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Abstract

This paper presents an adaptive observer-based method for detecting inter-turn short-circuit
(ITSC) and permanent-magnet (PM) demagnetization faults in permanent magnet syn-
chronous motors (PMSMs). The effects of these faults are incorporated into the PMSM dqg-
frame current model, where the ITSC fault is represented by equivalent fault-current compo-
nents and the demagnetization fault is reflected by a variation in the PM flux linkage. An
adaptive observer, driven by measured dg-axis voltages, stator currents, and electrical speed,
estimates the fault-current components and the PM flux linkage online. Two residuals are
then constructed from the estimated fault-current magnitude and the deviation of the esti-
mated flux linkage from its nominal value, enabling discrimination among ITSC, demagneti-
zation, and combined-fault scenarios. MATLAB/Simulink studies under load disturbances,
demagnetization, ITSC, and sequential combined faults validate the residual behavior and
demonstrate robustness against non-fault load variations.
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Abstract—This paper presents an adaptive observer-based
method for detecting inter-turn short-circuit (ITSC) and
permanent-magnet (PM) demagnetization faults in permanent
magnet synchronous motors (PMSMs). The effects of these faults
are incorporated into the PMSM dg-frame current model, where
the ITSC fault is represented by equivalent fault-current compo-
nents and the demagnetization fault is reflected by a variation in
the PM flux linkage. An adaptive observer, driven by measured
dg-axis voltages, stator currents, and electrical speed, estimates
the fault-current components and the PM flux linkage online. Two
residuals are then constructed from the estimated fault-current
magnitude and the deviation of the estimated flux linkage from its
nominal value, enabling discrimination among ITSC, demagneti-
zation, and combined-fault scenarios. MATLAB/Simulink studies
under load disturbances, demagnetization, ITSC, and sequential
combined faults validate the residual behavior and demonstrate
robustness against non-fault load variations.

Index Terms—Permanent magnet synchronous motor, inter-
turn short circuit, demagnetization, adaptive observer, fault
detection.

I. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) have been
widely used in electric vehicles, aerospace systems, indus-
trial drives, and renewable-energy conversion systems due
to their high power density, high efficiency, fast dynamic
response, and compact structure [1]-[3]. As PMSMs are
increasingly deployed in safety-critical and high-performance
applications, reliable condition monitoring and fault detection
have become essential for improving system availability and
preventing unexpected failures. Among different fault types,
inter-turn short-circuit (ITSC) faults and permanent-magnet
demagnetization faults are particularly critical. ITSC faults can
introduce circulating currents, localized thermal stress, and
asymmetric magnetic fields, which may develop into severe
winding failures [4], [5]. Demagnetization faults, on the other
hand, reduce the effective permanent-magnet flux linkage and
degrade torque production, efficiency, and control performance
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[6]. Therefore, accurate detection and discrimination of ITSC
and demagnetization faults are important for reliable PMSM
operation.

Model-free and data-driven methods have been widely in-
vestigated for ITSC and demagnetization fault detection in
PMSMs, including machine-learning-based approaches [7]-
[9]. These methods usually train detection models offline
using measurement data collected under different operating
and fault conditions, and then use selected fault-sensitive
features for online diagnosis. Although good detection per-
formance can be achieved with sufficient training data, their
effectiveness strongly depends on dataset quality and coverage,
which may be difficult to guarantee in practical motor drive
systems. Negative-sequence-analysis-based methods have also
been used for ITSC fault detection by extracting fault-sensitive
negative-sequence current components [10], [11]. However,
such methods can be sensitive to operating conditions, param-
eter variations, and measurement noise, and they are mainly
developed for ITSC faults rather than demagnetization faults.

Alternatively, model-based detection methods using PMSM
dynamic models and fault mechanisms have been studied for
fault estimation and diagnosis. Observer-based and Kalman-
filter-based approaches have been widely investigated for
PMSM fault detection [12]-[14]. In [12], two adaptive ob-
servers are designed to estimate the fault current and detect
ITSC faults in PMSMs. A Kalman filter is employed in [13]
for ITSC fault detection, where the stator-current estimation
error is used as the fault indicator. In [15], a sliding-mode ob-
server is developed to detect demagnetization faults and sensor
faults. However, most existing ITSC fault detection methods
assume a constant permanent-magnet flux linkage and neglect
demagnetization effects in the motor model. Consequently, the
coupling between ITSC faults and demagnetization-induced
flux variation remains insufficiently addressed.

This paper investigates the joint detection of ITSC and
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Fig. 1. PMSM drive system with field-oriented control.

demagnetization faults in PMSMs. Unlike many existing ITSC
fault detection methods, which assume a constant permanent-
magnet flux linkage and do not explicitly consider demagneti-
zation effects, the proposed method incorporates both ITSC
fault-current dynamics and permanent-magnet flux-linkage
variation into the dg-frame current model. Based on this
model, an adaptive observer is developed to estimate the
equivalent dg-axis ITSC fault-current components and the PM
flux linkage online. The estimated quantities are then used
to construct residual indices for detecting and distinguishing
ITSC faults, demagnetization faults, and their combined oc-
currence.

The rest of this paper is organized as follows. Section II
introduces the PMSM model, the ITSC fault model, and the
demagnetization fault model. Section III presents the proposed
adaptive observer design for dual fault detection. Section IV
provides simulation results to validate the effectiveness of the
proposed method. Finally, Section V concludes the paper.

II. PMSM MODELING AND FAULT ANALYSIS

A. PMSM Model Under Healthy Conditions

In this work, a PMSM driven by a three-phase voltage-
source inverter is considered, as shown in Fig. 1. The motor
drive adopts a cascaded PI-based field-oriented control (FOC)
scheme similar to [16]. The measured three-phase currents are
transformed into the synchronous d-q reference frame using
the rotor electrical position. The rotor speed and position are
assumed to be measurable. Under healthy operating condi-
tions, the permanent-magnet flux linkage is aligned with the
rotor d-axis and modeled as a constant scalar ;. Therefore,
the current dynamics in the synchronous d-q reference frame
are expressed as
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where ig and i, are the d- and g-axis stator currents, uq
and u, are the corresponding stator voltages, R, is the stator
resistance, L, and L, are the d- and g-axis inductances, and
we 1s the electrical angular speed.

B. ITSC Fault and Demagnetization Fault Models

ITSC faults may occur in any stator phase. The shorted turns
introduce an additional fault current, which affects the stator
current dynamics through equivalent fault components in the
synchronous dq reference frame. Demagnetization faults are
mainly caused by irreversible degradation of the permanent
magnets due to high temperature, excessive armature reaction,
or aging [6]. Under uniform demagnetization, the permanent-
magnet flux linkage is reduced from its nominal value. Let
d € [0,1) denote the demagnetization ratio. Then the faulty
permanent-magnet flux linkage can be written as ¢} = (1-
)1y, where 9 is the nominal permanent-magnet flux linkage.
A larger value of § represents a more severe demagnetization
fault. Following the equivalent dg-axis ITSC representation
in [17], iyq and iy, are defined as the equivalent d- and g-
axis fault current, respectively. Considering both ITSC and
demagnetization faults, the faulty dg-axis current dynamics of
the PMSM can be written as
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Compared with the healthy model, the ITSC fault introduces
additional d- and g-axis fault-current terms, while the demag-

netization fault reduces the effective PM flux linkage.
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—

III. ADAPTIVE OBSERVER-BASED FAULT DETECTION
METHOD

In this section, an adaptive observer-based fault detection
framework is developed using the dg-frame PMSM current
model. Although current-reference comparison may indicate
an ITSC, the error is affected by operating conditions and con-
troller action [18]. The proposed observer estimates both the
ITSC-induced current perturbation and the demagnetization-
induced flux-linkage change. The overall detection procedure
is shown in Fig. 2. In existing ITSC detection methods
[10], [12], the permanent-magnet flux linkage is assumed to
remain constant, and demagnetization faults are not explicitly
considered. However, when ITSC and demagnetization faults
coexist, the flux variation caused by demagnetization can
affect the current dynamics and may degrade fault detection
performance. To address this issue, the proposed observer
incorporates the demagnetization-induced flux variation into
the fault detection framework. Using the generated residual
signals, both ITSC and demagnetization faults can be detected.

A. Adaptive Observer Design

To detect ITSC and demagnetization faults in PMSMs, an
augmented adaptive observer is developed in the dgq syn-
chronous reference frame. The measured stator currents 74 and
14 are used as the observer outputs, while the stator voltages
uq and u, and the electrical angular speed w. are assumed
to be available from the motor drive system. In the proposed
observer, the effect of an ITSC fault is represented by two
equivalent fault-current states, irq and iz,, in the dq frame.



These augmented states describe the additional current compo-
nents induced by shorted turns. In contrast, demagnetization
mainly appears as a variation in the permanent-magnet flux
linkage ;. Therefore, estimating 74, %74, and 1y provides
useful information for identifying and distinguishing ITSC and
demagnetization faults. The estimated augmented state vector
is defined as & = [14 iq V5 114 zfq} The current estimation
errors are defined as eq = ig — ig, and e, = i, — i,. The
current observer is designed as
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The adaptive laws for the equivalent ITSC fault-current esti-
mates are given by

%fd = _af;fd+gd€d> @)
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where [ and [, are the current observer gains, g4 and g, are
the adaptive gains for equivalent ITSC fault-current estimation,
and ay > 0 is a leakage coefficient introduced to improve the
boundedness and robustness of the fault-current estimates.
The permanent-magnet flux linkage is updated using the

following leakage-modified adaptation law:
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where 7, > 0 is the flux adaptation gain, a, > 0 is the
leakage coefficient, and %)y denotes the nominal healthy PM
flux linkage. Since the g-axis current dynamics are directly
affected by the permanent-magnet flux linkage, the g-axis
current estimation error is used to adaptively estimate ;. The
observer gains are selected such that the current estimation
errors are driven to a bounded neighborhood of zero under
normal operation, while the adaptive states track the fault-
related variations.

B. Fault Estimation and Detection Logic

Based on the augmented observer, two fault indicators are
constructed for ITSC and demagnetization fault detection.
The ITSC fault indicator is defined as the magnitude of the
estimated equivalent fault-current vector:

rITSC = \/ 134 + i3, (6)

A larger value of rypgc indicates stronger shorted-turn-
induced current components in the stator windings. Under
healthy conditions, iyq and iy, remain close to zero. Once
an ITSC fault occurs, the equivalent fault-current estimates
increase and can indicate the fault severity.

The demagnetization fault indicator is defined as the devia-
tion of the estimated permanent-magnet flux linkage from its
nominal value:
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Fig. 2. Fault detection procedure.
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where 17( is the nominal permanent-magnet flux linkage. A
positive increase in rgemag indicates a reduction in the magnet
flux linkage, which corresponds to demagnetization. The fault
decision logic is then given by

ITSC fault detected
demagnetization fault detected

®)

rrrse > Tirsc
Tdemag > Tdemag

where TiTsc and Tgemag are predefined detection thresholds.
These thresholds can be selected based on healthy-condition
simulations or experiments by considering measurement noise,
parameter uncertainty, and load/speed transients. The proposed
method uses the adaptive observer not only to generate current
estimation errors, but also to estimate physically meaningful
fault-related quantities. Therefore, ITSC and demagnetization
faults can be detected and distinguished based on their dif-
ferent effects on the equivalent fault-current states and the
permanent-magnet flux linkage.

C. Stability Analysis

The stability of the proposed adaptive observer is analyzed
using a Lyapunov-based approach. The PMSM model with
ITSC and demagnetization effects can be written as

&t =Ax+ Bu+ Df, + Evy, )}
where © = [’id iq]T, u = [ud uq]T, and fa = [Z'fd ifq]T
The system matrices are expressed as
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The designed observer model can be rewritten as
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where L = diag(lq,l;) is the observer gain matrix, G =
diag(gad, gq) is the adaptive gain matrix for fault-current
estimation, ay > 0 is the fault-current leakage coefficient,
vy > 0 is the flux adaptation gain, a,, > 0 is the flux leakage
coefficient, and 17 is the nominal healthy PM flux linkage.
Define the estimation errors as
e=x—1, fa:fa_faa

bp=pp — Py (14)



Then, the error dynamics are obtained as

¢ =(A—L)e+ Df, + Eiy, (15)
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Similar to the bounded-fault assumption used in adaptive fault
estimation [17], the following assumption is introduced.
Assumption 1: The equivalent ITSC fault current f,, its
derivative f,, the PM flux linkage 1, and its variation z/}f
are bounded.
Choose the Lyapunov function candidate as

V =c'Pe+ fi fo+ 0%, (18)
where P = PT > 0. Taking the time derivative of (18) yields
V = ellle + 2¢7 (PD — GT) f, + 2¢T (PE — vy E)y

—2a7f] fa = 2ap0% + 27 fo + 205 f] fa
+ 20505 + 2a495 (5 — o), (19)
where 11 = (A — L)TP + P(A — L). By applying Young’s

inequality to the cross terms in (19), V' is upper bounded as
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where
M =T+ piWW?* + p3HHT, (21)
af:—2af+p1%+p§+pi7 (22)
vy = —2a, + ,01% + P2 + aypg, (23)
where p; >0 (i = 1,...,6) are positive constants introduced

by Young’s inequality, with W = PD — G7 and H = PE —
vy . The bounded term is expressed as
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From Assumption 1, w is bounded. Therefore, there exists a

positive constant w such that w < w. Define the augmented

estimation error vector as (7 = [eT f;’” 1/;f] . Then (20)

can be written as V < ¢7®¢ + @, where
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If the observer gains and adaptation parameters are selected
such that there exists a scalar A > 0 satisfying ® < —A/, then
V < =\|€||* + @. Thus, when

I > /%,

it follows that V < 0. Hence, the current-estimation error,
equivalent ITSC fault-current estimation error, and PM flux-
linkage estimation error are uniformly ultimately bounded.
As a result, fa and 1[) ¢ remain bounded, and the indicators

rirsc = ||fall and Tdemag = Wfo — z/AJf provide bounded
diagnostic measures of ITSC severity and PM flux reduction.

(26)

TABLE I
SIMULATION PARAMETERS
Parameter Value
Pole pairs, pm, 2
Rated speed (rad/s) 314
Armature resistance, Rs (2)  0.605
d-axis inductance, L4 (mH) 12.65
g-axis inductance, Lg (mH) 12.65
Flux linkage, ¥, (Wb) 0.83
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Fig. 4. Simulation results under unbalanced load change at t = 0.5 s.

IV. SIMULATION VERIFICATION

To verify the proposed observer-based demagnetization and
ITSC fault detection framework, the PMSM drive system in
Fig. 1 was modeled in MATLAB/Simulink. The simulation
was conducted with a sampling time of 75 = 5 us. The
measured three-phase stator currents are transformed into the
rotating d-q reference frame and used by the observer to
estimate the corresponding current components. The residual
signals are then generated from the observer and used for
demagnetization and ITSC fault detection. The PMSM drive
adopts a field-oriented control structure. The outer speed loop
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Fig. 5. Simulation results under a demagnetization fault introduced at ¢ = 1s,
with the PM flux linkage decreased from 0.83 Wb to 0.6 Wb.

generates the g-axis current reference, while the inner current
loops regulate the d- and g-axis currents. The reference motor
speed and reference 74 current are set to 314 rad/s and 0 A.
The main simulation parameters are provided in Table I. The
voltage commands are transformed to the stationary reference
frame and applied to the PWM generator to drive the inverter.
The currents are transformed into the d-q frame and provided
to the observer for residual generation. The residuals rgemag
and ryrgc are used to distinguish different fault conditions.

A. Verification Under Non-Fault Disturbances

Before evaluating the fault detection performance, the ro-
bustness of the proposed method is tested under normal load-
torque variation and an unbalanced load condition. In both
cases, the load disturbance is introduced at ¢ = 0.5 s. For
the normal load-torque variation, the g-axis current changes
according to the required electromagnetic torque, while the
d-axis current remains close to its reference value after a
short transient, as shown in Fig. 3. Although the operating
point of the motor changes, both the demagnetization residual
T'demag and the ITSC residual rrsc remain close to zero. This
indicates that the proposed residual generation method does
not misinterpret normal load variation as a motor fault. For
the unbalanced load condition, oscillatory components appear
in the d- and g-axis currents, as shown in Fig. 4. Nevertheless,
both residual indicators remain bounded near zero, and no fault
alarm is generated. Therefore, the proposed method is robust
against load imbalance and can avoid false alarms caused by
non-fault disturbances.

B. Verification Under Fault Conditions

The proposed method is further evaluated under demagneti-
zation and ITSC fault scenarios. In the demagnetization fault
case, the fault is introduced at ¢ = 1 s. As shown in Fig. 5,
after the fault occurs, the demagnetization residual rgemag
increases significantly, while the ITSC residual rypgc remains
close to zero. This result shows that the proposed method can
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Fig. 6. Simulation results under a demagnetization fault with the PM flux
linkage decreased from 0.83 Wb to 0.6 Wb at t = 1 s, with R increased
by 10% and L, and L, increased by 5%.
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Fig. 7. Simulation results under an ITSC fault with a shorted-turn ratio of
0.02, introduced at t = 1 s.

correctly identify demagnetization faults without incorrectly
classifying them as ITSC faults. To evaluate robustness against
parameter uncertainty, R is increased by 10% and L, and
L, by 5% from the values in Table I, while the observer
parameters and gains remain unchanged. A demagnetization
fault is introduced at ¢ = 1 s. As shown in Fig. 6, the
parameter mismatch causes small deviations in the residuals,
while 7demag Still increases after the demagnetization fault.
These results demonstrate the robustness of the observer to
the considered parameter variations. In the ITSC fault case,
the fault is introduced at ¢ = 1 s. As shown in Fig. 7, after
the fault occurs, the current estimation error increases, and the
ITSC residual r1rgc rises clearly from its healthy-state value.
In addition, rgemag also changes due to the coupling between
the ITSC fault and the motor current dynamics. Compared with
the demagnetization case, the ITSC fault produces a distinct
residual pattern, which enables fault-type discrimination.
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Fig. 8. Simulation results under sequential demagnetization and ITSC faults.
The PM flux linkage is decreased from 0.83 Wb to 0.6 Wb at t = 1 s,
followed by an ITSC fault with a shorted-turn ratio of 0.025 at t = 1.5 s.

Finally, a combined fault case is simulated, where a demag-
netization fault is introduced at ¢t = 1 s followed by an ITSC
fault at ¢ = 1.5 s. As shown in Fig. 8, after the demagnetization
fault occurs, r'qemag increases while rirgc remains near zero.
When the ITSC fault is introduced, rirgc increases distinctly,
while 7gemag Temains elevated. The sequential changes in the
residuals demonstrate that the proposed method can detect and
distinguish multiple fault events.

V. CONCLUSION

This paper presented an adaptive observer-based method for
detecting both demagnetization and ITSC faults in PMSMs.
The proposed observer estimates the d-g stator currents,
permanent-magnet flux linkage, and equivalent ITSC fault-
current components. Based on these estimated quantities, fault-
related residuals are generated to indicate and distinguish
different fault conditions. The effectiveness of the proposed
method is verified through Simulink simulations. The residuals
remain near zero under normal and unbalanced load torque
variations. Under fault conditions, the demagnetization fault
mainly increases the demagnetization residual rgemag, While
the ITSC fault produces a clear increase in the ITSC residual
rrrsc. In the combined-fault case, the residuals responded
sequentially to the occurrence of each fault, demonstrating
the capability to detect and distinguish multiple fault events.
The proposed method also maintains effective fault detection
under the considered motor parameter variations. Future work
will focus on experimental validation of the proposed method
using a hardware PMSM drive platform. The robustness of
the proposed method under practical uncertainties, including
measurement noise, larger parameter mismatch, and reversible
magnetic saturation, will also be investigated.
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