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Abstract 
This dissertation deals with the modeling of inter-laminar contacts in the cores of electrical 
machines. A series of punching and pressing processes forms random burrs at the edges of 
electrical sheets. These burrs form random inter-laminar galvanic contacts when pressed. 

Several numerical formulations based on finite element method were developed. A surface 
boundary layer model is implemented in a 2D finite element analysis of the electrical machine. An 
efficient stochastic model to account for random inter-laminar contacts is proposed and validated. 
Eddy current loss due to inter-laminar contacts in a laminated core was obtained experimentally, 
and the effect on eddy current loss coefficient was studied. Based on 3D FE simulations, and 
obtained eddy current loss, an iterative method was developed to estimate the equivalent 
conductivity of the laminated core. Finally, a measurement setup was designed to perform a short-
circuit and thermal test on the inter-laminar contacts. 

A statistical study of random inter-laminar galvanic contacts at the edges of the stator of an 
induction machine showed a 7.7 % increase in mean electromagnetic losses. An efficient stochastic 
method was implemented to account for random inter-laminar contact that reduced computation 
time by 76 %. The eddy current loss due to inter-laminar contacts was increased by 2 % in the 
case of one limb fault of the EI core and 2.7 % in the case of two limb fault at 50 Hz and 1.5 T. 
Finally, the measurements from thermography test were used to estimate the size of the inter-
laminar contacts and the finite element method validated the results. 

Keywords Finite element analysis, inter-laminar contacts, stochastic finite element methods, 
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1. Introduction

1.1 Background

A continuous increase in energy demand in power sector calls for energy-

efficient technologies. Electrical machines such as motors, generator, and

transformers are an integral part of the power system. Electric motors

consume about 40 % of electricity in the European Union and are respon-

sible for around 12 % of total CO2 emission, whereas in the EU there

are around 5 million distribution transformers in operation that are re-

sponsible for 30 million tons of CO2 (Yurekten et al., 2013). Even a small

improvement in efficiency in such machines has a huge impact on the

economy and the environment. Power industries and authorized institu-

tions are continuously working to narrow the energy efficiency gap, and

the EU has progressively implemented IE classes. As of 2011 IE2, high-

efficiency class type motors are only allowed to be newly marketed in the

European Economic Area. New motors of IE1 are no longer allowed. They

are working on IE5 standard with a goal of reducing energy loss to 20%

relative to IE4.

A key factor in improving the efficiency is to minimizing losses. Losses

in an electrical machine are copper loss, mechanical loss, and magnetic

loss. These losses are well defined in the standards, but there are addi-

tional losses in electrical machines that cannot be accurately calculated.

Accurate prediction and identification of such losses in electrical machines

is essential for the proper design and achievement of high-efficiency tar-

gets. It is believed that these losses are somehow associated with the

manufacturing processes of electrical machines.

The electrical sheets of an electrical machine are laminated to reduce

eddy current loss. The sheets are punched to the desired shape and
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stacked together to form the cores of electrical machines. However, punch-

ing and pressing of electrical sheets forms burrs at the edges of the sheets,

as shown in Figure 1.1. These burrs cause insulation of the adjacent

sheet to deteriorate and form galvanic contacts at the edges when pressed.

These random galvanic contacts provide an additional path for eddy cur-

rent. Hence, it causes random hotspots in lamination stacks and causes

additional losses in the electrical machines. The cut and punch edges are

less than 0.05 mm in length on a 10 mm lamination strip (IEC60740-1,

2005). The burr thickness depends on the age of the punching tools, ac-

tion of force, sheet alignment and surface insulation. The sources of these

additional losses are stochastic.

Figure 1.1. Illustration of various region in the cut edge after guillotine cutting (Bau-
douin et al., 2003).

The dissertation aims to contribute to this area by developing numeri-

cal tools to calculate additional losses associated with manufacturing pro-

cesses, particularly the inter-laminar contacts at the cores. The inter-

laminar contacts are stochastic. The emphasis will be on modeling the

inter-laminar contact to account for its randomness. Moreover, the effect

of inter-laminar contacts at the core of an electrical machine will be an-

alyzed in depth. In addition to this, measurements will be done to quan-

tify increased additional losses and conductivity due to inter-laminar con-

tacts. The size of the inter-laminar contacts will also be estimated using

thermography measurements.
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1.2 Objectives

The general objective of this dissertation is to study and model the effect

of inter-laminar current in the cores of electrical machines. Random inter-

laminar contacts occur at the edges of the core of the electrical machine

either due to manufacturing defects or operational failure. These contacts

provide an additional path through which eddy currents can flow. From

the modeling point of view, the objective is to develop an efficient finite

element model to account for the stochastic nature of the inter-laminar

contacts and to estimate the additional eddy current loss caused by them.

From the measurement and simulations point of view, the objective is

to determine an equivalent conductivity of a laminated core with inter-

laminar contacts and sizes of inter-laminar contacts using the thermogra-

phy method.

1.3 Scientific Contribution

The scientific contributions of this dissertation are summarized as follows:

• The existence of the surface current due to inter-laminar galvanic

contacts causes the discontinuity of the tangential component of the

magnetic field. Based on this principle, a surface boundary layer

model was developed and coupled with a 2D FE formulation. Addi-

tional loss was calculated using the surface boundary layer model in

the UI type sheets and compared with finely discretized geometry.

The maximum difference of loss computed using a surface boundary

layer model and a finely discretized model at 150 Hz was 19 %.

• The developed surface boundary model was implemented in the in-

duction machine model to study inter-laminar contacts. The stator

and rotor losses increased with the thickness of the contacts. Sta-

tistical analysis was also performed, and the mean value of electro-

magnetic losses increased by 7.7 % due to random galvanic contacts.

• A stochastic Galerkin finite element formulation was implemented

to consider random inter-laminar contacts in the magnetic vector

potential formulation. The random conductivities at the edges of

the electrical sheets were approximated using a random conductiv-

ity field and propagated through the finite element formulation. The

implementation of the stochastic Galerkin finite element method re-
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duced the computation time compared to the Monte Carlo method

by 76 %.

• Eddy current loss of a laminated core, with and without, inter-laminar 

contacts, were determined experimentally. Based on the results ob-

tained from the measurement, an iterative method was proposed 

and used to determine equivalent conductivities of the laminated 

core by performing several simulations. The eddy current loss 

increased by 2 % in the case of the inter-laminar fault at one limb 

and by 2.7 % in the case of inter-laminar fault at two limbs of the 

EI core at 50 Hz at 1.5 T.

• A novel measurement setup was designed to perform thermal and

short-circuit tests of the electrical sheets with inter-laminar con-

tacts. A FLIR T640 thermal camera was used to record the initial

temperature rise of inter-laminar contacts.

• Based on the initial temperature rise and short-circuit measure-

ment, inter-laminar contact sizes were estimated using a proposed

analytical method. The electromagnetic and thermal methods were

formulated to study the initial temperature rise method and to vali-

date the analytical model.

1.4 Outline

This dissertation is divided into five chapters. In the current chapter,

a brief introduction to the research topic, objectives of the research and

scientific contributions are presented. Chapter 2 consists of the literature

review of research topics that are relevant to this dissertation. In Chapter

3, the methods (both experimental and mathematical models) used in this

dissertation are explained. Chapter 4 presents the results of the studies

done. Finally, in Chapter 5 the results are discussed, and the dissertation

concludes with some suggestions for future research.
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2. Literature Review

In this chapter, a review of the relevant literature is presented. First,

core faults in rotating electrical machines and transformers are discussed.

Then, a review of old and recent methods for modeling the core faults fo-

cusing on inter-laminar contacts in the cores of electrical machines is pre-

sented. A stochastic method is discussed briefly. Finally, a thermography

method to estimate the size of the contacts is presented.

2.1 Core Faults in Electrical Machines

Improvement in machine design and manufacturing process has become

a priority for electrical machine manufacturers to produce robust and ef-

ficient machines. However, faults still can and do occur. The stator cores

of rotating electrical machines and transformers are built from laminated

sheets to reduce eddy current loss. The use of laminated sheets in mag-

netic device started around 1837. Later, the discovery of electromagnetic

induction by Faraday let to building electromagnets, induction coils and

generators. It was William Sturgeon in 1837 who first found that the

shocking power of one of his coils was significantly improved when he sub-

stituted a rolled-up sheet of iron for the solid iron core (Thompson, 1891).

However, later it became common to use insulated laminated sheets in

the cores of electrical machines.

Faults can occur anywhere in the laminated core. In the case of rotating

electrical machines, core faults occur at the end region of the stator due to

leakage flux and heating of the end windings (Tavner et al., 1978). It can

also occur due to over-fluxing incidents, pole-slipping, and other severe

transient operation (Renew & Tavner, 1978). Ny et al. (1983) established

that core loss of both transformers and electric motors rise after surge

tests.
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Figure 2.1. A stator core with inter-laminar contacts (Csanyi, 2016).

The example of inter-laminar contacts of a stator core is shown in Figure

2.1. The inter-turn insulation test of winding of motor and transformer is

done by supplying surge voltage. During this period, it induces surge volt-

age between the electrical sheets. The induced voltage might break the

insulation between them creating an inter-laminar fault. Core faults are

initialized due to constructional defects, thermal factors, or operational

factors (Kliman et al., 2004). Inter-laminar contacts occur either because

of insulation failure due to burr formation during the manufacturing pro-

cess, or because of physically imposed short circuits. The short circuits

are introduced by vibration of loose windings, lamination, or foreign bod-

ies. These inter-laminar contacts when formed provide additional paths

for eddy currents to flow into the core and cause additional loss and heat-

ing of the core. In the absence of sufficient cooling, the excessive heating

weakens the insulation of the core, leading to catastrophic expansion of

the fault and damage to the core. In case of severe damage, repair and re-

building of the core should be done, which is an expensive process. There-

fore, it is important to identify the causes of core fault and determine ways

to model them.

2.1.1 Inter-laminar Contacts

Electrical sheets are stamped or cut to the desired shapes and stacked

together to form the core. The process of cutting will displace the metal

and form sharp edges at the cut edge. The sharp edges that are an unde-

sirable projection of the material formed as the result of plastic flow from

a cutting or shearing operation are defined as burrs. IEC60740-1 (2005)

states that cut and punch edge shall not exceed 0.05 mm on a lamination

strip of 10 mm, and punctual edges are allowed up to 0.1 mm. Burr forma-

tion mechanism was studied by Gillespie & Blotter (1976), Ko SL (1991),

and Hashimura et al. (1999). They formulated a quantitative model for
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prediction of burr formation, according to which the size of the burr can

be estimated based on cutting conditions, tool geometry, and the mate-

rial of sheets. An increase in sheet thickness increases the burr size, and

increase in cutting speed reduces the burr size. However, there are meth-

ods for cleaning the burrs in electrical sheets. Several deburring methods

such as mechanical, thermal, chemical and electrical methods are dis-

cussed by Gillespie (1999). It was found that no single deburring opera-

tion could accomplish all required edge conditions for every burr without

side effects. Additionally, deburring is an economically expensive proce-

dure, so not all electrical sheets go through this process.

In any cores, only two short circuits are required to complete an eddy

current loop. In case of welded stator cores, burrs formed on the tooth

parts of stampings produce short circuits in which, the weld bead comple-

ments the current path, and increased loss is thus inevitable. The exam-

ple of current density distribution in electrical sheets with and without

inter-laminar contacts is shown in Figure 2.2.

a. Two electrical sheets without contact

b. Two electrical sheets with contact

Induced current density

Interlaminar contact

X
Y Bz

Figure 2.2. Illustration of induced current density in electrical sheets
a. without contact b. with contact.

Tavner & Penman (1983) argued that there are mainly two mechanisms

for the growth of inter-laminar contacts. In mechanism I the circulating

current due to fault only links the flux crossing the inter-laminar contact,

and this fault itself opposes the main flux diverting around it. In the

case of mechanism II, current flows axially in the contacts and through

electrical sheets to the frame, flowing axially in the frame itself. In both

cases, the fault current can damage the core.

Hilliar et al. (1986) and Bratoljic (1986) studied a 500 MW turbogen-

erator carrying flux of 1.5 T with a core fault of 4 cm diameter. It was

observed that in the case of mechanism I , fault dissipated 17 kW/kg in
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the core; for mechanism II, the fault dissipated 148 kW/kg. It was also

observed that dissipated power from mechanism I increased with fault

radius, but at a smaller fault, the power is not enough to melt the core.

In mechanism II, the dissipated power is enormous at a smaller diame-

ter but decreases as the fault diameter increases. However, at a smaller

diameter, the power is enough to melt the core. Their study showed that

the most serious damage to a core could occur when inter-laminar contacts

are present at the stator tooth tip or slot bottom, and the fault current en-

closes through the weld beam from the stator back (Tavner & Anderson,

2005).

2.1.2 Factors Affecting Inter-laminar Contacts

The formation of inter-laminar contacts in the core of electrical machines

is a stochastic process. Many factors influence the formation of inter-

laminar contacts and the growth of the faults.

Langmuir (1925) studied the effect of cooling gases on the growth of core

fault. It was observed that in air-cooled large electrical machines, oxygen

present in the air oxidizes the intermittent contact, reducing the fault cur-

rent. However, in hydrogen-cooled machines, monatomic hydrogen leads

to the arcing process and the growth of faults.

From the manufacturing point of view, a newly fettled tool with appro-

priate punch-die clearance gives minimum burr. Moreover, the mechan-

ical properties of electrical steels and punching tools should be matched.

For example, if soft magnetic material steel is punched with inappropri-

ate punch tool spacing’s, the sheet become smeared, forming longer burrs

at the cut edge. The insulation coating of the laminated sheets is an im-

portant factor to minimize inter-laminar loss. These coatings can range

from sophisticated mixed organic-inorganic coverings to steam bluing and

natural oxides (Beckley, 1990). In the case of electrical steels intended for

large electrical machines where wide lamination widths are used, inter-

laminar EMF is higher and hence requires better insulation. Normally,

when electrical sheets are heat-treated, magnesium oxide is used as a

separator, which reacts with silicon in electrical steel to make magnesium

silicate, which acts as a good insulation layer. In the case of wide sheets

where inter-laminar EMFs are high, organic varnish is used. Organic var-

nish is of the resin emulsion type and applied more thickly than usual to

bury shearing burrs and prevent inter-laminar short circuits. Electrical

steels that are used to construct smaller motors up to a few kilowatts are
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normally non-oriented and are supplied with uncoated or blue oxide coat-

ings, or one of the above coatings. Beckley et al. (1998) observed that sur-

face coatings of the electrical steel help to reduce stray losses and prevent

face-to-face inter-laminar electron flow, but still accommodate burrs. The

presence of burrs can still cause the insulation to deteriorate and make

galvanic contacts. As the punching tool ages, the greater the chances of

burr formation. Beckley (2002) showed that a punching tool made up of

tungsten carbide has a very long life, but is expensive to make.

2.2 Additional Loss due to Inter-laminar Contacts

Bewley & Poritsky (1937) investigated the magnitude of inter-sheet eddy

current in laminated cores using a rigorous formula for determining the

inter-laminar current for the rectangular core. The formula was derived

from Maxwell’s equations considering anisotropic conductivity along and

across laminated sheets. The solution of the differential equation was

based on the conventional method of product solution and Fourier series,

which limited the solution’s applicability to linear materials.

Barton (1944) pointed out the importance of inter-laminar resistance

and burrs in determining stray loss in the cores of electrical machines.

He formulated an analytical equation by which minimum inter-laminar

resistance can be calculated for maximum stray-loss voltage to be encoun-

tered in a uniform core for a given percentage of maximum stray loss to

core loss. Based on his formula, he observed that the inter-laminar resis-

tance varies along with the square of the frequency, the flux density, and

the lamination width. Later, Beiler & Schmidt (1947) pointed out that it is

hard to predict losses due to the inter-laminar current in the complete ma-

chine because the analytical formulation in (Barton, 1944) assumes the

resistance between the laminated sheets to be the same. They performed

a statistical study of inter-laminar resistance, measuring the resistance

of two laminated sheets pressed between two copper plates. Based on the

data obtained from 100 tests (two pieces per test) of a single sample, they

concluded the distribution of inter-laminar resistance value to be loga-

rithmic and used the resistance value, which is less than the median, to

calculate the inter-laminar eddy current loss of the core. They observed

that the loss obtained from such a method was closer to the measured

losses.

Moses & Aimoniotis (1989) studied additional loss due to edge burr in
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a single-phase transformer by introducing artificial burrs in a controlled

manner. The total loss was measured by sensing the primary current

and the secondary induced EMF at different inductions of 1.3 T, 1.5 T

and 1.7 T. The localized loss was measured at 32 points in the middle

of one limb using a microprocessor-based thermistor bridge and initial

temperature rise method. Artificial contacts were made by drilling 0.3

mm-holes close to the edge of the core and inserting a pin to control the

number of required laminated sheets in the core. It was observed that,

for the core having 0.3 mm thick laminated sheets, loss was 0.92 W/kg

at 1.5 T 50 Hz, and the total core loss rose by 100%. The localized loss

rose to over 50 W/kg when laminated sheets were completely shorted in

the core. It was also observed that the loss increases as the number of

contacts increased.

Schulz et al. (2010a; 2010b) experimentally characterized the additional

eddy current loss considering an individual short circuit between two

transformer sheets. An inter-laminar contact point was created between

the two sheets by locally skinning the coating and depositing Sn-Ag to sol-

der them. The contact points were milled down to 600 micrometers, and

the contact resistance achieved was 0.5 mΩ. A custom-made Rogowski

coil not exceeding 600 micrometers was designed to measure the current

of 50 mA at 50 Hz. A low noise amplification and integrated circuit were

used to condition the weak signals from the Rogowski coil. Their measure-

ments concluded that inter-laminar short circuits showed purely resistive

behavior. However, they concluded that eddy current distribution caused

by an inter-laminar short circuit formed a complex problem involving the

anisotropic magnetic properties of the material, electric properties, and

many other geometric parameters.

Mazurek et al.(2010; 2012) studied a 350 kVA 3 phase 3 limb trans-

former core with an artificial burr. In their study, a clamping device was

used to apply an artificial burr of a certain height, width, and thickness.

The total losses were measured at different inductions of 0.3 T, 0.8 T and

1.8 T at 50 Hz at various burr heights. A copper tape 8 micrometers thick

was used as an artificial burr, and the burr height was varied shorting a

different number of laminated sheets. Moreover, several thermocouples

were fixed on the laminated core to measure the initial temperature rise

to calculate localized loss. A simplified eddy current loss calculation with

constant permeability showed a weak correlation with the measured one.

However, the study showed that burrs distort the flux distribution within
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and outside the burred region, causing localized heating. It was also ob-

served that the losses increase linearly with the increased length of the

burrs. It was observed that for a 350 kVA transformer core, the loss in-

creased to over 1000 W/kg in the severely burred region at 1.8 T, 50 Hz.

The core was assembled from 0.3 mm 3 % SiFe (HGO) laminated sheets,

with a nominal loss of 0.97 W/kg at 1.7 T and 50 Hz.

Hamzehbahmani et al. (2014a) presented the fundamental concept of

inter-laminar fault and its consequences in the magnetic cores using a

finite element method. Moreover, Hamzehbahmani et al. (2014b) studied

the eddy current power loss in magnetic lamination modeling the eddy

current path using electric circuits where components depended on the

material properties and physical dimensions of the eddy current path.

The model considered the surface coatings of the laminations using an

RC network. The developed analytical model in (Hamzehbahmani et al.,

2014a) included skin effect, non-uniform flux density due to inter-laminar

contacts and the non-linearity of the material. It was used to calculate

the eddy current loss of laminated core with and without burrs across a

wide range of frequencies. Moreover, the eddy current loss due to inter-

laminar contacts was quantified using an experimental study in which

some laminated sheets with and without inter-laminar short circuits were

measured and eddy current loss was separated using Bertotti’s model.

It was also observed that due to inter-laminar contacts, skin effect is a

significant event at low frequency.

Wang & Zhang (2017) studied the quantitative model to calculate the

eddy current loss of the welded lamination. Numerical and analytical

models were developed to calculate eddy current loss for the welded lam-

inated sheets. It was observed that eddy current losses of the welded

laminated sheets varied with the radii of the welding tip. Thinner sheets

were more sensitive to the welding process than the thicker sheets. For

example, when the laminated sheets of 0.2 mm, 0.27 mm and 0.5 mm

were welded with a welding tip of 1 mm, the welding loss percentages

were 169.6 %, 88.5 %, and 18.9 %, respectively. The highest eddy current

losses in the welded laminated sheets appeared in the zone between the

weld bead and the base metal.
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2.3 Modeling of Eddy Current Loss in Laminated Cores

Finite element modeling of eddy current loss in an electrical machine is

an old and intriguing field. A study of eddy current losses with respect to

electrical machine was started in around 1892 by Thomson (1891). Later,

in the 1970s, when Stoll presented a numerical solution method for eddy

current loss, there was a significant shift from analytical to numerical

methods in electrical machine field analysis. Soon after that, finite ele-

ment analysis for electrical machines came onto the scene. In the field of

the electrical machine, Chari & Silvester (1971) and Carpenter & Djurovic

(1975) were the first proponents of this method. From then on, there have

been many analytical and numerical studies related to eddy current for-

mulation. Finite element methods in eddy current formulations have a

vibrant literature and discussing each topic is beyond the scope of this dis-

sertation. In (Jassal et al., 2012), the broad perspective on the field of eddy

current loss analysis in rotating electrical machine is presented. However,

some finite element formulations and homogenization techniques to cal-

culate eddy current loss in the laminated core that are relevant to the

thesis are discussed next.

The modeling of eddy current loss in laminated core and developing its

formulation is of great importance in designing electrical machine (Biro

et al., 1995). Gyselinck et al. (1999) included the core loss directly in the

time-stepping method by solving 1D analytical eddy current formulation

in a lamination and coupling it with 2D formulation. These methods yield

correct losses if skin effect, saturation, and edge effects are negligible.

Later, Rasilo (2012) accounted for skin effect and saturation. However,

when modeling the laminated core in 3D, modeling each laminate indi-

vidually is not possible and some sort of homogenization of the core is

needed.

Hollaus & Biro (2000) proposed a method to compute eddy current loss

in a non-saturated laminated core. The three-dimensional distribution of

the field in the laminated core was obtained using a 3D finite element

method considering anisotropic conductivity perpendicular to the lamina-

tion as zero. Then, field and eddy current distribution is corrected using

the fundamental solution of the diffusion equation at each laminate by de-

termining the correction coefficients from the condition that the average

of the tangential electric and magnetic field components over the thick-

ness of the sheet equals the average obtained from the 3D solution.
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Dular et al. (2003) developed a method to take the eddy currents in lam-

ination stack into account using a 3D finite element method with mag-

netic vector potential formulation, where a stack of laminated sheets is

converted into the continuum. It included the eddy current term asso-

ciated with parallel and perpendicular magnetic fields to the laminated

core. The method is based on considering the lamination stack as a source

conductor through pre-calculated current density and integrating it into

the test function of finite element formulation. The obtained results are

valid across a wide range of frequency. Gyselinck & Dular (2004) homog-

enized the laminated core, expanding the flux density distribution in the

sheet thickness by using a polynomial series. However, in the study, sym-

metric magnetic flux density distribution in the normal direction to the

iron sheet was enforced but later, Krahenbuhl et al. (2004), eliminated

this restriction.

Hollaus et al. (2012) presented a two-scale finite element to efficiently

compute the losses in laminated media with linear material properties.

It is also based on magnetic vector potential formulation, satisfying the

condition of continuity of tangential magnetic field intensity across the

interface between the laminated media and the air. The vector potential

to be solved is decomposed to capture the eddy current induced by the

magnetic field parallel to the lamination. This formulation included the

edge effect or the "turn around" of the eddy current in a lamination.

Preis et al. (2005) used 3D finite element method to solve the eddy cur-

rent in the known linear laminated core. First, the core was assumed

to have anisotropic conductivity, and the field distribution was obtained.

Secondly, the eddy current was solved using a non-linear formulation in

each laminate using the boundary condition from the previous linear 3D

solution.

The formulations mentioned above were based on homogenizing the

field and coupling it with the finite element model. However, there also

exist some brute force methods to homogenize the laminated core. In that

case, a laminated core is modeled as a solid block with anisotropic mag-

netic permeability and equivalent conductivity.

Barton (1980) proposed a method of calculating losses in the laminated

magnetic steel parts of the transformer. Laminated steel was modeled

with an equivalent solid block with anisotropic permeability. The effec-

tive permeabilities were obtained by equating the reluctances of the total

laminated sheets and equivalent solid block. The obtained effective per-
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meabilities were used in finite element formulation. The validation of the

model was done at the macroscopic level, receiving a similar flux pattern

between the laminated core and the anisotropic block.

Bastos & Quichaud (1985) studied a 3D finite element magnetic field

calculation in laminated sheet considering anisotropic permeability. The

non-linearity of the material was solved using Newton-Raphson’s method.

Later, Barton (1980), Silva et al. (1995) and Rochebrune et al. (1990) ap-

plied this homogenization technique to compute the eddy current loss in

laminated cores without modeling each laminate of the core. Silva et al.

(1995), observed that homogenizing the laminated core with the intro-

duction of tensor quantities in differential equations is suitable for low-

frequency application.

In order to calculate the eddy current in the laminated core and to avoid

the numerical burden of meshing each lamination, a model to determine

equivalent conductivity was proposed in Hahne et al. (1996). The model

was based on the assumption that the power dissipated in the laminated

core and homogenized core with anisotropic conductivity should be the

same. The model reduced the numerical computation time, and the ac-

curacy of impedance obtained was within the 10 % range. However, for

higher frequency applications due to skin effect, correction is needed in

equivalent conductivity.

Xu et al. (1996) homogenized the laminated core by pre-calculating ef-

fective permeability. The effective permeability of the anisotropic block

was calculated by equating the loss of homogenized block with the hys-

teresis loss obtained by solving a Maxwell’s equations in a single sheet

and averaging the solution.

Bermudez et al. (2008) compared several methods to obtain the eddy cur-

rent loss and equivalent conductivity to homogenize the laminated core.

The accuracy of such a method is assessed by comparing it with numeri-

cal quasi-static Maxwell’s equations. It was determined that the accuracy

depends on several parameters such as sheet width, number of sheets in

the laminated core, and operating frequency.

Wang et al. (2011, 2012) formulated an analytical expression of the

equivalent conductivity of an anisotropic homogenized block. The 1D eddy

current problem was solved in a single laminated sheet and the expres-

sion for eddy current loss per volume was obtained. Similarly, 2D eddy

current problem using Maxwell’s equations were solved in solid homoge-

nized block and expression of eddy current loss per volume was obtained.
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Assuming that, the eddy current loss calculated from both methods for a

given volume is the same, the expressions obtained are equated. Then,

the expression for equivalent conductivity was derived. In the homoge-

nization method, a stacking factor was used to account for insulation.

2.3.1 Modeling of Inter-laminar Contacts

Inter-laminar contacts formed at the edges of electrical sheets are smaller

in size than the dimension of the core itself. Finite element modeling of

such contacts in electrical machines can be computationally expensive.

However, there are some finite element models that can predict flux dis-

tribution in the core due to inter-laminar contacts.

Methods developed to model thin plates can be extended to address

inter-laminar eddy currents. Carpenter & Djurovic (1975) solved the 3D

eddy currents in thin plates, numerically replacing the current and flux

paths with linked networks using the scalar potential method. Later,

Rodger & Atkinson (1987) used the finite element method and magnetic

scalar potential formulation to model the non-ferromagnetic thin con-

ducting sheet having a discontinuity in conductivity and sheet thickness.

These methods describe the eddy currents in terms of surface quantities.

Instead of using magnetic scalar potential to represent surface current,

Biro et al. (1992) used a single component of the current vector potential

to describe the conducting region and the magnetic field of the whole re-

gion. Krahenbuhl & Muller (1993), Mayergoyz & Bedrosian (1995) and

Chemkha & Rioux-Damidau (1997) also modeled the eddy current in thin

conducting layers but with shell elements.

Biro et al. (1997) presented a finite element formulation for thin fer-

romagnetic sheets carrying time harmonic eddy current, using magnetic

scalar and vector potential. Based on a plane wave variation of the tan-

gential field across the sheet, it was pointed out that if the thin sheet is

ferromagnetic and carries no eddy current then the normal component

of magnetic flux density is discontinuous and the tangential component

of magnetic field is continuous across the thin layer. However, in case

of a thin conducting ferromagnetic layer both the normal component of

magnetic flux density and the tangential component of magnetic field are

discontinuous. The proposed formulation eliminates the necessity of fine

mesh elements in thin layers, improving the stability of numerical com-

putation. The results obtained from the surface element method were

in agreement with the conventional volume elements method, but with a
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slight deviation at the edges. Igarashi et al. (1998) also proposed a nu-

merical method for analyzing eddy currents on the thin magnetic layer

where the magnetic field was in the air and in the vicinity of the thin

conducting layer. The boundary integral equations were solved using an

impedance boundary condition based on magnetic vector potential. None

of these models accounted for randomness.

The two-dimensional finite element method has been implemented in

(Aimoniotis & Moses, 1993) to compute the path of eddy current in the

core of the transformer. The number of short circuits was applied to the

core considering linear material, and a steady state-induced eddy current

was obtained using magnetic vector potential formulation. It was con-

cluded that power loss in the core rises exponentially with an increasing

number of short circuits.

Roger et al. (2009) presented a model based on the electric vector and

the magnetic scalar potential formulation, to account for an insulating

layer and electric faults in the core of the electric machines. The inter-

laminar fault was modeled by considering only one contact between the

lamination and the returning path of the induced current from the build-

ing bar. Similar, to the ELCID test as described in (Sutton, 1994), the

laminated part of the stator core was excited with an inductor. The in-

sulation layer between the sheets was considered by ensuring the normal

component of induced current density to be zero on the common surface

between two sheets. It was observed that in few short-circuited sheets, the

eddy current losses do not vary significantly with the fault diameter, but

if the number of short-circuit sheets is greater than 5, the losses increase

rapidly with fault diameter.

Lamprecht & Graf (2011) studied the impact of inter-laminar eddy cur-

rent on the losses of ring core. The analysis showed that eddy current

loss increased drastically due to inter-laminar contacts and their analy-

sis was done using an equivalent circuit model, which was based on finite

element analysis. Later, they verified the result with the experimental

results. They coated the edges of ring core with a nickel and measured

the eddy current loss. The eddy current loss of a stack of 15 shorted lam-

inated sheets at a frequency of 400 Hz at 1 T was calculated using finite

element method, equivalent circuit model, and from the experiment. The

inter-laminar contact was modeled as a 0.1 mm thick layer having a con-

ductivity of nickel, and in the experiment, the core was coated with nickel

whose thickness varied from 0.1 mm to 0.4 mm. It was observed that the
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measured loss was higher than the simulated and calculated values.

Bielawski et al. (2012) ) proposed an analytical model to consider inter-

laminar short-circuits on the edges of sheets of a transformer. A stack

of laminated sheets was modeled with a permeance network. A stack of

laminated sheets was divided into sections representing sheets with and

without interlaminar short-circuits. Permeance of each section was calcu-

lated using an analytical formulation. The number of short-circuits was

determined using an optimization algorithm and fitting the simulated

impedance curves to the measured ones. However, in calculating perme-

ance of inter-laminar short circuit, only two burrs were considered at two

end positions. In fact, these burrs occur randomly and need stochastic

approach.

Handgruber et al. (2013) proposed a three-dimensional eddy current

model to account for the additional loss caused by inter-laminar contacts

in an induction machine. First, a two-dimensional field analysis of the

whole machine was done, and the time-dependent solution obtained from

it was used to excite the 3D model to solve the eddy current problem of

a single sheet of stator and rotor. The symmetry boundary condition con-

sidered the laminated sheets in the core. The inter-laminar short circuit

in the 3D model was considered by boundary condition on the contact sur-

face, where the induced current density is normal to the contact surface.

The eddy current problem was based on the magnetic vector and electric

scalar potential formulation. In the contact surface, the electric scalar

potential is unknown and constant. Furthermore, the condition that the

net-induced current over the contact surface encloses itself was ensured

by setting the divergence of induced current density to zero. They studied

the effect of the conductive joint on iron sheets of mid-power range ma-

chine and concluded that eddy current losses in stator increased by 3.93%

for one installed connection bar per pole.

Hamzehbahmani et al. (2014a) also studied the inter-laminar contact

using 2D finite element in a stack of 0.3 mm sheets separated by 20 mi-

crometers thickness of air gap. The laminated sheets were exposed to

a time-varying magnetic field, which induces an eddy current that en-

closes itself in the sheets. The magnetizing frequency used was from 50

Hz to 1000 Hz. Eddy current distribution in the cores of two, three, and

five laminations were studied with and without inter-laminar contacts.

It was concluded that there is only one induced current loop in the pack

of shorted laminations, changing the configuration of the laminated mag-
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netic core to be similar to that of a solid core. Eddy current at the shorted

ends was higher, and skin effect became significant even at low frequency.

Experimental study of an inter-laminar shortcircuit fault at the mag-

netic cores in (Hamzehbahmani et al., 2016) showed that there is a linear

relationship between the extra power loss caused by the applied short cir-

cuits and number of shorts at all flux densities and frequencies. Artificial

short-circuits of different configurations were applied between the lami-

nations of packs of four Epstein size laminations of 3% grain oriented sil-

icon steel. Extra power loss was calculated varying the distance between

the two artificial faults. It was concluded that if the resistance between

two fault points is minimum, then maximum power loss occurs in the

stack. In case of high off-set between the shorted positions, inter-laminar

shorts can be ignored. However, in a practical case, the location of inter-

laminar faults are not deterministic but stochastic. Hence, a stochastic

approach is needed to account for the inter-laminar contact.

Ziani et al. (2016) developed the thermal and coupled homogenized fi-

nite element model to account for inter-laminar short-circuit current in

the laminated core. The short-circuit region was modeled with magnetic

vector potential formulation, and the healthy region of the core was ho-

mogenized using equivalent permeability as in (Waki et al., 2005). The

coupling between the short-circuit region and the healthy region was done

weakly by ensuring the continuity of tangential component of the mag-

netic field at the interface. The coupled method reduced the number of

unknowns by 71 % and improved the computation speed by 16 times. The

results obtained from the coupled method deviated by 0.004 % at 50 Hz

and less than 1 % at 150 Hz. From the thermal analysis, significant heat-

ing at the contact region was observed due to additional loss.

2.3.2 Stochastic Finite Element Modeling

Inter-laminar galvanic contacts formed between the laminated sheets are

random. Finite element modeling of inter-laminar current considering

random contacts introduces uncertainties into the electromagnetic field

solution. There are different stochastic finite element models developed

in the literature to account for uncertainties in numerical models, but

these studies are mostly related to the fields of mechanical and civil engi-

neering; see (Sudret & Kiureghian, 2000; Ghanem & Spanos, 2003; Xiu,

2010; Wu & Ni, 2003; and Soize et al., 2008). The stochastic analysis al-

lows identifying the input parameter which has the biggest influence on
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the output variability, as explained by Moreau et al. (2013). In the field of

computational electromagnetism, stochastic studies started in early 2000

and are still ongoing. Chauviere et al. (2006) discussed the use of prob-

abilistic methods rather than traditional statistical methods to account

for uncertainties due to a lack of knowledge of parameters in a solution

of time domain with Maxwell’s equations. Later, Gaignaire et al. (2006)

implemented the SSFEM 3D finite element software considering the ran-

dom permittivity and random boundary conditions of the scalar potential

in the electrostatic problem.

Later, Gaignaire et al. (2008) implemented SSFEM in the electrokinetics

problem of considering random conductivity in a given domain. The do-

main was divided into each subdomain, and the conductivity was uniform

but random in subdomains. Beddek et al. (2011) solved the vector poten-

tial formulation using SSFEM considering material property as an un-

certain parameter and comparing it with the potential scalar formulation

and obtained a good agreement in the results. Ramarotafika et al. (2012)

and Fratila et al. (2013) proposed a stochastic model of ferromagnetic ma-

terial behavior, taking into account the variability introduced during the

manufacturing process. The evolution of iron losses in the yoke as a func-

tion of the magnetic field for 28 stators was studied. It was observed

that the variability of iron loss was more than 25% at 2500 A/m. The

stators tested were obtained from the production line, and the variability

was introduced because of manufacturing processes such as punching and

cutting. The stochastic models taking the variability of the BH curve into

account was also studied.

From a mathematical point of view, in stochastic models, the uncer-

tain data are treated as random variables defined in a proper probability

space. The solutions of those models are also random, and are typically

used to obtain statistical information about the physical system. In the

field of engineering applications, the mean and the variance are the in-

teresting properties. The foremost step in solving the stochastic models is

to parametrize the stochastic input. The stochastic input can be charac-

terized by either a finite number of system parameters or a random field,

depending upon the physical system. In case of a finite number of system

parameters, the parametrization can be done by with random variables.

Often, for a Gaussian parameter, a Cholesky decomposition of their co-

variance matrix is done, and for a non-Gaussian parameter, a Rosenblatt

transformation is performed (Rosenblatt, 1952).
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The Monte Carlo method is a successful statistical technique to approxi-

mate the output response with the stochastic input. It employs repetitive

tests over a sufficiently large body of sampling and is extensively used to

validate different stochastic methods.

Karhunen-Loéve expansion is often implemented to represent the ran-

dom conductivity field as an infinite linear combination of orthonormal

eigenfunctions of the corresponding covariance operator. These non-statistical

methods are widely used for uncertainty quantification. Similarly, other

methods are studied in the literature. The perturbation method is used in

determining the first- and second-order moments, which are basically ex-

pansions of random quantities around their mean values (Nayfeh, 1973;

Liu et al., 1986, 1987). The Neumann expansion is a method where the

coefficients are expanded into Neumann series but this method has a low

convergence rate (Yamazaki et al., 1988, Ghanem & Spanos, 2003).

An alternative approach is a spectral method, in which the statistical

properties are approximated as a sum of certain basis functions and de-

terministic coefficients. The spectral method also has two categories; in-

trusive and non-intrusive approaches. The non-intrusive method employs

some specific values or numbers of realizations to approximate statistical

moments such as mean and standard deviation. The intrusive or Galerkin

method introduces some suitable space or basis of polynomials and looks

for surrogates for which the residual is orthogonal to that space in an

appropriate sense (Raisee et al., 2015). In the ideal case, the Galerkin ap-

proach produces more accurate solutions than the non-intrusive method.

The Galerkin method requires a modification to the existing determinis-

tic solver and is thus more tedious to work with than the nonintrusive

methods (Leinonen, 2015). The Galerkin approach has great potential for

large-scale analysis and to include randomness in existing formulations;

the Galerkin approach was thus the best choice for this study.

2.4 Fault Detection and Thermography Method

Inter-laminar fault detection is important in core quality assessment for

both manufacturers and customers. There are many methods such as the

flux ring test, ELCID method and flux injection probe method to detect

faults. The thermography method is also used to determine the position of

the fault in an electrical machine (Kliman et al., 2004). Hamzehbahmani

et al. (2015) has discussed the advantages and disadvantages of different
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inter-laminar fault detection methods. However, the focus of the thesis is

to determine the size of the inter-laminar fault using the thermography

method.

Laffoon & Calvert (1927) predicted the small losses that were dissipated

from the frame to its surroundings under actual operating conditions of

high-speed turbine generators. The losses were obtained by measuring

the weight and temperature rise of the cooling medium by using heat de-

tectors located at the inlet and outlet sections of the generator. Brailsford

& Bradshaw (1955) measured the iron loss of electrical sheets at 50 Hz

based on initial temperature rise. Two single-test strips, one ferromag-

netic and the other non-ferromagnetic, were heated independently by the

known current. The initial temperature rise for both strips were com-

pared using two thermal junctions, which were connected to the detector.

The supply current was predetermined, and after the power supply, if

there is no deflection in the detector, the ratio of specific iron loss in the

specimen to the specific power in resistance strip is equal to the ratio of

the specific heats of the two materials. Later, Gilbert (1961) investigated

the initial temperature rise method to calculate the core loss in electrical

machines. It was concluded that sufficient accuracy could only be obtained

if the measurement of temperature is taken over a short period. They

met this requirement by using a chopper-type dc amplifier and recorder

to measure the EMF generated in thermocouples. However, Ball & Lorch

(1965), pointed out that the accuracy of such measurement also depends

on the type of thermocouple. Thermocouples should be thinner than the

material, should not take heat from the material and should be in good

thermal contact to ensure fast response. Improved thermocouples made

from enameled copper, and constantan wires were proposed.

Moses et al. (1972) measured the localized power loss in the T-joint of a

three-phase transformer core using initial temperature rise using minia-

ture constantan thermocouples. Radley & Moses (1981) also used these

thermocouples to measure power loss distribution in the stator core of a

large turbogenerator using initial temperature rise method. The thermo-

couples were fast in response and could measure localized loss to a region

about 10 mm in diameter, and the repeatability of the measurement was

within five percent. Similarly, based on the initial rate of rise of tempera-

ture in the magnetic material, Derebasi et al. (1992) developed a system

capable of measuring energy loss in individual grains or domains of silicon

iron sheet. The measurement setup had a repeatability of ±1% and tem-
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perature sensitivity of 0.0002◦C. Ragusa et al. (2008) made the comparison

of rotational energy loss measurement in non-oriented Fe-Si sheet at mag-

netizing frequencies between 5 Hz - 200 Hz. Energy loss was measured

applying field metric, and rate of temperature rise method agreed well

up to 1.4 T. Recently, with the development of high-end thermal infrared

cameras, the initial temperature rise method has been used in estimating

localized core loss in (Shimoji et al., 2011, Hamzehbahmani et al., 2013,

and Ferraris et al., 2016). However, methods estimating the inter-laminar

contacts size using thermography is still lacking in the literature.

2.5 Summary of the Review

Inter-laminar faults in electrical machines are inevitable. The different

possibilities of causing inter-laminar faults in the cores and factors affect-

ing inter-laminar faults from a manufacturing point of view are discussed.

Several analytical formulations for computing inter-laminar loss in the

core of electrical machines are reviewed. This dissertation shares the

common problem of inter-laminar contacts as examined in (Hamzehbah-

mani et al., 2014a). However, the inter-laminar contacts formed between

the sheets are random, and modeling of these random contacts lacks in

the literature. Previous studies on inter-laminar contacts were based on

analytical formulations and 2D finite element formulations. Analytical

formulations were developed to calculate eddy current losses and were ap-

plied to simple rectangular electrical sheets. Inter-laminar contacts were

introduced artificially, by either galvanic paintings or use of conducting

materials other than the magnetic cores. The size of these contacts is as-

sumed to be known. In reality, the size of the contacts varies depending

on many parameters such as the age of punching tools, clamping pres-

sure and insulation thickness. The study of estimating the size of these

contacts is still missing from the literature.

Finite element models that were used to model the inter-laminar contact

at the cores of electrical machines were discussed and reviewed. These

methods were mainly used to study the magnetic flux distribution due to

inter-laminar contacts in the cores. Most of the methods are based on the

2D formulation and are only used to study the current distribution. How-

ever, the modeling of eddy current loss due to thin inter-laminar contacts

using a fine mesh in finite element method is computationally expensive.

The methods based on surface elements and a thin layer that does not re-

40



Literature Review

quire meshing are reviewed. The surface boundary layer model presented

in the thesis shares the common assumption of discontinuity of the tan-

gential component of the magnetic field due to surface current made by

(Biro et al., 1997). However, the application is entirely different. There

are only few 3D approaches to study inter-laminar contacts. They were

either applied to simple rectangular sheets and some needed 2D solu-

tions to impose as boundary conditions where inter-laminar contacts were

present. Homogenization techniques to model the inter-laminar contacts

in a stack of electrical sheets are also studied but they are limited to a

2D finite element study. Straightforward and practical homogenization

techniques to model the stack of laminated sheets are also reviewed. In

the dissertation, based on such principles, equivalent conductivities to

homogenize the laminated sheets are obtained using 3D finite element

simulations and an experimental study.

Burrs formed at the edges of electrical sheets form galvanic contacts

when pressed. These contacts are random especially in the stator core of

an electrical machine. Random inter-laminar contacts need a stochastic

approach. The applications of stochastic methods that are relevant to the

dissertation are discussed and reviewed. The mathematical background

of stochastic methods and different stochastic formulations are discussed

briefly. The application of a stochastic approach allows modeling the un-

certain material properties by quantifying the uncertain parameters and

propagating it through the mathematical model. Previous researchers

have studied inter-laminar contacts by applying artificial contacts at dif-

ferent locations and measuring the eddy current loss, but the application

of a stochastic approach in modeling the inter-laminar contacts using eddy

current formulations is still missing from the literature.

The previous researchers have experimentally quantified the localized

losses due to interlaminar contacts in the magnetic cores by measuring

the initial temperature rise method using thermocouples. The accuracy

of such measurement depends on the response time of the thermocouples

as well as the environmental condition. Non-destructive measurement

methods to estimate the losses using the thermal camera are also re-

viewed. However, the application of thermography to measure the losses

is very few in the literature, and the comparison of such thermal measure-

ment with simulations are rare, particularly thermal modeling consid-

ering convection. The time-line diagram representing the inter-laminar

contact study is shown in Figure 2.3.
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3. Methods

This chapter presents the methods used in numerical analysis and the

experimental study of inter-laminar current in the cores of electrical ma-

chines. In the first section, the formulation of a surface boundary layer

model to account for the inter-laminar contacts and its implementation

in a finite element model are discussed. Then, the surface boundary

layer model is implemented in the in-house software, FCSMEK. Statis-

tical analysis using the Monte Carlo sampling method is done to study

the effect of random inter-laminar contacts on the stator of an electri-

cal machine. An efficient stochastic finite element method to account for

inter-laminar contacts using random conductivity is next presented and

discussed. In the second section, the effect of inter-laminar contacts in

eddy current loss coefficient is determined experimentally and a method

to determine the equivalent conductivity is discussed. In the last section,

a measurement setup and a method to determine the inter-laminar fault

size using thermography measurement are both discussed.

3.1 FE Modeling of Inter-laminar Contacts

The fundamentals of the finite element method and governing equations

of the electromagnetic field solution using conventional magnetic vector

potential formulation are discussed and the surface boundary layer model

is explained. The work is based on Publications I and II.

In quasi-magnetostatics, Maxwell’s equations can be written as,

∇× H = J, (3.1)

∇× E = − ∂B
∂t

, (3.2)

∇ · B = 0 (3.3)

where H, J, E and B are the magnetic field strength, electric current
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density, electric field strength and magnetic flux density, respectively. The

material equations are given by

B = μH, (3.4)

J = σE, (3.5)

where μ and σ are the permeablity and conductivity of the material. The

eddy current formulation based on magnetic vector potential and electric

scalar potential is obtained using the Maxwell’s equations.

The curl of magnetic vector potential A gives the magnetic flux density

and is given by

B = ∇× A. (3.6)

Equation (3.6) can be substituted in (3.1) and the current density is ex-

pressed in terms of magnetic vector potential

∇× (ν∇× A) = J. (3.7)

Equation (3.7) or Ampere’s law is valid for all magnetostatic and eddy

current problems where ν is the reluctivity of the material. Simplifying,

(3.1), (3.5), (3.6) and (3.7) the equation to be solved in eddy current region

is given by

∇× (ν∇× A) + σ
∂A
∂t

+ σ∇V = 0, (3.8)

where V is the electric scalar potential. The continuity of current density

is also satisfied by

∇ ·
(
σ
∂A
∂t

+ σ∇V

)
= 0. (3.9)

3.1.1 Surface Boundary Layer Formulation

Inter-laminar galvanic contacts present at the edges of the sheets when

placed in a time-varying magnetic field to induce a surface current. The

surface boundary layer model is based on the assumption that in the pres-

ence of surface current at the edges of the sheet, there is a discontinuity

in the tangential component magnetic field. The formulation is based

on two-dimensional approximation, meaning that, the magnetic field is

solved in x-y direction, while the current density is in z direction. Lami-

nated electrical sheets parallel to the xy plane are considered, as shown

in Figure 3.1
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Thin conducting layer (σ)

Air

H1

H2n

Insulated iron

h

x
y

Figure 3.1. A schematic of thin conducting layer at the edge of electrical sheet.

It is assumed that an infinitely long conducting layer of thickness h is

formed at the edges due to inter-laminar contacts. The discontinuity of

the tangential component of the magnetic field can be written as

n× (H1 − H2) =

∫ h

0
Jdx. (3.10)

The thickness of the conducting layer is assumed to be less than the skin

depth of the laminated sheet and induced current density in the layer is

assumed to be constant. In a two-dimensional problem, the magnetic vec-

tor potential and current density have only z components as A = Aez

and Js = Jez, respectively as explained by Arkkio (1987). The two-

dimensional approximation and the assumption that the conducting layer

thickness will be less than the skin depth does not allow the potential

difference due to electric charge and polarization of dielectric materials.

Thus, the exact solution of the electric scalar potential, V is not needed in

the burred region. The surface boundary layer model in terms of magnetic

vector potential is given by

νFe∇A · n− νair∇A · n = σh
∂A

∂t
, (3.11)

where νFe∇A · n and νair∇A · n are the tangential component of the

magnetic field. Often, in 2D FE analysis, laminated sheets are consid-

ered as non-conducting regions, and eddy current loss of a core is calcu-

lated in post processing. Equation (3.7) can be solved in a region Ω =

ΩFe ∪ Ωair ∪ ΩCu as

∇ · (νFe∇A) = 0 on ΩFe, (3.12)

∇ · (νair∇A) = 0 on Ωair, (3.13)

∇ · (νCu∇A) = − J on ΩCu. (3.14)

The condition (3.11) is imposed between the iron and air boundary ΓFe.

The weak formulation after applying the Galerkin method is given as∫
ΩFe

νFe∇A · ∇NdΩ +

∫
Ωair

νair∇A · ∇NdΩ −
∮
ΓFe

Nσh
∂A

∂t
dΓFe = 0, (3.15)
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where N is the shape function of the first-order polynomial. In the ab-

sence of an inter-laminar current, the third expression in (3.15) vanishes

automatically because the tangential component of the magnetic field is

continuous at the boundary surface. However, because of inter-laminar

current, correction is needed at the edges of the sheet where surface cur-

rents are present. The developed surface boundary formulation is com-

pared with a brute force method, where the conducting layer is discretized

with a very fine mesh, as shown in Figure 3.2. The region where surface

boundary layer model is implemented is also shown in Figure 3.2. The

studied geometry is a UI sheet with current density as a source.

Air
Thin condud cting layer

Iron (insulated)

coil

Boundary layer

Figure 3.2. A finely discretized mesh of conducting layer of UI sheet.

Due to the fine discretization and limited computational resources, the

comparison was limited to a linear and frequency domain study. The ad-

ditional losses due to inter-laminar contacts in the surface boundary layer
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model were calculated using

Pad =

∫
Γ
σh

(
∂A

∂t

)2

dΓ , (3.16)

(3.17)

and in finely discretized model using

Pad =

∫
ΩFe

σ

(
∂A

∂t

)2

dΩFe. (3.18)

3.1.2 Implementation in Electrical Machine Model

The surface boundary layer model is then implemented in the in-house

FORTRAN based finite element software FCSMEK developed in the re-

search group of electromechanics. FCSMEK is a program package based

on FORTRAN for finite element analysis of radial flux machines. The pro-

gram generates a finite element mesh for the cross-sectional geometry of

an electrical machine using necessary dimensions, slot and pole numbers.

The machine model is based on 2D magnetic vector potential formulation.

The field solutions are coupled with voltage equation. The relation be-

tween the voltage v, current through the conductor i and its dc resistance

Rdc is obtained by integrating the current density over the cross section

Ω of the conductor. The voltage equation is given by

v = Rdci+Rdc

∫
Ω
σ
∂A

∂t
dΩ . (3.19)

The winding and rotor cage circuit equations are formed by Kirchoff ’s

law and (3.19), as described by Arkkio (1987). Subroutines from the

SPARSPAK library are used for the solution of the matrix equations of

the finite element method and routines from DISLIN libraries are used

for graphical representation. The methods used in the program are de-

scribed in (Chu, 1984; Luomi, 1984 and Arkkio, 1987). Normally, eddy-

current loss in conductors is included in the solution phase and the eddy

current loss in a core is calculated in post-processing which mean that at

first the field solutions of an electrical machine are calculated as for in-

sulated sheets, and later the eddy current and hysteresis loss coefficients

of the given material are used to calculate the eddy current and hystere-

sis loss from the obtained field solution. However, inter-laminar currents

due to contacts are not included in the model. To account for inter-laminar

current, the surface boundary condition is imposed at the edges of the sta-

tor of a 37 kW induction machine. The contribution of the surface current
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is added to the magnetic stiffness matrix of the in-house software to study

the effect of inter-laminar current in machine model. The magnetic stiff-

ness matrix resulting from the spatial discretization of the weak form of

Ampere’s law (3.7) in stator core is obtained as

Sa + Tȧ = 0, (3.20)

where the entries of the matrix are give by,

Sij =

∫
Ω
ν∇Ni · ∇NjdΩ ,

i, j = 1, .., 3,

(3.21)

ȧ =
∂a
∂t

, (3.22)

Tij =

∫
ΓFe

σhNiNjdΓ ,

i, j = 1, .., 3,

(3.23)

where T accounts for the surface boundary layer condition by taking the

line integration of the surface current along the edges of the sheets. The

contribution from the surface current is added only to those nodes belong-

ing to the material boundary. a is the nodal magnetic vector potential

which is a time dependent term and is discretized by the Crank Nicol-

son method in a finite element time stepping method. In air region, the

reluctivity ν is equal to νair. In the non-linear iron region, ν is solution-

dependent and is presented as a function of the square of magnetic flux

density. The nonlinearity of the material is solved by the Newton-Raphson

method.

The inter-laminar contacts formed at the edges of the stator of the elec-

trical machine are random, and to account for the randomness, a statisti-

cal study was done. A brute force method was used where the conductivity

at the edges of the stator was varied randomly. In the numerical model,

the contribution of the conductivities are randomly added to the boundary

nodes of the stator. Conductivity was assumed to be from a uniform dis-

tribution in the range of [0 3] MS/m and burr width of 1 micrometer. The

Monte Carlo sampling method was used to estimate the additional loss

due to inter-laminar contacts performing several thousands time-stepping

simulations. The additional loss due to random contacts was calculated

as

Pad =
1

R

R∑
n=1

(
1

τ

∫ ∫
ΓFe

σe
nh
(
∂A

∂t

)2

dΓFedt

)
, (3.24)

where R is the number of realizations and e is the index of stator edge.
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3.2 Stochastic Finite Element Formulation

The use of the Monte Carlo method was computationally expensive, as it

required many computations to account for each random conductivity at

the edges of the stator. An efficient method to account for the randomness

of inter-laminar contacts was studied in Publication III. For the sake of

development of the model, the simple two-dimensional UI sheet geometry

was considered, and the uniform and continuous inter-laminar contacts

were assumed at the edges. The illustration of steps required to develop

a model accounting uncertainties is shown in Figure 3.3. A frequency

domain analysis of linear materials and external current density as the

source supply was considered. The random conductivities at the edges of

the UI type sheets as shown in Figure 3.4, are approximated as a conduc-

tivity field.

Maxwell's Equations
+
Boundary equations

 Step A: 
 Construction of 
 mathematical 
 model of the 
 physical process

Step B: Modelling of uncertain 
input data with random
fields or variables

Random interlaminar contacts

Step C: 
Propagating the
uncertainities 
through the 
mathematical 
model

Quantities of 
interest, eg losses

Step D: 
Post processing

Figure 3.3. Illustration of steps required to develop a model accounting for uncertainties.

3.2.1 Random Inter-laminar Conductivity Quantification

Inter-laminar random conductivities are approximated by a one-dimensional

random conductivity field, meaning that the inter-laminar random con-

ductivity field varies only along the edges of the electrical sheets. The

random field is a list of random numbers whose values are mapped onto

a space. The values in a conductivity field are spatially correlated in one

way or another, in its most basic form this means that adjacent values do

not differ as much as values that are further apart. The conductivity field

present at the edges of the electrical sheets is marked by the blue color in

Figure 3.4.
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Figure 3.4. Schematic of UI-type electrical sheets showing periodic indices and conduct-
ing domains.

The iron sheet is non-conducting, except at the edges. The variations

of the conductivity field depend on the choice of the covariance function

or the kernel density. In case of UI sheets where the conductivity is not

continuous in the entire domain, the covariance function or the kernel

can be made periodic by making copies of it with period Λ, and a finite

approximation of the covariance function can be obtained from its Fourier

spectrum (Rahimi & Recht, 2008). The conducting layer is divided into

eight restricted domains and a period length of eight is considered. A

well known kernel, K(x, x′) = exp
−(x′−x)2

2λ2 is considered, where x, x′ are the

vectors of spatial Cartesian coordinates and λ is the correlation length be-

tween the random conductivities. Ψ(x) is a function or feature map for a

kernel K(x′, x) that maps x into a Hilbert space with inner product 〈·, ·〉.
The choice of sine and cosine basis functions to approximate the covari-

ance function improves the convergence rate, since the basis functions

are orthogonal and smooth functions (Xiu, 2010). The basis of the peri-

odic covariance functions is given as (3.25) where L = 2π
Λ , x is the spatial

position and σi is the discrete spectrum. σi can be computed as the in-

verse Fourier transformation of the covariance function using Bochner’s

theorem (Schölkopf, 2000). This method of making a periodic covariance

function is inspired by the work of Vedaldi & Zisserman (2012), where the

method was implemented in the computer vision and large scale prob-

lems.

Ψi(x) =

⎧⎪⎨
⎪⎩
σ i

2
sin( i2Lx) i > 0 even,

σ i+1
2

cos( i+1
2 Lx) i > 0 odd.

(3.25)
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Hence, the conductivity field is given by

σ(x, ζ) = σ0 +
M∑
i=1

Ψi(x)ζi. (3.26)

Here, σ0 is the mean value of the conductivity, and ζi is the indepen-

dent random variable from a beta distribution. The advantage of using

a beta distribution to describe uncertain parameters has been recognized

in some different fields because it can be used in many forms of distribu-

tion functions. The beta distribution can take on many different forms,

one of which is a skewed distribution. This form of the beta distribution

can very closely approximate that of a lognormal distribution with pa-

rameters α = 12, β = 2. The conductivity is a non-negative quantity and

is ensured by maximization using

σ0 ≥ −
M∑
i=1

Ψi(x)ζi︸ ︷︷ ︸
Maximize

, σ(x, ζ) ≥ 0.
(3.27)

The number of random variables to approximate the conductivity field de-

pends upon the number of M expansion terms. This number of expansion

terms M, depends on how quickly or slowly the covariance function de-

cays. This means, if the random conductivities are strongly correlated,

a greater number of expansion terms is needed. The correlation length

gives the correlation between the random conductivities. The number of

expansion terms M is determined based on the minimum error of the co-

variance function calculated from the approximated covariance function

and the exact covariance function. The approximated covariance function

is computed according to

Cov(x, x′) =
M∑
i=1

Ψi(x)Ψi(x′). (3.28)

In the finite element model, the conductivity values of each domain are

mapped from these periodic conductivity fields. The conductivity field as a

function of periodic length is shown in Figure 3.5. The conductivity value

at each integration point during the finite element assembly is obtained

by mapping the integration point first into its global spatial coordinates

and then the conductivity value is obtained from the conductivity field,

depending on its domain and periodicity. For instance, the conductivity

value in the first domain of Figure 3.4 along 0→1 is obtained as, σ( x
l1
) and

the second domain along 1→2 is obtained as σ( y
l2
+ 1), where x and y are

the spatial coordinates.
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Figure 3.5. Random conductivity field along the burred region.

3.2.2 Stochastic Galerkin Finite Element Method (SGFEM)

Ampere’s law, as given by (3.7) is solved in two-dimensional geometry as

shown in Figure 3.4, using magnetic vector potential formulation. The

inclusion of random conductivities makes the solutions of magnetic vector

potential to be random. The random solutions are then approximated

as basis functions of certain polynomials. The probability distribution

functions and their orthogonal polynomials families are listed in Table

3.1.

Table 3.1. Probability distributions and weight functions Xiu (2010).

Orthogonal polynomial family Probability distribution function

Hermite Normal

Jacobi Beta

Legendre Continous uniform

Laguerre Gamma

Hence, the random magnetic vector potential solutions are approximated

using Jacobi polynomials (ψ) as given in (3.29). The size P of the polyno-

mials in the chaos expansion is given by (3.30), where M is the number of

expansion terms in conductivity field expansion and p is the order of the

Jacobi polynomials.

a =

P-1∑
j=0

ajψj(ζi(θ)
M
i=1), (3.29)

P =
(p + M)!

p!M!
. (3.30)

Equation (3.7) is discretized in space and applying the Galerkin method
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associated with the finite element method yields a system of equations,

Sa + Tda
dt

= f. (3.31)

The entries of the matrices S, T and f are given by

[S]n×n =

∫
Ω
ν(∇NT) · (∇N)dΩ ,

[T]n×n =

∫
Ω
σ(x, ζ)NTNdΩ ,

[f]n×1 =

∫
Ω

JsNdΩ ,

(3.32)

where n is the total number of nodes in the entire domain (Ω = ΩFe∪Ωair∪
ΩCu), and N is the shape function of the first-order triangular element.

The current density Js is considered varying sinusoidally with time at

low angular frequency ω so the vector potential also varies sinusoidally.

The time derivative of the vector potential is replaced with jω to perform

a frequency domain analysis.

Sa + jωTa = f. (3.33)

The random conductivity field is in matrix T, so as a first level of assem-

bly, the mean and weighted global T matrix is collected, expanding the

conductivity field σ(x, ζ). It is given by

[
T̄
]

n×n =

∫
Ω
σ0N′NdΩ ,

[T̄i]n×n =
M∑
i=1

∫
Ω
Ψi(x)ζiN′NdΩ .

(3.34)

The vector potential is approximated using (3.29), and the Galerkin method

associated with SGFEM is implemented to the matrix T and matrix S.

The entries to the matrices are as follows

M∑
i=0

P-1∑
j=0

cijk(Si + jωTi) · aj = Fk,

j, k = 0, · · · ,P − 1,

cijk = E[ζiψjψk],

Fk = E[fψk].

(3.35)

Here E denotes the expectation. cijk are the matrices that contain orthog-

onal basis functions and are sparse. The coefficients of the matrix cijk for

the expansion (M = 5) are shown in Figure 3.6, where nnz is the num-

ber of non-zero elements. The terms associated with i = 0 are the mean

quantities. T0 = T̄, S0 = S and F0 represent the source term which is the
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current density. Uncertainties in the inter-laminar conductivities at the

boundaries are associated with matrix T.

Figure 3.6. Coefficients of cijk.

In the final assembly of the matrix, the terms associated with conduc-

tivity field expansion and magnetic vector potential polynomial expansion

are collected in matrix L as given by (3.36) and, finally, the main matrix

to be solved is given in (3.37).

Ljk = c0jk(S + jωT̄) + jω
M∑
i=1

P-1∑
j=0

cijkTi, (3.36)

⎡
⎢⎢⎢⎢⎢⎢⎣

L00 · · · L0,P-1

L10 · · · L1,P-1
... · · · ...

LP-1,0 · · · LP-1,P-1

⎤
⎥⎥⎥⎥⎥⎥⎦ · · ·

⎡
⎢⎢⎢⎢⎢⎢⎣

a0

a1

...

aP-1

⎤
⎥⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎣

F0

0
...

0

⎤
⎥⎥⎥⎥⎥⎥⎦ (3.37)

The number of unknowns in the system (3.37) is n × P, where n is the

number of nodes in the finite elements. P is the number of expansion

terms in polynomial chaos expansion, which depends on the degree of the

polynomial basis (p) and the number of terms needed to approximate the

conductivity field (M). The application of SGFEM allows estimating the

mean accounting uncertain parameters by solving the large sparse system

once, instead of solving the dense matrix several times, as in the Monte

Carlo sampling method.

3.3 Experimental Characterization of Inter-laminar Contacts

The inter-laminar contacts along the edge of the sheet are stochastic de-

pending on many factors. The determination of probability distribution

functions of conductivity along the edge of the sheet is demanding. How-

ever, an increase in the equivalent conductivity of the core due to inter-
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laminar contacts can be estimated determining the equivalent conductiv-

ity of the core with and without the inter-laminar contacts experimentally.

The effect of inter-laminar contacts on eddy current loss coefficient was

experimentally obtained. The method to obtain the equivalent conductiv-

ity of the EI core with and without the inter-laminar contacts is proposed

in Publication IV. Then, the estimation of the size of inter-laminar con-

tacts is estimated using thermography measurement and simulation. The

findings are published in Publication V.

3.3.1 Core Loss Measurement with Inter-laminar Contacts

The schematic of the EI core that was studied is shown in Figure 3.7.

First, the core loss of the EI core was obtained, and the eddy current loss

was segregated using Steinmetz’s equation. The obtained eddy current

loss from the measurement was used to estimate the equivalent conduc-

tivity of the EI core iteratively from the simulations.

X

Z
Y

σx = σz = σb, σy = σh

σh =?σb =?

Eddy current loops

flux (φ)

Homogenized eddy current loop

that gives the measured eddy current loss

Search coil

Excitation coil

Figure 3.7. Illustration of the EI core with lamination level eddy current loops and the
homogenized behavior.

In the simulation, the core is modeled as a transversely isotropic solid

conductor with equal conductivity σx = σb and σz = σb in the x- and z-

directions and a lower conductivity σy = σh in the y−direction. An equiv-

alent conductivity σy = σh is defined as a value which gives the same

specific eddy current loss as obtained from the measurement. The equiv-

alent conductivity of the core with and without the inter-laminar contacts

was studied.

A controlled voltage waveform was supplied to the coil that is wound
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around the central limb using power supply ELGAR SW 5250A. Induced

voltage was measured from the same limb. The controlled voltage wave-

form ensures a sinusoidal induction in the core. The control algorithm

developed in (Singh, 2016) was used to make the flux sinusoidal excita-

tion. The no-load current was measured using a Norma triax shunt LEM

sensor. Dewetron-DWE-50-PCI-32 was used for data acquisition at the

sampling rate of 100 kHz. The specific core loss of the EI core was then

calculated at different frequency ranges and induction levels using

pFe =
1

mFe

[
1

τ

∫ τ

0
v(t)i(t)dt− i(t)2Rdc

]
, (3.38)

where Rdc, v, and i are the measured dc resistance of the winding, supply

voltage, and supplied current, respectively. τ is the time period and mFe is

the mass of the EI core. Artifical inter-laminar short circuits are applied

to the limbs of the EI core. These are introduced by holding the conducting

electrical sheet of the same material as that of the EI core at the opposite

ends of the right and left limbs as shown in Figure 3.8. The artificial

contacts is shown in Figure 3.9.

Figure 3.8. Inter-laminar fault at two limbs.

Figure 3.9. Inter-laminar artificial faults.

56



Methods

The dimensions of the fault were 0.45 mm × 5 mm × 28 mm. The sheets

of the EI core are stacked as uniformly as possible to ensure that all the

sheets are in contact. Two cases were studied, first applying these inter-

laminar contacts to only one limb and secondly to both limbs.

Loss Segregation

The measured flux and current of the healthy and the faulty cores at fre-

quencies 5 Hz and 150 Hz are shown in Figure 3.10 and Figure 3.11,

respectively. In both the healthy and faulty cases, the specific losses were

calculated using (3.38). The specific core loss was segregated to eddy cur-

rent loss and hysteresis loss based on Steinmetz’s early work (Steinmetz,

1892a;1892b) and can be expressed as,

pFe = khfB̂
n + kef

2B̂2, (3.39)

where the first term of (3.39) represents the static hysteresis loss compo-

nent and the second term represents the eddy current loss component.

Figure 3.10. Magnetic flux and no-load current loop at 1.5 T, 5 Hz.

Figure 3.11. Magnetic flux and no-load current loop at 1.5 T, 150 Hz.

The coefficients are determined by dividing (3.39) by frequency and us-
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ing the least-square curve-fitting method (Ionel et al., 2006).

pFe

f
= C + Df where, (3.40)

C = khB̂
n, D = keB̂

2. (3.41)

The linear fitting of (3.40) gives the best goodness of fit of R2 ≈ 0.99.

Hence, the coefficients of the polynomial in f can be calculated from the

measured data for any induction of B̂. B̂ is the peak magnetic flux den-

sity. The polynomial coefficients C and D, are again fitted separately for

different induction levels to determine the coefficients in (3.41). The static

hysteresis loss is equivalent to C.

Finally, the specific eddy current loss of the EI cores are calculated by de-

ducting the static hysteresis loss from the specific core loss. The obtained

eddy current loss was then used to estimate the equivalent conductivity

from the simulations.

Finite Element Simulations

A 3D eddy current A-V formulation was implemented in COMSOL Multi-

physics R© . The primary voltage that induces sinusoidal flux excitation in

the core of amplitude 1.5 T during the experimental study is considered

in the simulation. An FFT is done for the measured primary voltage to

obtain the magnitude and phase angle of the supplied voltage. It is then

used as the source term in frequency domain analysis of finite element

computation. The nonlinearity of the material in the simulation is con-

sidered using the effective magnetization curve which originates from the

nonlinear BH curve of the material (Paoli et al., 1998; Silva et al., 1995).

Proposed Method

The conductivities in z and y direction were varied from 1 S/m to 2.7

MS/m, and finite element simulations were done to calculate the eddy

current losses from all possible values of conductivity. The eddy current

losses in finite element simulations were computed using

ped =

∫
υ

1
2E · J∗

i dυ
mFe

, (3.42)

E = −∇V − jωA, (3.43)

where E, V and υ is the electric field strength, electric scalar potential and

volume of the EI core, respectively. Additionally, the following condition

is satisfied,

Ji · n = 0, (3.44)
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where, Ji is the induced current density. A response surface of the eddy

current loss was then obtained for all possible sets of conductivities of σh

and σb. The eddy current losses calculated from finite element simula-

tions at different conductivities were fitted in MATLAB using the bi-cubic

spline-fitting tool. Then, the equivalent conductivity σh was obtained it-

eratively based on the measured eddy current loss using the response

surfaces. The algorithm of the iterative process is shown in Figure 3.12.

Initialize σb=2.7×106 S/m

At each σb obtain the
eddy current loss as a function of σh,

Estimate eddy currrent loss

Is ped(σh) > Measured lossDecrease σb

Finally, σb, σh is obtained

yes

No

σb=range(1, 2.7×106) S/m
σh=range(1, 2.7×106) S/m

ped(σh)

ped(σh) p
′
ed(σh)Define,

σh(0)=initial guess

i=1

σh(i)=σh(i-1)-
ped

(
σ
h(i-1)

)

p′
ed

(
σ
h(i-1)

)

abs(σh(i)-σh(i-1)) ≥ 1× 10−12i=i+1

yes

No

at lower bound of σh, ped(σh)

Figure 3.12. Flowchart of iterative process to estimate equivalent conductivity.
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3.3.2 Thermography Method to Estimate the Inter-laminar
Contact Size

The method of initial temperature rise to estimate electromagnetic loss

was applied to estimate the size of inter-laminar contacts. A measure-

ment setup was designed to measure the short circuit voltage, short cir-

cuit current and temperature rise of inter-laminar contacts between two

electrical sheets. The initial temperature rise of the contact is recorded

using a thermal camera; an analytical method was proposed to estimate

the burr width, using the measured gradient of temperature. An electro-

magnetic and thermal finite element analysis was formulated and applied

to the analysis of the estimated burr width. This work is related to Publi-

cation V.

Measurement

The measurement setup designed to perform the short-circuit and ther-

mal test of the electrical sheet is shown in Figure 3.13.

Figure 3.13. A schematic diagram of measurement stand.

It consists of a rotational measuring unit and a force sensor to measure

the applied force. The rotational feature of the measuring unit allows
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capturing the thermal image from all sides of the electrical sheets. The

voltage measuring block consists of needle probes attached to a spring

both at the bottom and top of the sample. There are three needle probes,

each with a diameter of 0.1 mm. One of the probes is used to supply the

voltage, and the other two measure the short circuit potential. The short-

circuit measurement setup is shown in Figure 3.14.
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DWE-50-PCI 32
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Figure 3.14. A schematic of short-circuit measurement setup.

The short circuit currents and voltage were measured immediately af-

ter closing the switch. Four readings of short circuit currents, is1, is2, is3

and is4 were taken. Each measurement was repeated three times and

an average value was taken. At the same time, the initial temperature

rise at a point on the conducting edge of electrical sheet was recorded. A

FLIR T640 thermal camera was used to record the temperature profile, as

shown in Figure 3.15. The specification of the camera is given in (FLIR,

2013). The temperature rise for 1 second, immediately after energizing

the sheets, was used to calculate the temperature gradient.

Figure 3.15. Measured temperature at a point near the edge.

Analytical Method to Estimate Inter-laminar contact size

The analytical method to estimate the burr width was proposed using the

measured initial temperature rise, measured short circuit currents and
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h
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Figure 3.16. Illustration of two electrical sheets, insulation layer and thermal camera.

voltages. The two electrical sheets, as shown in Figure 3.16, are consid-

ered where l, h are the length and burr width of the studied electrical

sheets, respectively. w is the total thickness of the stack of two sheets

and the insulating layer between them. The average loss density can be

written as

ρCp
∂T

∂t
=

V I

lhw
. (3.45)

Moreover, if the short circuit currents are known, and assuming the cur-

rent is only flowing uniformly through the contact, the average loss den-

sity in terms of current density can be written as

J2

σ
= ρCp

∂T

∂t
. (3.46)

Simplifying (3.45) and (3.46), the product of conductivity and burr width

is obtained as

〈σh〉 = I2

l2η ∂T
∂t

, where, η =
V I〈
wl ∂T∂t

〉 . (3.47)

The burr width was calculated and then used in the electromagnetic and

thermal FE formulation to perform a detailed analysis.

Electromagnetic and Thermal Finite Element Formulation

The potential distribution around the contact between the two sheets was

modeled by 2D FEM formulation, using the differential form of Faraday’s

law. In the absence of a time-varying magnetic field, it is given by

∇× E = 0, (3.48)

where E is the electric field and can be written in terms of electric poten-

tial V as

E = −∇V. (3.49)
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Applying the continuity equation and using (3.49), (3.50) was obtained

and solved.

−σ∇2V = 0. (3.50)

Γ1
Γ2

Γ4 Γ5

Γ3

Boundary conditions

Figure 3.17. Boundary conditions for electromagnetic formulation.

Due to symmetry, only one of the two sheets was considered. The bound-

ary Γ of the sheet was divided into five parts, as shown in Figure 3.17 in

which the following boundary conditions are assumed:

V = 0 on Γ4

V =

⎧⎪⎨
⎪⎩
Von, on Γ1 if ton < t < toff

Voff, on Γ1 if t ≤ ton or t > toff

∂V

∂n
= 0 on Γ2,Γ5,Γ3,

(3.51)

where ton and toff are the time instances when power is turned on and off,

respectively. Von and Voff are the potentials measured in those instances.

The resistive loss density distribution of the 2D geometry was calculated

using (3.52), and was coupled as the heat source in the thermal formula-

tion.

pFe = E · J. (3.52)

Then, the heat equation and the electromagnetic formulation were solved

together. The heat equation is given by

ρCp
∂T

∂t
+∇ · q = pFe, (3.53)

q = − k∇T, (3.54)

where ρ, Cp, k, and q are the density, specific heat capacity, thermal con-

ductivity, and heat flux, respectively. The rate at which the heat is trans-

mitted to the surroundings is given by

n · q = hext (T − Text) . (3.55)

where Text is the surrounding temperature and hext is the convective heat

constant. The coupled finite element method was used to study the initial

temperature rise method and used to validate the estimated burr width

from the analytical approach.
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4. Application and Results

In this chapter, the results obtained in Publications I − V are discussed.

First, the comparison of surface boundary layer model and finely dis-

cretized model is presented, followed by the results obtained from im-

plementing the surface boundary model in an induction machine. Then,

the comparison of proposed SGFEM and MC is presented. Finally, the ex-

perimental analysis of the effect of inter-laminar contacts in eddy current

loss is presented, followed by the estimation of the size of the burr using

thermography.

4.1 Surface Boundary Layer Model and Its Implementation

The proposed surface boundary layer model to account for the thin con-

ducting layer was compared with a finely discretized mesh. To make the

comparison of the model, a simple geometry of UI sheet was considered.

The iron sheet was the model with a linear material, and the current

source was considered. The two models were compared at a frequency

range of 50 Hz to 150 Hz, and the thickness of the conducting layer ranged

from 0.05 mm to 0.2 mm. The conductivity was kept constant. The losses

computed from the two models are shown in Figure 4.1. It was observed

that at a lower frequency, the losses computed from the two models were

similar, but at higher frequency, the difference was 19 %.
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Figure 4.1. A comparison of additional loss obtained from two models

The developed surface boundary model was implemented to study the

effect of inter-laminar current in an induction machine. The machine pa-

rameters are listed on the Table 4.1.

Table 4.1. Parameters of simulated machine.

Machine type Cage induction

Rated voltage 400 V

Rated power 37 kW

Number of poles 4

Frequency 50 Hz

Slip 0.016

The machine model is based on 2D magnetic vector potential formula-

tion with first-order triangular elements. The end effect of the machine

model is considered by using end-winding inductances in voltage equa-

tions. First, the conductivity at the tip of one stator tooth and at the back

of the stator core was assigned as shown in Figure 4.2. The time-stepping,

non-linear simulations were performed with a voltage supply of 50 Hz.

The difference between the magnetic flux density solutions between one

burred tooth and healthy case machine at σh=1200 S is shown in Figure

4.2. The rotor and stator losses were also computed for both healthy and

faulty cases. The losses due to one burred tooth are obtained by taking

the difference from the healthy case. The stator and rotor loss due to one

burred tooth is shown in Figure 4.3. The stator loss includes the core loss

of stator, and the rotor loss includes the resistive loss of rotor bars and

rotor core. It was observed that rotor losses increased more significantly

than the stator losses as the σh increased. It was observed that when the
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inter-laminar contacts are significant, the inter-laminar current pushes

the magnetic flux towards the rotor, causing more loss at the rotor bars.

Interlaminar contacts

Figure 4.2. Flux density difference between healthy and one tooth burred induction ma-
chine.

Figure 4.3. Total iron loss due to one burred tooth.

The randomness of the inter-laminar contacts at the edges of the stator

core was studied using the MC sampling method. In the FE method, all

the nodes associated with the edges of the stator core were identified, and

the contribution of surface current using the surface boundary layer for-

mulation was added. To account for uncertain conductivity in the formu-

lation, the conductivity was sampled randomly from the uniform distribu-

tion [0 3] MS/m, and the burr width was kept at 1 micrometer. The com-

plete time-stepping non-linear simulations were performed 10,000 times.

In each complete time-stepping simulation, the conductivity was assigned

randomly to the edges of the stator, as shown in Figure 4.4.
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Figure 4.4. Color representation of random conductivity.

The losses at the stator edges were computed after each complete time-

stepping simulation. The estimated loss due to inter-laminar contacts

at the edges was 193 W with the standard deviation of 16 W. However,

the mean value of electromagnetic loss increased by 7.7 % compared to

the healthy case. This model overestimates the loss because it assumes

there are uniform contacts at the edges, which might not always be true

in case of practical machines. However, to resemble a practical machine,

the contact size was taken at the minimum value.

4.2 SGFEM Comparison with MC

A stochastic Galerkin finite element method was formulated to account

for the inter-laminar contacts efficiently. The proposed method was com-

pared with the conventional Monte Carlo method. For comparison and

the sake of the development, a simple UI type sheet model as explained

in Publication III was considered. The mean and standard deviations of

additional loss due to inter-laminar contacts were calculated with both

the MC method and SGFEM. The MC method converged after 1000 real-

izations, whereas SGFEM needed only five random field and fourth-order

polynomials to converge. The mean value, standard deviations and com-

puted time are tabulated in Table 4.2. The probability density functions of

the inter-laminar losses were also calculated using the solutions of both

SGFEM and MC. It can be seen from Figure 4.5 that at p = 4, SGFEM

approximates close to MC. The mean values of the inter-laminar losses

at different frequencies were also calculated and compared with MC. The

difference is shown in Figure 4.6. It can be seen that as p increases, the

difference decreases, but the difference increases as frequency increases.

However, the errors are not that significant; SGFEM approximates MC
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and hence reduces the computation time by 76 %.

Table 4.2. Mean and standard deviations of the inter-laminar loss at 50 Hz.

Method Mean loss Standard deviation Computation time

MC 126.05 W 13.23 W 3 hr 44 min

SGFEM at

M=5, p=2
127.62 W 13.51 W 14.25 min

SGFEM at

M=5, p=3
127.22 W 13.32 W 20.20 min

SGFEM at

M=5, p=4
126.06 W 13.29 W 52.92 min
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Figure 4.5. Probability density function of the inter-laminar loss at 50 Hz.
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Figure 4.6. Error percentage compared to mean loss obtained from Monte Carlo method
at different frequencies.
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4.3 Measurements

The inter-laminar contacts are random, and the determination of exact

distribution functions of these random conductivities and burr widths are

experimentally demanding. The effect of inter-laminar contacts on eddy

current loss and equivalent conductivity of the laminated core was quan-

tified experimentally. The equivalent conductivity is the value that gives

the measured specific eddy current loss of the laminated core when the

laminated core is considered as a solid block. The size of the inter-laminar

contacts was also estimated using the thermography method. The mea-

sured induced currents of healthy and faulty transformers at 5 Hz and

150 Hz are shown in Figure 4.7 and Figure 4.8, respectively.
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Figure 4.7. Induced current at 1.5 T at 5 Hz.
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Figure 4.8. Induced current at 1.5 T at 150 Hz.

4.3.1 Inter-laminar Loss Measurement

First, the no-load loss of the healthy EI core was measured. Secondly,

an artificial contact was applied, as shown in Figure 3.9. The artificial
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contact is of the same material as the core, and it is 0.45 mm thick and

5 mm wide. After applying the artificial contact to the core, no load loss

was again measured. The eddy current loss was then segregated from

the obtained no-load loss. The specific eddy current losses of healthy and

faulty EI cores are shown in Figure 4.9.
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Figure 4.9. Dynamic specific eddy current loss at 1.5 T.

In the case of a healthy EI core in which there are no inter-laminar cir-

culating currents, the eddy current loss was obtained from measurements 

as 0.72 W/kg. Similarly, the specific eddy current loss was obtained for 

the one limb faulty and two limbs faulty cases. The other sources of inter-

laminar current were reduced by using plastic nuts and bolts to hold the 

EI sheets together. The loss coefficients kh, n and ke were obtained from 

least square curve fitting method as described in Section (3.3.1). The spe-

cific eddy current losses and loss coefficients for healthy and faulty cores 

are tabulated in Table 4.3. It was observed that eddy current loss  

increased by 2 % when one limb was faulty and by 2.7 % when two limbs 

were faulty  at 50 Hz and 1.5 T.
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Table 4.3. Iron-loss parameters of healthy and faulty core at 50 Hz 1.5 T.

Healthy core
Core with

one faulty limb

Core with

two faulty limbs

kh,

[J/kgT2.5]
0.0085 0.0085 0.0085

n 2.5 2.5 2.5

ke

[J/kgHzT2]
1.35 ×10−4 3.99 ×10−4 4.97 ×10−4

Eddy current

loss [W/kg]
0.72 2.22 2.72

The iterative solution of the conductivities from the measured loss is

tabulated in Table 4.4. The equivalent conductivity (σh) of the healthy

EI core was obtained as 4 S/m in the laminated direction whereas in one

limb fault and two limbs fault cases, the conductivity was increased to

1.057×104 S/m and 1.4668×104 S/m, respectively.

Table 4.4. Equivalent conductivity of healthy and faulty core.

Healthy core
Core with

one faulty limb

Core with

two faulty limbs

σb 5×105 S/m 5×105 S/m 5×105 S/m

σh 4 S/m 1.057×104 S/m 1.4668×104 S/m

The solutions for the current density at those conductivities for the one

limb faulty case and two limbs faulty case are shown in Figure 4.10 and

Figure 4.11, respectively. In the case of inter-laminar contacts, the in-

duced current density increase significantly, and in the case of higher fault

and loaded case, the induced current is large enough to create a hotspot

and destroy the insulation and core.
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Figure 4.10. Induced current density (A/m2) at 50 Hz (one limb fault case).

Figure 4.11. Induced current density (A/m2) at 50 Hz (two limbs fault case).

4.3.2 Thermographic Method

The average σh was obtained as 23.7 S from the analytical calculation

explained in Section (3.3.2). The temperature rise was measured over a

short interval of time, and hence it was fair to assume that the conduc-

tivity did not change with temperature for that period. Based on this as-

sumption, the burr width was estimated to be 0.013 mm from the analyti-

cal method using the conductivity of a NO-electrical sheet (SIR-Gruppen,

2002). The estimated burr width was used in electromagnetic and ther-

mal finite element formulation to validate the initial temperature rise

and estimated burr width. The short circuit currents obtained from the

measurement and simulations are shown in Figure 4.12. The deviation

betweem temperature gradient measured from the thermal camera and

temperature gradient obtained from FE simulations are shown in Figure

4.13. It can be seen that at the higher supply voltage, the relative differ-

ence is smaller. Hence, the short circuit current (is4) and electric potential

related to this measurement were used for further FE simulations.
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Figure 4.12. Short circuit current and voltage from measurement and simulation.
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Figure 4.13. Relative difference between measured and simulated temperature gradient.

Based on the simulation, the average loss density calculated from the

electromagnetic and the thermal finite element method at the current

level of is4 for short interval of time is shown in Figure 4.14. It can be seen

from Figure 4.14 that the loss density obtained from the thermal calcula-

tion is equivalent to the electromagnetic calculation only for a few seconds

after energizing the sheets. Hence, to estimate the loss density from the

thermal measurement, it is essential to measure the initial temperature

rise immediately after the sheets are energized. The temperature profile

of contacts from the measurement and simulation at the estimated burr

width is shown in Figure 4.15.
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Figure 4.15. Simulated and measured temperature at a point near the edge.

It can be seen that the temperature profile behaves similarly after ener-

gizing the sheet, but after turning off the power, there is a significant dif-

ference in the temperature behavior that is mainly due to the atmospheric

conditions and convective constant. Moreover, the accurate quantification

of the thermal parameters are needed.
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5. Discussion and Conclusion

In this chapter, the results and findings obtained from the studies are

summarized and discussed. Finally, the dissertation concludes with some

suggestions for future research.

5.1 Discussion of the Methods and Results

5.1.1 Summary of the Findings

Surface boundary layer model and Its implementation

Inter-laminar contacts due to the manufacturing defect of electrical sheets

are modeled using a boundary surface model. The modeling focuses mainly

on the burrs formed at the edges of electrical sheets during the manufac-

turing process which form a conducting layer at the edges of the sheet.

Based on the discontinuity of the tangential component of the magnetic

field due to surface current at the edges, a surface boundary model is pro-

posed. The proposed method was used to study the random inter-laminar

contacts at the edges of the stator core of the induction machine. First,

a statistical analysis using the Monte Carlo sampling method was per-

formed to account for random inter-laminar contacts. The conductivity

at the edges of the stator core was sampled randomly. In the finite ele-

ment model, the proposed surface boundary layer contributes to the sur-

face current due to random galvanic contacts at the respective edges of

the stator core. The proposed surface boundary layer model assumes that

the conducting layer thickness is less than the skin depth, which is a fair

assumption because the burr widths are not visible to the naked eye and

can only be felt with bare hands. For the purposes of this study, the width

of the conducting layer was kept at 1 micrometer and conductivity was
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varied in the range of [0 3] MS/m to represent the real machines. The

additional losses of a 37 kW induction machine were computed at 50 Hz.

It was observed that mean electromagnetic loss increased by 7.7 % due to

inter-laminar contacts, which surely heat up the electrical machines and

create unwanted hotspots.

Stochastic Galerkin finite element formulation

Interlaminar contacts formed due to burrs are random. The uncertainty

of these contacts can be taken into account in studying the additional

losses by either using conventional Monte Carlo method or Stochastic

Galerkin finite element formulation. The numerical method suggests that

the Galerkin method has great potential for large-scale analysis and it is

computationally efficient. An efficient stochastic method to account for

uncertain conductivity at the edges of electrical sheets was developed and

validated with the conventional Monte Carlo method. For the sake of the

development of the model and simplicity, the SGFEM was implemented

in the magneto-harmonic formulation, and a UI geometry was considered.

The random inter-laminar contacts was represented with a random con-

ductivity field that varied along the edge of the electrical sheet. The varia-

tion of the conductivity field depends on the choice of the covariance func-

tion and the correlation length.

The covariance function in the entire U geometry is not continuous since

the inter-laminar contacts are only present at the edges. The conducting

layer is divided into eight domains where the covariance function was

made periodic and was chosen to be an exponential function not neces-

sarily making the random conductive distribution to be symmetric. The

implementation of random conductivity in the finite element model also

randomizes the solution of the finite element model. The randomness of

solutions is captured using orthogonal basis functions related to the dis-

tribution functions. It is experimentally demanding to obtain the exact

distribution of inter-laminar contacts along the edges of sheets, so based

on the literature a lognormal distribution was considered. In the devel-

oped formulation, Jacobi polynomials with beta distribution are consid-

ered. The advantage of beta distribution is that it can take any form of

distribution by fitting its parameters. The implementation of SGFEM re-

sults in a large matrix, but they are sparse due to the orthogonal relations

of the basis function to the distribution function. The basis function was

used to approximate random variables. Hence, this reduces the computa-
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tion time by 76 % compared to the Monte Carlo method with a deviation 

of 1 %  at 50 Hz.

Core loss measurement with inter-laminar contacts

Inter-laminar contacts at the cores of electrical machines increase the 

eddy current loss. It was experimentally validated by obtaining the eddy 

current loss from the EI core with and without the inter-laminar contacts. 

The artificial contact of the same material was applied to the EI core. 

The artificial contact was 0.45 mm in thickness and 5 mm wide, and was 

applied to both the sides of the limbs of the EI core.

Ideally, the static hysteresis energy loss per cycle is calculated by cal-

culating the area enclosed by the hysteresis loop under static excitation. 

Under a time-varying magnetic field, the area enclosed by the measured 

hysteresis loop represents the total core loss per cycle that includes both 

hysteresis and eddy loss components. However, in this study, an alter-

native method was used to segregate the specific hysteresis energy loss 

and specific eddy current loss using specific core loss measurements at 

different frequencies and magnetic induction levels. The specific hystere-

sis energy was separated by extrapolating the specific energy loss versus 

frequency curves at different induction levels to zero frequency. The spe-

cific energy loss curve is obtained by dividing the measured specific cores 

loss by the corresponding measured frequency. The specific energy loss 

at zero frequency represents the specific static hysteresis energy and was 

assumed constant. Two-term Steinmetz formulation was used in segre-

gating the hysteresis and eddy current loss components.

The first term in Steinmetz’s equation represents the hysteresis loss and 

the second term represents eddy current loss. Bertotti proposed the for-

mulation with three terms, which statistically segregated the total core 

loss into hysteresis, classical eddy current, and excess loss. The classical 

eddy losses were assumed to be caused by macroscopic eddy currents, and 

excess losses were explained by the microscopic eddy currents caused by 

the movement of the domain walls during magnetization. In this study, 

the effect of microscopic current was assumed small and neglected. Hence, 

the two-term formulation was implemented. The measurements were 

done at different frequencies ranging from 5 Hz to 150 Hz with several 

data points, and skin effect was not considered. The eddy current loss  

increased by 2 % when the inter-laminar contacts were applied to one 

limb, and by 2.7 % when applied to both limbs at 50 Hz and 1.5 T. 
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One reason for this could be that inter-laminar contacts increase the 

effective thickness of the sheet, and skin effect can occur even at low 

frequencies increasing the loss. Moreover, if the inter-laminar contacts are 

perpendicular to the direction of the magnetic flux in the core and create 

fault current loops, then it changes the magnetic configuration, creates 

larger eddy current loops in the core, and increases the eddy current loss. 

In rotating electrical machines, if the contacts are present at the teeth 

and yoke, welding passes, key bar and the frame provides the path for the 

fault current loop which increases the loss. However, in case of multiple 

inter-laminar contacts, the fault current will follow the least resistance 

path.

Based on the measured eddy current loss, the equivalent conductivity 

was obtained iteratively by performing several 3D finite element simu-

lations of both the healthy and the faulty EI cores. 3D FE simulations of 

the core were based on a homogenized core, so it was not necessary to 

model each laminate. The exact distribution of conductivity due to inter-

laminar contacts in the core is experimentally demanding. The equivalent 

conductivity of the EI core with inter-laminar contacts will somehow give 

an idea of increased conductivity, which can be used in stochastic anal-

ysis. This method can be extended to study the variability of losses due to 

random fault positions by applying faults at different positions and ob-

taining equivalent conductivity and determining its correlation to random 

positions. From the numerical point of view, the equivalent conductivity of 

the stack of the EI core obtained by comparing the measured eddy cur-rent 

loss will be more practical than using the analytical expression to 

homogenize the core. The use of equivalent conductivity will avoid the 

need of meshing each lamina and reduce the computation burden.

Estimation of burr width using initial temperature rise measurement 

To model the inter-laminar currents, it is essential to know the conduc-

tivity of the inter-laminar contacts and their sizes. The size of the inter-

laminar contacts is estimated using the initial temperature rise method 

analytically, and then comparing this with electromagnetic and thermal 

finite element formulations. Ideally, the rate of rise of temperature mea-

surements can be conducted in a vacuum chamber where the heat transfer 

to the air surrounding can be ignored. Then, power loss can be directly 

calculated using the product of specific heat and gradient of temperature. 

However, the heat conduction coefficient and specific heat capacity should 

be accurately determined. In this study, the diffusion heat equation is
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solved taking convection into account. However, the radiation was not

considered in the simulation. The difference in the measured and simu-

lated temperature gradient is due to the deviation of thermal parameters

from its true value. The temperature rise was recorded using thermal

camera FLIR T640. A measurement setup was also designed to perform

a short-circuit test of electrical sheets.

Temperature measurement using a thermal camera is challenging, and

it was measured with the accuracy of ± 2 %. The radiation that falls on

the camera lens comes from different sources. The camera receives radi-

ation from hot spot plus the radiation from its surrounding that has been

reflected onto the hotspot’s surface. Moreover, both these radiations be-

come attenuated when they pass through the atmosphere since the atmo-

sphere absorbs parts of the radiation. In the study, working temperature

was not high, and the radiation absorbed by atmosphere can be neglected.

Also, thermal cameras are calibrated with the black body of known tem-

perature, and the ambient temperature compensation is achieved by mea-

suring the temperature of the camera and optical path in up to three dif-

ferent locations. The measured data is then included in the calibration

equation. Based on object distance and reflected temperature it compen-

sates the temperature reading. Moreover, the atmospheric attenuation

was reduced by letting the thermal camera to heat up before taking the

temperature measurements. The size of the burr width using an analyti-

cal method was 0.013 mm. It was observed that temperature gradient up

to 1 s yielded the acceptable accuracy of estimation of burr width.

5.1.2 Significance of Work

A surface boundary layer model was proposed to model the thin conduct-

ing layer at the edges of electrical sheets, and good agreement was ob-

tained when compared with a finely discretized finite element mesh at

low-frequency application. The developed model can be used to calculate

the additional loss due to inter-laminar contacts that occur at the edges

of the stator core of the electrical machine.

The inter-laminar contacts are random. To account for random conduc-

tivity, an efficient stochastic Galerkin finite element method was com-

pared and validated with the MC method. The SGFEM is computationally

efficient and faster than the MC method and can be used in the stochastic

optimization problem. The beauty of the proposed model is that it can

account for random parameters of any distribution functions in finite ele-
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ment formulation.

The effect of inter-laminar contacts in eddy current loss of the EI core

was studied numerically and experimentally. It was observed that eddy

current loss coefficient increased due to inter-laminar contacts in the cores.

A laminated core in 3D FE eddy current analysis can be homogenized us-

ing the equivalent conductivity, which will avoid the need to mesh each

laminate and reduce computation time. The equivalent conductivity ob-

tained by comparing the measured eddy current loss will give a more prac-

tical estimation. The method to get equivalent conductivity can be used in

a 3D finite element electromagnetic analysis of the laminated core during

the design phase.

An analytical method to estimate the size of the inter-laminar contacts

using the initial temperature rise was proposed and validated by FE elec-

tromagnetic and thermal formulation. It was observed that if a rise in

temperature is measured immediately after energizing the sheets, then

the temperature gradient can be used to calculate electromagnetic loss.

Based on this, one can estimate the size of inter-laminar contacts for use

in the developed model to estimate additional losses.

5.2 Suggestions for Future Research

Some suggestions and extension of this work are summarized as follows:

• The dissertation studied the effect of inter-laminar contacts only at

the edges of the sheet. However, insulation failure or inter-laminar

fault can occur anywhere inside the core. Then, it becomes the mul-

tiple connected eddy current problem and requires modification. In

the future, such problems can be studied by modifying the eddy cur-

rent formulations.

• The random inter-laminar contacts can be quantified and modeled

using a stochastic formulation, but the exact distribution of such

inter-laminar contacts is missing, and it is experimentally challeng-

ing to obtain it. The existing circuit equations of induction ma-

chine based in FCSMEK or MATLAB can be modified to implement

SGFEM to study different uncertain analyses. A measurement de-

vice similar to a Franklin tester could be used to measure inter-

laminar conductivity and obtain the distribution of it. Image pro-

cessing or other tools could also be exploited to quantify the size of
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the burrs.

• In this dissertation, the estimation of contact size was limited to a

NO water jet cut steel M270-50A. In future, a similar study can be

done with different punching methods, material grades, or insulat-

ing coatings. Furthermore, to account for the variability introduced

in the manufacturing process, the losses obtained at the different

phases of the production line can be measured, and its correlation to

the age of punching tools can be studied.

• The initial temperature rise method can be exploited further to study

the core loss of electrical sheets in rotating magnetic field. A fast-

response thermal camera can be exploited to measure the core loss

and detect core faults in the electrical machine. However, the ther-

mal measurements are sensitive to atmospheric temperature, the

emissivity of the material and atmospheric pressure. A study quan-

tifying such uncertain parameters can also be done.

5.3 Conclusion

As a summary, in this dissertation, inter-laminar contacts formed at the

edges of the cores of electrical machines were modeled numerically and ex-

perimentally. Additional loss due to random inter-laminar contacts at the

stator core of an induction machine was calculated. An efficient SGFEM

method was developed to quantify random inter-laminar contacts and val-

idated with MC. The difficulty in the study was to determine the actual

distribution of the inter-laminar conductivity at the edges; however, the

developed stochastic method can account for any distribution functions.

Inter-laminar contacts affected the eddy current loss coefficient. A pro-

posed iterative method can be used to estimate the equivalent conduc-

tivity of the core due to inter-laminar contacts. Finally, a thermography

method was exploited to estimate the size of the inter-laminar contacts.

The methods to estimate conductivity and inter-laminar contact size, to-

gether with the other models developed in this dissertation, assist in as-

sessing additional losses due to inter-laminar contacts in electrical ma-

chines.
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