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ABSTRACT

Prototyping a Novel Core Loss Tester for Assembled Stator

Lamination Stacks

Jaydeep Bhalala

In the modern industrial world, electrical machines have become the backbone of the
industry.Electrical machines account for nearly 60% of the total electricity consumption in the
industrialized countries, hence a huge energy saving can be achieved even by a small increment
in electrical machine efficiency. Thimprovement starts right #te mabine design stage.
Improving the machine design requires accurate quantification of the machine losses. A
significant portion of the losses in the electrical machines is due to the core loss in the magnetic
material. The core loss measurement in the stataf rotors is still an open problem. Most of
the available techniques and testers for core loss estimation do not take into account the effect
of the various mechanical processes and shape of the magnetic material under test. In addition,
most of the cuent standardized core loss estimation techniques and testers are based on
pulsating magnetic field only, whereas all the rotating electrical machines have a rotational

magnetic field.

In this research work, a new core loss tester to measure core bxssembled stat
lamination stacks is analysedimulated and prototyped with successful result validation
between simulation and experimental tests. The new tester is suitable for the measurement of
rotational core loss, and is capable of measuring logls different number of pole
combhnations and excitation frequenciddeasurements were carried out using an induction

machine stator.

This work describes the influence of different flux patsegyenerated based on the
number of poles in the excitationmding. Experimental tests were carried out and the core
loss data were recorded for various test cases. The developed tester accounts for the effect of
mechanical processes like punching, laser cutstagk pressing, etcxgerimental results are
obtaired from the tester are companeith the simulated results and the percentage difference
in the core loss is presented. The core losses measured by the standardized pulsating core loss

testers like Egein frame are compared with that measured frorméwetester to study the



effect of rotational excitation on theore loss measurement. This work also presents the
shortcoming of using commercially available pulsating loss data for core loss simulation by

comparing the simulated results with the experimentally measoretbss.
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1. Introduction
1.1 The Need of Core Loss Estimation

Energy efficiency has become a major globahcern with the rapid growth of
worldwide energy consumption. Electrical machines consammjority of the electricity
generated around the globe. Electric motor drive systems used 68 % of the total electricity
generated in the United States during teary20131]. Thereforeimproving the efficiency of
electric machines has become a researeh af significant interest ithe past few decades.
Improvements in the design aspects of the electrical machines have resultedt gffo@ency.

The losses in electrical machines are generally divided into four groups: conductor losses
(copper losses), core losses (iron losses), mechanical losses (friction and windage ldsses) an
stray losses. Adtter understandingf these loss aoponents allowsesearchers to analyze and
reduce the losses. Several methods have been developed and implemented in order to reduce
the dominant core losses and improve the machine efficiency. The dynamic behaviour of core
losses, limited measurement tajues and nowmniform flux density make the analysis

challenging in electrical machines.

Core losses in the electrical machines constitutes a significant portion of the total losses
ranging from 15 25 % in small and medium induction machines operatiitly sinusoidal
supplieg2]. Moreover, they are among the highest in MW rated machines, which uses a large
amount of steel. For example, 45 % of the total loss in large synchronous motors used in cement
and mining industry is @ounted by core lossd8]. Permanent magnet (PM), switched
reluctance (SR) and induction machines operated with pulse width modulation (PWM)
converters make core loss analysis difficult due to thesirursoidal flux waveform[4]. This
also results in higher specific core losses compared to the machines operated with sinusoidal
supplies. The core losses are frequency and flux density dependent quantity. Therefore, they
are important for the desigri high power density and higgpeed machirgemostly being used
in the cefence andhe aerospace industry, where operating frequeaagesrom 400 Hz to

1.5 kHz. Theseiggh power density machines are also employed in electrical transpof&gtion

1.2 Review of Core Loss Estimation Methods

Characterization of the soft magnetic materials used in manufacturing of electrical

machines is done by placing them in magnetic field. The cored@s®l relative permeability



are determined at a particular frequency and flux density. There are two types of magnetizers

or testers used for the characterization pulsating and rotational.

1.2.1 Pulsating Core Loss Measurement

The pulsating magnetizers generanidirectional fields. They are similar &single
phase transformeihe sampleainder testforms part of the core. The magnetizing current and
induced magnetic voltage the secondary windingives the value of magnetic field and flux
density respeately. The core losses are obtained from thid Bop aea or by the wattnetric
methal. In the pulsating cas¢he magnitude of the-Bector varies with time but direction

always remains the same.

There are three tedixtures, which can be usedfor the pulsating core loss
measurements: 1) Single sheet tester, 2) Epstein frame and 3) Toroid tester. These testers have
been standardized by the American Society of Testing and Material (ABITNY)] [8] [9].

Pulsating core losses atsually measuredby using thewattmetric method due to the
simplicity of the measurement technique and the easy availability of the apparatus. This method

is also known as voltmeteammeteiwattmeter method.

Figurel.1l: 700-Turn Epstein frame

1.2.1.1 Epstein Frame

The Epstein frame is the most widely used method for magnetic testing. It is simple to
setup and offers good representation of the magnetic properties of the material under test. Most
of the core loss and relatiygermeability data are measured using an Epstein frame. The

Epstein frames are usually classified based on the nuniterns, 700, 352 and 28Qrns

2



frames areommon.Figurel.1 shows a 70@urns Epstein frame arfeigure 1.2 shows a 280

turn Epstein frame.

Figurel.2: 280-Turn Epstein frame

The 7006turns frame is used for low frequency measurements up to 4 kHz. The 280 turn
frame is capable of reaching high flux density at frequency up to 6 kHz. The standard size,
material preparation and testing conditions are listed in standard ASTM &B48owever,
an Epstein frame has its own erspthe leakage flux around the joints and the assumption of

94 cm effective magnetic path length resuitsrrors in the measurements

1.2.1.2 Toroid Tester

Toroids can produce circular flux paths similar to actual flux distribution in radial flux
electrical machines and therefore, are preferred by machine designers. In adddroi
forms a closed magnetic cuit, which results in the reduction of theagnetic reluctance.
Figure 1.3 shows a Toroid tester. The longer preparation time for toroids make them less
desirable. Theecondary RBoil is always wound inside in the toroid assembly in order to make
the cross section area of the sample under test and-¢bé &qjual. The primary Hoil is
wound over the Boil. The material preparation and testing conditions are listégbistandard
ASTM A927]8].
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Figurel.3: Toroid tester
1.2.1.3 Single Sheet Tester

The single sheet tester is the simplest among the three testers. The sample preparation
is also very easy and cost effective since it requires only one Epstein strip for testing. However,
as the flux is only measured at the centre of the sample stripsyrasents obtained from a
single sheet tester have the same errors as in the case of an Epstein frame tester. The single
sheet testeshown inFigurel1.4 is designed aording to ASTM 8049]. Due to the limitation
of temperature monitoring, it is capable of performing measurements only from 20 Hz to 400
Hz. A major limitation of this tester is that it requires results from an Epstein frame and toroid

tester for calibratiofil0].

SDONART,

electionicy|

Figurel.4: Single sheet tester



1.2.2 Rotational Core Loss Measurement

There is lot of work going on to standardize the rotational core loss measurement
procedure and test fixturg41]. For accurate estimation and modeling of core losses in
rotational electrical machines and transformer with jdints, along with pulsating core loss
data, rotational core loss data is also required. Most of the workrénl@ss estimation has
been done with pulsating data only, such as models available in Finite Element Analysis (FEA)
packages. Manufacturers usually provide core loss datesfuency of 50/60 Hz and up o
flux density of 1.5 T. Accurate core lossiggition is important since the high speed and the
high power machines (MW rated) are required to work beyond this frequency and flux density.

In addition, hotspot detection in core is very important in high power density machines to avoid
the failure of tle core.

There are three commonly used methods for the rotational core loss measurement:
torqguemetric, thermemetric and fieldmetric. The torquenetric method can measure the core
losses at high flux densities but it is rarely used due to the compleg.SEte thermanetric
method measures the core losses as heat dissipated from the sample under test. The core losses
in the material are associated with the change in the core temperature due to the change in the
applied field. The disadvantage of the themmetric method is that the position of the
temperature sensor can althe material properties araffect the field distribution. The
limitations of te thermemetric method are slowesponsend inability to measure the core
losses at low flux densés due to the negligible thermal respofisd [13]. In field-metric
method, the area of the-lB loop is calculated to obtain the core los§ds main advantage
of field-metric method is the ability to measure the core losses for wide range of flux density
(0.1 T1 2 T). However, the accuracy is dependent on the proper sensor alignment, sensor
accuracy, sensitivity, proper analysis of the measdield and field uniformity in the sample
measured area. Misalignment of the sensor will result in a significant error between the losses
measured with clockwise (CW) and anticlockwise (ACW) rotational magnetiZaddn

Field-metric method is used in the design of the following magnetizers for rotational
core loss measurement: square single sheet tester (SSST), Halbach round single sheet tester
(HaRSST), conventionally wound induction machine round single sheet testdMRBET)

and sinusoidally wound induction machine round single sheet tester.



1.2.2.1 Rotational Single Sheet Tester (RSST)

The rotational single sheet testers (RSST) are classified according to the sample shape:
square, hexagonal and circular. A square magnetfZ&®d mm by 80 mm sample size, with an
air-gap of 2 mm and a measurement area of 20 mm by 20 mm is considdrgld Tine SSST
is useful in the analysis of the flux density variation due to the effect of the sample shape and
the concentrated winding. A pair of orthogonal coils generates the field in the SSSTa It has
large number of turns and simple design and can achieve moderately high flux density. A SSST
is shown inFigure 1.5(a). The major drawbacsf the SSST is that, due to leakage flux it is
difficult to achieve high and uniform flux density at the centre of the sample in the interpolar
regiong[15]. Figurel.5(b) shows a hexagonal RS§IB].

1.2.2.2 Halbach Rotational Single Sheet Tester (HaRSST)

Round single sheet testers are more useful due to their uniform magnetization in most
of the magnetization direction. An electromagnetic Halbach RSST with 200 mm sample
diameter, 10 mm frame depth and 16 poles ffbrjis shownin Figurel.6. The highest non
uniformity in flux density is dependent on the alignment of the direction of magnetization with
the slot opening in a HaRSST. By varyihg yoke depth, the number of poles and the sample

diameter, the magnetic loading can be increased with acceptable unifd@hity

(b)

Figurel.5 : Rotational single sheet tester for different sample shape (a) Square (b) Hexagonal



Figure1.6: 16-pole Halbach Round Singl sheet tester
1.2.2.3 Conventionally Wound IMRSST

The conventionally wound IMRSST (GAWIRSST) hasaconventional winding on the
chosen induction machine stator core with an inner diameter of 109 mm with 36 slots and 4
poles. To improve the uniformity of the mmf distribution, the quotient of the numistotsf
and the number of poles must be an integer. Conventional winding results in the variation of

the flux density with different magnetization direction.

1.2.2.4 Sinusoidally Wound IMRSST

Sinusoidal distribution of winding results in the uniform distributiomoff in all the
magnetizing direction. This greatly reduces the variation in the flux density in the magnetizer
as compared to all other magnetizers. A sinusoidally wound IMRSST with 2 phases, 24 slots,
90 mm inner diameter and 80 mm yoke depth {6} is shown inFigurel.7.

Figurel.7: 24 Slots Induction Machine Round Single sheet tester



1.3 Thesis Objective

The objectives of this thesis are:

T

To prototypea novelcore loss tester farore loss estimation in assembled stator cores
prior to final motor assembly.

To investigate the effect dfie manufacturing process like laser cutting, punching and
stack pressing on the magnetic properties of the soft magneticatgateri

To better understand the behaviour of the soft magnetic material under the influence of
rotational magnetization.

To compare the results obtained from d@in@lyzedester against the standard pulsating

core loss rmasurement techniques like theskeinframe.

1.4 Contributions

The contributions of thisesearch work are summarized below.

Prototypeof new core loss tester for core loss estimation in assembled stator lamination
stacks

Applicationof wattmetric method for rotational core loss estimation

Improved understanding of rotational core loss in rotating electrical machines
Improved understanding of effect of excitation frequency and number of poles on
rotational core loss estimation

Analysis of effect of mechanical procesperformed during stat manufacturing on
magnetic properties arwbre losf soft magnetic materials
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1.5 Thesis Outline

The thesis is divided into five chapters. Chapter two presents the design procedure and
design details along with the Finite Element simulation and the primary simulation tesults
prove the working of theanalyzed tester. Chapter three presents the development,
constructional details, the theory of the working of #malyzedtester and the testing and
calibration procedure for the new tester. In chapter fougnhé/zedester is tested by varying
the number of poles and frequency and the results are conwpdrede simulation resulisnd
standard pulsating core loss measurement techniques. Chapter five concludes the thesis,

outlines the limitations and provides suggass for the future work.



2. Analysis of aNew Core Loss Tester
2.1 Introduction

There is a growing demand for high efficiency electric machines, especially for the
applications that require effective utilization of a limited stored energy, such as Electric
Vehicles (EVs) and Hybrid Electric Vehicles (HEVs). On the other hand, machine designers
are faced with a challenge to reduce the machine losses without increasing the size, weight and
cost. The core loss in an electrical machine accounts for a significaioinpair the total loss
at high speedbw torquecondition, whichis common in a highay drive cycle of EVs and
HEVs[18]. One of the most promising approaches for improving the efficiency of the electric
machines is to redudbe core loss in the machine steel core. This can be achieved by using

high-grade steels and optimizing the steel core design.

2.2 Need of New Core Loss Tester

Core losses in electrical machines are usually calculated in the post processing stage of
Finite Element Analysis (FEA) based simulation using the Epstein frame data provided by steel
manufacturer$7] as explained in Chaptdr However the manufacturing processes such as
punching, laser cutting, stacking and shrinkditc.,deteriorate the steel magnetic properties
and increase its core losg&9] [20] [21] [22]. Therefore, it is essential to develop a test method
for measuring the core losses in the steel cores of electrical machinéiseaféenination core

assembly.

Primary
Winding

Secondary
Winding |8

Figure2.1: Stator core loss estimation by winding coils on stator stack under test
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Several methods are reported to assess the degradation of magnetic properties in the
fabricated stator cor¢23] [24] [25] [26]. Technically, it is still a challenge to realize both high
and uniform magnetic flux density within a wide area of the electrical steel stdek tast
The magetic properties of the steel cores can be measured usirtgstngystem shown in
Figure2.1, where the primary and secondary windings are wrapped around the stator yoke into
the slots in order to generate an alternating flux circulating around the stator yoke. However,
this method oly measures the core losses in the stator yoke, and the core losses in the teeth
are not evaluated. In addition, for this method, the primary and secondary coils have to be
wound fa each tested stator core. This is not practical for evaluating the sseslfor a large
number of stator cores.

In [24] and[27], the analysis of flux density distribution in the stator stack shows that
the main flux is concentrated ia certain part of the stack umdest due to the neaniform
excitation by C or H shaped magmétg cois as shown inFigure 2.2 and Figure 2.3.
Thereforethe meaured losses by this tester mat account for the anisotropic effects caused
by the steel rolling direction. Therefore, several measurements have to be per&irmed
different angles in order to average the steel anisotropic effects. In addition, the generated flux
in the steel core is entirely alternating flux, which differs from the actual flux in the rotating
AC machine, which has rotating flux components attifpgeand roots of the stator te¢#8].
Therefore, this tester will not be able to measure the effect of rotational magnetisation on
assembled stator core. Due to this, the importance is given to developing test fixturhs, whi

are capable of performing2 rotating field tests.

Stator core
under testing

Measurement
coils

Figure2.2: Stator stack core loss tester witksRape magnetizing coil
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Excitation

Excitation coils
k. inner cores

h

g .
Stator core " Search coil

Figure2.3: C-shaped core loss tesf{er]

Sensor Laminations

Figure2.4: C-shaped coll tester for stator core loss estimd2a@h

In this chapter, a newore loss testas analyzedo emulate the actual flux experienced
in the stator of a rotating AC machirigr. Maged Ibrahim proposed this new concept during
his stay at Concordia University as a Postdoctoral Researcher under guidance of Prof. Pillay.
A new concept basesh the assemblestator core loss tester is analyzedoroduce rotating
fields with controlled number of poles, spatial distribution and excitation waveforms in the
stator under test. Extensive simulations are performed using FEA to study the maddetic fie

distribution in the stator stack compared to the previous designs.
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2.3 Stator Core Loss TesterAnalysis

2.3.1 Stator Core Loss Tester Principle

The analyzedcore loss tester is similar to the stator of an AC machine with an outer
rotor. The tester employs toroidal windings that are wrapped aroubdd¢kearon as shown in
Figure2.5. The coils in each slot are accessible at the tester terminal in order to allow flexibility
in changing the number of poles. When the tester is excited usinghas® AC currents, it
produces a rotating flux in the stator core under test witbnaber of poles that depends on
the winding connection. The stator core under test serves as the return path for the flux and the
flux pattern will be same as in the case of a radial flux rotating electrical machine. Therefore,
it will produce the same e&ftt of running a radial flux electrical machine on the statadhe
electrical machine. Theesignproposed by Dr. Magelas the capability to produce rotating
fields with a controlled number of poles, spatial distribution and excitation waveforms and
therefore, it can emulate the actual fields occurring in different electric machine types with

different design variations as discussed in the following sections.

Toroidal windings

Figure2.5: Analyzedcore loss tester core and toroidal winding of tester
2.3.2 Design of theAnalyzed Tester

Dr. Maged lbrahim proposetthe initial design of the newester. A magnetizer was
designed to induce a tineependent magnetic flux with controlled magnitude anduiaqy
in the teeth and yokef the stator under test. The coils in each slot are accessible at the tester

terminal in order to allow flexibility in changing the mber of poles as shown Kigure2.6.
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The tester is expected to be able to induce a large enough flux stichetlux density in
certain areas of the stator stack wunder test

B-H characteristics. Some of the inm@ont design considerations to achieve this are given
below:

Figure2.6: Tester winding connection for (a)gle, (b) 4pole and (c) §ole configuration

1. The tester outer diameter is dependent ornther diameter of the stator under
test and the air gap. The air gap should not be too large in order to minimize
leakage flux from the tester to stator.

2. Optimizing the current density in the excitation coil in order to keep the required
number of turnsfathe coil minimum, thus making slot size as small as possible

for required amper&urns and making the design practical and economical.
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3. Large flux density applies a large magnetic field and results in a large number
of ampereturns.
4. The excitation coil wa wound using Litz wire (a bundle of individually
enameled strands) to minimize the skin effect.
During the initial design process, the core loss tester was simulated using®IMAG
FEA along with the stator core of a 5 hp induction motor. Al@4 confguration s chosen, as
it can generate-pole, 4poleand ep ol e r ot ati onal fields-when e
shifted current sources. It is also possible to utilize tpiexse extation to generate-gole
and 4pole rotational fields with reduceé@imonics. The geometry of thester is as shown in
Figure2.7. The geometry of the tester is dependent on the slot loading to induce the required
ampereturns and the agnetic flux in thedster and the statdfigure2.6(a) shows the winding
connection for the -pole coniguration. Similarly,Figure 2.6(b) andFigure 2.6(c) gives the

winding connection for the-gole and épole connection respectively.

Figure2.8: FEA simulated flux for: (a)-pole, (b) 4pole and (c) §ole
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2.4 Initial Simulation Results
2.4.1 Simulation Results for Different Number of Poles

The simulation results shows that the tester is capable of producing a rotating flux
similar to the one inside rotating AC machines with a number of poles that can be controlled
based on th windingconnectionFigure2.8 shows the FEA simulated flux distribution (flux
lines) for 2pole, 4pole and pole winding connectionskigure 2.9 shows the flux density
distribution in the tester and the stator stack with different number of polesleiarl/evident
from Figure 2.9 that the flux density ircertain areas of the stator like teeth and back iron

reaches the saturation region of thélBurve of the silicon steel. For thep@le connection,

1.8000
1L.7T100
1.6200
1.5300
1.4400
1.3500
1.2600
1.1700
1.0800
0.9900
0.9000
0.8100
0.7200
0.6300
0.5400
0.4500
0.3600
02700
0.1600
0.0800
0.0000

Figure2.9: FEA simulated flux density distribution for (ajpdle, (b) 4pole and (c) §ole
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alarge portion of stator back irand some of the teeth experiences flux density asdsgh
1.65 T as shown ifigure2.9(a). Similarly, peak flux density values of 1.5ahd 1.25 T is
seen irFigure2.9(b) andrigure2.9(c) for the 4pole and €pole connections respectively. This

proves the ability of thanalyzedester to induce high enough flux density in the stator under
test.

2.4.2 Simulation Results with Sinusoidal and NorSinusoidal Excitation

The toroidal configuration of the excitation winding allows the windings to be full or
short pitched. This can be utilized for the experimental evaluation of the impact of short
pitching on thecore loss of induction and woumdtor synchronous machines and utilized to
emulate the magnet pole arc variation in the rotor of a Permanent Magnet (PM) AC machine.
Figure2.10 shows the FEA simulation of the spatial distribution of the air gap flux when the
windings are short pitched by one, two and three slots. This corresponds to pole arc angles of
45¢e, 6@¢ and 75

0.8

—— 75" pole arc

=+=- 60" pole arc

----- 45" pole arc

Airgap flux density (T)
[=]

0 30 60 90 120 150 180
Position (degrees)

Figure2.10: FEA simulated air gap flux density distribution for winding connections with
different pole arcs

L5 = Surface PM motor

=+ = Iron loss tester

p flux density (T)

Alr ga

0 0.003 0.006 0.009 0.012 0.015
Time (s)

Figure2.11: Comparison between the FEsfmulated air gap flux density waveform in a
surface permanent magnet motor and the corresponding waveform generated by the tester
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For the evaluation of the stator cores of induction and weatwd synchronous
machines, the two or three phase windingghef tester should be excited with sinusoidal
current waveforms. On the other hand, for PM machines, the flux waveforms tend to have non
sinusoidal variation in time, as shown in FEA simulation redalts surface PM irFigure
2.11. These waveforms can be reproduced by exciting the windings of the core loss tester with
the motor FEA simulated flux wavefosrand can be seen kigure2.11. These simulation
results shows the use of tester to test the stator under the influenceshuswridal air gap

flux density distribution.

2.5 3-D FEA Simulation Results
2.5.1 Development of 3D FEA Simulation

The 2D FEA simulation discussed ithe previous section is extended teD3FEA
simulation along with the inclusion of the tester slot pigkcoils and the tester tooth piak
coils to obtain the tester back emf and the tester tooth induced emf waseflomy with the
flux density.

The FEA simulated flux density contour plot for thp@le connection of the excitation
winding is given inFigure2.12. The tester is exted with a 2phase sinusoidal supply of 100

Hz and 15 A peak current waveform. The flux density distribution in the tester and the stator

Magnetic Flux Density
Contour Plot : T

LRk

|

i

Maximum: 1.6828
Minimum: 0.0003

Min

Figure2.12: FEA simulated flux density contour plot of ttester and the stator withpble
connection of excitation winding and excited witpl2ase, 100 Hz, 15 A peak current
waveform
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is similar to a radial flux electrical machias can be seen froRigure2.12. The contour plot

also shows that the stator and tester teeth have high flux density. These teeth will have higher
core losses, which, may result in a local hot spot, when the machine is operated for a long
duration. Therefore, the new tester will helpletter understanding thessgiors with higher

core loss compared test of the stator and tester.

The tester back iron induced emf in the FE simulation sensed by slatpakls is as
shownin Figure2.13. The distortion in the initial part of the waveform is due to the initial
transients in the simulation. Only one cycle of the simulated waveform is pitsierat¢o the
excessively long simulation run time. The tester was excited wptha8e, 100 Hz and 15 A
peaksinusoidakurrent waveform. The peak flux density that is observed in the tester back iron
in this condition was 1 T. The tester back iron fluxsley waveforms are shown ifigure
2.14. These waveforms are verified later through experimental results in order to prove that the

newcore losdester is working aceding to the design.

50

Voltage (V)

50 . . . .
0 0.002 0.004 0.006 0.008 0.01

Time (sec)

Figure2.13: The instantaneous induced emf sensed by the tester slatgpakls in FE
simulation with 4pole tester connection

—Bx

Flux Density (T)
©
o (3]

o
o

'
-
T

15 . . . .
0 0.002 0.004 0.006 0.008 0.01

Time (sec)
Figure2.14: The irstantaneous values of back iftux density with 4pole tester connection
in FE simulation
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The induced emf in the tester tooth pigk coil is given inFigure 2.15. Figure 2.16
shows the magnetic flux density in the tester tooth. The tester tooth coils are leftualiyvid
without any series connection with other tooth coils. All the above waveforms are produced
from the data generated during Finite Element simulation using SM#A&software.

—\/testertooth

-3 - - L -
0 0.002 0.004 0.006 0.008 0.01
Time (sec)

Figure2.15: The instantaeous indued emf sensed by the tester topitk-up coils in FE
simulation with 4pole tester connection

—Btestertooth

Flux Density (T)
o

0 0.002 0.004 0.006 0.008 0.01
Time (sec)

Figure2.16. The instantaneous values of the tester tooth flux density witlieltester
connectionn FE simulation

2.6 Analytical Core Loss Calculation

The core loss models used in the commercially available FEA software are based on
calculating machine core losses using curve fittieghniques that utilize core loss data
provided by steel manufacturers under sinusoidal excitation. But, most of the machines have
nonsinusoidal back emf waveforms. The analytical core loss calculations were performed
using the mathematical model deveddpby two colleagues in the research group: Dr.
Amirmasoud Takbash and Dr. Maged Ibratji®]. This model is based on the calculation

using an equivalent sinusoidal waveform of +somusoidal magnetic flux density.
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The anaftically calculated core loss using the magnetic data from the FE simulation
and the core loss obtained from the FE satiah are presented rable2.1. The compariso
of the calculated core loss with the FE simulation results is also provided in the table.

The equivalent frequency and flux density equations for the analytical model are as
given by Equation 2.1 and Equation 2.2. The core loss calculation algorithign th&in
equivalent flux densit8eqand equivalent frequendgq is shavn in Figure2.17. The input
data required for the calculation is flux density and volume for thehritem FE simulation.

O . . ¢
o 8o 8op
“ q >

Q. - - 0o O
@ qc Q4vo Ouat 2 Tae (2.1)
C
B Oa e Oaat
on C (2.2)

In the equations 2.1 and 2®&pis K" sample of flux density in each mesh element;

04 & eANd 04 qzare the maximum and minimum value of a flux density waveform, and
0q Oq, Isthe sampling periodig 7is equivalent flux densityQ r,]is equivalent frequency

andv is the total number of samples.

Extract the magnetic flux density components in each
mesh element of the selected part No. j

l

Calculation of f,; and E:q for all components of magnetic
flux density in each mesh element No. j

l fioj & By
f | 90 o ___
B 20 2000
0.05| - |-———- - =
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I I M I | @
I I S =
2
L5 | - |-———- - 13
Core loss density in mesh element no. j (p;) l
N
Fae= ZPJ-"J- <«— Total core loss
A

Figure2.17: Core loss calculation algorithm used for core loss estimation for the new tester
and statof29]
The @re loss comparison ifable2.1 showsavery close match between the simulated
and calculated core losses. The simulated and calculated losses are at an excitation of 15 A

peakcurrent waveform with 3pole, 4pole and épole connection and 60 Hz, 100 Hz 200 Hz
and 400 Hz.
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Table2.1: Comparison of simulated and calculated core loss

Total Core Loss

FE

. Frequency . S Analytical? Percentage
Connection (H2) Slm(u\}\e/\)tlon (W) Difference

60 60.97 62.58 2.64
100 120.39 128.93 7.09

271 Pole
200 327.44 345.32 5.46
400 940.54 960.59 2.13
60 26.76 31.61 18.12
100 51.19 61.46 20.06

4 - Pole
200 134.67 136.99 1.72
400 396.68 403.25 1.66
60 10.73 10.66 -0.65
100 20.31 20.41 0.49

6 - Pole
200 51.82 51.92 0.19
400 144.14 141.98 -1.49

Total core loss consisting of the tester and the stator core loss from FE simulation.
2Total core loss consisting of the tester and the stator core loss calculated using ai
model.

2.7 Summary

In this chapter, a novel core loss tester for the estimation of core lassgsembled
stator stack is presented. The design principle is explained with the need of the new tester
design. The dimensions of the tester are determined bagké air gap, the dimensions of the
stator under test and the slot loading of the tester3Dhgeometry of theéester and the stator
was prepagd using SOLIDWORKS. The use of the new core loss tester for core loss estimation
with various waveform sha&s and different type of electrical machines is presented. The core
loss estimation is performed using 2D and 3D FEA simulations. The effect of the number of
poles of the tester excitation winding on the flux density distribution in the tester is analyzed
by simulating the tester with2ole, 4pole and épole connections. The effect of the excitation
frequency was studied by exciting the tester with various frequencies like 60 Hz, 100 Hz, 200

Hz and 400 Hz. Analytical core loss calculation based on tlymetia and dimensional data
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obtained from the FE simulation was performed and compared with the simulated core loss

data. The simulated and calculated core losses amaatchingwithin 5-7 %.
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3. Theory, Development and Construction of New Core Loss
Tester

3.1 New Core Loss Tester Structure

The tester is developed to impose a tuependent magnetic flux of controlled
amplitude and frequency in the stator teeth and back iron of the stator under test. The core loss
tester is an electromagnetic device made uplaminated electrical steel capd consists of
coils for exciting the tester and stator and coils for measuringxitigation coils for the tester
and stator excitation and sensor coils for measuring the magnetic flux density (B) and magnetic
field strength (H).

3.1.1 Tester Core

The tester core is shown iRigure3.1 (a) & (b). The tester core is made up of 351 thin
laminations of nororiented M19 Gauge 29 silicon steel. The outer diameter of the tester is
108.60 mm and inner diameter is 50 mm. The stacgth of thedster core is 125 mriigure
2.7 shows the 2D CAD diagram of the tester with dimensions d@hel3-D CAD diagram is
shown inFigure 3.1 (a). There are 24aser cutslots ineach lamination to accommodate the
windings.The slot dimensions and shape aseshown irFigure2.7 andFigure3.1 (a) & (b).

@ (b)

Figure3.1: The Tester Core (a)}B design of theéester core (b) The tester core made up of
nonoriented silicon steel during winding process

The edges of slot openisgre rounded in order to remove any sharp corneitseimagnetic
circuit. There are eight holes provided on the laminations to aligmddions at the time of

stack assembly. The laminations are stacked and pressed together to make the tester stack

24



shown inFigure3.1 (b). The individual laminations ithe stack are coated with oxide coating

onthesurface to insulatthelaminations from each other.

3.1.2 Excitation Coils

The first winding in the tester the excitation winding. The excitation winding in the
tester serves the purpose of impodimgrequired current and henceMagneto Motive Brce
(MMF) to the magnetic circuit. The excitation coil is wound using Litz wadraided bundle
of individually enameledopperstrands to minimize the skin effect and maximize the current
density. The number ofrainds in Litz wire and thickness of the strands are chosen to maximize
the current density and minimize the required area of the sldhantanufacturing cost. The
excitation winding is effectively like a toroidalimding as discussed in chap&iThere ar@4
excitation coils irtotal inthe testerone in each slot. The CAD diagram of the excitation coils

is given inFigure3.2 and the excitation coils during windipgocess are shown Kigure3.3.

Figure3.2: The excitation coils in-® CAD model

Figure3.3: The excitation coil during winding process
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Table3.1: Excitation coilwinding specifications

No. of turns per Wire size No. of strands in
slot (AWG) conductor per turn
Excitation coll 10 21 6

The winding details fothe excitation coils are given Table3.1. All theexcitation coils are

left open at one end in order to provide flexibility in the ction as described in chapgr

3.1.3 Sensor Qils

There are twgopular methods to measure the flux density in the sample under test
needle orip method and Eoil method. Inthe needle or tip method, the flux density is
calculated by measuring the potential difiece between two points on the surface of a steel
sheet to which the tips are applied. The needle or tip method ssiitetble in thisvork since
the flux density irthe tester back iron and tedtave to be measured. In addition, the surface
insulationhas to be removed to use needle or tip mefBOH TheB-coil method isusedmore
frequentlyandis morereliable.

The average flux density in any material can be detdnyatieans of a ®oil (also
known as fAseawuphcobebpeosoiipwokks on the pri
of electromagnetic inductiomheinducedvoltage is proportional to the rate of change of flux
density, the number of turns of thellcand the area enclosed the coil as shown ifigure
3.4 and Equation 3.1.

Figure3.4: The concept chsearch cadior pick-up coil technique: V voltage induced in the
coil, N - number of turns in the coil, Aarea enclosed by the coil,-Blux density

AT o1 (3.1)
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Where:N i number of turns of coil (dimensionles®); crosssection area of theoil [m?],
dB/dt i rate of change ofdix density with respect to tinfé/s].

Therefore, the flux density waveform candisained by integrating the induced voltage in the
coil:
6 o8 Qo (3.2)
088

The B-colil, presented ifrigure3.4, detects the flux density averaged over the Area

Slot pick-
up coil

Tooth
pick-up coil

Figure3.5: Slot pickup coil and Tooth pickip coil in 3D CAD diagram

There are two typeof pick-up coils used in thanalyzedester namely, slot pickup
coils and tooth pickup coils as shown ikigure3.5. There are in total 24 slgick-up coils
one for each slot. Th&lot pickup coils are useful to sense the flux density in the tester back
iron. There are also 24 tooth piok coils one around &h tooth as shown igure3.5. The
tooth pickup coils senses flux density in the tester toottnéasurehe rotational flux region
at the tooth root in the tester. The winding specifications for the stbtath pickup coils
are providedn Table3.2.

Table3.2: Slot and tooth pickup coil winding specifications

No. of turns per Wire size No. of strandsin
slot (AWG) conductor per turn
Slot pick-up coil 3 24 1
Tooth pick-up coil 3 24 1
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3.2 Development of the Tester

The testercore as shown in theigure3.1 (a) & (b) was designed ithe PEER group
research latwratory by Dr. Maged Ibrahim as discussed in chapterThe teste core was
assembled with the help amachine manufacturéry stack pressing and gluing using the laser
cut laminations covered with oxide coating for inter laminar insulatéith a fill factor of
49.4 %, it was not possible to perfothe winding using a machine and hence had to be hand
wound. The copper conductors the sizes discussed Trable3.1 andTable3.2 in the above
sectionsare used for winding

During the process of winding the tester ctinefirst step was to insulate the windings
from the tester core. The windings are electrically insulated filoentester core using
NOMEX® 410Ginsulation paper of 10 mil (0.25 mrthickness as shown Figure3.6 (). In
the inner portion of the tester core, the winding coiks iasulated using heat shrinkable

insulaing tube as shown iRigure3.6 (b).

\9

Insulation &

Insulating
tube

(b)

Figure3.6: (a) Insulation paper tmsulate winding from the tester in slot (b) Insulating tube
to insulate the winding in the inner portion on the tester

After inserting the insulation papers into the tester core slots, the sensor coils were
inserted first during the winding process. Tha pick-up coils and the tooth piekp coils are
inner coils in the widing as shown in theigure 3.7 andFigure3.8. The excitation coils are
wound over the sensor coils in the tester core slots as indimatedure 3.7 andFigure3.8.
The end windings of the tooth piclp coils are insulated from the tester core using braided

insulating sleeveas shown irFigure3.8.
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Figure3.7: CAD diagram of the tester winding (a) Excitation coil (b) Tooth fipkcoil (c)
Slot pickup coll

cl

-

Figure3.8: The tester core and winding coils (a) ngcitation coil (b) Sensor coil (c) Insulating
sleeve (d) Enavinding spacer

The excitation coil windings are toroidal coils and the end windings will have no effect
on the flux distibution in toroidal windings. But, the unequal length of the coils will result i
unequakesistance, whichltimately affects the voltage drop in the coilbefeforethe shape
and length of the end winding is kept equal in all the coils. This wasudimga small plastic
part designed andB printed as shown iRigure3.8 (d). This plastic piece was inserted during
thewinding process and removed later afterwheding process was finished to maintain the
same shape and equal end winding overhang in all the coils. In order, to properly accommodate

all the coils intheinner portion of the tester and to keep the total length of the coil equal, the
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Figure3.10: The tester with completed winding

excitation coils were wound alternatively as showRigure3.9. The alternate staoils were
wound first and the the remaining coils were wound in order to get uniformly wound coils in
all the slots. The completed wimgj of tre tester is shown iRigure3.10.

As discussed earligthe fill factor of the tester winding is 49.4%, whiclyigite high
The excitation winding can reacharrent density of 21 A/mfwith this high value of fill
factor. This high vlme of fill factor makes itifficult to insert wedges in the wound slot over

the winding to secure and protect winding in the slots. Thereforerder to secure the
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windings inthe slotsthe top portion of the slots is filled witliue as shown in theigure3.11
(a). The glue filled in the slots will also actasinsulation between the exation cal and the
top edge of the tester sldthe endconnection®f the excitation coil are insulated from each
other by using insulain paper as shown Figure3.11 (b).

(b)

Figure3.11: The tester with (a) Glue filled slots to insulate excitation coils from the top edge
of the slots (b) Excitation coil encbnnections separated from each other with insulation
paper

3.3 Tester Setup

The tester winding is completed as discusseth@previous section. This siéan
discusseshe assembly of the supporting structafehe testeandthe terminalconnectios.
As dscussed irtheprevious section and chap&ibothends of the coilsrakept open in order
to allow flexibility in terms of the connection and themberof poles. The tester is mounted
vertically and supported #tebottom as shown iRigure3.12 by aspecially designed support
structure. The space around the testethe tester setup will provide the base support for stator
to be tested. Theator under test will resin the wooden support cut with precise length in
order to align the tester and the statdihe connection terminals from all three types of coils
are brought to the terminal strips attached on both sides of the tedteg\wnoden board that
supports tester. These connections from the terminal strips are connected to the terminal box.
The terminal box houses the fuse and the connection plugs to ctinmegcitation coils and
the sensor coils with other equipment in the experimental setup. A fan is mounted below the
teder base as shown igure3.13in order to mée sure that enough air circulation is available
to remove heat from the tester windings and odceylic sheets cover terminal plates to protect

the operator from electrical hazard.
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Figure3.12: Testersetup (a) Excitation coil terminals (b) Slot pigg coil terminals (c)
Tooth pickup coil terminals (d) Tester (e) Terminal box

B gt

= \ \ AN
Figure3.13: The tester setup (a) Cooling fan (b) Winding coil leads

3.4 Experimental Setup

This section explains the experimental setup to pertbanore loss measurement and
magnetic characterizatiorf the stator stack. The setwan be usedo perform the basic
measurements, which include pulsating core losses and natlatore lossesinder the
influence ofrotating magneticfield in the electrical stator exerted by radial flux rotating
electrical machines.

A block diagram of the experiment setup is giveRigure3.14. MATLAB Simulink®
softwareisuset 0 gener ate two arbitrary excitation
dSPACE (DS1103) real time simulation controller board is used for the reasitimuation

and the DAC and ADC operation of the excitation signal and sensor coil signals respectively.
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Figure3.14: The experimental setup block diagram

A photograplof the experimental setup for the core loss measurement usingvtiester is
shown inFigure3.15.

The AETECHRON 7224 accurate, high power, high bandwidth, lovisaand low
distortion linear amplifiers are used to amplify the excitation signals. Two YOKOGAWA
2533 digital power metemreused to measutée core losses in the setugne for each phase.

High gain and low distortionoltageisolation box is used tmeasure induced emf in the sensor

coils. The excitation current in the excitation coils is measured by using YOKOGAWA 701933
current probes. The thermometers and thermocouples indicate the temperature of the core and
the winding.
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Figure3.15: The experimental setup (1) Computer (2) dASPACE® DS1103 controller (3)
Power amplifier (4) Power meters (5) Voltage/current isolation (6) Tester setup with stator
under test (7) Thermometer and thermocouples

3.5 Working of the New Tester

The experimental setup employs the new tester to carry out core loss meassirement
the stator cores oflectrical machines. MATLAB Simulirfksoftwaregenerates the excitation
waveforms with the desired magnitude, frequency and wave shiaigeallows flexibility to
the user in choosing any physically realizable excitation wavefesmpecially the non
sinusoidal waveforms usually found in the electrical machines driven by power electronics
converters.

The waveforms generated are convetteebltage signals by the DACs inside dSPACE
(DS1103). The twtinear power amplifiers amplify these signals. The linear amplifiers operate
in the current control mode in order to feed the excitation current signal to the tester. The two
signals arephasehi ft ed by 90 e, -phake egchation.dlsewcdrrenssignalts a t
are fed to the stator core loss tester through the power meters and current isolator in order to
measure the excitation current. Current signal Ix excites the phase x coils exuités the

phase y coils.
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The total core loss including the testessand the stator core loss is measured by
feeding the excitation current and the induced emf in the tester to the power meter as defined
by ASTM A348[7]. There are four output signals that can be obtained from the test setup: Ix,
ly, Vxand \{, which are related to the excitation current in phgscitation current in phase
y, induced emf in phase sensor coils and induced emf in phassensor coilsln addition to
thesesignals,all the tester teb hawe a tooth sensamwil, which gives the induced emf in the
tester tooth. These signals are sent to dASPACE (DS1103) for ADC conyerkioh is linked
to MATLAB Simulink®, thus allowingdigital monitorirg and control of all the generated and
sensed signals. The MATLAB Simulifikschematic for generatj and sensing of the required

waveforms is ashown inAppendix

3.6 Teding, Calibration and Loss Separation Procedure

The wattmetric method is used in this work, which is easy to implemerddi@loss
measurement and it gives direct readingaloss usinga wattmeter.The stator core under
test should be insertemer thecoreloss tester shown iRigure3.12. The airgap should be
properly adjusted and the stator stack should be perfectly aligned vertically with the tester in
order to excite the stator under test uniformly in all the directions with the rotating magnetic
field. When the tester is excited, it generates a rotating magnetic field that is similar to the air
gap field in AC machines.

The reference quantity usedtime testing ighe peak magnetic flux density (B The
peak flux density in the tester back iron is calculated by integrating the induced emf waveforms
in the slot pickup coils inreal time The tester back iron to stator back iron flux density ratio
canbe calculated by using pick up coils in the stator under test. This process can be repeated
for a few stators of the same material and a ratio can be definedsaddn thecore loss
calculation. This initial ratio calibration process wiklpin core bssmeasurement without
using thestator pick up cod atthelater stage of the testing as the tester to stator flux density
ratio is already defined. The calculateore losscan be easily related to the particular flux
density of the stator under test.

The wattmeter measuresre lossas explained ithe previous section. The measured
core losshy the test system includes tbere lossof the stator core under test as well as the
core losof the tester core. Therefore, a method is developed to sef@sgetwo losses. A
ring teser as shown inFigure 3.16 is used to measure the specifiore lossof the tester

material.
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Figure3.16: Ring tester for the tester calibration

The geometry of the ring tester is similar to the core of the new tester and the radial
flux electrical machines, as the flux forms closed path inside the ring. This thakiegy test
anideal method for the new tester calibration. The weight of the test&nmvn quantityand
by using the specificore lossand the tester weight the totadre lossof the tester athe
frequency of interest can be calculated.

The next step in lesseparation procedure is to calculate the tmtiad losf the stator
stack under test by subtracting the testee losrom the total measurembre loss The stator
specificcore lossan be calculated by using the tatate losof the stator an#nown weight
of the statorNotethat the testecore losobtained using the ring testisunder the pulsating

excitation not the rotating excitation.

3.7 Summary

The detailed structure of theew coreloss tester was discssd along with the
description ofvarious components, the core structure and the winding details. The prototype
development procedurfer the new cordoss tester was elaborated with the techniques used
for the winding andthe new approach used fdhe winding with high fill factor. The
experimental setup to perforgoreloss measurement using the new tester and the different
equipment used in the setup were discussed with appropriate infagalty, the testing
procedure antheloss separation methoehs discussetb perform thecoreloss measurement

using the new corless tester.
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4. Experimental Results andComparison with FEA Simulation
Results

The core loss measurements are carried out using thenoéstypedcore l0s tester
The core losses are measured for different cases by th&wattmetric method according to
the ASTM A348/A348M standarf/]. The measured losses are separated according to the
procedure explained in previous chapter. In this chapter, the measurement results from the new
core losgester and an Epstein frame are compared. Discrepancies in the core loss measured
by the new tester and the core loss measured by Epstein frame are provided and analyzed.
The core loss measurements were carried out by applying a rotating magneti field t
realize the radial flux distribution in the actual electrical machines.

4.1 Tester Calibration using Ring Tester

A ring test was performed using a custom designed commercially available test bench
in which a sinusoidal excitation is used accordintheoASTM A927/A927M standar@]. A
ring sample was made using the tester core material (M19G29) with 17 rings in the core was
used for the ring test. The ring tester used for the loss measuremenas 120 primary turns
and 120 seondary turns. The specific core loss measured at different frequencies of interest
using the rig tester are shown iRigure 4.1. The tester calibration is performeding a
pulsating excitation, since the calibration under rotational excitation was not possible due to

the limitation discussed below.

Tester Specific Core Loss
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Figure4.1: Specific core loss of the tester measured using thees@ccording to the
ASTM A927 standard
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A more accurate calibration is obtained if the tester and the stator under test are made
of the same material. This is because there is no need of loss separation between the materials
used in the tester and thetetaThe specific core loss can be simply calculated by dividing the
total measured loss by the total weight of the tester and the stator under test. Due to
unavailability of the stator made up of the same material as tester, this technique for tester

calibration was not used in this research work.

4.2 Tester to Stator Flux Density Ratio Calibration

As discussed in chapt@r the primary purpose of the new tester is tosueathe core
loss in assembled stator stacks of electrical machines before the final machine assembly. To
relate the core loss with the particular stator flux density using the measuoesdure
explained in chapteB, the tester to statdpack ironflux density ratio must be defined
accurately. This will enable the core loss estimation without using the stator sensor coils and
there will be no need to wind anyatation or sensor coils on the stator under test. This will
allow the stator testing to be done directly on the assembly line.

To define the tester to stator flux density ratio, the sk ironflux density for both
the tester and the stator are relent for different excitation levels and different frequencies.

The same test can be performed using different stators made up of the same material. The
results from all these tests will give the ratio of the tester to stator back iron flux density. This
ratio will serve as a calibration for the particular tester with which all the tests are performed.
Once the ratio is calibrated, there is no need to wind sensor coils on the stator under test to
estimate the flux density in itseack iron The calibration rigo will relate the tester flux density

to the stator with an acceptable accuracy. The accuracy of the ratio calibration process depends
on the amount of testing data collected during the calibration and calibration conditions (i.e.
ambient, tester and $t& temperature, the accuracy of flux density estimation method, number

of repeated tests performed etc.).

The above ratio calibration process was employed in this research work. There was
only one stator available to test the proposed method, so mudtgiéewere performed on the
same stator and the results were repeatable. The ratio calibrated fgpaleec®nnection for
60 Hz, 100 Hz, 200 Hz and 400 kzshown inFigure4.2. The ratio calibration graph for the
4-pole connection and excitation frequencies of 60, 100, A6XA0 Hz is shown ifigure
4.3 andFigure4.4 shows the same graph for thepéle connection.
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Tester to Stator Flux density Ratio feP@le Connection
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Figure4.2: Tester to stator back irdlux density ratio for 2oole connection at various
frequencies

Tester to Stator Flux density Ratio fePdle Connection
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Figure4.3: Tester to stator back irdlux density ratio for 4pole connectiontavarious
frequencies
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Tester to Stator Flux density Ratio feP6le Connection
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Figure4.4: Tester to stator back irdlux density ratio for epole connection at various
frequencies

4.3 Experimental Results

Themeasurements were carried onta 36slot stator made up of M36 29 gauge silicon
steel. The stack length of the stator is 125 mm, inner diameter is 109 mm and outer diameter is
180mm. The weight of the tester is 5.62 kg and of the stator is 11.39 kg. The stator under test

and the teer dimengns are shown in thieigure4.5.

Figure4.5: The stator and the tester CAD diagram with dimerssioimm
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