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Abstract

To avoid the outage of rotating electrical machines, the early detection of deviations from
the norm condition is the key element. Particularly noninvasive diagnostic tests are the
preferred instrument of choice, especially when they are fast, simple and precise. The
sweep frequency response analysis (SFRA), more known in the field of power transformer
testing, offers these advantages and is perfectly suited for this task. This thesis focuses on
the application potential of SFRA on stators in comparison to the current state-of-the-art
diagnostic method, the impulse frequency response analysis (IFRA).

The three analyzed stators have certain properties in common, which allows the detec-
tion of characteristics and similarities in certain cases. The stators are manipulated in
such a way that inter-turn and inter-winding faults can be implemented and compared.
This will also allow for statements about the directionality and sensitivity. Finally, an
attempt of a winding extension is made, which reveals the behavior of the two methods
applied on longer windings.

A strong focus is placed on practical feasibility, with the research providing results
that industrial engineers can apply directly in their work. The research also includes

suggestions for an ideal application of the findings in practice.
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Kurzfassung

Um Ausfille rotierender Maschinen zu vermeiden, ist die frithe Diagnose vom Abweichen
des Normalzustandes von essentieller Bedeutung. Hierfiir sind nichtinvasive diagnostis-
che Tests das bevorzugte Instrument, besonders wenn sie schnell, einfach und hochprézise
sind. Die Sweep Frequency Response Analysis (SFRA) bringt diese Eigenschaften mit sich
und eignet sich daher hervorragend fiir diese Aufgabe. Diese Methode wird derzeit haupt-
siichlich bei Transformatoren angewendet, in dieser Arbeit wird jedoch ihre Tauglichkeit
fiir die Untersuchung von Statoren gepriift. Um die Ergebnisse zu quantifizieren, wer-
den sie mit der Impulse Frequency Response Analysis (IFRA), einem derzeit verbreiteten
Diagnoseverfahren fiir Statoren, verglichen.

Die drei analysierten Statoren haben einzelne Eigenschaften gemein, welche Riickschliisse
auf Charakteristika und Ahnlichkeiten der Ergebnisse ermdglichen. Die Statoren wur-
den so manipuliert, dass Windungs- und Wicklungsschliisse implementiert werden kon-
nen. Des Weiteren werden Aussagen iiber die Sensitivitit und die Richtungsabhingigkeit
getroffen. Zuletzt wurde eine Wicklungsverldngerung simuliert, um Angaben iiber das
Verhalten der beiden Methoden bei ausgedehnteren Leitungen zu machen.

Einen starken Fokus wurde auch auf die praktische Umsetzbarkeit der Methode gelegt
um Ergebnisse zu erzielen, die direkt vom Endanwender iibernommen werden kdnnen.
Hierzu werden auch Empfehlungen abgegeben, wie die gewonnenen Erkenntnisse am

besten in der Praxis umsetzbar sind.

iii
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List of Abbreviations

DUT
IFRA
IWT
PE
PTM
P1
P2

P3
Rrr
SFRA
7C

Device Under Test

Impulse Frequency Response Analysis
Impulse Winding Tester

Protective Earth

Primary Test Manager

Phase 1

Phase 2

Phase 3

Relative Factor of the Low Frequency Range
Sweep Frequency Response Analysis
Zero Crossing

Table 0.1: List of Abbreviations
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1 Introduction

1.1 Motivation

A reliable operation of generators and motors is essential for a continuous energy and
industrial production. Any outage of such devices can lead to immense costs. At the root
of such failures are often various smaller malfunctions, which be prevented by prescient
maintenance with highly sensitive diagnostic equipment. [§] [2] Furthermore, the num-
ber of electric vehicles is rising rapidly, and nearly all of them are running three-phase

induction motors, which have to be investigated during maintenance or after incidents.

Currently, a common diagnostic method for rotating machines is the impulse frequency
response analysis (IFRA or surge test). However, as has repeatedly been reported, the
sensitivity of the method was not high enough to detect all the potential issues. Therefore,
the search for an alternative method was initiated. One potential replacement could be
the sweep frequency response analysis (SFRA). The goal of this theses is to evaluate the
sensitivity of this method and to investigate the practicability of the approach.

Primarily, SFRA is a standardized, low-voltage, noninvasive diagnostic test for power
transformers. [I5] Its sensitivity and other advantages equip it perfectly for further tasks
and applications, for example for testing the condition of rotating machines. [7] The
SFRA is able to detect various deviations from the electrical and mechanical normality

caused by deformations, insulation fatigue, or short faults.

1.2 Overview

The theory presented in chapter [2]explains the two compared frequency response analyses,
SFRA and IFRA . The corresponding quantifying methods for each FRA are
elaborated in the particular subsections 2.1.1] and 2.2.1]

Chapter [3] introduces the setup of the experiment. First, the properties of the three
stators are explained, with a specific focus on the winding structure . Second, the
preparation and installation of the access points are carried out before, third, the
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1.2. OVERVIEW CHAPTER 1. INTRODUCTION

used equipment is listed and explained.

The results are discussed in chapter 4] and are split up into different fault cases. For
every fault case, the same scheme is used: first, the SFRA measurement is clarified and
discussed, then the findings are compared to the results of the same setup measured with
the IFRA method. Afterwards, the differences and advantages of each technique are
reconsidered and evaluated.

A special focus is put on inter-turn and inter-winding faults and . A single
inter-turn fault describes a short circuit within one winding, which bypasses only one
single turn of the winding. If two turns of parallel circuits (can be within the same
phase) are short circuited, it is called an inter-winding fault.

Chapter [5| reviews the results and the gained operating experience. In addition, an
outlook is provided for future applications of SFRA, combined with examples for their

use.
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2 Theory

The term frequency response is defined by the Institute of Electrical and Electronics
Engineers as "the frequency dependent relation in both gain and phase difference between
steady-state sinusoidal inputs and the results steady-state sinusoidal outputs" in stable,
linear systems. [3]

The DUT (Device Under Test) can be seen as a composition of many distributed, un-
known RLC parts, respectively a black boz. This black box has a characteristic, complex,
and frequency dependent transfer function H(f), which is applied on the signal passing
through the device (figure left). 5] [9]

Simplified, the RLC network of the DUT depends on the capacitance between the
single turns of the windings, the capacitance between winding and environment (chassis,
core, etc.), the induction of the winding, and the resistance of the leads (figure right).
14

Winding

=
Chassis

Core i

H(f) —Y oo

Figure 2.1: Left: input signal X and output signal Y emerging the black box with its
transfer function H(f); Right: RLC network of a power transformer. [21]

Frequency response analysis (FRA) procedures are based on the comparison of at least
two measurements. [6] The outcome of the current test is compared to either an older
measurement of the same phase of the same device (fingerprint), another phase of the
same device, or sister units of the device (identical in design). [I8] In the future, there
could be computer generated curves, based on the DUTs properties.

The fingerprint comparison contains the most information about small variations inside
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2.1. SWEEP FREQUENCY RESPONSE ANALYSIS CHAPTER 2. THEORY

the DUT, but they are not always available, especially for new (not yet standardized)
tests like SFRA. The comparison to other phases usually differs a little bit since the
leads can vary slightly in length and design. In principle, sister units have identical
properties, according to their data sheet, but since coils in induction motors are mostly
random wound, they can have different characteristics. Therefore, the measurements can
diverge, even if both windings are in a proper condition, and a comparison is only under

certain circumstances acceptable.

2.1 Sweep Frequency Response Analysis

For a SFRA measurement a low-voltage, sinusoidal signal with variable frequency is
applied to the DUT. At the input terminal the amplitude and phase of the signal are
used as the reference signal Ujpput(f), at the output terminal the response signal is
measured as Upyput (f). [4]

The transfer function H(f) depends on the impedance Z of the DUT and the measuring
equipment and, therefore, on the frequency of the injected signal (equation [2.1)). The
frequency response of the amplitude k is the ratio of the output voltage to the reference
signal (equation . The resulting function depends on the frequency f and is given in
decibel. The calculation of the phase angle between the signals is shown in equation [2.3]

and is also frequency-dependent. [15]

H(f) _ UOUtPUt(f) _ ZSFRAequipment (2 1)
Uinput(f) ZSFRAequipment + ZDUT .
k=20-log [Uouwut] (2.2)
input
/ Uoutput :|
= arctan | ——— 23
v |: ZUvinput ( )

For an accurate result, it is necessary to use identical leads for the response and
reference channels, otherwise the impedance ZsrrAecquipment 0f the reference would differ
from ZsprAequipment Of the response. [4]

The frequency range of a SFRA test usually starts at 20 Hz and rises up to 2 MHz,
applied voltages are typically between 0.1 V and 10 V. [15]
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2.1. SWEEP FREQUENCY RESPONSE ANALYSIS CHAPTER 2. THEORY

2.1.1 Relative Factor

There are several methods for quantifying the measurement results gained with SFRA,
i. e. procedures how two amplitude and phase plots can be compared. One of them
is the calculation of the relative factor: Since the outcome of a SFRA measurement
contains discrete values, the cross correlation or, more commonly, the relative factor (an
alternation of the cross correlation) can be calculated. The relative factor Ry, describes
the similarity of two curves or sequences of functions with real values (X (k) and Y (k))
and length k = 0,1,..., N — 1. For the following calculation of R, the variables under
the bar represent the mean of the values (X(k) = + Zévzfol X(k)). First the standard

variances D and the covariance C' are needed: [3]

N-1 N-1

Dy = % SO [X() - X8 Dy = % S Yk - V() (2.4)
k=0 k=

[e=]

Y (k) — Y (k)]) (2.5)

2
>~<
Il
=
=
=
|
S
=
X

The normalization covariance factor (correlation) in equation leads to the relative

factor Rxy in equation 2.7]

LRxy = Cxy//DxDy (2.6)

RXY = —loglo(l — Lny) (27)

Power transformer measurements have defined threshold values for different levels of
winding deformation, which, to a certain extent, can be an orientation for the faults in
rotating machines. Therefore, the SFRA curve of a power transformer is divided into a
low, medium and high frequency band. [3]

The relative factors of the certain frequency bands (Rpr: 1 kHz ~ 100 kHz, Ry/p:
100 kHz ~ 600 kHz and Rpp: 600 kHz ~ 1 MHz) and their values for the levels of
deformation are represented in table 2.1}

The high sensitivity of the test also implies the susceptibility to environmental influ-
ences and thus requires a strict and precise procedure to minimize this impact. The
IEC Standard 60076-18 recommends separate coaxial measurement leads of equal length
for the source, response and reference connection and cable shields that are connected
individually to the grounded chassis of the DUT. [1§]
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2.2. IMPULSE FREQUENCY RESPONSE ANALYSIS CHAPTER 2. THEORY

’ Winding Deformation Degree ‘ Relative factors ‘
Severe Deformation Rrr <0.6
Obvious Deformation 06 < Rrrp<10or Ryrp <0.6
Slight Deformation 10<Rrp<200r06<Ryprp<1.0
Normal Winding Rrpp >20, Ryyp > 1.0 and Rgp > 0.6

Table 2.1: Threshold values for winding deformation. [3]

2.2 Impulse Frequency Response Analysis

A widely used method to examine the condition of stator windings is the impulse fre-
quency response analysis (IFRA). A high voltage impulse is injected in one input terminal
of the DUT, while the output terminal is on the same potential (ground potential or close
to ground potential) as the chassis of the DUT and the backend of the impulse winding
tester (IWT). The capacitor of the IWT and the inductance and capacitance of the DUT
form a damped LC circuit. The measured voltage at the input terminal versus time gives
the surge test the waveform of a damped oscillation. A simplified sketch of an IWT and
the working principle can be seen in figure . [16] Equal to the SFRA method just
illustrated, the form of the measured curve depends on the unique characteristics of the

tested winding, equivalent to a signature or fingerprint.

1L

—

\ SW
DUT

dvwoa  fa e HR L"% vl

Figure 2.2: Simplified principle of an IFRA test. C'1 is charged by the DC source and
as soon as SW switches, the impulse discharges into the damped LC circuit,
formed by C1, C2 and the DUT. The voltage versus time (Vp(t)) is recorded
by either the IWT itself or an auxillary device like an oscilloscope.

The amplitude of the voltage impulse depends on the rated voltage U, of the machine.
An important precondition for the repeatability is of course the detailed documentation

of the amplitude and the settings, to obtain feasible and comparable results.
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2.2. IMPULSE FREQUENCY RESPONSE ANALYSIS CHAPTER 2. THEORY

The rapid rise of the impulse induces a higher turn-to-turn voltage at the input side
than at the grounded output side of the winding, hence the voltage distribution is not
linear. [I6] Furthermore, the high frequencies of the signal are damped faster, and there-
fore filtered. [22] Consequently, the result also depends on the measurement direction,

i.e. the same fault looks different if input and output terminal are switched.

2.2.1 Quantifying Results

Two IFRA measurements can be compared by various methods, and it takes some cal-
culation to achieve the desired results. The evaluation (of one of the three following
subsections) of the measured data is often done automatically by the TWT itself with
an algorithm unknown to the user. Then the result of the test is just given as FAIL or
PASS for the selected setting. For more differentiated conclusions, the following quan-
tifying methods are determined separately with an additional measuring setup, in the
case of this thesis, an oscilloscope and a python script. The python code used can
be found at https://github.com/lukasdiem/waveform-comparison. Note that in all
three methods the curves are always compared in a defined range (A-B in the following

graphics), never on the full range.

Absolute Area Size Comparison

The first quantifying method compares the absolute area of the two measurements (figure
. Both areas, i.e. the area between the x-axis and the tested waveform, as well as the
area between the x-axis and the reference waveform, are calculated. Then the difference
of the areas is divided by the area of the reference waveform, which gives the similarity,
expressed as a percentage value. [17]

The size of the area is proportional to the loss of energy in the winding. Inter-turn

faults increase the energy loss and can thus be detected with this method. [20]

Differential Area Comparison

The differential area comparison (figure calculates the area between tested and ref-
erence waveform and divides the result by the absolute area size of the reference curve.
The result, expressed as a percentage, indicates the size of the deviation of the current
test. [17]

This method reveals the change of inductance and the total loss of energy. Especially
deviations of the machine’s inductance can be detected with this comparison method.
120]


https://github.com/lukasdiem/waveform-comparison
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2.2. IMPULSE FREQUENCY RESPONSE ANALYSIS

CHAPTER 2. THEORY
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Figure 2.3: Calculation of the absolute area size, i.e. the area between curve and x-
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axis: The difference of the areas of the current test and the reference test is
divided by the reference area and leads to a percentage value, which indicates
the similarity of the waveforms.
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The differential area comparison calculates the area between the curves di-
vided by the absolute area of the reference curve. The resulting percentage
indicates the loss of inductance and energy.
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2.2. IMPULSE FREQUENCY RESPONSE ANALYSIS CHAPTER 2. THEORY

Zero Point Comparison

Comparing the zero points (figure [2.5]) of the tested and the reference waveform reveals
the change of the LC circuit’s resonant frequency. The larger the offset of the zero
crossings (ZC), the bigger the frequency deviation, caused by a shift in inductance or

capacitance. [17]
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Figure 2.5: Comparing the zero crossings (here the third ZC) of the tested and the ref-
erence waveform shows the change of the resonance frequency.

Note that the ZC 1 (A and B are ZC 3 of each curve) cannot be used for this method
since the first ZC does not reflect the actual behavior of the tested winding. [20]
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3 Experimental Setup

The three tested and modified stators from ELIN Motoren are shown in figure 3] First,
the six terminals (two per phase) of each stator are attached to the wooden framework
above the stator in the middle, to avoid measurement variance caused by movement or
rearrangement of the leads. Second, parts of the winding head are uncovered to gain
access to the leads of one phase. Third, to simulate inter-turn or inter-winding faults,

access points are soldered to single turns of the winding.

3.1 Stators

The physical properties of the stators are given in table 3.1 All of them have a few

things in common:

e three individually accessible phases (denominated as U, V and W),

concentric windings,

random-wound windings,

each phase has multiple parallel circuits,

four poles,

e and 48 slots.

From now on, the stators in figure 3.1] from left to right, refer to stator 1, 2 and 3.
Stator 1 and stator 3 have the same winding structure and diameters and differ phys-
ically only in their core length. Stator 2 has different dimensions and another winding

structure. Their impedances and specifications are shown in table [3:1]

10



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

3.1. STATORS CHAPTER 3. EXPERIMENTAL SETUP
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T AT

WZUZVZ‘ WZ 2 V;
 Statorl | stator2

Figure 3.1: The three tested stators (1-3 from left to right): All phase terminals (U,
V and W) are attached to the wooden framework to avoid movement of the
leads. At the winding head, each stator has seven to nine access points (A-K)
soldered to one phase to simulate inter-turn and inter-winding faults.

11



3.1.

STATORS

CHAPTER 3. EXPERIMENTAL SETUP

‘ Stator 1 ‘ Stator 2 ‘ Stator 3 ‘

Outer diameter [cm] 31.5 40 31.5
Inner diameter [cm)| 19.5 25.5 19.5
Lamination core length [cm)| 28 25 19
Resistance [m}]

U1-U2 307.2 36.9 257.1
V1-V2 308.0 40.3 257.4
W1-W2 307.4 35.0 257.2
Inductance |[pH|

U1-U2 9031 831.3 6668
V1-V2 8880 815.1 6516
W1-W2 8958 812.4 6598
Un V] 480 380 400
I [A] 65 202 55
P [kW]| 37 100 26

Table 3.1: Properties, resistances, inductances and specifications of the tested stators.

3.1.1 Winding Structure

The exact winding structure of all stators is known but cannot be published in full due
to corporate secrets. Stator 1 and stator 8 have a single-layer winding structure with
two windings per phase, each split into two coils (shown in figure .

Each phase of stator 2 is built up of four parallel concentric windings installed in two
layers, i.e. there are two windings per slot (shown in figure [3.3)).

The windings of stator I and stator 3 have fewer but longer (more turns) parallel

circuits compared to stator 2, which has more but shorter (fewer turns) parallel circuits.
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3.1. STATORS CHAPTER 3. EXPERIMENTAL SETUP

Figure 3.2: Single-layer winding structure of stator I and stator 3: two windings per
phase, split into two concentric coils (for example: winding 1-13 is split up
between 11 and 12). The light colors indicate the connections between the
winding parts. The access points of stator I are installed in phage U in the
winding part from slot 1 to 10, the access points of stator & are also in phase
U in the winding part from slot 22 to 13.

13



3.1. STATORS CHAPTER 3. EXPERIMENTAL SETUP
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Figure 3.3: Double-layer winding structure of stator 2: Four concentric parallel windings
per phase, integrated in an inner and outer layer, i.e. every slot contains two
windings. The access points are installed in phase U between slot 1 and 8.
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3.1. STATORS CHAPTER 3. EXPERIMENTAL SETUP

Figure 3.4: Actual winding structure of stator 2: The discrepancy is due to the manufac-
turing process. The part marked in gray differs from the theoretical winding
structure in figure the rest corresponds to it. The figure shows that the
access points, installed between slot 1 to 8, are all in the outer layer.
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3.2. MEASURING EQUIPMENT CHAPTER 3. EXPERIMENTAL SETUP

3.1.2 Access Points of the Windings

To simulate different faults, predominantly inter-turn and inter-winding short circuits,
access points are soldered to the wires between two chosen stator slots. All stators have
one identifiable parallel circuit, so this one is chosen for the installation of the access
points, to maximize the probability to mount two access points only one turn apart. Due
to the random winding not all turns of one parallel circuit are reachable, and, therefore,
only the accessible wires are used for manipulation. A few more access points are soldered
to the wires of different parallel circuits in the same slot to simulate inter-winding circuits.
For this task, it is necessary to work carefully to avoid the deformation of the winding,
which would lead to a deviation of the measurement. The impact is evaluated with a
measurement before and after the access point installation (figure in the following
chapter).

For all stators the adaptions are applied to the phase U, due to the ordinary random
winding technology, where U is the phase placed first and, therefore, the outermost and
most easily accessible winding. The access points of stafor 1 are in the winding part
from slot 1 to 10, close to the U1 terminal, while stator & has them between slot 22
and 13, close to U2 (figure . Stator 2 has its access points in the winding placed
in slot 1 and 8, close to U1, but note that the actual winding structure differs a little
bit from figure [3:3] The difference is caused by the winding technology used, where the
first inserted winding occupies 8 outer slot spots instead of theoretically 4 outer and 4
inner spots (shown in figure . Although this does not result in a disturbance of the

measurement, it has to be mentioned.

3.2 Measuring Equipment

For satisfying SFRA measurements, several requirements have to be fulfilled. The coaxial
cables used should be of the same length and kept short. Furthermore, the PE (protective
earth) leads are kept tight, short and close to the device, just as recommended in the
IEC standard 60076-18 [I8]. All PE cables, i.e. the coaxial cable shields, the PE of
the FRANEO 800 and the connection to the ground potential, are connected directly
to a magnet, which is attached to the chassis of the stator currently being tested. The
connection between magnet and stator was measured to ensure a negligible resistance.
i

The IFRA measurement requires a slightly different setting. As well as for SFRA, the
leads should be kept short to minimize their impact on the result. Unlike before, coaxial

cables are not necessary and have no additional benefit. The chassis, the output terminal
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3.2. MEASURING EQUIPMENT CHAPTER 3. EXPERIMENTAL SETUP

of the tested winding and the ground potential are all connected to the aluminum band
at the back end of the IWT.

To simulate different faults, a short cable connects two selected access points. For
the comparison of SFRA and IFRA measurements, the access points used are always
identical. All measurements are carried out with connection to the terminals U1, V1 or
W1, and U2, V2 or W2 respectively, but never to the access points for the manipulation,

since this configuration would have no relation to practice.

3.2.1 FRANEO 800

To record the SFRA signal of the stators, the device FRANEO 800, combined with the
software Primary Test Manager (PTM) (both developed by OMICRON), was selected.
The basic principle of the device is shown in figure [3.5| on the right. The measured
parameter (the voltages U1 and U2) are transferred to the PT'M software, which converts
the data to a Bode-diagram.

[13]

SOURCE REFERENCE RESPONSE

50Q 50Q J}UI 50Q le

Figure 3.5: FRANEO 800: the left figure shows a picture of the device [I1] and the right
figure the corresponding setup and working principle.

The main properties from the technical data sheet are shown in table[3.2] The sensitiv-
ity errors of the FRANEOQO 800 fulfill the requirements of the standards of IEC 60076-18
[18] and IEEE C57.149 [1].

FRANEO 800 Amplitude Frequency Voltage
Range: | +10dB to —140dB | 1 Hz to 30 MHz | 0.1 V to 10 V

Table 3.2: Technical data of the FRANEO 800. [10]

To minimize the impact of the cables (source, reference and response), firstly, all of

them must have the same length and properties. Secondly, the source and response cable
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3.2. MEASURING EQUIPMENT CHAPTER 3. EXPERIMENTAL SETUP

connect at the input terminal of the DUT and not before. The response cable is always
attached to the output terminal of the same winding to provide a direct connection,
capacitive measurements are not executed (figure [3.6). Every frequency applied to the
DUT is held for several periods to grant a precise amplitude and phase value, before the
next frequency is measured. The default settings for the measurements are set to 10 V
and a frequency range of 20 Hz to 2 MHz, which corresponds to the standards mentioned

before.

A

FRANEO 800, PSRN o

Figure 3.6: SFRA setup for testing a single phase of the stator. The gray lines symbolize
the coaxial cable shields, which are connected to the chassis.
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3.2. MEASURING EQUIPMENT CHAPTER 3. EXPERIMENTAL SETUP

3.2.2 Sourcetronic Impulse Winding Tester

The TFRA measurements are carried out with the IWT ST2883-5 from Sourcetronic
(figure . The working principle corresponds to figure in the theory chapter, and
the properties are given in table

An impulse of 1000 V was chosen for the impulse test since this voltage is common

practice for induction motors in this rated voltage range.

Output impulse voltage | 0.1 kV to 5 kV
Inductance test range >10 uH
Impulse energy max. 250 mJ

Table 3.3: Technical data of the IWT ST2883-5. [17]

Impulse Winding Tester

Figure 3.7: IFRA setup for testing a single phase of the stator.
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3.2. MEASURING EQUIPMENT CHAPTER 3. EXPERIMENTAL SETUP

Tektronix Oscilloscope

The setup of the surge test remains a regular IFRA measurement setup but the waveform
is additionally recorded with an oscilloscope to enable the processing and comparison of
different IFRA measurements (figure .

The oscilloscope is connected to the DUT with a 1 M2 input-impedance at the port
of the oscilloscope. Since the cable connecting the oscilloscope with the DUT is much
smaller than one fourth of the wavelength (cable length < A/4), the reflection of the

electromagnetic wave does not have an appreciable impact on the measurement.

The data is analyzed with the python code accessible at https://github.com/lukasdiem/
waveform-comparison. Furthermore, the data is smoothed with a Savitzky-Golay filter
of third order for better comparison.

The sampling rate is set to the maximum of 200 GHz, and 1 million points are recorded.
[19] The trigger is set to impulse with negative polarity and an impulse width larger than
1.5 us.

20
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4 Results and Discussion

The different cases and faults are evaluated with SFRA and IFRA and the findings
compared to each other.

The TFRA evaluation frame contains three periods, beginning at the global maximum
and ending at the third peak of the reference waveform (figure . The scale of the x-
axis in the plots differs between the stators since their waveforms have different damping

rates and frequencies and consequently have differing ranges of interest.

The information contained in a SFRA plot can best be visualized with a Bode-diagram,
consisting of an amplitude-versus-frequency and phase-versus-frequency curve. The x-
axis, i.e. the frequency, is usually shown in a logarithmic scale to provide a decent
representation of the findings. The y-axis of the phase curve is limited from —180° to
180°. For larger phase changes, the plot jumps to the opposite, recognizable at the
vertical lines (saltus).

The following SFRA plots do not always show the complete range measured, mostly
they focus on the interesting frequency range, which can also differ depending on the

investigated stator.

4.1 Settings

The threshold values used to identify a fault case are defined during the process of the
measurements and base on the gained experience.

The TFRA comparison of the healthy phases usually show a deviation around 5% for
the area size and differential area evaluation, while almost all fault cases have more
than 10% deviation for both quantifying methods. Thus the IFRA fault condition was
set to >10% for area size and differential area comparison. This criterion shows the
advantage of the computer-assisted calculation, where both values can be calculated from
one measurement, contrary to the IWT integrated software, which can only evaluate one
quantification method at once. The zero crossing comparison was neglected since it could

not provide any additional information during this measurement series.
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION

The fault criterions for SFRA are evaluated below 200 kHz since the frequency range
above did not provide any further information about the winding’s condition or improve-
ment of the fault detection for these particular stators. The criterions are, on the one
hand, the relative factor Rpp in the frequency range below 100 kHz. Rpr is not evalu-
ated up to 200 kHz since the software allows the evaluation only in certain ranges, which
could not be adjusted. The chosen threshold is the same as for power transformers, i.e.
Rpp < 2 (table . On the other hand, faults are often obvious in the Bode-diagrams:
The amplitude gap condition describes the shift of the amplitude trend, and the dis-
placement of a peak is denominated as the resonance shift condition (often visible in
the phase plot). For the SFRA fault detection one fulfilled criteria is enough for the
diagnosis, unlike the IFRA tests, where both have to be fulfilled.

Access Points

To identify the exact turn each access point is soldered to, the resistances between all
access points and terminals (U; and Usy) are measured with the four point method. The
results for each stator are measured with a CPC 100 from OMICRON and shown in
table [4.2] [1.3) and [1.4] [12]

The resistance values lead to the order of the access points (table [f.1). Note that the
smaller the turn number, the closer the turn is to the nearest phase terminal (U or Us),

i.e. the turn numbering starts at U; for stator I and 2, for stator 3 it starts at Us.

Stator 1 Stator 2 Stator 3
access point turn number | access point turn number | access point turn number
A 1 A 1 A 1
B 3 B 2 B 7
C 4 C 3 C 8
D ) D 4 D 15
E 6 E 5) E 16
F 6 F 17
J sym to A G 10 G 28
K sym to A H 11
J sym to A
J sym to G K 29

Table 4.1: Positions of the access points: A-H are located in one single parallel circuit,
J and K are located in other parallel circuits in the same slot. "sym to A"
means symmetric to access point A.
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION

AP A D B E J K U1l U2

C 14037 1561 14.16 28.89 62.81 63.01 | 52.24 | 336.6

A 02.97 29.00 65.73 24.98 25.19 | 14.23 | 312.7

D 2715 15.67 7529 754 | 64.68 | 343.9

B 40.35 ©51.64 51.68 | 41.15 | 329.6

E 88.29 88.31 | 77.57 | 352.2

J 26.97 | 16.02 | 314.7

K 15.87 | 314.6

Table 4.2: Resistance values between the access points and terminals

of stator 1 in m<.

AP E A B C D F G J Ul U2
0 | 7484 113.7 1045 94.79 84.56 62.78 13.66 224 125 | 144.2
E 52.96 40.62 27.68 14.24 1646 65.64 168.7 | 68.28 | 94.59
A 15.49 29.02 41.91 6543 106.1 120.6 | 19.35 | 50.62
B 1566 29.1 536 9646 133.6 | 32.75 | 62.68
C 15.64 41.24 86.27 146.3 | 45.62 | 74.2
D 28.43 75.62 158.2 | 57.85 | 83.1
F 52.94 179.8 | 79.92 | 104.7
G 217 118 | 137.9
J 104.6 | 124.3

Table 4.3: Resistance values between the access points and terminals of stator 2 in m{2.

AP A E F D B C J K U1 U2
G | 2319 126 1174 135.1 1934 1854 471.1 251.2 | 391.1 | 240.2
A 128.9 138.1 120.6 54.62 64.71 262.5 24.48 | 262.1 | 12.92
E 12.01 11.73 81.63 71.86 378.8 150.2 | 338.2 | 138.9
F 223 9135 81.71 387.1 159 | 343.4 | 147.8
D 72.64 628 3714 1421 | 333.8 | 130.5
B 12.97 311.6 77.21 | 294.8 | 65.64
C 320.5 86.84 | 301.3 | 75.34
J 265.5 | 411.6 | 254.5
K 264.4 | 15.69

Table 4.4: Resistance values between the access points and terminals of stator 8 in m{2.
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION

Directionality

Figure shows the impact of the measurement direction on the SFRA process. In
both cases, fault-free and single inter-turn fault, the deviations of the course of the curve
is negligible compared to the differences between a fault-free and an inter-turn fault
measurement.

The TFRA tests in figure reveal the high dependency on the position of the fault
(in the perspective of the input terminal). While the fault-free case has no noteworthy
differences, the inter-turn fault curves clearly show a frequency rise of the red waveform.

All the following measurements are executed with U1, V1 or W1 as input terminals,

if not explicitly mentioned otherwise.

1 kHZ 3,2 iz 10 kHZ 31,6 kiz 100 kHZ 3186, 2 itz 1 MHZ 3,2 Wz
0dB
-50 dB
1kHz o 10 kHz ik 100 kHz i 1 MHz
0dB
-50dB

Figure 4.1: Stator 1, Phase U: The upper plot shows the fault-free case, the lower plot
an inter-turn fault between access point C and D (i.e. a single turn is short-
circuited, table. In both figures, the red curve represents the test with U1
as input terminal. The orange one was recorded with U2 as input terminal.
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.2: Stator 1, Phase U: The upper plot shows the fault-free case, the lower plot
an inter-turn fault between access point B and C (i.e. a single turn is short-
circuited, table . In both figures, the blue curve represents the test with
U1 as input terminal, the red one with U2 as input terminal. As mentioned
in section , the fault in this case is close to U1l.

Repeatability

The repeatability measurement in figure [£.3] shows, on the one side the impact of the
access points, on the other side the factor of time. The second factor is informative only
to a limited extent since the time period between the measurements was only two weeks.
Furthermore, the stators were obviously not in operation, and the environmental influence
of an air-conditioned office is close to zero (i.e. barely any changes in temperature and

humidity). Nevertheless, it shows the generally high repeatability of the SFRA process.
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.3: Stator 3, Phase U: Comparison of the frequency response before (orange)

and after (red) the access point installation (cutting the winding head open
and soldering the access points) of the stator.

1 kHz 3,2 ke 10 kHz 31,6 1wt 100 kHz 16,2 s 1 MHz 3,2 iz

0dB

39,0 48

1 k2 3,2 kHz 10 RHz 31,6 k2 129 KHz 315,2 Wz 1 Mz 3,2 iz

Figure 4.4: Stator 2, Phase U, single inter-turn faults: E-F (orange), G-H (purple), D-E

(turquoise) and C-D (red).
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION

Comparing specific faults (for example one short-circuited turn) at different positions
in the winding should not make any difference to the SFRA measurement, according
to section {1} Figure [{.4] confirms this assumption and shows nearly indistinguishable

curves for four different single inter-turn faults of stator 2.

Figure [L.5] shows the comparison of two single inter-turn faults, measured with the
IWT. Section (dependency of the measurement direction) would let us suppose that
the results should differ slightly, since the position of the fault has an impact. However,
the waveforms are pretty similar (1.3% area size and 2.4% differential area) due to the fact
that the inserted faults are only four turns apart. The discrepancy is slightly bigger than
the single turn fault comparison of two measurements with only one turn apart (figure
[4.6] 0.2% area size and 0.8% differential area) but definitely not significant. Considering
the fact that the whole winding has multiple turns, compared to the few turns position

difference, this effect cannot be large.

600

Amplitude([V]
Q
|

Time[ps] 100

Figure 4.5: Stator 2, Phase U, single inter-turn faults: E-F (blue) and G-H (red).

Amplitude[V]
o
1
|
|

-600

9 Time[ps] 100

Figure 4.6: Stator 2, Phase U, single inter-turn faults: D-E (blue) and E-F (red).
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION

Fault Impact on Non-directly Affected Phases

Figure [£.8] and [£.9)show the backcoupling of faults to other phases, V' in this case. Phase
V' was measured once with no fault in U and once with a connected one turn short circuit
in U (figure . No significant impact could be distinguished, neither with SFRA nor
with IFRA.

Figure 4.7: Measurement setup to determine the backcoupling of a fault.

1 kHz 3,2 iz 10 kHz 31,5 iz 100 kHz 316,2 kHz 1 MHz 3,2 Pz

50 dB =

9,0 48

Figure 4.8: Stator 1, Phase V: fault-free case (dark green) and one turn fault C-D in U
(light green).
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.9: Stator 1, Phase V: fault-free case (blue) and one turn fault C-D in U (red).

Winding Structure Impact

The winding structure has a strong impact on the trend of the SFRA measurement.
Obviously, there is an impact on the IFRA result as well, but there is no such thing as
a characteristic waveform for different winding structures (figure , contrary to the
SFRA measurement in figure [I.10] which leads to exactly this assumption.

Stator 1 and stator 3 exhibit a distinct similarity, while stator 2 differs strongly in all
frequency ranges. The shift from the resonance frequencies of stator 1 (the larger one)
to the lower frequencies could be caused by the following: the larger cross section A of
each winding leads to a higher inductance L (L oc N2A/I; table . Simultaneously,
the longer length of one turn enlarges the conductance C' between the wires. Hence, the

resonance frequency (o< 1/+v/L-C, for a resonant circuit) drops.

Note that the impedance view of the PTM software shows that the gap between stator 1

and stator 8 is larger, by orders of magnitude (<15 ), than just the resistance difference

(~50 mQ, table [3.1)).
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4.1. SETTINGS CHAPTER 4. RESULTS AND DISCUSSION
1 kHz 10 kHz 100 kHz 1 MHz il
0dB

-38,8 dB-|

~48,8 48

1 iz 3,2 10 M 31,6 knz 100 ez 316,2 Wz 1M 3,2 M

Figure 4.10: Phase U: stator I (red), stator 2 (light green), stator 3 (orange).
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Figure 4.11: Phase U: stator 1 (blue) and stator 3 (red).
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4.2. INTER-TURN FAULTS CHAPTER 4. RESULTS AND DISCUSSION

4.2 Inter-Turn Faults

Stator 3

The most common fault in stators is a short circuit between two turns of a winding.
The comparison with a fingerprint measurement provides the clearest results to identify
this maloperation (figure . On the one hand, the faults can be determined by the
relative factor for the low frequency range Ry (shown in table , on the other hand,
they differ unambiguously from the fingerprint plot. Two typical visual signs can be
determined, which indicate short-circuited turns: first, an amplitude gap below 40 kHz
of a few dB and second, a shift of the resonance frequencies, observable at the saltus of
the phase plot in the lower part of the Bode-diagram (around 120 kHz in figure .
Both phenomena can be explained as a result of an inductance reduction, induced by at

least one short-circuited turn.

Figure .13 illustrates the three healthy phases of stator 3 and underlines their sim-
ilarity, equal to the relative factors in table [{.5] Since there is not always a fingerprint
available, phase comparisons also provide useful information about the winding’s condi-
tion. The phase comparison in figure [I.14] clearly shows the amplitude gap between the
fault and the healthy phases V' and W, as well as the resonance shift in the phase plot.

If at least one of these three indicators (R, amplitude gap, or resonance shift) under

200 kHz is distinguishable, there is most likely a short circuit in the tested winding.

[ JulVv W]
U 489 ] 3.02 | 2.47
v 3.02 | 5.16 | 2.12
W 2.55 | 2.16 | 4.83

E-F | 1t || 1.77 | 1.99 | 1.46
D-F | 2t || 1.60 | 1.78 | 1.34
A-F |16t || 1.39 | 1.53 | 1.19
A-G |27t | 1.35 | 1.48 | 1.16

Table 4.5: Relative factors of the low frequency range Rpr (>100 kHz) of stator 3. The
values are generated from the plots in figure and compared to the
measurements before the access point installation. The first column represents
the current results, the second column the amount of short-circuited turns, and
the top line the fingerprint (measurement before access point installation).
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4.2. INTER-TURN FAULTS CHAPTER 4. RESULTS AND DISCUSSION

10 kHz e 100 kHz i 1 MHz

15,8 d6—
18,8 B
-25dB
-38,8 d8
-35,8 B
~48,9 dB
45,9 8

-50 dB

55,8 o8

1@ knz 3,6 kM2 190 kiz HE,2 iz 1M

Figure 4.12: Fingerprint measurement (phase U) of stator 3: healthy fingerprint (red,

thick), E-F (1 turn, orange), D-F (2 turns, dark green), A-F (16 turns,
grey) and A-G (27 turns, light green).

1kHz R 10 kHz b 100 kHz T 1 MHz

0,9 o8

-10dB

28,0 08
38,0 @8

-40 dB

-58,0 8

1khe 3,2 Wz 19 it 3L.6 KAz 160 Kz 316.2 kHz 1z

Figure 4.13: Phase U (red), V (green) and W (black) of stator 3.
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4.2. INTER-TURN FAULTS CHAPTER 4. RESULTS AND DISCUSSION

1kHz 10 kHz i 100 kHz A 1 MHz

Figure 4.14: Phase comparison of stator 3: E-F (1 turn fault, orange), V' (green) and W
(black).

Stator 1

The single inter-turn fault C-D of stator I in figure [f.15]is reliably identifiable by various
indicators: first, the amplitude gap visible up to 30 kHz and the phase shift around
80 kHz. The fault is detectable by fingerprint comparison and phase to phase comparison.

The relative factors in tabldL.@] are smaller than 2 ant therefore indicate the faults

reliably with both comparisons, fingerprint and phase to phase.

L |l [u VvV I[W]
U 392 | 3.82 | 217
v 3.70 | 4.57 | 2.16
W 235 | 2.27 | 4.68
CD |1t | 139 1.38 | 1.25

Table 4.6: Relative factors Rpp of stator 1. The values are generated from the plots
in figure [£.15] and a measurement executed one day earlier. The first column
represents the current results, the second column the amount of short-circuited
turns, and the top line the comparison measurement.
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4.2. INTER-TURN FAULTS CHAPTER 4. RESULTS AND DISCUSSION

10 kHz A 100 kHz e 1 MHz

29,8 45

-50 dB

Figure 4.15: Stator 1: C-D (one-turn fault, orange), U (red), V (green) and W (black).
The fault is clearly distinguishable by the gap in the amplitude and the
frequency shift of the phase saltus.

Stator 2

The single inter-turn fault measurement of stator 2 is shown in figure[f.16] The amplitude
gap increases continuously up to 150 kHz. The shift of the saltus in the phase plot of the
healthy phase U at roughly 400 kHz is out of the frequency range of interest and, thus,
can be neglected.
The relative factors of stator 2 in table 7 do not indicate a fault since all of them
are larger than 2. However, they show the large similarity between the healthy phases.
Since one fulfilled fault condition determines a fault reliably, the single inter-turn fault

E-F of stator 2 can be identified by fingerprint and phase to phase comparison.
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4.2. INTER-TURN FAULTS CHAPTER 4. RESULTS AND DISCUSSION

L | [Uu [V IW]
U 746 | 4.56 | 4.37
v 452 | 8.18 | 5.79
W 135 | 5.73 | 8.46
E-F | 1t | 438 | 5.15 | 4.99

Table 4.7: Relative factors Rpp of stator 2. The values are generated from the plots
in figure [£.16] and a measurement executed one day earlier. The first column
represents the current results, the second column the amount of short-circuited
turns, and the top line the comparison measurement.

10 kHz i 100 kHz e 1 MHz

Figure 4.16: Stator 2: E-F (one-turn fault, orange), U (red), V (green) and W (black).
The fault is clearly distinguishable by the gap in the amplitude.

Comparison with IFRA

The IFRA fingerprint measurement of stator 3 is shown in figure The area size
and differential area value (17.8% and 77.8%) clearly identify the fault in the winding.
The raise in the resonance frequency, caused most likely by the inductance drop, is
identifiable. Comparing the healthy phases (figure shows that a phase comparison
is also informative. Their quantifying values are listed in table and illustrate the
necessity of fulfilling both fault conditions, just one value >10% does not indicate a
fault. The same is shown in table [4.9] with the values of stator 1 and 2.
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4.2. INTER-TURN FAULTS CHAPTER 4. RESULTS AND DISCUSSION

The slightly lower amplitude of the impulse measurement with an implied fault results
from the reduced lead length, shortened by at least one turn. Intuitively, the voltage
should rise since the length and thus the resistance is smaller, but this effect is canceled
by the fact that the voltage distribution is now dropping faster (from 1kV to 0 V on a
length shorter by one turn than in the fault-free case). Hence, the voltage in the lead
from the IWT to the DUT (figure also drops further, and the recorded voltage at

the input terminal is lower than in the fault-free case.

A single inter-turn fault compared to another phase (V, in this case) is shown in
figure |4.18] and the fault can be identified as well. 20.8% area size difference and 78.2%

differential area are above the thresholds of the fault condition.

| Stator 3 | UV ]| UW | V-W |
Area size comparison 3.9% | 1.1% | 2.7%
Differential area comparison || 5.0% | 10.6% | 8.8%

Table 4.8: Quantifying values of stator 3: comparison of the healthy phases (figure [4.19)).

Stator 1 u-v | U-W | V-W

Area size comparison 20% | 1.1% | 0.8%
Differential area comparison || 3.7% | 13.6% | 16.8 %
Stator 2 v-v | U-W | V-W

Area size comparison 1.0% | 0.8% | 0.2%
Differential area comparison || 7.6% | 2.1% | 6.1 %

Table 4.9: Quantifying values of stator 1 and 2: comparison of the healthy phases.
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CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.17: Fingerprint measurements of stator 3: healthy phase U (blue) and E-F (one
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Figure 4.18: Phase comparison of stator 3: healthy phase V' (blue) and E-F (one turn
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Figure 4.19: Phase comparison of stator 3: upper plot phase U and phase V (area size
3.9% and differential area 5.0%), middle plot U and W (1.1% and 10.6%),
lower plot V and W (2.7% and 8.8%). The first phase mentioned is the
reference (blue), the second one the compared waveform (red).
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4.3. INTER-WINDING FAULTS CHAPTER 4. RESULTS AND DISCUSSION

4.3 Inter-Winding Faults

Stator 2

In stators, multiple parallel windings can be placed in one slot. Usually, they are not
specifically separated and inter-winding faults can thus also occur. Speaking of inter-
winding faults means for the following results that two different parallel circuits of the
same phase, both placed in the same slot, are short circuited. Inter-winding faults have
to fulfill at least one of the three SFRA fault conditions to be identified. The SFRA
measurement in figure of stator 2 shows the inter-winding faults compared to the
fingerprint.

The 4-turn asymmetric fault (F-J) is determinable by fingerprint and shows two fault
conditions, the amplitude gap and the resonance shift. Though the resonance shift ap-
pears above 200 kHz, it is still significant. The one-turn asymmetric case (H-J) is po-
tentially identifiable with the fingerprint (small gap in the amplitude) but not with the
phase comparison. The symmetric fault case (G-J), i.e. both windings are short-circuited
after the same number of turns, is indistinguishable from the fingerprint. The relative
factors in table {.10] are not below the threshold but show a decline for an increasing
number of short-circuited turns. The waveform of the detectable inter-winding faults
strongly resemble the inter-turn faults, e. g. the single inter-turn fault E-F and the

4-turn asymmetric inter-winding fault F-J in figure [{.20]

[ J UV ][W]
G-J [ 0t || 4.65 | 4.55 | 4.37
H-J | 1t || 6.56 | 4.60 | 4.41
F-J | 4t || 475 | 5.11 | 4.80

Table 4.10: Relative factors of the low frequency range Rpp of stator 2. The values
are generated from the plots in figure f.20] The first column represents the
current results, the second column the amount of short-circuited turns, and
the top line the comparison measurement recorded one day earlier.
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4.3. INTER-WINDING FAULTS CHAPTER 4. RESULTS AND DISCUSSION

3,6 ke 100 kHz 316,2 iz 1 MHz

-20 dB

5,8 4B

-30 dB

35,8 a8

100 kHz e - 158.5 kHz 251.2 kHz
-24 dB
-30 dB
58 0 e
106 © —N-‘-‘,_

Figure 4.20: Inter-winding faults of stator 2: Phase U (red), G-J (symmetric winding
fault, light blue), H-J (asymmetric by 1 turn, dark blue), F-J (asymmetric
by 4 turns, blue-green) and E-F (single inter-turn fault, orange). The lower
figure is a close-up of the rectangle in the upper figure. The symmetric fault
is nearly identical with the fingerprint U, while the one turn asymmetric
fault is slightly above it. The 4-turn fault is quite similar to the single
inter-turn fault and therefore clearly identifiable.
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4.3. INTER-WINDING FAULTS CHAPTER 4. RESULTS AND DISCUSSION

The phase comparison in figure {21 shows similar results as the fingerprint comparison.
The amplitude gap increases up to 150 kHz. The phase shift does not appear significant,
anyway it is above 200 kHz.

The relative factors in table .10l do not indicate a fault. Since one fulfilled SFRA fault
condition is enough for a reliably fault identification, the 4-turn asymmetric inter-winding

fault can be determined in the phase comparison by the amplitude gap.

10 kHz i B 100 kHz i i 1 MHz

Figure 4.21: Stator 2: Phase comparison of an inter-winding fault: V (dark green), W
(black) and F-J (asymmetric by 4 turns, orange).
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4.3. INTER-WINDING FAULTS CHAPTER 4. RESULTS AND DISCUSSION

Stator 1

Stator 1 (figure [1.22]) shows even clearer results for inter-winding fault detection. All
measured asymmetric faults are detectable by all three fault conditions. The similarity
between the trends of the inter-winding and inter-turn faults also shows up in these

measurements.

| Stator 1 | U | V | W |
A-JJot[[418]3.90 221
C-J |3t ] 1.28 | 1.26 | 1.23

Table 4.11: Relative factors Ry p of stator 1. For the calculation, figure is compared
to the measurement before the access point installation. As the values show,
the asymmetric fault is also detectable by the last fault condition (Rpp <2).

10 kHz i 100 kHz i 1 MHz

-50 dB

Figure 4.22: Stator 1: The symmetric fault A-J (orange) is nearly undistinguishable from
the fingerprint U (red). Inter-winding fault C-J (asymmetric by 3 turns,
light blue) is very close to the inter-turn fault A-B (2 turns, dark blue). The
asymmetric fault is explicitly diagnosable by the fingerprint as well as by
phase comparison since the amplitude gap and resonance shift condition are
fulfilled.
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4.3. INTER-WINDING FAULTS CHAPTER 4. RESULTS AND DISCUSSION

Stator 3

Stator 8 represent similar results in figure[4.23] All asymmetric faults fulfill the amplitude
gap and the phase shift fault condition and are, thus, reliably identifiable. The inter-
turn fault A-E (15 turns) is nearly indistinguishable from the inter-winding fault E-K
(asymmetric by 15 turns). Furthermore, all asymmetric faults show relative factor below
2 and are determinable by this fault condition as well (table [£.12)).

| Stator s | U [ V [ W |
AK | 0ot [[4.88]3.02]247
C-K | 7t | 141|156 | 1.21
E-K | 15t || 1.39 | 1.53 | 1.19

Table 4.12: Relative factors Rpp of stator 3. For the calculation, figure is compared
to the measurement before the access point installation. For the asymmetric
faults, the condition Ryp <2 is fulfilled and therefore the faults are identifi-
able.

o R 100 kHz 1 MHz

\
-25dB

-50 dB

Figure 4.23: Stator 3: The symmetric case A-K (purple) is identical to the fingerprint
U (red). It is interesting that E-K (asymmetric by 15 turns, dark green)
is nearly undistinguishable from the inter-turn fault A-E (15 turns, blue).
Fault C-K (asymmetric by 7 turns) is also similar to A-E over a wide fre-
quency range. All asymmetric faults fulfill the amplitude gap and resonance
shift fault condition, therefore, the malfunction can be identified.
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4.3. INTER-WINDING FAULTS CHAPTER 4. RESULTS AND DISCUSSION

Comparison with IFRA

The IFRA measurement in figure shows the tested inter-winding faults of stator 2.
The symmetric and 1-turn asymmetric fault are not detectable, neither with the finger-
print (table nor the phase comparison (table . Only the 4-turn asymmetric
fault fulfills the condition and differs by more than 10% in both comparisons (fingerprint

and phase comparison).

| Fingerprint compared to: || G-J (0t) | H-J (1t) | F-J (4¢) |

Area size comparison
Differential area comparison

0.2%
1.9%

2.0%
6.5%

15.0%
41.9%

Table 4.13: Stator 2: fingerprint measurement of inter-winding faults.

’ Phase V' compared to:

| G-J (0t) | H-J (1t) | F-J (4¢t) |

Area size comparison
Differential area comparison

1.2%
8.2%

2.9%
12.8%

15.7%
46.7%

’ Phase W compared to: H G-J (0t) \ H-J (1t) \ F-J (4t) ‘

Area size comparison
Differential area comparison

1.1%
2.5%

2.8%
7.2%

15.8%
42.6%

Table 4.14: Stator 2: Phase comparison of inter-winding faults.

The values of stator 1 (table4.15)) and stator 3 (table4.16)) represent an inter-winding
fault sensitivity close to the SFRA measurement. It is possible to identify larger faults,

but minor malfunctions stay unidentifiable.

IFRA of Stator 1 | A-J (0t) | C-J (3t) |

Area size comparison 0.6% 14.2%
Differential area comparison 1.4% 42.2%

Table 4.15: Stator 1: Fault to fingerprint comparison of inter-winding faults.

’ IFRA of Stator 3 H A-K (0t) ‘ A-J (28t) ‘

Area size comparison 0.1% 26.4%
Differential area comparison 0.8% 98.7%

Table 4.16: Stator 3: Fingerprint measurement of inter-winding faults.
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4.3. INTER-WINDING FAULTS CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.24: Stator 2, the healthy phase U (fingerprint) is always the reference (blue).
The upper figure shows the comparison to the symmetric inter-winding fault
G-J, the middle figure the 1-turn asymmetric fault H-J and the lower figure
the 4-turn asymmetric fault F-J.
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4.4. RELIABILITY CHAPTER 4. RESULTS AND DISCUSSION

4.4 Reliability

All previous tests have been realized with full short circuits. For the reliability evaluation,
a single turn is short-circuited with different resistances. The fingerprint comparison
(ﬁgure illustrates the executed test with 0.1 €2, 1 € and 3.3 Q. The first two faults
fulfill the resonance shift condition, observable in the phase plot, and 0.1  furthermore
the amplitude gap condition. Hence, they are both identifiable. The 3.3 Q2 fault is
too close to the fingerprint to guarantee the recognizability under more difficult testing
conditions.
The relative factors in table show that Rprp<2 is only given for 0.1 Q.

The phase comparison (figure reveals only 1  or lower short-circuited turns as
faults. The deviation of the plot is recognizable, on the one hand, by the shift in the phase
visualization, on the other hand, by the discernible lower amplitude of the resonance spot
(first peak at 70 kHz).

10 kHz i b 100 kHz 316,2 14 1 MHz

40,0 68

-50 dB

Figure 4.25: Stator 1, reliability evaluation, C-D short-circuited: fingerprint U (red),
0.1 (blue), 1 © (light green) and 3.3 Q (grey).
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4.4. RELIABILITY CHAPTER 4. RESULTS AND DISCUSSION

_ 10kHz 100 kHz 1 MHz

-50 dB

Figure 4.26: Stator 1, phase comparison, reliability evaluation: V (dark green), W (black)
and 1 Q (C-D, light green).

’C—D short-circuited by H U \ \Y% \ W ‘

0.1Q 1.59 | 1.57 | 1.40
10 2191213 | 1.84
3.30Q 2.99 | 2.84 | 2.13

Table 4.17: Stator 1: Relative factors Ry of the reliability evaluation. The values are
generated from the plots in figure [£.25 and [{.26]

Comparison with IFRA

The impulse method has a similar reliability. Faults short-circuited by 1 Q or lower fulfill
the fault condition, short circuits with 3.3 € or higher miss them (table [4.18)).

| C-D short-circuited by || U | V | W |
0.19Q 17.1% | 33.3% || 19.0% | 32.3% | 18.2% | 42.2%
10 13.3% | 14.5% || 15.5% | 15.7% | 14.6% | 21.0%
330 54% | 55% | 75% | 7.1% || 6.5% | 13.4%

Table 4.18: Stator 1: first column of a phase shows the area size difference, the second
column the differential area comparison.
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4.5. WINDING EXTENSION CHAPTER 4. RESULTS AND DISCUSSION

4.5 Winding Extension

More powerful induction motors (or generators) came along with bigger physical dimen-
sions and, thus, larger and longer windings. In order to simulate a longer winding, the
three phases of one stator are in series connection (figure . In this attempt, nodes
of the parallel circuits are also located after one and two thirds of the winding, and not
just at the beginning and at the end, which is usually the case in stators. Therefore,
this setup is not fully representable and gives only an outlook of the possible behavior of

longer windings. The three comparison phases differ in the sequence of U, V and W:

e Phase 1: U-V-W Implemented faults are at the beginning.
e Phase 2: V-W-U Implemented faults are at the end.
e Phase 3: W-U-V Implemented faults are in the middle.

5. S S q-<--

Figure 4.27: Setup for the extended winding attempt (phase 1).

Stator 1

Figure [4.28] shows the comparability of the phases, which reveals a minor deviation in
the amplitude plot of phase 2 for stator 1. The discrepancy appears in the relative factor
table (4.19) as well. Nevertheless, single inter-turn faults are reliably detectable in the
fingerprint comparison as well as in the phase comparison.

The measurement of stator 1 in figure reveals an interesting behavior of the
fault phase. It seems that the plots depend on the position of the short-circuited turn,
which should have no influence according to section (directionality). However, they

still fulfill certain fault conditions: D-E in phase 1 shows a shift of the first resonance,
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4.5. WINDING EXTENSION CHAPTER 4. RESULTS AND DISCUSSION

identifiable by the shift of the saltus and a displacement of the peak in the amplitude
visualization. D-E in phase 2 does the same with an additional shift at the second saltus.
D-E in phase 3, where the fault is in the middle of the winding, only differs from the
healthy phases at the second saltus.

10 kHz i 100 kHz

-10 dB

18 kHz L6 Wi 109 ki

Figure 4.28: Phase comparison of Stator 1: phase 1(red), phase 2 (green) and phase 3
(black).

The relative factors of stator 1 (table 4.19)) identify all three cases as faults, hence
a second fault condition is fulfilled. However, this table would also lead to the wrong

assumption that phase 2 contains a malfunction.

H Phase 1 | Phase 2 | Phase 3

Phase 1 6.16 1.56 2.23
Phase 2 1.56 6.63 1.98
Phase 3 2.23 1.98 7.18
D-E in Phase 1 1.75 1.41 1.80
D-E in Phase 2 1.24 1.76 1.50
D-E in Phase 3 1.12 1.17 1.26

Table 4.19: Relative factors of the extended phases of stator 1: The plots in figure
are compared to a measurement executed 2 hours earlier.
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10 kHz 100 kHz

10 kHz i 100 kHz

100 kHz

Figure 4.29: Extended winding measurement of stator 1: phase 1 (red), phase 2 (green)
and phase 3 (black), compared to the single inter-turn fault D-E imple-
mented in phase 1 (upper figure, fault at the beginning), phase 2 (middle
figure, fault at the end) and phase 3 (lower figure, fault in the middle). For
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a better visualization, the figures are squeezed so that all images are one

underneath the other on one side.
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4.5. WINDING EXTENSION CHAPTER 4. RESULTS AND DISCUSSION

Stator 2

The measurements of stator 2 show similar results. The fault implemented in
phase 1 or 2 generate resonance shifts, while the fault in the middle of the winding is
detectable only from the amplitude deviation from the fingerprint.

The relative factors (table identify all healthy phases and the faults at the be-
ginning and at the end correctly. Merely E-F in the middle of the winding is too close

to the phases to be determined as a fault.

For both stators, the fault in the middle is the most difficult to detect. This might be
owing to the additional nodes after the first and second third of the extended winding.
Nonetheless, the faults are identifiable by the defined fault conditions, although more

research of longer stator windings is needed.

H Phase 1 | Phase 2 | Phase 3

Phase 1 6.91 3.01 3.67
Phase 2 3.01 7.10 2.84
Phase 3 3.67 2.84 8.02
E-F in Phase 1 1.48 1.45 1.46
E-F in Phase 2 1.45 1.42 1.42
E-F in Phase 3 2.41 2.43 2.37

Table 4.20: Relative factors of the extended phases of Stator 2: The plots in figure m
are compared to a measurement executed 2 hours earlier.
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4.5. WINDING EXTENSION CHAPTER 4. RESULTS AND DISCUSSION

A 100 kHz

32,0 g

-40 dB \/

 10kHz 100 kHz

-10 dB —

.....

------

10.kHz 100 kHz

Figure 4.30: Extended winding measurement of stator 2: phase 1 (red), phase 2 (green)
and phase 3 (black) compared to the single inter-turn fault E-F implemented
in phase 1 (upper figure, fault at the beginning), phase 2 (middle figure, fault
at the end) and phase 3 (lower figure, fault in the middle). The fourth color
in each plot shows the fault case. For a better visualization, the figures are
squeezed so that all images are underneath one another on one side.
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4.5. WINDING EXTENSION CHAPTER 4. RESULTS AND DISCUSSION

Comparison with IFRA

The IFRA fingerprint comparisons of the extended winding are shown in figure [£.31]
The size of the fault’s impact increases with the distance to the input terminal, which
corresponds to section (directionality). Still, the values for the area size and dif-
ferential area comparison (table do not indicate a fulfilled fault condition for any

measurement.

Stator 1 | P1-P2 | P1-P3 | P2-P3 |
Area size comparison 1.5% | 04% | 2.0%
Differential area comparison || 2.3% | 82% | 9.1%
Fault to fingerprint comparison
D-E in | P1 | P2 [ P3
Area size comparison 31% | 2.6% | 4.6%
Differential area comparison || 14.1% | 39.4% | 15.5%

Table 4.21: IFRA quantifying values for the extended windings of stator 1: comparison
of the healthy phases and fault-to-fingerprint comparison.

The values for stator 2 (table and figure 4.32)) exhibit a similar result, which also
does not enable a precise identification of short circuits in the winding with the defined

conditions.

Stator 2 | P1-P2 | P1-P3 | P2-P3 |
Area size comparison 0.8% | 0.5% | 1.3%
Differential area comparison || 4.8% | 3.4% | 8.1%
Fault-to-fingerprint comparison

E-F in | P1 | P2 [ P3
Area size comparison 22% | 1.6% | 52%
Differential area comparison || 4.6% | 3.8% | 16.5%

Table 4.22: IFRA quantifying values for the extended windings of stator 2: comparison
of the healthy phases and fault-to-fingerprint comparison.

Overall, it is very difficult to detect a malfunction in a longer winding with the [FRA
method. Another indication that the IFRA method is poorly suited for longer windings
is the increasing deviation of the curve from the waveform of a damped oscillation, most

distinctive at the first two to three peaks.
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4.5. WINDING EXTENSION CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.31: Extended winding measurement of stator 1: fault-to-fingerprint comparison
of phase 1 (upper figure, fault at the beginning), phase 2 (middle figure,
fault at the end) and phase 3 (lower figure, fault in the middle). In each
case, the healthy fingerprint of a phase (reference) is blue and the same
phase containing a one-turn fault is red.
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4.5. WINDING EXTENSION CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.32: Extended winding measurement of stator 2: fingerprint comparison of phase
1(upper figure, fault aut the beginning), phase 2 (middle figure, fault at the
end) and phase 3 (lower figure, fault in the middle). In each case, the healthy
fingerprint of a phase is blue and the same phase containing a one-turn fault
is red.
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5 Conclusion

The brand-new stators guaranteed an absolute healthy and flawless condition at the
beginning of the measurements. The comparison of the tests before and after soldering
the access points to the winding proves that there is only a negligible impact caused by

the manipulation installation.

The defined fault conditions for the SFRA method proved their value, but could still be
developed further. For example, the amplitude gap could be quantified with a differential
area calculation. The resonance shift criterion underlines the importance of the phase
plot and could be enhanced with a defined threshold value. The relative factors of the
low frequency range also verified themselves as reliable fault indicators. The Rpj<2
threshold from the power transformer seems to fit for stators as well. If at least one of
these conditions is fulfilled below 200 kHz, this is trustworthy evidence for a malfunction
of the tested machine. The frequency range above 200 kHz is increasingly influenced
by the equipment and more research is required to gain further information about the
winding’s health from this frequency range.

The TFRA phase comparisons of stator 1 and & (table and demonstrate the
necessity that both quantifying values, area size and difference area comparison, have to
be larger than 10% for a clear identification of a short circuit.

The deviation between the phases (measured with SFRA as well as IFRA) could be
explained by the fact that each phase comprises a different angle of the winding head,

which leads to different capacities.

The results show multiple advantages of the SFRA method compared to the surge test,
starting with the independence of the measurement direction and thus the position of the
fault. Identical short circuits always exhibit the same effect on the curve. Furthermore,
the same winding structure (stator 1 and &) generates similar plots (figure , which
could be very interesting in the future for virtually generated references.

Inter-turn faults usually trigger all three fault SFRA conditions, and at least one is

always fulfilled. Actually, single short-circuited turns are clearly detectable even in the
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CHAPTER 5. CONCLUSION

phase comparison. This implies the possibility of identifying a winding loss smaller than
1% (i.e. short-circuited turns divided by the number of turns of one parallel circuit).

Inter-winding faults are also determinable by SFRA, as long as they are not symmetric
or close to symmetric faults. Faults with 3 or more turns asymmetry fulfill at least one
condition and are thus unambiguous. These faults show a nearly identical effect on the
curve as the inter-turn faults. The surge test of inter-winding faults presents similar
results.

The reliability measurement reveals nearly the same result for both methods used.
Single inter-turn faults with up to 1 Q resistance are possible to detect, 3.3 Q or above
do not trigger the fault conditions.

The attempt with the extended windings is only partly representative for bigger stators
but still provides an interesting outlook for the method’s applicability on longer windings.
The SFRA measurement is definitely more suited for this task than the impulse method
and was able to determine all three fault cases, although some advantages, such as the
independence of the fault position, are no longer given. This might be caused by the
additional nodes after one and two thirds of the winding. The ITFRA method was not
capable to detect one single fault with the defined criterions.

Strictly speaking, all findings are scientifically proven only for the three tested stators.

Last but not least, SFRA ensures greater safety since the operating voltages are at a

low level.

Sweep frequency response analysis has the potential to be one of the future standard
diagnostic tests for rotating machines. This noninvasive method is well suited for this
task, and the possibility of the phase comparison enables the applicability in already
operating machines. One day the measurements might also be assisted by computer-
generated curves, which would further improve the diagnostic possibilities. Until then,
more research has to be done to verify the results for larger machines (in the MW range)

and to define threshold values for the separate fault conditions.
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