when the ITSC fault occurs at 50ms, the observed
currents deviate from the measured ones, resulting in residuals
(Ai, and Aip), as expected. Fig. 8 (b) indicate that the greater the
number of turns being short-circuited, the larger the amplitude
of Ai, and Aig, making fault detection more easily. Fig. 9 (a)
and (b) illustrate that even with changes in speed or load current,
the observed currents converge within finite time. This further
demonstrates the robustness of the design gain matrix L for the
Luenberger observer, as the state matrix A changes with
variations in speed. However, residuals persist between the
observed and measured currents after the ITSC fault.

C. Factors Influencing Ai, and Aig

In this section, the factors that can influence Ai, and Aig will
be explored. It can be concluded from (13) that Ai, and Aig are
influenced by the deviation between the estimated u and the
actual u in the electrical machine. This is because, the residual
between the estimated u and the actual p introduces
discrepancies in the matrices AA and AB [see (13)], making
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Fig. 8 Load currents are i; = OA and i, = 2A, and the rotor speed is 500rpm. p

changes from O (healthy condition) to 0.5 at 50ms. (a) Measured and observed
i and ig, and (b) amplitudes of Ai, and Aig vs number of short-circuited turns.
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Fig. 9 Measured and observed i, and iz and p is 0.5. (a) The rotor speed
changes from 500rpm to 1000rpm at 50ms and the load currents are iy = 0A,
iq=2A, and (b) the load currents change from iy = 0A, iy = 2A to iy = 0A, iy =
4A at 50ms and the rotor speed is 500rpm.

them unequal to the zero matrix. The larger the residual is, the
greater the deviation of AA and AB from the zero matrix will be,
resulting in larger Ai, and Aig. This implies that when the
observer is designed under the assumption that the machine has
no faults, but the actual system has faults, deviations between
the observed and measured currents will emerge. The greater x
is, the larger Ai, and Aig will be, as shown in Fig. 10.

With (13), a block diagram describing the residual model for
Ai, and Aig is depicted in Fig. 11. It is found that the structure
of the residual model is similar to that of the PM machine (see
Fig. 3). The input u, considered as the input for the PM machine,
is also the input for the residual model. The state matrix for the
residual model is represented by (A4c; — LC), with AB serving
as the input matrix. The disturbances are denoted by AAX.
Consequently, Ai, and Aig can be influenced by the input u. In
the case of the PM machine, higher load currents result in
increased u . Similarly, higher speeds lead to larger u .
Therefore, higher load currents or speed results in greater Ai,
and Aig, as shown in Fig. 12 and Fig. 13, making it easier to
detect the ITSC faults.
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Fig. 10 Ai, and Aig for different p. The load currents are ig = 0A, iy = 2A, and
the rotor speed is 1500rpm.
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Fig. 14 Flowchart of the faulted phase identification algorithm.
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Fig. 13 Ai, and Aig for different load currents. The the rotor speed is 1500rpm, (a)

and 4 =0.5.

IV. FAULTED PHASE IDENTIFICATION

If the ITSC fault is detected using the proposed method,

determining the faulted phase becomes crucial as it facilitates
the subsequent machine repairs. The process for determining
the faulted phase is shown in Fig. 14, as detailed below:

Step 1: p is assumed to be //N, where N represents the total
number of turns in one coil.

Step 2: Assign the value of u to three sets of observer
matrices A,g; and B, which assume the ITSC fault occurs
in phases A, B and C, respectively. It should be noted that if
the fault is in phase B or C, the same modeling method can
be employed to derive the specific expressions of A, and
B, . These expressions differ from those in (9a). With these
three sets of observers, the three sets of observed currents
(fz and ig) can be obtained accordingly.

Step 3: For each Luenberger observer, calculate absolute
residuals between the observed and measured i, and ig. K p,,
K, and K, represent these absolute residuals, assuming
an ITSC in phases A, B and C, respectively.

Step 4: Compute the minimum residual K,;, from the
calculated residuals.
Step 5: If Ky = Kgp, ITSCisin phase AL If Ky = Kp
ITSC is in phase B. Otherwise, ITSC is in phase C.
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Fig. 15 Measured and observed i, and ig. The rotor speed is 1500rpm, the
load currents are id = 0A, iq = 5A, u=1/24 and Rf = 20mQ. Luenberger
observer assuming ITSC in phases (a) A, (b) B, and (c) residuals.

under the assumption that the ITSC fault occurs in a different

The fault detection strategy illustrated in Fig. 14 involves the phase. Consequently, the matrices Ay, and B g, are different

simultaneous operation of three sets of observers, each designed
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Fig. 17 Residual vs number of short-circuited turns. The rotor speed is

1500rpm, the load currents are iy = 0A, iy = 5A, and Rf = 0mQ.

for each observer. The difference between the estimated A,
and B, and the actual A, and B, causes discrepancies in
the matrices AA and AB [see (13)], making them non-zero. As
the deviation of A4 and AB from the zero matrix increases, it
leads to larger Ai, and Aig. If the fault is indeed located in phase
A, the residuals Kap will exhibit the smallest value, as shown
in Fig. 15 and Fig. 16. This is because the residuals between
A, and B4, obtained under the assumption that the fault is in
phase A, and the actual A, and B, are the lowest. In
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0.1 . .
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Fig. 18 Residual vs (a) different iy with rotor speed of 1500rpm and iy = 0A,
and (b) different rotor speeds with iq = 0A, iy =5A. In both cases, u=1/24 and
Rr=20mQ.

addition, Fig. 17 indicate that the greater the number of turns
being short-circuited, the deviation between of K, ,,, K}, ;, and
K, becomes larger, making fault detection more easily.

It is also observed from Fig. 15 (c) and Fig. 16 (¢) that K, ,,
and K, are nearly identical. This is attributed to the fault being
located in phase A. Consequently, the deviations AA and AB
(assuming faults in phases B and C, respectively) are similar
due to the inherent symmetry of the PM machine. In addition,
Fig. 15 and Fig. 16 demonstrate that the proposed faulted phase
identification strategy is effective not only in identifying the
faulted phase at the fully shorted stage (R = 0) but also at a
very early stage (Ry # 0). This conclusion can be easily
extended to faults occurring in phase B or C. Furthermore, the
experiments show that higher load currents and speed result in
greater Ai, and Aig values, as shown in Fig. 18, making it easier
to detect ITSC faults even at the early stage of ITSC fault with
contact resistance (4=1/24 and R¢= 20mQ). This conclusion is
consistent with the findings in section III.C.

V. CONCLUSION

The proposed fault detection method in this paper
demonstrates that the residuals between the observed currents
in the a- and f-axes, obtained from the designed Luenberger
observer assuming that the machine is healthy, and their
corresponding measured values in the machine are utilized as
fault indicators. These indicators can identify ITSC faults both
at the early stage, marked by contact resistance, and at the fully
shorted stage. Additionally, factors affecting the current
residuals have been explored. The findings of this paper
indicate that the higher the fault ratio, rotor speed, and load
current are, the larger the residuals will be, making detection
easier.
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In comparison to existing Luenberger observer-based fault
diagnostic methods in the literature, which often fail to identify
the faulty phase, this paper independently designs three sets of
Luenberger observers. Each set assumes the occurrence of
ITSC faults in phases A, B, and C, facilitating the identification
of the faulted phase.
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