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Abstract – This paper presents a fault diagnosis method based on structural analysis

of permanent magnet synchronous motors (PMSMs), focusing on detecting and discrimi-

nating two of the most common faults in PMSMs, namely demagnetization and inter-turn

short circuit faults. The structural analysis technique uses the dynamic mathematical

model of the PMSM in matrix form to evaluate the system’s structural model. After

obtaining the analytical redundancy using the over-determined part of the system, it is

divided into redundant testable sub-models. Four structured residuals are designed to de-

tect and isolate the investigated faults, which are applied to the system in different time

intervals. Finally, the proposed diagnostic approach is numerically verified through a

simulation of an inverter-fed PMSM and white Gaussian noise are added to the measured

signals from the motor to verify its diagnosis performances.

C.1 Introduction

Nowadays, Permanent Magnet Synchronous Motors (PMSMs) are widely used in different

industrial applications owing to their merits of efficiency, power density, and ease of

control [1, 2]. The PMSMs in power-trains normally work in harsh working conditions

and exposed to various electrical, mechanical, and thermal stresses [3, 4]. These stresses

may eventually degrade the insulator in the stator winding, resulting in an inter-turn

short circuit (ITSC) fault, or cause the demagnetisation of permanents magnets (PMs)

mounted on the rotor assembly [5]. Since ITSC fault involves very few turns, it generates

excessive heat, which may result in first efficiency reduction and later in a catastrophic

system breakdown if not being diagnosed in time [6]. In addition, PMs used in PMSMs

are considered to be not only the most expensive material, but also very sensitive to

the stresses [7]. Monitoring and detection of demagnetization in early stages is therefore

important in preventing costly down-times and high maintenance costs [8].

Various approaches have been employed to detect ITSC and demagnetization faults

in PMSMs. [9, 10] have implemented a signal-based method to investigate the behavior

of ITSC and demagnetization faults by monitoring the vibration and temperature in a

PMSM. [11, 12] have used data-driven models to detect and classify ITSC and demagne-

tization faults in a PMSM by using Neural Network. The signal-based and data-driven

techniques can effectively detect the faulty case, but they require either advanced sensors

or a lot of data for training, without a clear explanation based on physical models. Alter-
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natively, model-based methods are widely employed in the literature [13–15] among which

Finite-Element Method (FEM) based models are most recommended due to high analysis

accuracy, but they require a deep knowledge of the system, e.g. detailed dimensions and

material characteristics [1]. Furthermore, FEM-based models are computational-heavy

and are challenging to use in real time. Structural analysis is hence proposed as an alter-

native solution for detection and isolation of various faults in a complex system, without

a prior deep knowledge of the system dynamics [16]. The theory of structural analysis

technique has been well developed in the literature [17, 18] and been applied from au-

tomotive engine [19], hybrid vehicle [20], to electric drive [16] systems. However, ITSC

and demagnetization fault detection and isolation (FDI) for PMSMs is not present in the

above-mentioned studies. Investigating sensor faults along with ITSC and demagnetiza-

tion faults can be challenging especially when it comes to isolation of the sensor faults

from ITSC faults since they both add the same fault terms to voltage equations, therefore,

sensor measurements are considered not to have any offsets (only noise) and only ITSC

and demagnetization faults are studied in this paper.

This paper presents a systematic FDI methodology based on structural analysis for

specific investigation of ITSC and demagnetization faults in a PMSM. To accomplish

this, a healthy dynamic mathematical model of PMSM in abc frame is employed, and

specific terms relevant to the presence of ITSC and demagnetization faults are added to

the corresponding equations. These added terms include the deviations in the resistance

and inductance of the stator winding caused by ITSC fault, and the deviations in the

PM linkage flux caused by a demagnetization fault, appearing in the three-phase flux

and voltage equations. Further, the analytical redundancy of the model is determined

based on the PMSM’s structural model. The system is subdivided into smaller over-

determined subsystems, in which the faults are detected, and discriminated and four

sequential residuals are designed to show the presence of each fault. Eventually, the

proposed model is implemented in Matlab/Simulink to verify its effectiveness in different

faulty cases with presence of white Gaussian noise in the measured signals.

C.2 Structural Analysis for PMSM under Demagne-

tization and ITSC Faults

Structural analysis is a model-based technique that can be used in FDI to extract the

analytic redundant relations (ARRs) of a system from the mathematical equations de-

scribing its dynamic [21,22]. The structural model is represented by an incidence matrix,

in which each row connects an equation to the corresponding unknown variables, known

variables, and faults. The analytic redundancy of the system is then obtained through

rearranging the rows and columns in a way to form a diagonal structure which is called

Dulmage–Mendelsohn (DM) decomposition. From the analytic redundant part of this

structure, several smaller over-constrained subsystems can be identified yielding a set of

ARRs. Depending on its signature on this set of ARRs, each considered fault might be

detected or even discriminated. Subsequently, a few diagnostic tests are designed to in-

form about the presence of each fault. Here, a structural analysis of a PMSM containing
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Figure C.1: Modeling diagram of PMSM and drive system.

ITSC and demagnetization faults is presented, and diagnostic tests are proposed for their

detection and isolation. Fig. C.1 shows the modeling diagram of faulty PMSM and the

drive system components where the parameters are defined below.

C.2.1 PMSM Mathematical Model

The mathematical model of a PMSM with ITSC and demagnetization faults is given by

equations e1−e12 as shown in Eq. (C.1), where va, vb, and vc are the three phase voltages;

ia, ib, and ic are the three phase currents; λa, λb, and λc are the three phase stator flux;

λma, λmb, and λmc are the flux established by PMs in each phase; Te is the electromagnetic

torque, TL is the Load torque; ωm is the shaft’s angular speed; θ is the electric angular

position; Ra, Rb, and Rc are the stator phase resistances and La, Lb, and Lc are the stator

phase inductances; λm is the flux established by PMs; P is the number of poles; J is the

rotor inertia, and b is the friction coefficient.

When an ITSC fault appears in one of the phases of motor winding, both resistance

and inductance values of that phase is influenced. Here, fRa and fLa are added to the

corresponding equations of the healthy PMSM to account for ITSC fault in phase-a.

Similarly, fRb
, fLb

, fRc , and fLc terms are added to account for ITSC faults in phases b

and c, respectively.

e1 :va = Raia +
dλa

dt
+ fRa

e2 :vb = Rbib +
dλb

dt
+ fRb

e3 :vc = Rcic +
dλc

dt
+ fRc
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e4 :λa = Laia + λma + fLa

e5 :λb = Lbib + λmb + fLb

e6 :λc = Lcic + λmc + fLc

e7 :λma = λm sin θ + fλma (C.1)

e8 :λmb = λm sin (θ − 2π/3) + fλmb

e9 :λmc = λm sin (θ + 2π/3) + fλmc

e10 :Te =
P

2
λm[ia cos θ + ib cos (θ − 2π/3)

+ ic cos (θ + 2π/3)] + fλmt

e11 :
dωm

dt
=

1

J
(Te − bωm − TL)

e12 :
dθ

dt
=

P

2
ωm

Further, fλma , fλmb
, fλmc , and fλmt terms are added to equations in case of the demagne-

tization fault. The known variables are the three-phase voltages and the measurements

of currents and angular speed, i.e., yva , yvb , yvc , yia , yib , yic , and yωm , shown in Eq. (C.2).

m1 :yva = va,m2 : yvb = vb,m3 : yvc = vc

m4 :yia = ia,m5 : yib = ib,m6 : yic = ic (C.2)

m7 :yωm = ωm

In addition, the mathematical model includes five differential constraints of unknown

variables, which are shown in Eq. (C.3).

d1 :
dλa

dt
=

d

dt
(λa)

d2 :
dλb

dt
=

d

dt
(λb)

d3 :
dλc

dt
=

d

dt
(λc) (C.3)

d4 :
dωm

dt
=

d

dt
(ωm)

d5 :
dθ

dt
=

d

dt
(θ)

C.2.2 Structural Model and Analytical Redundancy of the PMSM

The structural model of PMSM with ITSC and demagnetization faults is obtained based

on the defined mathematical model in Eqs. (C.1)-(C.3), as shown in Fig. C.2. The in-

cidence matrix contains 24 rows, representing the 12 defined equations in Eq. (C.1), 7

measured known variables in Eq. (C.2), and the 5 differential constraints of unknown

variables as shown in Eq. (C.3). The columns of the matrix is subdivided into three

groups of unknown variables, known variables, and faults, and each equation is connected

to its relevant constraint in any of the three groups through each row. In order to be able

to detect and then isolate a fault, it should lie in the structurally over-determined part of
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Figure C.2: PMSM structural model.

the model, where there are more equations than unknown variables [18]. To accomplish

this, the redundancies of the model are first evaluated by employing DM decomposition

tool, which restructures the model into upper triangle shape by rearranging the rows and

the columns of the incidence matrix. Fig. C.3 shows the DM decomposition for PMSM

structural model, where the analytic redundant part is expressed in the upper left part

containing all the faults.

C.3 Diagnostic Test Design

In this section, the procedure of designing diagnostic tests for ITSC and demagnetization

faults is discussed. First, the analytic redundant part is divided into smaller redundant

subsystems and then sequential residuals are derived to detect each fault.

C.3.1 Finding Testable Sub-Models

Using the algorithm proposed by [23], the system is subdivided into efficient redundant

testable sub-models called Minimal Test Equation Supports (MTESs). MTES sets contain

specific equations defined in Eq. (C.1), and are found in a way that the considered ITSC

(in any of the phases) and demagnetization faults are detected and discriminated. Fig. C.4

shows all the MTES sets found for the considered system here, and Fig. C.5 shows the

signature matrix of MTES sets, indicating which faults appear in each MTES. MTES1

includes only fλmt fault term, meaning it can be used for detecting demagnetization fault.

MTES2 contains fRc , fLc , and fλmc fault terms, therefore, it can be used for detecting

ITSC fault in phase c and demagnetization fault. Subsequently, MTES3 can be used for

detecting ITSC fault in phase b and demagnetization fault, and MTES4 for detecting

ITSC fault in phase a and demagnetization fault.
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C.3.2 Sequential Residuals for Detecting the Faults

In this section, four sequential residuals (R1 − R4) are derived based on the obtained

MTES set. These residuals aim to detect and isolate ITSC fault in phase a, ITSC fault

in phase b, ITSC fault in phase c, and demagnetization fault.

1. R1: MTES4 is used for deriving R1 based on the difference between measured and

calculated voltages of phase a:

m1 : R1 = yva − va (C.4)

And the sequence of deriving va is as follows:

SV : θ = θstate

m7 :yωm = ωm

e12 :
dθ

dt
=

P

2
ωm

e7 :λma = λm sin θ

m4 :ia = yia

e4 :λa = Laia + λma

d1 :
dλa

dt
=

d

dt
(λa)

e1 :va = Raia +
dλa

dt
(C.5)

Where θstate is the State Variables (SV) and will be updated after R1 is calculated

as follows:

d5 : θstate =

∫
dθ (C.6)

2. R2 and R3 follow the same procedure mentioned for R1 to find the difference be-

tween measured and calculated phase b and phase c voltages based on MTES3 and

MTES2, respectively.

3. R4: MTES1 is used for deriving R4 based on difference between the measured and

calculated angular speeds:

e10 :R4 = Te −
P

2
λm[ia cos θ + ib cos (θ − 2π/3)

+ ic cos (θ + 2π/3)] + fλmt (C.7)
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Table C.1: Parameters of PM Synchronous Motor

Symbol Parameter Value Unit

Vdc Rated dc bus voltage 320 V

Is Rated rms phase current 12.6 A

Tout Output Torque 14 N.m

ns Rated speed 1200 rpm

Rs Phase resistance 1.72 Ω

Lq, Ld Q and D axes inductances 23.3948 mH

J Rotor inertia 0.00161 kg.m2

b Rotor damping factor 0.002973 N.m.s/rad

λm Flux linkage of PMs 0.1722

ns Pole-pairs 4

And the sequence of deriving Te is as follows:

SV : θ = θstate

m7 :R4 = yωm − ωm

d4 :
dωm

dt
=

d

dt
(ωm)

e12 :
dθ

dt
=

P

2
ωm (C.8)

e11 :
dωm

dt
=

1

J
(Te − bωm − TL)

m4 : ia = yia ,m5 : ib = yib ,m6 : ic = yic

Where θstate is the state variables and are updated after R4 is calculated:

d5 : θstate =

∫
dθ (C.9)

C.4 Simulation and Results

To verify the proposed diagnostic method, a Matlab/Simulink model of a PMSM is im-

plemented based on the model proposed in [24]. Using this model, demagnetization and

ITSC faults in any of the three phases can be applied on the PMSM and motor signals

under faulty condition can be obtained. The parameters of motor are listed in Table C.1.

To test the residual responses under variable operating conditions, the reference for the

motor drive’s speed controller is set to be variable. Fig. C.6a shows the speed reference

and the motor’s speed and Fig. C.6b shows the output torque of the motor during the

time of the simulation. As can be seen in Fig. C.6a, it takes time for the actual speed of

the motor to catch the reference speed (which comes from the controller), since the motor

is considered to be stationary in the beginning.

During the simulation, the ITSC and demagnetization faults are applied at different

time intervals. At t = 0.06 − 0.08s, there appears an ITSC fault in phase a with 5%
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Figure C.6: Output characteristics of the motor (a) speed, (b) torque.

fault severity (number of shorted turns to total turns in one phase); at t = 0.1 − 0.12s,

there is an ITSC fault in phase b with 5% fault severity; at t = 0.14 − 0.16s, the motor

has an ITSC fault in phase c with 5% fault severity; and at t = 0.18 − 0.2s, appears a

demagnetization fault with 10% fault severity (the flux linkage of PMs is decreased by

20%). To test the effectiveness of the residual responses, a band-limited Gaussian noise

is added to the measured values (known variables) here. Without the noise, the residuals

can be triggered by any small abnormality in the system and therefore, the diagnostic

system can theoretically detect faults with very low severity (e.g. 0.1%) which is not

plausible in reality. As mentioned before, the severity of ITSC faults in any of the phases

and demagnetization fault are set to 5% and 10%, respectively. This threshold is low

enough to be called early detection and yet not that low that the faults are not visible in

the figures while having a rather strong noise present in the measurements. However, with

a proper signal processing tool even smaller faults are detectable. In addition, Having

the same ITSC fault severity in all the phases also enables us to see the difference in the

residual responses while subject to the same criteria. This also means that higher fault

levels are easily detectable using this method. The noise signal w(t) is generated by a

dynamic filter as follows [21]:

H(s) =

√
2β

s+ β
σω (C.10)

The dynamic filter has the random signal v(t) as input and w(t) as output. The signal

v(t) has intensity equal to 1, which indicates the noise has a total power equal to 1.

Based on the data from our previous experimental studies and measurements, parameters
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Table C.2: Parameters of Noise Signals

Symbol Parameter Value

σi Variance and of noise added to currents 0.1583

βi Constant of noise added to currents 100, 000

σv Variance of noise added to voltages 0.2

βv Constant of noise added to voltages 10

σω Variance of noise added to angular speed 0.1

βω Constant of noise added to angular speed 10

of different noise signals are extracted. These parameters which specify the noise added

to currents, voltages, and angular speed signals of the motor are listed in Table C.2.

The residual responses for the mentioned faults are obtained and shown in Fig. C.7

(a)–(d). Before the faults are applied, the motor is operating in healthy mode (t =

0 − 0.06s) and all the residuals remain zero (neglecting the noise) since there is not any

difference between the measured signals and the calculated ones used in each residual.

When the ITSC fault in phase a is applied, only R1 is affected and obtains a non-zero

value. Since ITSC fault in phase a (faults in fRa , fLa) is only observable in R1 (derived

from MTES4), other residuals remain zero when the motor is experiencing this fault. The

same logic can be used for R2 and R3 as they obtain non-zero values and only these two

residuals are affected when ITSC faults in phase-b and phase-c are applied to the motor.

Between t = 0 − 0.06s and when the demagnetization fault is applied on the motor, all

the residuals obtain a non-zero value. The behavior and response of the residuals during

each fault, can be used as the ground for detecting and discriminating of the mentioned

faults in the PMSM.

To isolate the faults based on the response of the residuals, a decision-making system

is proposed based on logical blocks and added to the diagnostic system. To detect and

isolate ITSC fault in phase a, R1 should be non-zero while other residuals remain zero.

For ITSC fault in phase b, R2 should be non-zero while other residuals remain zero. For

detection and isolation of ITSC in phase c, R3 should be non-zero while other residuals

remain zero. When all the four residuals have a non-zero value, it means that the motor

is experiencing a demagnetization fault. Fig. C.8 shows the output signal of the decision-

making system.

C.5 Conclusion

In this paper, we presented a novel method to detect ITSC and demagnetization faults in

the PMSM. Structural analysis is implemented on the mathematical model of the PMSM

to detect and isolate the mentioned faults in the system. After obtaining the redundant

part of the structural model by employing DM decomposition tool, the system is divided

into redundant sub-models called minimal test equation support. Four sequential residuals
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Figure C.7: Response of residuals.
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are derived based on the fault terms that appear in each of the MTES sets to detect and

isolate four faults in the system including ITSC in phase a, ITSC in phase b, ITSC in phase

c, and demagnetization. The proposed model is implemented in Matlab/Simulink and the

mentioned faults are applied to the system in different time intervals. The results show

that residuals are able to efficiently detect and isolate even small faults in the presence of

noise, proving the effectiveness of this diagnostic approach.
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