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Abstract: Modern drives with Permanent Magnet Synchronous Motors (PMSMs) require
both efficient control structure to ensure excellent dynamics and effective diagnostic al-
gorithms to detect the motor faults that can occur. This paper shows the combination of
both mentioned aspects — the direct-axis based signals of the Field Oriented Control (FOC)
structure are proposed as diagnostic signals to allow diagnosing the interturn short-circuit
failure that can appear inside stator windings. The amplitudes of second order harmonics
are selected as the fault indicators. Different modelling methods are analysed and compared
in detail in this paper: an analytical mathematical model, a Finite Element Method (FEM)-
based model and next verified using a laboratory setup. The results obtained using all the
mentioned models proved that the proposed fault indices are increasing significantly with
the number of shorted turns and are independent on the load torque level.
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Nomenclature
B friction factor [Nm-s/rad] 2?2’ Rsp. stator phase winding resistances [€2]
Egq, Esq  decoupling signals [V] T;, T; electromagnetic and load torques [Nm]
Egy back-EMF vector [V] gfé’ Uss phase voltages [V]
fs supply voltage frequency [Hz] Uy voltage vector [V]
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- hanical lectrical s
Iy short-circuit current [A] Q. Qe Frl;g /Snlca and electrical speed
1 sf stator current vector [A] Om, Oe mechanical and electrical angle [rad]
lati ber of shorted windi
Ioar Isg, Iy phase currents [A] u relative number of shorted winding
turns [—]
J moment of inertia [kg-m2] lPSA SB> stator phase magnetic flux [Wb]
sC

Ly stator inductance matrix [H] Yy permanent magnet flux vector [Wb]
Lga, L . tic flux induced by rot: -
ng’ 5B phase self-inductance [H] Ypum E:;fr[lf;g] ux mduced by rotor mag
Mgsap, Mspa, . i
Mg Mo, mutual inductances between W stator flux vector [Wb]

phases [H]
Msac, Msca
N number of shorted turns [] d-q re_ference frame rotating with elec-

trical motor speed

number of all turns in phase .
N . a- stationary reference frame

winding [-]
Pp number of pole pairs [—] ref reference value
Ry resistance of shorted loop [L2] N nominal value
Ry stator resistance matrix [€2]

1. Introduction

Interest in permanent magnet synchronous motors (PMSMs) is growing due to their many
advantages: simple design, a small moment of inertia, high acceleration, high torque overload
capacity, high power-to-weight ratio, wide speed range and high efficiency [1]. All of these
advantages lead to the increasing use of the PMSM in electric cars, locomotives, aviation,
or industrial production lines. The application of motors in such a multitude of applications
and continuous operation, as well as environmental external factors, leads to many types of
failure. Depending on the type of damage defects that occur in PMSMs, they are classified
into electrical, mechanical, and magnetic faults [2]. Uncontrolled spread of failure can lead
to complete destruction of the machine. For this reason, the diagnosis of electric drives is an
important issue and one that is constantly being developed. In the literature, three main directions
of diagnostics can be observed: diagnostics based on signal processing methods (the idea of which
is to detect changes occurring in the signals available for measurement), artificial intelligence
methods (the idea of which is to automatically detect damage without the human factor) and
mathematical modelling (the idea of which is to create a mathematical version of the physical
electric motor) [3].

According to the statistics presented in [4], the interturn short-circuit (ITSC) fault in electric
motors occurs in 37% of medium-power motor faults, while they account for 66% of faults in
high-voltage motors. The detection of winding short circuits is an important issue because the
winding damage in a short time leads to destruction of the whole machine.
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In signal-based diagnostics, the analysis is based on the extraction of characteristic symptoms
fault. The symptoms that accompany a failure can be obtained directly from a physically damaged
motor. The other solution is to create mathematical models of the faulty motor. The examples
of using the mathematical model are mostly focused on circuit models [5—16] and field-circuit
models [17, 19-23]. Circuit models based on the equivalent motor circuit based on Kirchhoff’s
equations are most often presented in the ABC phase system [5—9]. Moreover, the analysis of the
literature allows one to observe that the damage model of the PMSM can be presented also in
the stationary reference frame a- [8,9] and synchronous rotating frame d-q [7-13]. Regardless
of the reference frame, the presented models differ slightly from each other, the variations are
mainly due to the mathematical notation. On the other hand, the second approach to simulate
failures is to use field-circuit models. They are used in the design of new machines and can also
be used for the analysis of interturn short-circuit failure. The model in this case consists of a field
part and a circuit part. In the field part, a geometric representation of the motor model is created,
onto which a computational mesh is superimposed. The electromagnetic field is then calculated
at each resulting node. The circuit part contains a defined number of machine windings, the motor
winding parameters, and the equation of motion that completes the entire dynamics of the object.
The field-circuit calculation reflects the behaviour of the actual machine to a much more accurate
degree.

Signal based methods use various signal processing methods, i.e. Fast Fourier Transform
(FFT) [17,20,22] Short-Time Fourier Transform (STFT) [24], Wavelet Transform (WT) [24], the
bispectrum method [25] or Extended Park Vector Approach (EPVA) [15]. The listed methods
lead to the processing of the signal to be analysed and the subsequent extraction of motor
fault symptoms. Based on the collected information, the technical condition of the machine can
be deduced by observing the trend of individual symptoms changes. Artificial intelligence is
also often used for inference. Classical neural networks [20], machine learning [26] and neural
networks based on deep learning [17, 19] are currently used in the diagnostics.

The diagnostic systems are focusing on detecting failure at the earliest possible stage that
leads to careful analysis and a fuzzy boundary between the diagnostic methods. More and more
often combining the mathematical model and signal processing methods appears in the literature.
The authors of [12] proposed the use of an analytical model to prepare a method for short-circuit
fault detection based on the WT, but the order of the obtained results from the transform indicates
an inaccuracy between the analytical model and the experimental motor. The use of the analytical
model of the motor and a verification with usage of an experimental model of the motor is
presented in [15]. The application of the EPVA method to diagnose inter-winding short circuits in
a PMSM is also presented. It has been noted that the amplitude of the 2 f; harmonic component
of the stator current EPVA signature is a useful indicator of the fault severity. Similarly, the
authors of [9] use the double Park transformation of the voltage signal from the control system to
formulate a diagnostic indicator to detect a PMSM winding short-circuit fault. Using signals from
the control structure, the authors of [27] determined the active and reactive power consumed by
the PMSM motor during different operating states based on the current and voltage vector in the
d-q reference system. Also, the use of signals from the control structure to diagnose other (high
resistance connection, misalignment, damaged bearing) faults in the PMSM is presented in [14]
and [28-30].
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Industrial inverter-powered PMSMs in most cases have a direct field-oriented control (DFOC)
structure implemented as default. Considerations for the control system and the search for symp-
toms in the control structure are presented in [10]. The authors of the paper constructed an
indicator based on the signals from the control structure. The fault indicator is constructed from
the product of the quotient of the second-order harmonic amplitudes of the voltage and current
vector components in the d-q axes. The value of the indicator is shown to be constant over a wide
range of bandwidths. However, analysis of the control system decoupling signals was left out.

This paper focuses on the comparison of an analytical, field-circuit model and an experimental
PMSM motor for the search for symptoms of the ITSC. The possibility of detecting the stator
winding faults based exclusively on signals from a closed field-oriented control structure, with and
without decoupling of the rotor flux and torque control paths, is analysed. The proposed approach
presents the use of fault symptoms and their visibility in mathematical models for subsequent use
in PMSM motor diagnostics.

The article is divided into 7 parts. Section 2 presents an analytical and a field-circuit models.
Section 3 presents the experimental stand as a starting point for comparing the presented models.
Section 4 describes shortly the DFOC structure. Section 5 shows the ideas behind the machine
condition assessment. Section 6, on the other hand, evaluates the degree of the damages and
validates the described mathematical models for use in fault detection. Finally, Section 7 presents
conclusions.

2. Modelling of PMSM stator winding short-circuit faults

During the operation, the drive can be exposed to tough operating conditions i.e. varying
load, mechanical vibrations, high temperature or harsh work environment. The influence of these
phenomena on the running motor leads to a gradual degradation of the motor insulation. Damage
to the insulation of the winding causes an interturn short-circuit loop that can spread over the
whole winding rapidly.

The mathematical model of a PMSM that allows one to model the interturn short-circuit
damage is still being developed and expanded. The interest in modelling electrical faults is related
to the possibility of simulating the physical motor without damaging it and performing tests in
repeatable simulation conditions. There are two main approaches to create the damage models:
analytical, circuit models [5—16] and FEM-circuit models, based on the Finite Element Method
(FEM) combined with circuit models [17-23]. The selection of the model for the research depends
mainly on the expectations of the researcher, such as computing power, the accuracy of reflecting
phenomena occurring in the physical motor or a simulation time.

2.1. Analytical model of a faulty PMSM

The analytical model of a surface-mounted PMSM with interturn short-circuit fault requires
adopting several simplifying assumptions, such as: no magnetic saturation, lumped windings with
constant parameters and sinusoidal back-EMF. The model presented in this section is derived in
an ABC natural system and written using vectors (indicated with a bold font). It is based on
a commonly applied solution [7] and slightly extended here, to allow modelling the fault in each
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of the motor phase. In this case only the fundamental harmonic frequency is taken into account.
The damage factor defined as u = N, /N, i.e. the ratio of the number of shorted turns to all turns
in the phase winding, is used to define the severity of the damage.

A diagram of a wye-connected PMSM is presented in Fig. 1(a), while Fig. 1(b) shows the
simplified diagram of a faulty phase, divided into an undamaged and a damaged part. The Ry
resistance simulates faulty insulation. In this paper, it is assumed that during the fault Ry — 0,
which corresponds to a metallic connection. In this case voltage of the shorted circuit Uy = 0.
Based on Fig. 1(a) and Fig. 1(b), using Kirchhoff’s law, the following voltage equations can be
written:

d¥
Ug =Ryl + —= (1)
t
where: ) )
Usa Rsa 0 0 HAR A
U?B 0 RSB 0 ,uBRsB
= N R.r =
Usf UsC ’ of 0 0 RSC McC RSC
| Uy |(4aRsa uBRsp pcRsc paRsx + Ry
_ _ 2)
ISA lPsA
_ I.\‘B _ ‘PSB
ISf - IsC ’ \I’Sf - lPSC '
Iy | ¥r
o)
(1_”)Rs
(-4t
(l_ﬂ)ilpw

Non-faulty

Faulty

(@) (b)

Fig. 1. Diagram of a PMSM with interturn short-circuit fault: (a) wye-connected stator windings; (b) phase
B divided into non-faulty and faulty parts

In the case of the fault occurring in phase A the parameter us = u, and pup = yc = 0. When
the fault appears in phase B or C, up = u and uc = u, respectively. Symbol X indicates the
faulty phase, i.e. X = {A, B, C}.
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The stator flux, when the fault occurs, consists in a part connected with stator current and the
part related to the flux induced by permanent magnets:

Yy = Lyl r + Yoy, 3)
where:
Lsa Msap Msac  —pMsax Yarm
B v R T My @
UMsxa uMixp pMsxe —H2Lex Yrpum

When the fault takes place in phase A: Mgxa = Mgaa = Lga, in phase B: Mgpp = Lgp
and C: Mscc = Lgc. In the case of symmetrical motor windings: Ry = Rsa = Rsp = Rsce,
Ly =Lsa=Lsp=Lscand My = Msap = Mspa = Mspc = Mscs = Msac = Msca.

This assumption will be taken in the further part of the paper.

The magnetic flux linkage due to the presence of permanent magnets depends on the value of
the rotor position related to the stator of the motor and is as follows:

T

2 2
Yeuyr = ¥Yeu [cos (8.) cos (He - 57‘[) cos (He - 57‘[) ucos (0. +0x)| %)

where the electrical angle 6, = p,6,,. The angle 0x indicates the angle of the faulty phase, i.e.
Ox ={04,0p,0c} ={0,-2/3n,2/3n}, respectively.

Thus, taking into account the last row of (1), the following voltage equation of the short circuit
(red part in Fig. 1(b)) can be derived:

Us = Ryls = uRs (Ix - Iy) = 1Ly L ™ 9 Wy sin (0, + Ox)

= - = s (lsx — - s —Ig — UWe SN (Ue s

! A= HRs Usx —Af) — H q; THME s TR PM X ©
T T

M = [MsXA Mx p MSXC] s I = [ISA Isp ISC] .

Electromagnetic torque is described by (7), while the induced back-emf voltage is expressed
in (8):

ELI
1SS
T, = —2 =, 7
e (7
d¥puy
Ej=—"—. 8
sf dr (®)

The classical equation of motion complements the mathematical description of the faulty
PMSM:

d
Jagm:Te_Tl_BQma )

dé,,
—=Q,,. 10
T (10)
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2.2. Modelling based on FEM simulations

Under developing the field-circuit model of the PMSM, parameters of an industrial 2.5 kW
Lenze MCS14H15 motor were used. These parameters are listed in Table 2 (Appendix). A cross-
section visualization of the modelled motor is presented in Fig. 2. The stator has a concentrated
type of winding, one phase comprises two coils, 125 turns each. Using the concentrated winding,
the total harmonic distortion (THD) of air-gap flux density is greatly reduced compared to the
distributed winding [23]. The rotor of the synchronous machine has magnets placed on the rotor
surface. They are fixed with glue. In order to enable modelling of the damage as interturn short
circuits, one, two and three turns were separated from one coil. During an undamaged operation,
only the operating current of the motor flows through the motor windings. A metallic short circuit
was modelled as shown in Fig. 1(b), thus the stator fault resistance of the damaged part of the
motor tends to zero, i.e. Ry — 0. A short-circuit loop is created in the faulty part through
which the reverse short-circuit current flows (=17 in Eq. (2)). A similar approach to modelling
short-circuit faults is presented in [30].

B ruassC

C
o 50 100 (mm)

Fig. 2. FEM model of the PMSM with separate coils for modelling
the interturn short-circuits

The process of the co-simulation of the field-circuit model is similar to the system presented
in [22]. The data processing algorithm, presented in Fig. 3, can be divided into three stages:
initialisation, calculations, and data recording. The “Initialisation” step provides the information
necessary for the correct configuration of Ansys and MathWorks software, i.e. selection of the
calculation step, integration method, drive operating conditions, type of faults and setting pa-
rameters of the PI controllers of the FOC structure. Once correctly configured, the second main
step, called the “Co-simulation calculations of the PMSM™ process between Simulink and Ansys
Maxwell follows. The Twin Builder environment is used to exchange the data correctly between
the above-mentioned programs. Once in operation, the Simulink master software prepares all the
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necessary data to run the field-circuit model. The data includes signals such as phase voltages
(calculated by the control structure), the type and severity of the failure and the value of the load
torque. The collected dataset is passed to the motor model mentioned above, created with Ansys
Maxwell software, where the actual values of the electromagnetic and mechanical variables of
the overall motor model are calculated. As an effect, data on phase currents, speed and rotor
position is transferred to Simulink, where the calculations for the next iteration are made. Once
the simulation is finished, “recorded data’ is written to a measurement file that contains the data
that is used for the further analyses.

5 e Configuration of simulation parameters:
= « Simulation time and calculation step settings
= « Determining the operating conditions of the motor &
§ « Setting the controller settings
=
S
e Calculation of motor control e Calculation of the FEM
@) signals: model:
Q + phase voltages # phase currents
%' Usa, Us, Usc Isa, Isg, Isc
= o Information about: « rotor speed
= § + load torque On -
@® 5 T # rotor position
E 2 « number of shorted tums 6n
wn D Nsh
= 2
) — TB =
g.
w

e Saving of measurement signals to a text file ‘L

7

Buip.aooal
eleq

Fig. 3. Data processing procedure in co-simulation

3. Experimental test setup

The experimental setup is shown in Fig. 4. The tested 2.5 kW PMSM is a specially prepared
motor, that allows for the manual modelling of multiple short circuits in each phase of the stator
winding. During the tests the short-circuit fault was made using a connector with a negligible
resistance, i.e. Ry — 0. The PMSM under the tests is connected with another 4.7 kW PMSM
that ensures the load torque.

The tested motor is powered with a voltage source inverter (VSI) by TWERD. A hardware
dead-time is ensured by a specially prepared card that transforms electrical into fibre-optics
signals. The braking resistor is controlled in a similar way. The control system is designed using
MATLAB/Simulink software and operated in real-time with VeriStand by National Instruments
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— "SYNCHRONISATION =~ ~

VOLTAGE SOURCE INVERTER
TWERD 5,5 KW

VOLTAGE SOURCE INVERTER
LENZE 8400
TTTESTTET

NI PXTIe-1071

DEAD-TIME

I

U Uahc’IabL ’UDC

abc > abc> < DC Transducer

U,

I— Uubr D Iabc
mm U, .U, U, 7, (PT-1000)

ref cos?

Tested Motor PMSM Loading Motor PMSM

Lenze MCS14H15 Lenze MCS14H32
2.5 kW 4.7 kW

Fig. 4. Experimental test setup configuration

(NI). The computer with VeriStand software is connected to a NI PXI 1071 rapid prototyping
system, equipped with an NI PXIe-8840 Quad-Core controller and an FPGA NI PXI-7852R card.
The control loop was controlled at a 10 kHz frequency during all the tests.

The load motor is supplied with a Lenze TopLine C 8400 frequency converter and pro-
grammed by Lenze Engineer software. The requested load torque value Tlref is transferred to the
converter in an analogue way from NI PXI.

Second NI PXIe-1082 is equipped with two NI PXIe-4492 DAQ measurement cards. The PXI
is connected to another PC with LabVIEW software. The DC-bus voltage Upc, stator currents
I,pc and voltages U, are measured by LEM transducers and then transferred to both PXIs. The
signals are used to control the tested motor (PXIe-1071) and to diagnose its condition (PXIe-
1082). The measured signals and the signals from the control structure, such as the stator current
vector components /g, I54, stator voltage vector components Usq, Usy, as well as the decoupling
signals Eq, Eq used in further analysis were sampled at a frequency equal to 8 192 (2"3) Hz.

Both motors are equipped with resolvers, therefore the reference Uyr and output modulated
resolver signals Ugin, Ucos are sent to the PXI and Lenze 8 400, respectively. The motor temperature
Tps 1s also measured by a PT-1 000 sensor and verified by control units.
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4. PMSM control structure

The upper part of Fig. 5 shows the applied control structure. For all analysed cases: the
analytical model, the FEM-based model and the real object, as well as the control structure were
identical and implemented in Simulink. The analytical model was implemented in Simulink as
well (Fig. 5, bottom part, left), while the FEM model, as mentioned above, was created in Ansys
Maxwell software (Fig. 5, bottom part, centre). The real motor is shown as a 3D object (Fig. 5,
bottom part, right).

m) B ,, ,.
!- L :0 L raryy LA oy LA
st 5% & U vy “pt(u,
| S lr 5— AL
n A
> RQ,
n
= 2, e} 6,
) 1 p, Py 0, J¢
% ,.: :ml l""
] e V4 DI
] 7 ]
Ll Al
Q0
_ (2.
X -
[« t—t—x

d
U, =R I, +—Y¥
o TN g

¥, =L, +¥,,

! |
120,-1.-1,-80, | ([BEXo22N)|
dt \ Nt 3 /
R 5 /miill ’//
T _E/L, \ \‘ ‘ i
5 1 =)

‘m

( TESTED OBJECT *ﬁ) ( TESTED OBJECT I\) ( TESTED OBJECT

Fig. 5. Generalized block diagram of FOC structure co-operating with all three types of model used during
the tests: the analytical model, the field-circuit model and real object

The control system is a classic field-oriented control (FOC) structure with three PI controllers
that ensures a constant power angle (the angle between stator current and rotor flux vectors),
equal to 90 degrees. Therefore, the reference d-axis stator current component is equal to zero,
ie. I;‘Zf = 0. The reference g-axis current component is defined by the speed PI regulator, since
the component is responsible for motor torque generation [31]. Assuming that the motor is
undamaged:

3
T, = EpplPPMIsq~ (11)
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The inner PI controllers are used in order to ensure that the reference and real values of stator
current components follow each other. The outputs of the controllers are decoupled, using the
decoupling signals E,q and E, calculated on the basis of electrical angle, speed and estimated
stator flux components (with usage of measured currents and reference voltages). They can be
calculated as follows [31]:

Esq = _PmelPsq s (12)
Esq = prm{I\lsd . (13)

The vector of the stator flux is estimated by (14). The applied estimator is based on the simplest
estimation method that relies on the stator winding voltage balance equations expressed in a sta-
tionary frame, assuming a non-fault operation. Additionally, the simplest low-pass filter is applied
(with a time constant 7 ), which eliminates the problems with initial condition determination
and the DC drift caused by the measurement sensor offsets [32].

The voltage vector components, necessary to determine the stator flux are estimated using the
DC voltage, supplying the inverter and three inverter control signals:

d¥ 1.
dts =U,-R,, - T_fTs' (14)

All six components from the control structure, i.e. two current, two voltage and two decoupling
vector components can possibly be used as diagnostic signals. The d-g reference voltages are
transferred into ABC values using Clarke/Park inverse transformations and then they become the
inputs of the simulation models, as shown in the bottom row of Fig. 5. Only in the case of the real
motor, the Voltage Source Inverter with Space Vector Modulation (SVM) is used.

5. Diagnostic procedure

The process of inferring the current state of a PMSM is presented in Fig. 6. It is necessary to
know the characteristics of the tested object and to select some potential signals, which may carry
the information about possible damage. The following steps can be taken in order to diagnose the
short-circuit fault:

— First of all, necessary physical signals are measured by their sensors. These are: phase
currents, DC voltage and rotor position/speed. These signals are required by the control
structure and they become the inputs of the FOC of PMSMs.

— The diagnostic signals must be selected in the second step. In this paper the possibility to use
six mentioned signals from the control structure: d-¢q axis current, voltage and decoupling
signal components is evaluated. All the signals will be verified in further sections.

— Thus, the selected signals are acquired from the control structure and based on the classic
methods of signal analysis (such as the FFT), the signal spectra are calculated. By analysing
the obtained spectra, the damage symptoms are extracted, and on the basis of information
about changes in their amplitude, it is possible to estimate whether the tested motor is
damaged or not. Searching for the symptoms is the most important part of the research
presented in this study.
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— Finally, some decision system must be applied, that can infer about the condition of the
machine. In this paper a simple threshold-level based system is presented. In this system,
the amplitude of the fault frequency is compared with its value for a healthy machine in
different operating states of the drive. If the warning threshold is exceeded the warning state
is indicated, while the fault threshold is exceeded the defect is found and the drive should
be stopped. Thus, the degree of the damage is assessed in order to plan the maintenance of
the machine.

SIGNAL Lq, Usa, Esa
SELECTION, lsp Usyp Egq | !
TESTED OBJECT CONTROL STRUCTURE A CCQUIRED DATA

X s SyMpTOM SIGNAL

INFERENCE EXTRACTION PROCESSING
V NoO FAULTS

CHARACTERISTIC
DIAGNOSIS RESULTS FREOUENCIES SIGNAL SPECTRUM

Fig. 6. The diagnostic process based on signals from the control structure

The stator fault analysis will be carried out for the Lenze 14H15 synchronous motor. The
parameters used in both simulation models are summarised in Table 2 in Appendix. As will be
shown in further section, the effective fault indicator can be selected as twice the fundamental
supply frequency.

6. Obtained results

6.1. Verification of the analyzed PMSM mathematical models

In order to extract the stator winding fault symptoms, a series of simulations of analytical
and the field-circuit models were performed for different operating conditions of the drive in the
range of f; = 10—100 Hz under load conditions in the range of 7; = 0—100%, together with the
modelled initial motor fault in the range of Ngj, = 1-3 shorted turns. An example of the mapping
of selected signals for the PMSM drive at rated operating conditions and with the fault occurring
in the form of three short-circuited turns is presented in Fig. 7.

The simulation models correctly reproduced the phenomena occurring in the physical object,
which results from the comparison of the simulation results obtained with the experimental tests.
In the case of rated operation, the mapping error of phase current amplitudes in a PMSM is below
5%, regardless of the analysed load or frequency.
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Fig. 7. Phase current transient during the fault in phase B, for different simulation models (analitycal, FEM)
and experimental tests; f; = 100 Hz, T; = Ty, Ngj, =3

6.2. Analytical, FEM and experimental results comparison

In order to further verify the fundamental models presented in previous sections, the detailed
comparative studies have been conducted. Figure 8 shows one of the control structure signals, i.e.
the d-axis component of the stator current vector, which has been selected to further analysis. The
analytical, FEM and experimental spectra are presented together to evaluate the similarities and
differences for a different number of shorted turns (Ngp, = 0, 1, 2, 3). The biggest and understand-
able difference is the base level of the presented spectra (Fig. 8(a)). It can be seen that the lowest
level of noise is present in the case of the analytical model. As the component /4 is defined in
a rotating coordinate frame and is controlled to stay zero, there is no fundamental component
of the signal. There are, however, some characteristic frequencies, mentioned above — twice the
fundamental frequency, 2 f;, (in this case it is equal to 200 Hz, as the supply frequency is 100 Hz)
and four times the fundamental frequency, 4 f;.

The amplitudes of the frequency 2 f; are increasing with the increasing number of shorted
turns as shown in detail in Figs. 8(b)-8(d), for the experimental test, FEM and analytical models,
respectively. It can be seen that the amplitude can be used as an efficient diagnostic index to
distinguish between a healthy and faulty state of the machine. It can be seen that in the case of the
experimental results and the FEM model, the increase of the amplitudes is relatively very similar.
On the contrary, the analytical model presents a significant change between the 0 and 1 shorted
turns, while for a bigger number of Ny, the sensitivity to the increasing severity of the fault is
much lower (Fig. 8(d)).

According to the above analysis, both the FEM and experimental results will be taken for
further analysis in this paper, as the results obtained for the analytical model are greatly diverging.
The detailed analysis of the control structure signals is shown in Figs. 9, 10 and 11. First, a series
of FEM simulations have been conducted and the g-axis voltage, current and d-axis decupling
voltage components are presented in Fig. 9. The d-axis component is presented here on purpose
— it is calculated based only on g-axis variables (see Eq. (12)). All of the results shown below
are obtained for 60% of the nominal frequency and 60% of nominal torque. However, the results
for different frequencies and load torques have been also analysed, and the qualitative results are
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Fig. 8. Comparison of different models spectra for control structure signal /4 during the fault in phase B,
for supply frequency fs = 100 Hz and different numbers of shorted turns Ny : (a) summary of the spectra
analysed; (b), (c), (d) zoom of the 2 fg component

analogical. The upper row of the figures shows the dependence of the fault indicator on the supply
frequency, while the bottom row shows its relation to the load torque level.

The frequency has a much greater impact on the level of twice the fundamental frequency,
compared to the load torque. As can be seen, value of the fault indicator increases greatly with
the frequency level, especially when the frequency is lower than around 80 Hz. However, for
each frequency value, the fault indicator increases and the level of the increase is higher with
higher frequencies. The behaviour of the decoupling voltage component, Eg4, is very similar to
the voltage component, Us,. However, its sensitivity is slightly higher for very low frequencies.
On the other hand, the amplitudes of the 2f; frequency in the stator current component, I,
are quite puzzling and generally decrease between supply frequencies 10 Hz and 60 Hz and then
increase again up to the nominal speed. The reason of this is unknown — it will be a further step
in future research. Probably, it can be connected with a specific structure of the motor under the
test. Nevertheless, it makes the g-axis current a poor diagnostic signal.

The influence of the load torque (bottom row of Fig. 9) is much lower. Especially, the voltage
and decoupling-based signals are almost independent on the disturbance level.

In order to verify the FEM modelling-based simulations, extended experimental tests have
been conducted (Fig. 10). Two main features of the components are similar. They increase
significantly with the frequency and do not depend on the load torque. However, there are a lot of
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Fig. 9. Fault indices based on: g-axis voltage (left), g-axis current (center), d-axis decoupling voltage (right)
as a function of the number of shorted turns. Dependence on supply frequency (first row, load torque 60%
Ty ) and load torque (second row, supply frequency 60 Hz); FEM modelling

Fig. 10. Fault indices based on: g-axis voltage (left), g-axis current (center), d-axis decoupling voltage
(right) as a function of the number of shorted turns. Dependence on supply frequency (first row, load torque
60% Tpy ) and load torque (second row, supply frequency 60 Hz); experimental tests

negative phenomena that reduce possible applicability of the g-axis-based signals in the diagnosis
of interturn short circuits. First, there are frequencies where the level of the fault indicator is larger
for no faulty operation compared to the damaged operation (N, > 0). It is especially visible in
Fig. 10 (bottom, left), in the case of the g-axis voltage component. However, the behaviour of
the decoupling signals is much more correct and the diagnosis for the number of shorted turns
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Ngp > 1 should be effective. Concluding, based on the FEM simulation and experimental results,
the g-axis signals should be treated as ineffective diagnostic signals.

Unlike the quadrature axis signals, Fig. 11 shows the characteristics of the direct axis compo-
nents. It is shown that all voltage, current and decoupling components can be successfully applied
in the diagnosis of the interturn short circuits. As it was shown previously, the amplitudes of
the proposed fault indicators increase with the supply frequency and stay almost constant with
varying load torque. The decision about the fault can be made comparing the healthy and actual
level of the selected components. However, a simple classic neural network can be applied to
automate the diagnostic process. All three d-axis components and the supply frequency can be
selected as the inputs of the network. This will be further analysed in the future.

Fig. 11. Fault indices based on: d-axis voltage (left), d-axis current (center), g-axis decoupling voltage
(right) as a function of the number of shorted turns. Dependence on supply frequency (first row, load torque
60% Ty ) and load torque (second row, supply frequency 60 Hz); experimental tests

6.3. Online operation of the diagnostic process

The online operation of the diagnostic process is shown in Fig. 12 and Fig. 13. Due to the
limited number of pages, only the diagnostic inference based on the reference d-axis component
of the voltage vector is presented. Both figures present the operation with constant speed of the
drive, while the load torque is changing from zero, through 40% up to 80% of the nominal value
(to clarify the figures, the dynamical processes have been removed). In both cases the motor starts
its operation as a healthy device and later, for each value of the load torque, different levels of the
interturn short-circuit fault were modelled for several seconds — the number of shorted turns is
equal to Ngj, = 1, Ngj = 2 and finally Ny, = 3, respectively.

As it can be seen in Fig. 12, the oscillation level of the analysed component is increasing when
the fault occurs. However, the oscillation level cannot be selected directly as the fault indicator, as
itis changing with the operation point, including changing load torque and speed levels. Similarly,
the mean value of the component is useless in this purpose, as it is significantly varying with
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Fig. 12. Online operation of the diagnostic process: instantaneous value (upper) of the d-axis voltage vector
component and the fault index and its second harmonic (lower) for constant, nominal speed and different
values of the load torque; FEM simulation results
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Fig. 13. Online operation of the diagnostic process: instantaneous value (upper) of the d-axis voltage vector
component and the fault index and its second harmonic (lower) for constant, nominal speed and different
values of the load torque; experimental results

load torque value. The value of the 2 f; amplitude of the analysed Uy component is shown in the
bottom part of the figure. The mentioned amplitude increases considerably when the short-circuit
fault appears (N, > 0). It can be seen as the step-wise waveforms that return to a healthy value
after the fault disappears. This healthy-value level is much lower during the idle operation than
during the load operation. However, the no load operation is not possible in a real drive.

As it is shown in both figures, the level of the diagnostic signal is greatly higher when the
fault occurs than in the case of the non-fault operation. Even one shorted turn can be detected by
taking FEM modelling into account. However, detecting one shorted turn in the case of real motor
operation can be problematic, especially when the load torque is low or close to zero. It is shown
in the bottom part of Fig. 13. However, when the number of shorted turns is higher (Ny;, > 2), the
difference between non-faulty and faulty operation allows one to successfully detect the analysed
fault.
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6.4. Evaluation of all control structure virtual signals

Based on the results presented in this paper and a detailed analysis, not presented here due
to the limited number of pages, the summary of the control structure-based signals is presented
in Table 1. The table is divided into two main parts: operation with and without the control path
decoupling. All six signals from the control structure are compared. It can be seen that if only the
analytical model is applied all of the analysed signals can be successfully used as the diagnostic
signals. However, when the detailed analysis is conducted using FEM modelling, usefulness of the
g-axis-based signals (especially g-axis current component) in the interturn short-circuit diagnosis
decreases. This relationship is further deepened in the experimental validation. The same is true
for the g-axis voltage component and d-axis decoupling signal component (as it depends on
g-axis signals).

Table 1. Comparison/evaluation of all diagnostic signals

Signals Without decoupling Decoupling
Analytical FEM Experimental Analytical FEM Experimental
Isq v v v v v v
Isq v XV X v X X
Usg v v v v v v
Usq v v X v v X
Esq - - - v v XV
Egq - - v v v

The conclusions for the case without and with the decoupling of the control paths are quite
similar. However, the number of available diagnostic signals is lower when the decoupling is not
applied.

Other faults or anomalies can affect the occurrence of additional harmonics as shown in [33].
The authors considered the eccentricity of the machine and the effect of rotor design on motor
operation. The stator radial tooth force spectrum is presented for a motor with 6 pairs of poles in
Fig. 6 and Fig. 7 (in [33]). The study shows that for 3 f; = 18f, (f, is the rotational frequency),
the amplitude in the spectrum takes insignificant values, which allows one to conclude that it
slightly affects the analysed symptoms of short-circuit damage. After the analysis, it was noted
that this symptom transfers to the d-q axis based control system in the form of 2 f; frequency.

On the other hand, in [34], the authors analysed the impact of different current sensor faults,
as can be seen in Fig. 4 (in [34]), where the current and speed waveforms of the open circuit are
presented. After the disappearance of the measured signal in phase A, a signal with a frequency
of 2 f; appears in the d-q axis signals, however, its amplitude is about 33.3% of the value of the
amplitude of the supply signal, which would rapidly affect the results obtained, in addition, it
would disturb the operation of the entire control system.

A comparison between the short-circuit fault and demagnetization fault is presented in [35].
As can be seen in Fig. 8 (in [35]), the effect of the appearance of damage symptoms for a 2 f
short circuit is evident, but it is independent on the occurrence of the demagnetization.
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7. Conclusions

The paper presents the possibility to diagnose interturn short-circuits fault occurring inside
PMSM stator windings using the signals from the control structure. Six signals are taken into
consideration: two components of stator voltage, current and decoupling signal vectors. The
main emphasis is put on modelling the fault in different ways: analytical, FEM-based and real,
experimental motor models. It is shown that the analytical model can be only used to design and
initially verify the diagnostic methods, as the results are obtained almost immediately due to very
short simulation time, comparing to remaining methods. As it is presented here, the designed
diagnostic algorithms should be then further evaluated, at least using detailed FEM modelling
with detailed designed motor parameters, especially when the real machine to be diagnosed
cannot be physically modified.

The proposed diagnostic method is based on the virtual control structure signals. It is shown
that the fault indicators based on those signals can be successfully used in the diagnostic as their
values increase with the increasing level of the damage. Moreover, they are almost independent
of the load torque value. However, the diagnostic system has to be based also on the supply
frequency, as the values of the fault indices grow with the increasing speed of the motor. Thus, the
diagnostic system must be based on different threshold levels, dependent on the supply frequency
or a simple neural network must be applied, while its inputs can be selected components from the
control structure and the supplying frequency value.

After careful analysis, the components based on the direct axis variables are proved to be the
most effective diagnostic signals. They are d-axis voltage, d-axis current and g-axis decoupling
signals, as it is calculated using the first two variables and speed. The amplitudes of second order
harmonics of the mentioned signals are proposed to be the fault indicators.

The presented diagnostic algorithm is based on the signals that are available in the control
structure, therefore no additional sensor is required. It is only necessary to calculate the FFT
algorithm to determine the amplitude of the second order harmonics. However, in the case of
applied modern microprocessor-based systems this is not a problem.

Future research includes the application of a classical neural network based on the control
structure signals and evaluation of its efficiency. Moreover, the influence of the PI controller
parameters on the overall diagnostic method will be verified.

Appendix

The parameters and nominal data of the motor under test are shown in Table 2.

Table 2. Parameters and nominal data of tested PMSM

Parameter name Symbol Value Unit
Power Py 2500 W
Torque n 16 Nm
Speed nN 1500 r/min
Stator phase voltage Usn 325 \"
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Table 2 [cont.]
Parameter name Symbol Value Unit

Stator current 5N 6.6 A
Frequency fsN 100 Hz
Pole pairs number Pp 4 -
Number of stator winding turns Ny 2x 125 -
Moment of inertia J 1.42 kg-cm2
Remanent magnetization B, 1.27 T
Stator resistance R 1.206 Q
Stator inductance Lg 20.62 mH
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