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Abstract 

The introduction of inverters utilizing wide band-gap semiconductors allow for higher 

switching frequency and improved machine drive energy efficiency. However, inverter 

switching results in fast voltage surges which cause overvoltage at the stator terminals 

and uneven voltage distribution in the stator winding. Therefore, it is important to 

understand how next generation machine drives, with higher switching frequency, affect 

the voltage distribution. For this purpose, a lumped-parameter model capable of 

simulating winding interturn voltages for the wide frequency range of 0-10 MHz is 

developed for a slotless PMSM. The model includes both capacitive and inductive 

couplings, extracted from 2D finite element simulations, as well as analytically estimated 

resistive winding losses.  The developed model of a single phase-winding is used to 

investigate how machine design aspects such as insulation materials and winding 

conductor distribution affects both voltage distribution and winding impedance 

spectrum. Validation measurements demonstrate that the model is accurate for the wide 

frequency range. The sensitivity analysis suggests that the winding conductor 

distribution affect both impedance spectrum and voltage distribution. For the slotless 

machine, capacitance between the winding and the stator is several times smaller than 

capacitance between turns. Therefore, the high-frequency effects are dominated by the 

capacitance between turns. Insulation materials that affect this coupling does therefore 

have an impact on the impedance spectrum but does not have any significant impact on 

the voltage distribution. 

Keywords: 

Windings, drives, transients, surges, steep-fronted, slotless, litz-wire, effective relative 

permeability 
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Sammanfattning 

Nästa generations inverterare för styrning av elektriska maskiner, baserade på 

bredbandgaps komponenter, tillåter högre switchfrekvenser vilket skapar en 

energieffektivare drivlina. Nackdelen är att snabba spänningsflanker från den höga 

switchfrekvensen skapar överspänning på stators anslutningar och en ojämn 

spänningsfördelning i statorlindningen. Det är därför betydelsefullt att förstå hur dessa 

nya drivlinor påverkar lindningens spänningsfördelning. I denna rapport används en 

modell kapabel att simulera lindningens spänningsfördelning i det breda 

frekvensspektrumet 0-10 MHZ. Modellen är framtagen för en faslindning av en PMSM, 

utan statoröppning, som inkluderar både kapacitiva och induktiva kopplingar samt 

analytiskt beräknade lindningsförluster. Modellen används för att undersöka 

spänningsfördelningen i lindningen samt inverkan från designparametrar som 

isolationsmaterial och lindningsdistribution. Känslighetsanalysen visar att 

lindingsdistributionen har en signifikant påverkan på både impedansspektrumet och 

spänningsfördelningen. För den studerade maskintypen är det kapacitansen mellan varv 

som är dominerande för högfrekventa fenomen. Isolationsmaterial som påverkar denna 

koppling har en påverkan på impedansspektrumet men är liten för 

spänningsfördelningen. 

Nyckelord: 

Lindningar, elektriska drivlinor, transienter, spänningspulser, litz-tråd, effektiv relativ 

permeabilitet 
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Chapter 1 

Introduction 

1.1 Background 

The electrical machine is a reliable and robust component and therefore a main part of a 

large variety of applications. The introduction of modern power electronic transistors 

increased the versatility of electrical machines due to the enhanced machine speed- and 

torque control. Today between 50-60 % of all electric energy produced is consumed 

through electrical machines [1], which demonstrates its versatility. However, the 

drawback with machine control utilizing fast switching power electronic inverters are the 

transient voltages and current components that are introduced at the machine terminals. 

Transients cause overvoltage at the stator terminal [2, 3], and uneven voltage 

distribution in the machine windings [4, 5]. The result is increased local thermal- and 

electrical stress on the stator insulation system due to fast voltage surges and additional 

losses. Thermal and electrical stress cause an accelerated degradation of the insulation 

and its electrical properties [6]. Stator insulation failure is one of the main reasons for 

machine breakdowns [7]. Therefore, in order to design reliable machines with high 

performance it is evident that the effects of high-frequency transients are investigated. 

Due to the significance of these transient effects, there are numerous models used for 

investigating the effects of currently used inverters in literature. However, only a few of 

these models investigate the winding interturn voltage distribution. The most frequently 

used methods that exist in literature for interturn voltages modelling are multi-

transmission line (MTL) analysis [8-11], distributed circuit models [12] and lumped-

parameter circuit models [13-18]. As the literature almost completely focuses on the 

induction machine, there is a distinct gap for permanent-magnet (PM) machines and 

especially for machines with a slotless design. 

The introduction of next generation inverters, utilizing wide band-gap power transistors 

based on for example Silicon carbide (SiC), further increase the electrical stress. 

Therefore, it is important that existing models are extended to a wider frequency range 

to investigate how today’s machines are affected by tomorrow’s inverters. 

In this thesis a wide frequency (0-10 MHz) model is developed for simulation of interturn 

voltage distribution in one phase-winding of a slotless permanent-magnet synchronous 

machine (PMSM). The model is used to investigate how voltage distribution and the 

impedance spectrum are affected by stator design aspects such as insulation material and 

winding distribution. 
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1.2 Disposition 

This thesis is separated in 7 main chapters which are briefly described as: 

• Chapter 1. Introduction, describes the purpose and scope of this thesis as well as 

present thesis aims and objectives. 

• Chapter 2. Background Theory, provide a brief description about machine design 

and winding voltage distribution. 

• Chapter 3. High-frequency interturn modelling, presents theory regarding the 

machine model such as model parameters and method. 

• Chapter 4. Model implementation, describe the software implementation of the 

finite element model and construction of the analysis tool. 

• Chapter 5. Sensitivity analysis, presents results from the conducted stator design 

parameter analysis. Results are presented in capacitive couplings, impedance 

spectrum and interturn voltage distribution. 

• Chapter 6. Model validation, presents results from comparisons between the 

implemented machine model and measurements made on the studied PMSM 

machine. 

• Chapter 7. Concluding remarks, concludes the thesis results and discusses 

possibilities for future research. 

1.3 Thesis Scope 

This thesis focuses on voltage distribution modelling for high-speed slotless PM-

machines. Stator terminal overvoltage due to cable effects are not covered in this thesis. 

The wide frequency model is limited to a single phase-winding with both inductive and 

capacitive couplings extracted from FE-simulation and analytically calculated losses. 

Loss calculation include skin- and proximity effects in the winding conductors as well as 

eddy currents in the lamination core. Consequently, both lamination core hysteresis and 

excess losses are neglected. Further, finite element simulations are conducted in 2D and 

therefore inductive end-winding effects are not regarded in the developed model. 

1.4 Purpose 

The purpose of this thesis is to provide knowledge about how next generation inverters, 

utilizing wide band-gap power transistors with higher switching frequencies, affect the 

winding voltage distribution. Additionally, provide knowledge about how the machine 

design and manufacturing process affect the winding voltage distribution. 
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1.5 Aims and objectives 

The objectives for this thesis is developed to fulfill the purpose and produce results 

validated by the studied motor. The main objectives of this thesis are: 

• Implement a wide frequency model of a stator winding up to a frequency of 10 

MHz. 

• Determine winding voltage distribution due to fast voltage surges corresponding 

to those surges created from inverters utilizing wide-band gap semiconductors. 

• Perform a sensitivity analysis for stator winding design aspects, such as 

insulation materials and winding distribution. 

• Validate the developed model using measurements on the studied Atlas Copco 

developed PMSM motor. 
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Chapter 2 

Background Theory 

The theoretical material related to the subject of high-frequency modelling of electrical 

machines is vast. It is not only the electrical machine and the machine design which are 

related but also the connected drive system which introduces harmonic content. 

Additionally, equipment in the close vicinity of the machine are affected by the 

electromagnetic interference and mechanical vibrations. Therefore, this chapter is 

constructed to provide a general overview of features that affect the stator winding 

voltage distribution. This includes design aspects of the machine and the connected 

electrical drive system. Further, a brief explanation of how of the voltage distribution 

affects machine lifetime considering insulation deterioration. 

2.1 PMSM 

Electrical machines serve an important function in the modern society, providing 

conversion between mechanical- and electrical energy. The subject of electrical machines 

is wide as there are several different machine types utilizing different operating 

principles. To keep this section short, the scope is restricted to the machine type studied 

in this thesis, an Atlas Copco developed slotless three-phase PMSM with a single pole-

pair. The studied motor is used in an industrial tool application where high efficiency 

and reliability is vital. The compact size of industrial electrical tools form challenges to 

distribute heat generated from losses in the electrical machine and connected drive. 

The synchronous machine (SM) is a type of AC machine where the rotation of the rotor 

is synchronized with the stator field, thereby its name. The SM differs from the 

commonly used induction machine (IM) by both rotor design and rotor field excitation. 

However, both machine types have the same basic operating principle. Namely, that 

electromagnetic torque is produced by the interaction of stator and rotor magnetic flux 

linkage in the airgap. 

The three-phase stator field is introduced by currents flowing in the stator windings, as 

in the IM case. The synchronous speed is thereby partly determined by the angular 

frequency of the stator currents and partly on the number of poles of the stator.

Rotor magnetomotive force and rotor flux is either excited by a DC current flowing in the 

rotor winding or by permanent magnets (PM). PM can either be fitted on the surface or 

be buried inside the rotor. By removing the rotor winding there are no currents in the 

rotor which reduce conductive losses and thus result in a more energy efficient machine. 

Additionally, lower conductive losses result in less generated heat in the machine and in 
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the machine drive which allow a more compact design. Because, less heat in both 

machine and drive reduce the required amount of cooling elements in the application. 

2.2 Stator design 

The stator comprises three mains parts: stator core, conductor windings and insulation 

system. Both the windings and the stator core can be considered active parts as they 

introduce and direct magnetic flux linkage and play a major role in the function of the 

machine. However, the insulation system can be considered a passive part as it does not 

help direct flux linkage but merely separate conducting parts in the machine. 

2.2.1 Stator core 

The motor studied in this thesis is a slotless PMSM. By removing stator slots cogging 

torque is eliminated and a higher energy efficiency is possible to achieve [19]. High 

efficiency and smooth torque production is important attributes in many applications 

where high power-to-weight ratio and fine control is of importance, applications such as 

tools and robots. However, one major drawback with the slotless PMSM is the difficulty 

of achieving a similar short airgap as a stator with slots. Due to manufacturing difficulties 

airgaps of slotless machines are usually longer, thereby resulting in a reduction of the 

effective stator inductance. 

To reduce the magnitude of eddy currents in the stator core it is altered to increase the 

core conductive resistance [20]. Therefore, the stator core is normally constructed of 

multiple thin laminated sheets of magnetic material which are isolated from each other. 

2.2.2 Stator winding 

The stator winding is usually held in place and protected from mechanical vibrations by 

the stator slots. However, in slotless machines they are instead usually held in place by 

epoxy solutions. 

2.2.3 Stator insulation system 

Stator insulation serves three main purposes: prevent short circuits between conducting 

parts, keep stator winding in place and act as thermal conductors. Although the stator 

could be considered as a passive component it plays an important role in winding and 

machine lifetime. As insulation is most often made from organic material it has a lower 

mechanical strength than the winding and the stator core. Thus, stator insulation is often 

a limiting factor for stator lifetime [21]. An important factor since the stator insulation 

accounts for about 37 % of machine failures in large machines [7]. Therefore, in order to 

construct reliable machines with a long lifetime effects on the insulation system are of 

importance.  
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The stator insulation comprises three main parts: strand-, turn- and groundwall 

insulation. The insulation is often supplemented with an impregnating varnish. 

2.2.3.1 Strand insulation 

A common method to reduce conductor skin effects is to utilize multiple parallel strands 

which together form a conductor. Strand insulation is used to electrically separate the 

parallel strands of the conductor. The insulation is exposed to mechanical wear during 

manufacturing process as well as from thermal stress due to heat produced by losses in 

the winding conductors [21]. 

2.2.3.2 Turn insulation 

Turn insulation separate winding turns and thereby prevents short circuits between 

turns. It also serves a protective function for winding overvoltage which increase the local 

electrical stress and is capable of puncturing or damaging the insulation. Damage that 

could potentially lead to machine breakdown or reduce stator lifetime. 

Turn insulation, like strand insulation, is exposed to both mechanical and thermal wear. 

Manufacturing process is often rough on turn insulation due to the forced formation of 

coils in the end-windings. This process potentially results in cracks and weak-spots 

inside the insulation. These weak-spots are more vulnerable for overvoltage and thereby 

more susceptible for insulation voltage puncture. Most modern electrical machines 

combine both turn and strand insulation in one insulation layer. 

2.2.3.3 Groundwall insulation 

Groundwall, or phase insulation, is insulation located between one phase-winding and 

the stator core with purpose to electrically separate the winding and the grounded stator 

core. Thereby also separating different phase-windings for machines utilizing the slotless 

design.   

As the stator core is grounded, the groundwall insulation must be able to withstand full 

phase to ground voltage. A breakdown in groundwall insulation is often a critical failure 

for a machine due to this high voltage [21]. 

2.2.3.4 Impregnation varnish 

Impregnation varnish is frequently used to improve chemical and mechanical winding 

protection. The varnish fills the space between conductors in the winding and thus 

preventing dirt, moisture and chemicals from damaging the winding. The impregnation 

also improves the mechanical protection as the varnish hardens.  Finally, the varnish also 

serves to improve the thermal conductivity of the windings and transfer heat from 

winding conductors to stator core. 
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2.3 Electrical drives 

A synchronous motor fed from constant voltage and frequency produce a constant speed, 

provided that the external torque is within operating limits. To provide speed and torque 

control, which are required in many applications, power electronics and control are 

introduced to form a motor drive system. 

The variable voltage and frequency can be produced by implementation of either an 

uncontrolled rectifier diode-bridge or a phase-controlled rectifier converting the 

supplied AC-voltage to a DC-voltage together with a controlled inverter. The inverter 

generates the required voltage frequency and average voltage amplitude. 

Implementation with a controlled rectifier allows energy conversion in both directions. 

Thereby enabling energy generated in braking of the motor to be transferred back to the 

supply source. Energy which are otherwise usually distributed as heat. A basic SM drive 

is illustrated in Figure 2.1. 

  

Figure 2.1. Common three-phase machine drive system for a synchronous machines consisting 

of a rectifier and an inverter [22]. 

The inverter generates a voltage of variable frequency utilizing pulse width modulated 

(PWM) transistors. The insulated-gate bipolar transistor (IGBT) is a typical 

semiconductor device frequently used in inverters for motor drives. These 

semiconductors have high efficiency at high frequencies due to short turn-on and turn-

off times. These transistors based on silicon materials are capable of switching 

frequencies up to tens of thousands of hertz [4]. 

The major drawback with machine drives is that the inverter switching introduces high-

frequency harmonics. These harmonics introduce both electrical and mechanical losses 

in the machine as well as produce electromagnetic interference (EMI). The harmonic 

content fed to the machine depend on the PWM modulation technique and is 

proportional to the switching frequency. Therefore, a higher switching frequency result 

in a reduction of low-order harmonics. 

Electric filters are often implemented between inverter and motor to dampen high-

frequency harmonics. Low-order harmonics place a higher demand on the filter and it is 
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therefore advantageous to utilize a high inverter switching frequency. A lower demand 

on the filter often results in a reduction of filter size which is of importance as filters are 

a large and heavy component of the machine drive system.  

Newly developed wide band-gap semiconductors (WBGS), such as silicon carbide (SiC) 

or Gallium nitride (GaN), could significantly decrease filter demand and losses as they 

have improved efficiency at higher frequencies compared to older semiconductors [23]. 

A consequence of implementing inverters based on WBGS is the substantial reduction in 

voltage pulse risetime [24], down to 20-50 nanoseconds. The faster rate of change of the 

voltage affect winding voltage distribution and thereby also insulation integrity. 

Therefore, high-frequency models are required for understanding how electrical 

machine behavior is affected by future inverters. 

2.4 Voltage distribution 

High-frequency voltage components result in uneven and non-linear voltage 

distribution, both on the machine feeder cable and inside the stator winding. Uneven 

voltage distribution is a known issue with inverter-fed machines and has previously been 

studied in literature [2, 5, 25-27]. This phenomenon is caused by reflections in the 

winding and on the feeder cables. Similar to transmission lines, high-frequency voltage 

components cause interference between propagating and multiple reflected waves which 

results in uneven winding voltage distribution. The voltage distribution inside the 

winding is complex and difficult to analyze using analytical methods. Therefore, it is 

commonly studied using machine models. 

At very high frequencies where the inductance behaves as an open-circuit machine 

behavior is dominated by the parasitic capacitances comprising phase-to-stator, turn-to-

turn and phase-to-phase capacitances. These capacitances depend on geometric 

properties of the windings such as winding distribution and insulation materials. 

Thereby, stator winding voltage distribution is partly determined by geometric 

properties of the stator windings. 

Uneven voltage distribution cause increased local electrical stress on the insulation. The 

local stress in combination with parasitic capacitive couplings inside the machine can 

result in currents between different parts of the machine. The local electrical stress 

caused by uneven voltage distribution is further increased by the overvoltage at the 

machine terminals. The interference causes overvoltage at the stator terminals up to 3 

p.u. [28], in some specific cases up to 4 p.u. [29].  Additionally, the overvoltage amplitude 

is highly dependent on feeder cable length [28]. The overvoltage inside the winding is 

primarily distributed over the first couple of stator winding turns [26]. 
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2.5 Insulation degradation 

This paragraph will briefly describe the major causes of insulation degradation which are 

connected to stator overvoltage, with limited details in material theory. Connections 

between transient effects and insulation degradation has previously been investigated 

and established [25, 30].  

Stator winding overvoltage contribute to insulation degradation in two major ways: 

thermally and by increased electrical stress caused by voltage surges. Winding 

temperature is affected by increased resistive losses. These losses are in turn caused by 

overvoltage and high-frequency harmonic content from the PWM switching. Increased 

temperature results in an accelerated oxidation process which essentially weakens the 

chemical bonds inside the insulation. Thereby making the insulation more vulnerable to 

both mechanical vibrations and partial discharges (PD) inside the insulation. PD is 

electrical sparks caused by electrical breakdowns inside air pockets in the insulation. 

Repetitive discharges are harmful for the insulation as degradation is accelerated from 

the sparks [21]. They are increased by a combination of deterioration and electrical 

stress. The dielectric strength of the insulation is equivalent to the materials ability to 

withstand insulation voltage breakdown and thereby preventing PD. As the dielectric 

strength is decreased with insulation deterioration it makes the insulation even more 

vulnerable to PD. Winding overvoltage increase the electrical stress and thus also 

increase PD which eventually lead to stator winding failure. 

2.6 Frequency response analysis 

Monitoring the physical state of stator windings in transformers and electrical machines 

using frequency response analysis (FRA) is a common practice. The method can be used 

to detect winding deformations, track insulation condition and investigate temperature 

and moisture differences. Additionally, the analysis provide information about where 

winding resonance frequencies are located. The location of these frequencies is linked 

with both mechanical vibration and emitted EMI. 

The frequency response is extracted by sweeping the frequency of an AC voltage applied 

to the winding and measuring the output response. The technique is used in this thesis 

for impedance sensitivity analysis and for validation. As the applied voltage is measured 

together with the resulting current response an impedance spectrum can be constructed. 
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2.7 Summary 

This chapter presented a theoretical background to the machine stator components. 

Additionally, how machine drives affect electrical machines by the introduction of 

harmonic content. Due to constructive wave interference on the feeder cable and in the 

winding, high-frequency harmonic content result in overvoltage at the stator terminals 

and uneven voltage distribution in the stator winding. These voltage phenomena cause 

an increased local electrical- and thermal stress on the insulation, which reduce the 

insulation lifetime. As machine breakdown due to insulation failure is common, the 

voltage distribution can therefore be linked with machine lifetime. 
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Chapter 3 

High-frequency interturn modelling 

Modelling is a frequently used method for understanding high-frequency behavior of 

transformers and electrical machines. Models do not represent reality but enable easily 

accessible simulation measurements in a closed test environment. They can provide 

understanding in situations where the target is unavailable, such as early in the design 

process of electrical machines. How accurately the model represents the target depends 

on the model and the level of detail incorporated in it. However, the required accuracy 

should be considered when constructing the model as a more detailed model often 

increase complexity. 

This section presents the fundamental theory for modelling interturn winding voltage of 

electrical machines. This includes a description of the model parameters which consist 

of resistive losses, inductive- and capacitive couplings inside the machine. 

3.1 Circuit model 

The two most commonly used models in literature for simulating interturn voltage can 

be categorized in two different groups: distributed-parameter and lumped-parameter 

models. 

The distributed-parameter model represents the target with unit length parameters. This 

type of model is therefore dependent on both time and distance which is an accurate 

representation of the winding as the voltage and current are functions of time and 

position in the winding. The winding is often represented using multi-transmission line 

(MTL) theory which incorporate interference between propagating and reflecting waves, 

a method used in [9, 11, 31, 32]. The fact that this method is capable of simulating wave 

interference makes this method more suitable for simulation of machines connected with 

a feeder cable.  

The lumped-parameter model is a simplified distributed model where parameters are 

discretized from unit-length. Simplification is advantageous to reduce simulation time 

and model complexity. The most used method to discretize for simulation of interturn 

voltage distribution is to use the equivalent length of one turn of the winding, a method 

which has been applied in [13-16, 33, 34]. This simplification is justified by the 

assumption that voltages and currents does not vary extensively over the distance of one 

turn. This argument is elaborated by considering the wavelength of the current due to a 

voltage surge. The highest frequency component due to a voltage surge can be 

approximated as: 
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𝑓𝑚𝑎𝑥 ≈
1

𝑡𝑟
 (1) 

where 𝑓𝑚𝑎𝑥 represents the highest frequency component and 𝑡𝑟 is the risetime of the 

voltage surge [8]. Further, considering that the wavelength is related to the frequency as: 

𝜆𝑚𝑖𝑛 =
𝑣

𝑓𝑚𝑎𝑥
 (2) 

where 𝜆𝑚𝑖𝑛 is the shortest resulting wavelength due to the voltage surge and 𝑣 is the speed 

of the travelling wave. Finally, the speed can be related to the coil insulation by: 

𝑣 =
1

√𝜇𝜖
=

𝑐

√𝜖𝑟
 (3) 

where 𝑐 is the speed of light and 𝜖𝑟 is the relative permittivity of the coil insulation. Where 

the limit of when the assumption can be made is perhaps not as clear. However, a general 

rule is that it is a valid assumption if the length of the discretized component is less than 

one tenth of the wavelength [26]. For example, a voltage surge with a risetime of 50 

nanoseconds would result in a maximum frequency component of 20 MHz together with 

a relative permittivity of the coil insulation of 4 would result in a minimum wavelength 

of 7.49 m. Therefore, it would be valid to assume that the current does not vary over a 

wire of 0.749 meters. Consequently, it is easier to argue that the assumption is valid when 

simulating machines of larger dimensions. Because, the active length of each turn is often 

many times longer than the wave length. 

The choice of model method for this thesis is the lumped-parameter model. The reason 

is that the rule mentioned above can be applied for the studied motor. Further, as only 

the winding is considered in this thesis, and not the feeder cable, the simplified model is 

considered sufficient.  

3.1.1 Lumped-parameter model 

The method applied in this thesis to study interturn voltage of the winding is a cascaded 

cell model where each cell represents one turn. Figure 3.1 displays such a winding model 

consisting of 4 turns. 
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Figure 3.1. Small scale model of the implemented lumped-parameter model consisting of 4 

turns. The circuit model includes turn resistances, self-inductances, mutual inductances and 

capacitive couplings [34]. 

The model consists of: 

• Turn-to-ground capacitance, 𝐶𝑖,𝑔 

• Turn-to-turn capacitance, 𝐶𝑖,𝑗 

• Self-inductance, 𝐿𝑖,𝑖 

• Mutual inductance, 𝐿𝑖,𝑗 

• Turn resistance, 𝑅𝑖,𝑖, representing conductor losses 

Node voltages, labelled in red in Figure 3.1, and currents can be determined by solving 

Kirchhoff’s voltage- and current law in the circuit. The method can easily be extended for 

a winding of 𝑛 turns. Applying Kirchhoff’s current law at node 𝑖 gives: 

𝑖𝑖 + 𝑖𝑖+1 =
𝑑𝑢𝑖+1

𝑑𝑡
𝐶𝑖+1,𝑔 −

𝑑(𝑢𝑖 − 𝑢𝑖+1)

𝑑𝑡
𝐶𝑖,𝑖+1 + ∑

𝑑(𝑢𝑖+1 − 𝑢𝑖+𝑘)

𝑑𝑡
𝐶𝑖,𝑖+𝑘

𝑛

𝑘=2

 (4) 

where 𝑢𝑖 represent the node voltage and 𝑖𝑖 the node current through the resistor of each 

turn. Solving Kirchhoff’s voltage law for the voltage over the i:th turn results in the 

following equation: 

𝑢𝑖 − 𝑢𝑖+1 =
𝑑𝑖𝑖
𝑑𝑡

𝐿𝑖,𝑖 + ∑
𝑑𝑖𝑘
𝑑𝑡

𝐿𝑖,𝑘

𝑛

𝑘=1,𝑘≠𝑖

+ 𝑖𝑖𝑅𝑖,𝑖 (5) 

where turn voltage is defined as the voltage between two nodes. Together (4) and (5) 

form a system of coupled differential equations. This system of coupled equations can be 

described in matrix form as: 

(
𝑑

𝑑𝑡
[
𝑳 𝟎
𝟎 𝑪

] − [
𝑹 𝑫

−𝑫𝑇 𝟎
]) {

{𝒊}
{𝒖}

} = {
{𝒃1}

{𝒃2}
} (6) 



CHAPTER 3. HIGH-FREQUENCY INTERTURN MODELLING    14 

 

where {𝐢} = {𝑖1, 𝑖2, … , 𝑖𝑛} is a vector holding all turn currents to be solved and {𝒖} =

{𝑢2, 𝑢3, … , 𝑢𝑛} is holding all node voltages to be solved. Vectors {𝒃1} = {𝑣1, 0, … ,0} and 

{𝒃2} =
𝑑𝑣1(𝑡)

𝑑𝑡
𝐶2,1, 𝐶3,1, … , 𝐶𝑛,1 can be considered source terms for solving. 𝑣1 is the node 

voltage of the first node which is determined by the signal generator. The system in (6) 

also contain the inductance matrix with complex inductances: 

𝑳 =

[
 
 
 
 

𝐿1,1 𝐿1,2 … 𝐿1,𝑛−1 𝐿1,𝑛

𝐿2,1 𝐿2,2 … 𝐿2,𝑛−1 𝐿2,𝑛

⋮ ⋮ ⋱ ⋮ ⋮
𝐿𝑛−1,1 𝐿𝑛−1,2 … 𝐿𝑛−1,𝑛−1 𝐿𝑛−1,𝑛

𝐿𝑛,1 𝐿𝑛,2 … 𝐿𝑛,𝑛−1 𝐿𝑛,𝑛 ]
 
 
 
 

 (7) 

 and the capacitance matrix: 

𝑪

=

[
 
 
 
𝐶2,𝑔 + 𝐶2,1 + ⋯𝐶2,𝑛 −𝐶2,3 … −𝐶2,𝑛

−𝐶3,2 𝐶3,𝑔 + 𝐶3,1 + ⋯𝐶3,𝑛 … −𝐶3,𝑛

⋮ ⋮ ⋱ ⋮
−𝐶𝑛,2 −𝐶𝑛,3 … 𝐶𝑛,𝑔 + 𝐶𝑛,1 + ⋯𝐶3,𝑛]

 
 
 

 
(8) 

which includes turn-to-turn capacitances and turn-to-ground capacitances. The 

distribution matrix 𝑫, and its transpose 𝑫𝑇, can be altered for different circuit connection 

schemes. However, for the current circuit shown in Figure 3.1 it is set as: 

𝑫 =

[
 
 
 
 
 
−1 0 0 0
+1 −1 0 0
0 +1 −1 0
⋮ ⋱ ⋱ ⋱
0 0 +1 −1
0 0 0 +1]

 
 
 
 
 

 (9) 

which result in an 𝑛 × 𝑛 − 1 matrix. The turn resistances are included in the resistance 

matrix, 𝑹, as: 

𝑹 =

[
 
 
 
𝑅1,1 0 0 0

0 𝑅2,2 0 0

⋮ ⋱ ⋱ ⋱
0 0 0 𝑅𝑛,𝑛]

 
 
 
 (10) 

The system in (6) represents a large system of coupled differential equations in time 

domain. This system is transformed to frequency domain to reduce simulation time and 

utilize frequency dependent model parameters. Therefore, instead of solving the 

differential system for a large number of time instances required for an adequately high 

sampling frequency, it can be solved for the dominating frequency coefficients. The 

resulting frequency domain system utilizing Fourier transform from (6) is: 
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(𝑗𝜔 [
𝑳(𝜔) 𝟎

𝟎 𝑪
] − [

𝑹(𝜔) 𝑫

−𝑫𝑇 𝟎
]) {

{𝑰}
{𝑼}

} = {
{𝑩1}

{𝑩2}
} 

 
(11) 

where both inductive and resistive components are frequency dependent. Frequency 

dependent variables permit accurate modelling of winding conductor skin effects and 

stator core lamination losses.  

The system of equations in (11) can be solved as a linear system of equations for each 

frequency component by deconstructing the input signal in its complex Fourier 

coefficients. A method that has previously been applied with good agreement in [34]. 

3.2 Circuit Parameters 

The fundamental part of any model, independent of model method, is the circuit 

parameters which represent different parts of the model target. The objective of this 

thesis is to model the interturn voltage distribution and therefore the target in this thesis 

is each turn of the slotless PMSM machine winding. The accuracy of the model therefore 

depends on how well the parameters represent their target part. This section presents 

both capacitive and inductive couplings, core lamination losses and resistive losses used 

in the model. 

3.2.1 Capacitive coupling 

Stray capacitances, or parasitic capacitances, are unwanted capacitive couplings that 

exist between conductive parts of the machine. The coupling is an effect of close 

proximity together with potential differences between conductive parts as energy is 

stored on them. 

Effects of capacitive couplings are usually neglected for simulation of low frequency 

transients because of the small nature of the capacitive coupling (in the order of tenths 

of pF) [35]. However, these couplings have a dominating effect at higher frequencies and 

is therefore considered a main part of the model in this thesis. 
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Figure 3.2. Machine drive system with CM voltages in red dotted lines and CM currents in blue 

dotted lines [36]. 

The capacitive couplings in a three-phase AC machine drive system can be divided in 

common-mode (CM) and differential-mode (DM) couplings [37]. CM capacitance 

couplings result in current paths, see blue lines in Figure 3.2, between different parts of 

the machine and ground. DM capacitive couplings result in paths between phases in a 

multi-phase system. 

Since the scope of this thesis is to model the winding of one phase of a PMSM machine, 

only CM couplings are considered. In electrical machines with brushes there are 

capacitive couplings between stator and rotor which result in bearing currents. However, 

this coupling is neglected in this thesis as the model target is a PMSM which does not 

have any rotor circuit. The resulting capacitive couplings considered in this thesis are: 

• Turn-to-turn capacitance 

• Turn-to-stator capacitance 

The conductive couplings in the machine can be modelled as a multiconductor system 

comprising coefficients of capacitance, or self-capacitance, and coefficients of induction, 

or mutual-capacitance. Coefficients of capacitance represent the total capacitance 

between one turn and all other turns together with the capacitance between the current 

turn and the stator, considered as ground. The coefficients of induction represent the 

mutual capacitance between one conductor and all other separate conductors. 

As capacitance is a function of geometry and not primarily frequency, stator to ground 

and interturn capacitances can be determined by electrostatic analysis. From 

electrostatic theory, it can be concluded that the potential of a conductor, which is 

isolated, is directly proportional to the charge on it. The former sentence can be 

interpreted as: 

𝑄 = 𝐶 ∙ 𝑉 (12) 
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where Q is the charge in coulombs, V is the voltage in volts and C is the capacitance in 

farads. Thus, the capacitances between conductors in the machine can be determined by 

applying a voltage to one conductor at a time and measuring the charge on all the other 

conductors in the system. This method is utilized together with finite element (FE) 

simulations in this thesis to extract machine capacitance. The simulation process is 

explained in detail in chapter 4. 

3.2.2 Inductive coupling 

Inductance is an essential part of any model targeting transformers and electrical 

machines as it is linked with the magnetic circuit. Both transformers and electrical 

machines utilize the magnetic circuit for energy conversion. The inductive coupling can 

be divided in two parts: 

• Self-inductance 

• Mutual inductance 

Self-inductance of the winding is defined as the total magnetic flux linkage, 𝜓, produced 

as a result from the current 𝑖 carried by the conductor, as: 

𝐿𝑠𝑒𝑙𝑓 =
𝜓

𝑖
 (13) 

The self-inductance of a circuit is determined by its geometric properties together with 

the materials permeability. The stator laminated core is part of the magnetic circuit and 

represent a large part of the winding inductance.  

The mutual inductance between turns represents the magnetic coupling between turns. 

Both self- and mutual inductance is contrary to capacitive coupling frequency dependent 

due to losses in the stator core. 

3.2.3 Turn resistance 

Resistive losses in the stator winding are strongly frequency dependent due to eddy 

currents. Eddy currents are essentially induced current loops inside the conductor and 

its effects can be separated in skin- and proximity effects. 

As a primary time-varying current flow through the winding conductor a magnetic field 

is created around the conductor. This field in turn introduce eddy currents inside the 

conductor according to Faraday’s law. According to Lenz’s law, these currents add to the 

primary current towards the surface of the conductor and subtract from the primary 

current in the center, as illustrated in Figure 3.3. 
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Figure  3.3. Illustrating the skin effect inside a conductor where induced currents introduce an 

non-uniform conductor current [20]. 

The net current inside the conductor is constant, therefore the current distribution inside 

the conductor becomes non-uniform. As a result, current tends to flow at the surface of 

the conductor which is referred to as skin effect. Consequently, the effective conductor 

area is decreased which results in increased conductor losses. The amount of current 

penetration is referred to skin depth, 𝛿. Skin depth is defined as how far under the surface 

of the conductor until the current density has decreased to 1/e. Skin depth is inversely 

proportional to frequency as: 

𝛿 =
1

√𝜋𝜇𝜎𝑓
 (14) 

where 𝜇 is the permeability of the conductor in henries per meter, 𝜎 is the conductor 

conductivity in siemens per meter and 𝑓 is the frequency in hertz. 

A common method to reduce skin effect losses in conductors of high-frequency 

applications is to utilize multi-stranded parallel conductors. As the skin depth at high 

frequencies becomes very small, the conductor area is advantageously divided in several 

parallel conductors with the same effective conducting area. One such conductor is the 

litz-wire, illustrated in Figure 3.4, which consists of parallel multi-stranded wires with 

individual insulation where the strands are transposed. Transposition of individual 

strands is a method used to reduce proximity effects and investigations show a significant 

decrease in proximity effect losses [38]. This type of conductor is used in the studied 

PMSM, and therefore modelled in this thesis. 
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Figure 3.4. Multi-stranded conductor wire of litz type with transposition [39]. Similar to the 

wire used in the studied PMSM machine winding.  

The proximity effect influences resistive losses in a similar manner as skin effect, only 

that eddy currents are induced by current carrying conductors in the near proximity. The 

proximity effect is often larger than the skin effect in transformers and electrical 

machines. Because, the proximity effect is proportional to the number of adjacent 

conductors of the winding which are usually large in transformers and electrical 

machines. However, this also complicates the analytical estimation of resistance as 

proximity effects occur both on strand and conductor level in multi-stranded parallel 

conductors. 

Modelling skin and proximity effects are complex and often require 2D- or 3D finite 

element simulations for accurate estimations. However, in this thesis they are estimated 

using analytical calculations. One method for estimating the resistive losses from skin 

and proximity effects in a litz-wire with good agreement is presented in [40]. This 

method is used in the following analytical approach of resistive loss estimation. The 

method is based on a one-dimensional approach. By utilizing the orthogonal principle, 

skin and proximity effects can be estimated separately [41]. 

The skin effect for a single strand in the i:th layer of the conductor can be estimated by: 

𝑅𝑠𝑘𝑖𝑛,𝑠𝑡𝑟𝑎𝑛𝑑 = 𝑅𝑑𝑐

𝛾𝑠

2

𝑏𝑒𝑟(𝛾𝑠)𝑏𝑒𝑖′(𝛾𝑠) − 𝑏𝑒𝑖(𝛾𝑠)𝑏𝑒𝑟′(𝛾𝑠)

𝑏𝑒𝑟′2(𝛾𝑠) + 𝑏𝑒𝑖′2(𝛾𝑠)
 (15) 

where 𝑏𝑒𝑟 and 𝑏𝑒𝑖 respectively are the real and imaginary part of the Kelvin functions. 

While 𝑏𝑒𝑟′ and 𝑏𝑒𝑟′are the first order derivatives of the real and imaginary part of the 

Kelvin functions. Kelvin functions are defined as: 

𝑏𝑒𝑟(𝛾𝑠) + 𝑗𝑏𝑒𝑖(𝛾𝑠) = 𝐽 (𝛾𝑠𝑒
3𝜋𝑗
4 ) (16) 

where 𝑗 is the imaginary operator and 𝐽 is the Bessel function of the first kind. Further, 

𝑅𝑑𝑐 is the dc winding resistance estimated as: 
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𝑅𝑑𝑐 =
4𝜌

𝜋𝑑2
𝑁(𝑙𝑇 + 𝑙𝑒𝑛𝑑) (17) 

where 𝜌 is the conductor resistivity in ohm mm, 𝑑 is the single strand conductor diameter 

in mm, 𝑁 is the number of winding turns, 𝑙𝑇 is the average length of one turn in mm, 𝑙𝑒𝑛𝑑 

is the average length of the end winding in mm and the constant 𝛾𝑠 is calculated using 

the skin depth in (14) as: 

𝛾𝑠 =
𝑑

𝛿√2
 (18) 

The resulting resistive losses on both strand and conductor level for a single strand of the 

i:th layer is estimated as: 

𝑅𝑝𝑟𝑜𝑥 = 𝑅𝑝𝑟𝑜𝑥,𝑠𝑡𝑟𝑎𝑛𝑑 + 𝑅𝑝𝑟𝑜𝑥,𝑐𝑜𝑛𝑑

= 𝑅𝑑𝑐𝛾𝑠𝜋𝑛𝑠 (−η1
2  

𝑏𝑒𝑟2(𝛾𝑠)𝑏𝑒𝑟′(𝛾𝑠) − 𝑏𝑒𝑖2(𝛾𝑠)𝑏𝑒𝑖′(𝛾𝑠)

𝑏𝑒𝑟2(𝛾𝑠) + 𝑏𝑒𝑖2(𝛾𝑠)

− 𝜂2
2

𝑝

2𝜋

𝑏𝑒𝑟2(𝛾𝑠)𝑏𝑒𝑟′(𝛾𝑠) − 𝑏𝑒𝑖2(𝛾𝑠)𝑏𝑒𝑖′(𝛾𝑠)

𝑏𝑒𝑟2(𝛾𝑠) + 𝑏𝑒𝑖2(𝛾𝑠)
) 

(19) 

where 𝜂1 and 𝜂2 are the external- and internal porosity factor respectively, 𝑛𝑠 is the 

number of strands in each conductor and 𝑝 is the winding packing factor. 𝑏𝑒𝑖2 and 𝑏𝑒𝑟2 

are the kelvin functions of the second kind which are calculated using the Bessel 

functions of the second kind. The external porosity factor is determined by the strand 

diameter, 𝑑, and the distance between adjacent conductors, 𝑡0, as: 

𝜂1 =
𝑑

𝑡0
√

𝜋

4
 (20) 

while the internal porosity factor is determined by the strand diameter and the distance 

between the center of two adjacent strands, 𝑡𝑠, as: 

𝜂2 =
𝑑

𝑡𝑠
√

𝜋

4
 (21) 

The total resistive loss from both skin and proximity effects for a complete winding of 𝑁𝑙 

number of layers assuming equal number of conductors of each layer can be expressed 

as [40]: 
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𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔 = 𝑅𝑑𝑐

𝛾𝑠

2
{

1

𝑛𝑠

𝑏𝑒𝑟(𝛾𝑠)𝑏𝑒𝑖′(𝛾𝑠) − 𝑏𝑒𝑖(𝛾𝑠)𝑏𝑒𝑟′(𝛾𝑠)

𝑏𝑒𝑟′2(𝛾𝑠) + 𝑏𝑒𝑖′2(𝛾𝑠)

− 2𝜋 [
4(𝑁𝑙

2 − 1)

3
+ 1]  𝑛𝑠 (𝜂1

2 + 𝜂2
2

𝑝

2𝜋𝑛𝑠
)

∙ (
𝑏𝑒𝑟2(𝛾𝑠)𝑏𝑒𝑟′(𝛾𝑠) − 𝑏𝑒𝑖2(𝛾𝑠)𝑏𝑒𝑖′(𝛾𝑠)

𝑏𝑒𝑟2(𝛾𝑠) + 𝑏𝑒𝑖2(𝛾𝑠)
)} 

(22) 

If the winding resistive loss is approximated as evenly distributed over the winding 

length the equivalent turn resistance can be estimated. However, in this thesis only a 

small fraction, 10 %, of the proximity effect is accounted for. Because the studied stator 

winding consists of litz-wire with approximated full transposition. As demonstrated in 

[38], proximity effects are significantly decreased by transposition. 

Parameters used for calculating the resistive losses in the studied stator winding is 

presented in Table 3.1. 

Table 3.1. 

Parameters used for analytical resistive loss calculations 

Quantity Symbol Value Unit 

Packing factor 𝑝 0.45 - 

Number of strands 𝑛𝑠 7 - 

Number of turns 𝑁 65 - 

Number of layers 𝑁𝑙 13 - 

Strand diameter 𝑑 0.212 mm 

Average turn length 𝑙𝑇 129 mm 

End winding length 𝑙𝑒𝑛𝑑  85 mm 

Distance between 

conductors 
𝑡0 0.3775 mm 

Distance between 

strands 
𝑡𝑠 0.2575 mm 

Conductor 

conductivity 
𝜎 58 MS/m 

Conductor resistivity 𝜌 17.24 ∗ 10−6  Ωmm 

 

The resulting frequency dependent turn resistance calculated using (22) is presented in 

Figure 3.5. 
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Figure 3.5. Analytically calculated winding turn resistance for the studied motor as a function of 

frequency. 

The resulting DC turn resistance is 0.0145 ohm with a total winding resistance of 0.9711 

ohm. 

3.2.4 Stator lamination core losses 

Stator core losses are strongly frequency dependent and does therefore play an important 

role when modelling motor behavior for a wide frequency range. Providing an accurate 

model of core losses is difficult due to its complexity. There is currently no general theory 

allowing accurate prediction of core losses using material properties [20]. However, 

empirical approaches exist where losses are separated and treated independently. These 

approaches frequently separate losses in three parts: 

• Hysteresis losses, 𝑃ℎ𝑦 

• Eddy current losses, 𝑃𝑒𝑑 

• Excess losses, 𝑃𝑒𝑥 

The total lamination core losses are then determined as: 

𝑃𝑙𝑜𝑠𝑠,𝑡𝑜𝑡 = 𝑃ℎ𝑦 + 𝑃𝑒𝑑 + 𝑃𝑒𝑥 (23) 

This thesis will not include a complete method for modelling iron core losses in 

laminated cores but will briefly explain the three phenomena. Only eddy current losses 

in the stator core is modelled in this thesis. The reason is that hysteresis losses affect the 

inductive couplings while both excess and eddy current losses only add resistive losses 
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in the model. The effects of these losses are regarded small for voltage distribution 

modelling. 

3.2.4.1 Hysteresis losses 

Ferromagnetic materials, such as electrical steel, have atomic magnetic dipoles which 

interact with magnetic fields. Magnetic dipoles are created as the electrons in the atom 

orbits the nucleus equivalent to an electric current in a small resistive loop. The atomic 

dipoles in the stator core material aligns with the induced magnetic field from the stator 

winding. Furthermore, as the induced magnetic field is alternating the direction of the 

atomic dipoles continuously changes direction by rotation.  This rotation of dipoles 

consumes a certain amount of energy which could be considered as a magnetic friction. 

Therefore, hysteresis losses are proportional to the magnetic field frequency as the dipole 

rotates with the same frequency. 

3.2.4.2 Eddy current losses 

Eddy currents are induced in the stator core since the ferromagnetic material used in the 

stator core is conductive. As previously explained the skin depth of the eddy currents 

proportional is to frequency. As a result, at high frequencies when skin depth is small, 

the magnetic field inside the laminated sheet becomes inhomogeneous. 

The model method of eddy current losses and its effects applied in this thesis and used 

in [42-44] is based on a frequency dependent effective complex relative permeability. 

The effective permeability is derived by simplifying Maxwell’s equations inside the 

laminated sheet to a one-dimensional problem, and thereby reducing it to a single 

equation. 
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Figure 3.6. A single rectangular lamination sheet which is simplified from the circular 

lamination sheet.  

Considering a single rectangular laminated sheet as shown in Figure 3.6. With the 

assumption that the current is large enough in the y-direction, the magnetic field 

problem can be reduced to: 

𝜕2𝐻𝑧(𝑥, 𝑡)

𝜕𝑥2
= 𝜇𝜎

𝜕𝐻𝑧(𝑥, 𝑡)

𝜕𝑡
 (24) 

with local permeability 𝜇 and local conductivity 𝜎. The solution to (24) is two waves 

travelling in opposite direction as: 

𝐻𝑧(𝑥, 𝑡) = 𝐶1𝑒
𝑗𝜔𝑡−𝛾𝑥 + 𝐶2𝑒

𝑗𝜔𝑡+𝛾𝑥 (25) 

with propagation constant 𝛾, which is related to skin depth 𝛿 as: 

𝛾 =
1 + 𝑗

2𝛿
= √𝑗𝜔𝜇𝜎 (26) 

where 𝑗 is the complex operator. Wave amplitude constants 𝐶1 and 𝐶2 of the two opposing 

wave solutions depend on the boundary condition. Assuming symmetric boundary 

conditions on each side of the sheet as: 

𝐻𝑧(±𝑤, 𝑡) = 𝐻0𝑒
𝑗𝜔𝑡 (27) 

result in the magnetic field solution inside the sheet as: 

𝐻𝑧(𝑥, 𝑡) =
𝐻0

1 + 𝑒−𝛾𝑤 (𝑒𝑗𝜔𝑡−𝛾(𝑥+𝑤) + 𝑒𝑗𝜔𝑡−𝛾(𝑥−𝑤)) (28) 

The average magnetic flux density inside the sheet can be calculated as: 
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〈𝐵𝑧〉 =
𝜙(𝑡)

𝐴𝐶𝑟𝑜𝑠𝑠
=

1

𝐴𝐶𝑟𝑜𝑠𝑠
∫ 𝜇𝐻𝑧(𝑥, 𝑡)Δ𝑦𝑑𝑥 =

𝐻0𝑒
𝑗𝜔𝑡𝜇

𝛾

𝑤

−𝑤

tanh(𝛾𝑤) (29) 

where 𝐴𝐶𝑟𝑜𝑠𝑠 is the cross-section area of the sheet. The effective relative permeability, 

𝜇𝑒𝑓𝑓, in the z-direction of a laminated sheet can be expressed as: 

𝜇𝑒𝑓𝑓 =
〈𝐵𝑧〉

𝜇𝑜𝐻𝑧
𝑒𝑥𝑡 = 𝜇𝑒𝑓𝑓

′ + 𝑗𝜇𝑒𝑓𝑓
′′ = 𝜇𝑙𝑜𝑐𝑎𝑙

tanh(𝛾𝑤)

𝛾𝑤
 (30) 

where 𝐻𝑧
𝑒𝑥𝑡 is the external field and 𝜇0 is the permeability of free space. The local 

permeability, 𝜇𝑙𝑜𝑐𝑎𝑙, in (30) can be estimated by using a small signal high-frequency 

model. A valid assumption for this thesis as the machine is modelled without rotor 

magnets.  For high-frequency small signals, small loops are formed in the hysteresis 

curve [42], as illustrated in Figure 3.7. 

 

Figure 3.7. Resulting small elliptical hysteresis curves for high frequency small signals utilized 

for calculating the effective relative permeability [42]. 

The operating point in a laminated stator for a high frequency small signal is measured 

for the laminated steel used in the studied motor in [45]. The local relative permeability 

used in this thesis is 800. The operation point is assumed to be static and used for local 

permeability in (30). The resulting frequency dependent complex effective relative 

permeability of (30) is presented in Figure 3.8. 
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Figure 3.8. Equivalent complex relative permeability applied in the model developed in this 

thesis by implementation with FE magnetostatics analysis. 

3.2.4.3 Excess core losses 

Excess losses are caused by imperfections in the structure of the core magnetic material. 

The magnetic domains inside the magnetic material is separated by boundaries which 

are called domain walls. External alternating magnetic field causes movements of the 

domain walls. Imperfections inside the structure causes discontinuous movement, or 

jumps, of the domain walls. This effect result in microscopic local eddy currents and 

produce Joule losses [46]. Excess losses are as previously mentioned neglected and 

therefore not modelled in this thesis. 

3.3 Summary 

This chapter described the theoretical foundation for this thesis which is the machine 

winding model. The lumped-parameter model consists of: both capacitive and inductive 

couplings, resistive winding losses for litz-wire and lamination core losses. The resistive 

losses include skin and proximity effects while lamination core losses only include eddy 

current losses. The constructed system of coupled differential equations in time domain 

is transformed to the frequency domain using Fourier transform. Thereby reducing 

simulation time and allowing frequency dependent parameters such as resistance and 

inductance.  
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Chapter 4 

Model implementation 

This chapter describes the implementation process for extraction of inductive and 

capacitive couplings inside the machine using Finite Element Method Magnetics 

(FEMM) software. As well as the implemented solver for Kirchhoff’s current and voltage 

laws derived in previous chapter. The extracted FE couplings are utilized together with a 

MATLAB script which together function as a design analysis tool for electrical machines 

and transformers. A flowchart presenting the script outline of the tool is illustrated in 

Figure 4.1. 

 

Figure 4.1. Flowchart presentation of the implemented analysis tool incorporating the winding 

model with FE simulations. 

The program utilizes a set of user defined input parameters to generate time domain 

response and winding impedance from the circuit model. One of the user defined 

variables is the signal generator connected to the first node in Figure 3.1. This time-

domain signal, 𝑣1(𝑡) in (6), is of arbitrary shape and sampling frequency. Physical 

parameters used in FE-simulations are parametrized to simulate different stator designs 

aspects such as different insulation materials. Finally, the stator winding turn 

distribution is set as an option between different predefined distributions. This function 

could be used to investigate how different winding designs affect turn-to-turn voltages 

and input impedance. 

4.1 Parameter extraction 

The capacitance and inductance matrices are extracted from FE-simulations with the 

FEMM software. FEMM is a free software capable of magnetic, electrostatic, heat flow 

and current flow simulations in 2D based on the FE-technique. Both capacitive and 

inductive couplings are extracted from a constructed stator winding model with 

individual conductors consisting of 7 parallel strands. 
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4.1.1 Conductor and turn distribution 

Part of the goal of this thesis is to be able to use the lumped-parameter circuit for a 

sensitivity analysis and determine how different design aspects affect voltage 

distribution in the winding. Therefore, it was determined that the conductor placement 

would be one of the interesting design features to investigate. A method different than 

most previous investigations in literature, where stator winding conductors often are 

simplified. 

The investigated PMSM has a randomly wound stator winding consisting of 65 turns of 

litz-wire with 7 transposed parallel strands.  Thus, turn placement in the winding differ 

randomly to some extent between manufactured motors. Additionally, as the stator 

winding is wound on a bobbin, they are required to be physically manipulated. Therefore, 

to fit in the winding between stator and rotor the litz-wire conductor will not retain its 

the circular form. Both strand and conductor placement affect conductive- and inductive 

couplings, the extent analyzed in this thesis. Even though it is assumed that both 

conductor and strand placement difference have a small effect on winding voltage 

distribution, it is of interest to confirm. In order to confirm this assumption 4 different 

distributions were created. 

The strand placement of the stator winding was examined using a water-cut cross section 

of a manufactured stator. Figure 4.2 shows an enhanced picture of the cross section 

where individual strands inside the phase winding is visible. 

 

Figure 4.2. Picture taken on the studied motor with microscope of an available water cut cross-

section of a stator. Picture is focused on a single-phase slot. 

The constructed phase-winding used in FE simulations, illustrated in Figure 4.3 was 

developed in this thesis to resemble the actual winding of the motor. However, from the 

available cross-section it is not possible to determine the exact turn distribution within 

the winding. Turn positioning was estimated by examination of the manufacturing 

process. 
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Figure 4.3. Strand distribution of a single-phase winding based on manufacturing process were 

each turn visualized in different colors. 

The implemented phase-winding in Figure 4.3 is constructed from 65 turns, each turn 

comprising 7 parallel strands, as the model target. The winding is simplified by assuming 

round strands even though Figure 4.2 show some strand deformation. It is assumed that 

the difference is negligible for the purpose of this thesis. The parallel strands for each 

conductor are highlighted by colors in Figure 4.2. As seen in the figure, conductors are 

not circular but rather “flattened”. The strand placement was created to resemble the 

manufacturing process with the physical manipulation. As the premade stator windings 

are fitted inside the machine they are pressed towards the stator laminated core which is 

believed to deform the circular litz-conductor wires. Difference between the simulation 

model and the target is the litz-conductor transposition. Transposition effects are not 

simulated in this thesis as it would require 3D-simulation, which is not used in this 

thesis. 

The strands are placed in 13 rows with distance between adjacent columns equally spaced 

by 0.25 mm. The distance between adjacent strands in each row is not equal and differ 

slightly between 0.2792 mm and 0.2865 mm. 

Two different groups of distributions were created to investigate differences in winding 

impedance and voltage distribution. The difference between the two groups could be 

interpreted as from which side the winding is wound on the bobbin, from the shorter side 

arc or the long side arc, illustrated with a square winding in Figure 4.4. The group marked 

2 in Figure 4.4 is constructed from examination of the manufacturing process. Group 1 

is constructed as a fictive case for sensitivity analysis. 
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Figure 4.4. Constructed winding group distributions. 

The constructed distributions were saved in table form using Microsoft Excel to be 

imported in the constructed MATLAB program. An example of the first distribution 

group from Figure 4.4 using the same color scheme as Figure 4.3 is presented in Figure 

4.5. 

 

Figure 4.5. Winding distribution 1 saved in matrix form. Note that  the figure only shows a part 

of the winding. 

The two distribution groups each consist of two winding distributions, one where turns 

are placed consecutively in each layer, as in Figure 4.5, and the other were turns in each 

layer are randomly placed. The purpose is to simulate the random element of turn 

placement in the manufacturing process. Distributions are summarized in Table 4.1. 

Table 4.1 

Developed winding distributions with name and description 

Name Description 

Group 1, Distribution 1 
Turns placed consecutive in 

columns 

Group 1, Distribution 2 
Turns placed randomly in each 

column 

Group 2, Distribution 3 
Turns placed consecutive in 

rows 

Group 2, Distribution 4 
Turns placed randomly in each 

row 
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4.1.2 Electrostatic analysis 

The electrostatic analysis was implemented to determine capacitance couplings inside 

the machine which are used as turn-to-turn parameters in the lumped-circuit model. 

This section is divided in two parts, the first part explaining the implemented stator 

model and the second describe how the capacitance matrix is extracted. 

4.1.2.1 Model implementation 

The electrostatic model of the slotless three-phase PMSM consists of one phase-winding 

implemented in a half-motor symmetry as presented in Figure 4.6. As the motor has one 

pole-pair, each phase takes up 120 degrees of the motor with one phase-winding slot of 

60 degrees. 

 

Figure 4.6. Implemented FEMM model in an electrostatic environment with half machine 

symmetry and one phase winding consisting of 65 turns comprising 7 parallel strands. 

The developed strand distribution illustrated in Figure 4.3 is drawn in FEMM together 

with one of the constructed winding distributions presented in Figure 4.4. The drawing 

process is automated utilizing lua-scripting implemented in MATLAB. The selected 

distribution (selected by variable in the program) is imported from an excel file in 

MATLAB and transformed from the rectangular matrix format illustrated in Figure 4.5 

to a vector format. The vector is ordered in the same order as the strands are drawn in 

FEMM. As each strand is drawn they are assigned to one of the 66 predefined circuits in 

FEMM, 65 for the different turns and one for the grounded stator. Thereby making it 

possible to easily, from a matrix format, implement any turn distribution. 

The stator phase-slot is implemented with impregnation varnish between strands, phase 

insulation in form of a dielectric paper sheet and a layer of strand insulation enclosing 

each strand. Design measurements used in the FEMM model was incorporated from 

datasheets and measurements on the Atlas Copco Industrial Technique motor and are 

summarized in Table 4.2. 
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Table 4.2 

Implemented stator design measurements 

Quantity Value Unit 

Active motor length 64.5 mm 

Stator width 3.9 mm 

Strand diameter 0.212 mm 

Strand insulation 

thickness 
0.0178 mm 

Phase insulation 

thickness 
0.16 mm 

Lamination thickness 0.2 mm 

 

As seen in Figure 4.6, the two adjacent phase windings are not implemented, leaving an 

empty space in the phase slots. The reason is that simulating two additional phase 

windings consisting of 455 strands each with a dense mesh grid size was considered very 

time consuming, especially as a sensitivity analysis with was to be performed. 

The relative permittivity of the insulation materials was implemented as variables in the 

lua-script and is therefore easily altered to simulate different insulation materials. The 

material of the studied motor and the electrical constant used in FE-simulations is 

presented in Table 4.3. 

Table 4.3  

Electrical constants applied in electrostatic FEMM simulations 

Component Material Relative permittivity 

Strand wire Copper, grade 2 1 

Strand insulation Polyamide imide 3.1 

Impregnation resin Polyester imide resin 4.1 

Phase void Polyamide 1 

Rotor void Polyamide 1 

Phase insulation 
Polyesterfilm, Mylar 

type 
3.68 

 

4.1.2.2 Capacitance extraction 

The capacitive couplings inside the machine is extracted using the relationship between 

charge, voltage and capacitance in (12). Using this relation, a voltage of one volt is applied 

to one conductor of 7 strands at a time, the i:th conductor. All other conductors, including 

the stator core, is assigned zero voltage and thus grounded. The resulting charge on each 

circuit is then extracted and saved in a matrix. The coefficient of capacitance and 
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coefficient of induction can thereby be determined with (12). This process is repeated in 

an automated fashion for all 65 conductor groups constructing a matrix of capacitances 

in per unit length. The matrix consists of coefficients of capacitance on the diagonal of 

the 65∗65 matrix, or 𝐶𝑖𝑗 where 𝑖 = 𝑗. These coefficients are positive and represent the 

capacitive coupling between the activated i:th conductor and all other conductors, 

including the stator core. All other elements, 𝐶𝑖𝑗 where 𝑖 ≠ 𝑗, are negative and represent 

the mutual partial capacitance between conductor 𝑖 and 𝑗. The matrix is presented in 3D 

format in Figure 4.7. 

 

Figure 4.7. Coefficients of conductance and coefficients of inductance in matrix form as 

extracted from FEMM simulations. 

The turn-to-stator capacitance is thereby calculated by adding all the elements in one 

row which is essentially the same as calculating the charge which is not distributed at the 

other turns but on the ground conductor, or stator. The resulting capacitance matrices 

with turn-to-stator and turn-to-turn capacitances for the different implemented 

distributions is presented in the following figures. 
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Figure 4.8. Capacitance matrix for winding with distribution 1. 

 

 

Figure 4.9. Capacitance matrix for winding with distribution 2 where turn placement in each 

column is random. 
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Figure 4.10. Capacitance matrix for winding with distribution 3. 

 

Figure 4.11. Capacitance matrix for winding with distribution where turn placement in each row 

is random. 

Comparing the capacitance matrices for the different constructed distributions 

demonstrate that there is a significant difference in how the capacitive couplings are 

distributed throughout the winding. The impact of the difference is studied in the 

following chapter, chapter 5. 
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4.1.3 Electromagnetic analysis 

To determine the inductive couplings between conductors, self- and mutual inductances, 

an magnetostatics analysis was performed. The analysis is similar to the previously 

described electrostatic analysis with FE-simulations using the FEMM software. The 

same half symmetry model was implemented although material properties were altered 

to suit an electromagnetic analysis with relative permeability. The model was simplified 

by replacing all insulation material with air since they have no effect on the magnetic 

field distributed induced from the winding. Permeability for the different materials is 

summarized in Table 4.4. 

Table 4.4 

Relative permeability applied in electromagnetic analysis in FEMM. 

Component Material Relative permeability 

Strand wire Copper, grade 2 1 

Strand insulation Polyamide imide 1 

Impregnation resin Polyester imide resin 1 

Plastic void Polyamide 1 

Phase insulation 
Polyesterfilm of Mylar 

type 
1 

 

The concept of complex effective relative permeability derived in chapter 3 was 

implemented in the performed FE-simulations. The magnetostatics simulation 

frequency in FEMM was set to a constant 1 kHz while the simulated frequency was set by 

the complex effective permeability. The complex quantity presented in Figure 3.8 is 

expressed with amplitude and complex angle, then inserted in the stator lamination 

block property as relative permeability and hysteresis lag angle. This implementation 

reduces simulation time as mesh grid size can be kept reasonable large compared to using 

a mesh grid size which is proportional to the skin depth and therefore also to the 

frequency. 

Extraction of self- and mutual inductances was performed in a similar manner as in the 

electrostatic case. However, instead of applying voltage to one conductor at a time, a 

current of one Ampere were applied to each conductor consisting of 7 parallel strands. 

The individual strand current is calculated within the FEMM software. 

The self-inductance is calculated by performing a FEMM predefined block integral over 

the 7 parallel strands as: 
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𝐿𝑠𝑒𝑙𝑓 =
∫(𝑨 ∙ 𝑱)𝑑𝑉

𝑖2
 (31) 

where 𝑨 is the vector potential, 𝑱 is the current density and 𝑖 is the current flowing in the 

conductor [47]. The mutual inductance is calculated by integrating the vector potential 

in the second conductor due to the applied current in the first conductor and the cross-

section area as: 

𝐿𝑚𝑢𝑡𝑢𝑎𝑙 =
𝑛2

𝑖1𝑎2
∫𝑨1 ∙ 𝑑𝑉2 (32) 

where 𝑛2 is the number of turns, 𝑖1 is the applied current in the first conductor, 𝑨𝟏 is the 

resulting vector potential due to the applied current. 

Resulting inductances extracted from FEMM simulation are complex valued where 

𝐿 = 𝐿𝑟 − 𝑗𝐿𝑖 (33) 

where 𝐿𝑟 and 𝐿𝑖 are the real and imaginary part of the inductance respectively and 𝑗 is 

the complex operator. Considering the resulting impedance: 

𝑍𝐿(𝜔) = 𝑗𝜔𝐿 (34) 

where the real part of the inductance, 𝐿𝑟 in (33), contributes to an imaginary impedance 

and the energy storage of an inductor. The imaginary part of the inductance, 𝐿𝑖 in (33) 

contributes to a real impedance and are related to core losses. However, the relatively 

low simulation frequency of 1 kHz results in very small imaginary inductance parts. 

Therefore, when utilizing the complex effective relative permeability, the simulation 

process can be optimized by applying 0 Hz as the simulation frequency. The resulting 

inductance difference would be small while simulation time would be considerably 

decreased. 

The resulting extracted matrix is similar to the inductance matrix in (7) which contain 

self-inductances on the diagonal and mutual inductances between turns in all other 

positions. The resulting four matrices, of the real part of the inductance, for the different 

implemented distributions is presented in a 2D-representatin in the following pages. 
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Figure 4.12. Real part of extracted inductance matrix from FE-simulations from distribution 1. 

 

 

Figure 4.13. Real part of extracted inductance matrix from FE-simulations from distribution 2. 
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Figure 4.14. Real part of extracted inductance matrix from FE-simulations from distribution 3. 

 

 

Figure 4.15. Real part of extracted inductance matrix from FE-simulations from distribution 3. 

There is a noticeable difference comparing the capacitance matrices with the inductance 

matrices. The capacitive coupling between turns located far from each other is very small 

while the inductive coupling, or mutual inductance, is very strong even for turns far from 

each other. 
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4.2 Parameter loading 

Accurate FE-simulation becomes considerably time consuming as each conductor in the 

stator winding is represented in this model. Therefore, to build a fast and usable 

application the FE-analysis are run prior to the program and stored as data. The specific 

inductance- and capacitance matrices based on insulation materials and winding 

distribution are loaded by parameter selection at start. 

To implement the frequency dependent inductance several simulations of different 

frequencies are performed using the complex effective relative permeability. An 

interpolation function is implemented which interpolate between the simulated 

inductance matrices to generate an inductance matrix for an arbitrary frequency. 

Interpolation is performed on the inductance matrix using piecewise cubic interpolation 

with shape-preserving characteristics, utilizing MATLAB´s interp1 function. An example 

of the inductance interpolation for distribution 1 is presented in Figure 4.16. 

 

Figure 4.16. Example inductance matrix interpolation. Showing the real part of the self-

inductance for the first turn as a function of frequency. 
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4.3 Frequency transformation 

The input signal to the circuit solver is defined in the time-domain and transferred to 

frequency-domain using discrete fast Fourier transform (FFT) in MATLAB. The process 

is illustrated in Figure 4.17. 

 

Figure 4.17. Process of extracting the n first complex frequency coefficients using fast Fourier 

transform. 

A limitation with the Fourier transform is the ability to properly transform non-periodic 

signals. Therefore, the input signal is mirrored and thereby constructing a signal twice 

as long which becomes periodic. 

An input signal sampled with a high frequency will contain a large number of frequency 

components. For a ramp, a large part of these complex components will be very small 

and negligible. Therefore, the FFT is implemented in a function where the first 𝑛𝑐𝑜𝑒𝑓𝑓 

complex frequency components are extracted. Thus, only dominant frequency 

components are extracted to considerable reduce calculation time. The number of 

extracted components is user defined by variable and thereby adjustable for any given 

input signal. The output of the frequency transformation function is two vectors, one 

containing the complex coefficients and the other containing frequencies of the extracted 

coefficients. 

4.4 Linear equation solver 

Solving for the interturn voltages and currents is the objective for this thesis. The process 

of solving for the unknown voltages and currents as well as generating the impedance 

spectrum is illustrated in Figure 4.18. The process is implemented as a script program, 

highlighted with a red outline in the figure below. 

FFT 𝑣1(𝑡) 𝑉1(𝜔) 

ncoeff 
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Figure 4.18. Illustrating the process of extracting turn voltages, turn currents and winding 

impedance spectrum. 

The program imports the relevant capacitance- and inductance matrices from user 

specifications. These specifications define which windings distribution and winding 

insulation materials are loaded. The resistance matrix, in (10), is calculated within the 

program using analytical calculations and the distribution matrix, in (9), is constructed. 

The size of both resistance and distribution matrices is set as the same size as the 

capacitance matrix. Thereby, automating the process and allowing the solver to be usable 

for any number of winding turns. Further, the number of complex coefficients is loaded 

as an input parameter. 

For each frequency component, the corresponding inductance matrix is constructed 

from interpolation, as illustrated in Figure 4.16. The loaded data is organized as the 

system of equation described in (11). A predefined MATLAB linear solver, linsolve, is 

used to solve for the unknown frequency response of node voltages and currents. The 

solver is based on “lower upper” (LU) factorization with partial pivoting. The computed 

node voltages are saved in a matrix of size 𝑛 − 1 ∗ 𝑛𝑐𝑜𝑒𝑓𝑓 where 𝑛 is the number of 

winding turns. Turn currents are saved in a matrix of size 𝑛 ∗ 𝑛𝑐𝑜𝑒𝑓𝑓. 

The computed frequency response is used to calculate the winding impedance. The 

impedance is calculated within the program using the input current which is calculated 

according to Kirchhoff’s current law in node 1. The frequency spectrum is generated by a 

separate frequency vector which sweeps the frequency between 0 and 10 MHz. 

The program provides frequency components of voltages, currents and impedance as 

output. With this information, frequency response of the winding can be investigated. 

4.5 Inverse frequency transformation 

To investigate interturn voltages in time domain, inverse Fourier transform is 

performed. The conjugate spectrum is added with padding zeros to generate a time 

vector with the same length as the input signal. 

Solver 
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Resulting node and turn voltages for the 10 first turn is presented in Figure  4.19 and 

Figure 4.20 respectively. The presented voltage is the result of a ramp with a risetime of 

50 nanoseconds, for distribution 3. 

 

Figure 4.19. Resulting node voltages for the 10 first turn due to a voltage ramp with an 

amplitude of 300 volts and a risetime of 50 nanoseconds. 

 

 

Figure 4.20. Resulting turn voltages for the 9 first turns due to a ramp with an amplitude of 300 

volts and a risetime of 50 nanoseconds. 

Results presented in Figure 4.19 and Figure 4.20 show that the primary overvoltage is 

distributed between node 1 and 2, or over the first turn of the winding. It can be 
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concluded that the voltage peek seen in Figure 4.20 is many times larger than then 

nominal steady state value around 5 volts. 

4.6 Summary 

This chapter described the process of implementing the winding circuit model and FE-

simulations to create an automated analysis tool for both winding voltage distribution 

and winding impedance spectrum. Winding distribution was constructed by 

examination the winding manufacturing process. The winding model is used to extract 

both capacitive and inductive couplings from FE-simulations. Extracted results 

demonstrate that there is a significant difference in the coupling distributions for the 

developed winding distributions. 
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Chapter 5 

Sensitivity analysis 

This chapter presents results from the conducted sensitivity analysis which are extracted 

from FEMM simulations and the implemented circuit model. This section is divided in 

three parts: capacitance, impedance spectrum and voltage distribution. The objective 

with this layout is to determine how design aspects such as winding insulation materials 

and winding distributions affect both impedance spectrum and interturn voltage 

distributions. 

All results presented in this chapter are extracted from simulations with the parameters 

presented in Table 4.3 and Table 4.4 and only the specific studied parameter is altered 

for sensitivity analysis. 

5.1 Capacitance 

The stator winding high-frequency behavior is dominated by the capacitance couplings 

and it is therefore of importance to understand the extent of how different design aspects 

affect turn-to-ground and turn-to-turn capacitance. A sensitivity analysis is performed 

for this purpose. Insulation material sensitivity is performed with winding distribution 1 

as illustrated in Figure 4.4. However, insulation material sensitivity results are similar 

for all distributions. The material relative permittivity has been varied between 1 and 7 

as most frequently used insulating materials are covered within this spectrum. 

The capacitance distributions presented in this paragraph are extracted from the 

capacitance matrix as presented in Figure 4.7. The adjacent turn-to-turn capacitance 

difference due to variation of the impregnation material is shown in Figure  5.1.
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Figure 5.1. Turn-to-turn capacitance sensitivity analysis due to impregnation differences by 

variations in the relative permittivity. 

The adjacent turn-to-turn capacitance in Figure  5.1 is extracted as the capacitance 

between two consequent turns, between first and second, second and third and so forth. 

The results demonstrate that the turn-to-turn capacitance is greatly affected by the 

impregnation material. Between the first and tenth turn, which are adjacent in 

distribution 1, there is a 150.51 % difference between a relative permittivity of 1 and 7. 

Turn-to-stator capacitance differences for variations of the impregnation permittivity is 

presented in Figure 5.2. 
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Figure5.2. Turn-to-stator capacitance due to variations in impregnation material relative 

permittivity. 

The turn-to-stator capacitance presented in Figure 5.2 show that only outer winding 

turns close to the stator is affected by variations in the impregnation material. For the 

first turn, which is in the layer closest to the stator, there is an 8.72 % increase in 

capacitance as the relative permittivity is increased. 

Comparing Figure  5.1 and Figure 5.2 indicates that the turn-to-stator capacitance is 

significantly smaller than the turn-to-turn capacitance. The small turn-to-stator 

capacitance can be explained by the slotless stator design. The design in combination 

with the large number of strands and the capacitive shielding effect result in almost non-

existing capacitance to ground for turns located far from the stator. 

A similar sensitivity analysis is performed for phase insulation and wire insulation. 

However, to construct a clearer representation of the impact of the different insulation 

materials only the capacitance for one specific turn is presented. Figure 5.3 and Figure 

5.4 present the results of the turn-to-stator capacitance of the first turn and the turn-to-

turn capacitance between turns 1 and 2. 
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Figure5.3. Turn-to-stator capacitance for the first turn resulting from sensitivity analysis of 

stator insulation material permittivity variation. 

Figure 5.3 indicate that all insulation materials in the stator influence the capacitance to 

ground. The figure also show that phase insulation has the largest impact on the 

capacitance. This is expected since the phase insulation is the primary insulation 

between stator core and winding and is therefore thicker than both wire insulation and 

impregnation. 

 

Figure 5.4. Turn-to-turn capacitance between turns 1 and 2 resulting from sensitivity analysis of 

stator insulation material permittivity variation. 

Figure 5.4 demonstrate that both impregnation material and wire insulation material 

have a significant impact on the capacitance between turns. The wire insulation 
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demonstrates an almost linear relationship between relative permittivity and 

capacitance. The capacitance difference in the relative permittivity range is 249.93 % for 

the wire insulation and 116.10 % for the impregnation. The phase insulation has an 

almost negligible effect on the capacitance and only account for a difference of 3.72 %. 

The turn-to-stator capacitance difference due to winding distribution is shown in Figure 

5.5. Both simulations are performed with the same insulation material permittivity 

which are stated in Table 4.3. 

 

Figure 5.5. Turn-to-stator capacitance due to winding distribution variations. 

As shown in Figure 5.5, the capacitance between turns and stator differ for the four 

developed distributions. The average capacitance between turns and stator is equal in 

the four distributions, the only difference is how the capacitance is distributed in the 

winding. The difference seen in Figure 5.5 is therefore only a function of which turns that 

are positioned closest to the stator. The capacitive shielding effect is easier examined in 

Figure 4.8. 

The resulting turn-to-turn capacitance between adjacent turns due to winding 

distribution is presented in Figure 5.6. 
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Figure 5.6. Turn-to-turn capacitance due to winding distribution variations. 

Results presented in Figure 5.6 demonstrate that the capacitance between adjacent turns 

differ with the winding distribution. It should be noted that contrary to the turn-to-stator 

capacitance the average turn-to-turn capacitance in Figure 5.6 is not equal for the four 

distributions. Because, the presented capacitance is only calculated for the consecutive 

adjacent turn. As the position of two adjacent turns differ between distributions, also the 

capacitance differs. Figure 5.6 is presented merely to serve as an indication of the turn-

to-turn capacitance difference for different winding distributions. 

5.2 Impedance spectrum 

By examining impedance spectrums both inductive and capacitive couplings differences 

can be investigated. The spectrum provides information about a wide frequency response 

when using different insulation materials and winding distributions. This section 

presents the impedance output from the circuit model using FEMM results presented in 

the previous subsection. 

Figure 5.7 present resulting impedance spectrums for the four developed distributions. 

FE-simulations were performed with the same permittivity and permeability as 

presented in Figure  5.1 and Figure 5.2. 
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Figure 5.7. Impedance spectrum difference between winding distributions. 

Results presented in Figure 5.7 suggest that two major conclusions can be drawn 

considering how winding distribution affects the impedance spectrum. First, the winding 

distribution significantly affects both resonance frequency and high-frequency 

impedance amplitude.  The results suggest that the impedance difference between 

distributions are caused by the difference in capacitance. Because, examining the 

impedance together with the argument in Figure 5.7 demonstrate that the inductive 

couplings are not affected by the distribution difference. The difference is seen as the 

impedance turns from inductive to capacitive at around 500 kHz. Further, the 

capacitance between stator and winding is significantly smaller than the capacitance 

between turns which suggests that the difference is caused by the difference in turn-to-

turn capacitance. Secondly, random turn distribution within each layer has a minor 

impact on the resulting impedance. The only effects that Figure 5.7 demonstrate 

regarding randomly placed turns is located at very high-frequencies, several MHz, where 

the argument is seen to differ. 

These results could be very important when considering manufacturing processes. While 

turns are distributed in the same layer, the exact placement of each turn has a small 

effect. However, if consequently placed turns are distributed over several layers there 

could be consequences on the impedance spectrum. 

For reviewing insulation material effects on impedance spectrum, the impedance 

absolute amplitude and the frequency at the resonance point is selected as key features. 

Extracted FEMM results presented in section 5.1 were used with the circuit model to 

produce the results shown in Figure 5.8. 
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Figure 5.8. Resulting amplitude impedance spectrum due to variations of the impregnation 

material. 

Results presented in Figure 5.8 demonstrate the significant impact on the impedance 

spectrum due to different insulation materials in the stator winding. The similarities 

between the insulation effect on turn-to-turn capacitance in Figure 5.4 and the insulation 

effect on impedance spectrum should be noted. In both cases phase insulation has an 

insignificant effect and further validate the conclusion that turn-to-turn capacitance has 

the dominating impact on the impedance spectrum. 

5.3 Voltage distribution 

This last section of the sensitivity analysis investigates how design aspects affect the 

winding interturn voltage distribution. Results presented in this section was produced 

with the circuit model for a ramp with an amplitude of 300 volts and a risetime of 50 

nanoseconds. The first 11 dominating Fourier coefficients were used in the circuit model, 

resulting in a maximum frequency component of 10 MHz. 

As can be seen in Figure 4.20, the turn overvoltage is primarily distributed over the first 

turn. Therefore, only voltage over the first turn is presented in this subsection. Voltage 

distribution variations over the first turn for the developed distributions is presented in 

Figure 5.9. 
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Figure 5.9. Turn-to-turn voltage distribution between turn 1 and 2 for different distributions. 

As could be expected from the impedance spectrum analysis in Figure 5.7, the winding 

distribution has a significant impact on the voltage distribution. The difference between 

distribution 1 and 3 at the maximum voltage point is 42 %. Figure 5.9 demonstrates an 

overvoltage of 4-5 p.u., compared to nominal steady-state values. Considering the 

overvoltage at the stator terminals caused by the feeder cable it could be assumed that 

the voltage distribution for a connected machine would be affected. A higher input 

voltage would most likely result in a higher interturn overvoltage than seen in Figure 5.9. 
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Figure  5.10. Turn-to-turn maximum voltage due to a ramp with risetime of 50 nanoseconds, 

difference for the first turn due to differences in insulation materials. 

Figure 5.10 shows close similarity to Figure 5.4 although the close to linear relationship 

demonstrated in Figure 5.4 for the wire insulation is dampened. Figure 5.10 demonstrate 

that both impregnation material and wire insulation affect voltage distribution over the 

first winding turn. The voltage difference due to varied impregnation material is 9 %. The 

reason for this is explained by difference in the capacitance between turns, as discussed 

in the previous subsections. 

Comparing the voltage difference for insulation materials in Figure 5.10 and the 

difference for winding distribution in Figure 5.9, it can be concluded that the distribution 

has a dominating affect. 

5.4 Summary 

This chapter has presented results from the constructed sensitivity analysis were relative 

permittivity of insulation materials and winding conductor distributions are varied. The 

analysis investigates differences in FE-simulated extracted capacitances, circuit model 

provided impedance spectrum and voltage distribution. From the presented results, it 

can be concluded that effects are dominated by the turn-to-turn capacitance. For the 

slotless stator design, the turn-to-stator capacitance is significantly smaller than the 

turn-to-turn capacitance. Therefore, phase insulation plays a negligible effect while both 

impregnation and wire insulation affect the impedance spectrum and interturn voltage 

distribution. Winding distribution have a significant role as the turn-to-turn 

capacitances distribution is different. However, the results suggest the impact of 

randomly placed turns in the manufacturing process have a negligible effect.
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Chapter 6 

Model validation 

Validation of simulation results is an important part of modelling, to ensure that the 

simulated results are adequately close to the model target.

Equipment used for measurements in the validation process is summarized in Table 6.1. 

Table  6.1. 

Equipment utilized for validation measurements 

Type Model 

Ohm meter GW Instek GOM-802 

Oscilloscope Keysight DSOX1102G 

 

6.1 LTspice comparison 

To validate the implemented solver of Kirchhoff’s equations in frequency domain a 

comparison was made with the LTspice software. The comparison was made with a 

smaller winding circuit consisting of only 4 turns to reduce simulation time. For this 

purpose, the winding in Figure 4.3 was simplified to only 4 conductors symmetrically 

displaced in the stator slot. Capacitance matrix and inductance matrix was extracted 

from FEMM simulations from this model. These simulations where constructed without 

stator core lamination losses and winding eddy and proximity losses. Thus, a pure real-

valued inductance matrix was implemented with a constant turn resistance. 

An LTspice model, shown in Figure 6.1 was created where resistances, inductances and 

capacitances were manually inserted. The turn resistance was set to 45 ohms while the 

mutual inductance was implemented using a coupling factor. The coupling factor was 

calculated using the mutual inductance and the self-inductances. For instance, the 

coupling factor between the first and second turn was calculated as: 

𝑘12 =
𝑀12

√𝐿1𝐿2

 (35) 

 

where 𝑀12 is the mutual inductance between the first and second turn extracted from 

FEMM while 𝐿1 and 𝐿2 are the self-inductances of the first and second turn respectively. 

The coupling factors vary between 0.49 and 0.8 which and can be seen in Figure 6.1. 
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Figure 6.1. Implemented LTspice model for validation of MATLAB circuit solver. 

Both models were supplied with the same circuit parameters and a voltage source 

consisting of a ramp with a rise time of 20 nanoseconds and an amplitude of 300 volts. 

The resulting node voltages labelled 1,2,3 and 4 in Figure 6.1 were measured and 

compared. The resulting node voltages from both models are shown in Figure 6.2. 

 

Figure 6.2. Comparison between implemented circuit model and LTspice model for a 20 

nanoseconds ramp with an amplitude of 300 volts. 

Figure 6.2 demonstrate that the linear solver of Kirchhoff’s equations in frequency 

domain implemented in this thesis have good agreement with established circuit analysis 

software. This comparison is constructed with the frequency response calculated from a 

total of 300 complex Fourier coefficients. 
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6.2 Frequency response analysis 

The studied three-phase PMSM motor was modified to validate the constructed model 

consisting of a single phase-winding. Due to the substantial capacitive shielding effect 

from adjacent phase windings, the two adjacent phase windings were removed. The 

modified model has the two adjacent phase windings replaced with a manufactured 

plastic winding of 3D-printed polyamide (PA 12 MJF) material. Both the modified motor 

and the studied three-phase PMSM motor are shown in Figure 6.3. 

 

Figure 6.3. Left picture showing the studied motor and the modified motor with a single phase-

winding. Right picture shows the plastic part which replaces the adjacent phase windings. 

As the winding in the modified model is not impregnated with varnish, a staph was 

inserter in the empty rotor space to keep the winding in place. To accurately model the 

modified model, electrical constants for the adjacent phase slots, rotor void and 

impregnation was altered. The altered constants are presented in Table 6.2. 

Table 6.2 

Modified electrical constants for the modified motor applied in electrostatic analysis. 

Component Material Relative permittivity 

Impregnation resin Polyester imide resin 1 

Phase void Polyamide 2.8 

Rotor void Polyamide 2.8 

 

The impedance spectrum is utilized for validation purpose. Because accurate 

measurement of the interturn voltage distribution is difficult to achieve. The impedance 

spectrum is measured on the single-phase winding implemented with a stator core with 

plastic parts inserted as phases, as shown in Figure 6.3. Measurements was made using 

an oscilloscope with an integrated signal generator. The measurement setup utilizing two 

voltage probes and the signal generator is illustrated in Figure 6.4. This setup is preferred 

as accurate high-frequency current measurements are difficult to achieve. Measurements 
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were made with a floating reference point provided by the oscilloscope in an ESD-

protected area. 

 

Figure 6.4. Impedance measurement setup. 

The current through the reference resistance, 𝑅𝑟𝑒𝑓, can be estimated as: 

𝑖 =
𝑉𝑚1 − 𝑉𝑚2

𝑅𝑟𝑒𝑓
 (36) 

where 𝑉𝑚1, 𝑉𝑚2 are the voltages of the two voltage probes. The resulting complex 

winding impedance can thereby be estimated by: 

𝑍𝑤𝑖𝑛𝑑 =
𝑉𝑚2

𝑖
=

𝑉𝑚2

𝑉𝑚1 − 𝑉𝑚2
𝑅𝑟𝑒𝑓 (37) 

The distance between measurement points of 𝑉𝑚1 and 𝑉𝑚2 are positioned as close as 

possible to minimize phase differences in the measured voltage. The constructed 

measurement setup is shown in Figure 6.5. 

 

Figure 6.5. Measurement setup using the Keysight DSOX1102G oscilloscope. 

By sweeping the frequency of the generator, an impedance spectrum is constructed 

which can be compared to the impedance spectrum calculated from the circuit model. 
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The measured complex impedance spectrum together with the complex impedance 

spectrum from the circuit model is presented in Figure 6.6. 

 

Figure 6.6. Validation measurements of impedance spectrum compared to simulated impedance 

spectrum for the modified motor with a single phase winding. 

The validation results in Figure 6.6 demonstrate that the developed model in this thesis 

has a close agreement with the modified stator winding for a wide frequency range. The 

low frequency error is 14 %. As seen in the argument of Figure 6.6, impedance is 

dominated by the inductive coupling up to frequencies of 200 kHz.  The difference is 

thereby explained by the inductive couplings at the end-windings which are not 

considered in this thesis. The simulated resonance frequency at 663 kHz is close to the 

measured resonance frequency at 631 kHz with an error of 5.07 %. At higher frequencies 

where the impedance is dominated by the capacitive couplings, above the resonance 

frequency, there is a difference between model and measurement. This error could also 

be explained by end-winding effects. As the geometrical shape of the end-winding is 

significantly different than the active part under the stator core, effective capacitances 

are affected. Dielectric insulation losses in the wire insulation, which are not 

implemented in the model, could also affect the capacitance with a frequency 

relationship. 

The impedance measurement was performed both with and without the stator core 

grounded. However, there was no significant difference observed in the impedance 

spectrum. This agrees with previous simulation observations as the capacitance between 

winding and stator have an insignificant effect on the impedance spectrum. 
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6.3 Winding DC resistance measurement 

The winding DC resistance was measured using the milliohm meter. 

 

Figure 6.7. DC winding resistance measurement on the modified motor model using the GW 

Instek GOM-802 ohm meter.  

The total winding resistance including end windings was measured to 1.022 ohm. The 

result can be compared to the analytically calculated turn resistance of 0.015 which result 

in a total winding resistance including end winding of 0.9711 ohm. The measured DC 

resistance result is within a 5 % error margin. The comparison indicates that the applied 

analytical model of the litz wire resistance is adequate accurate for low frequencies. 

6.4 Summary 

This chapter described the three methods used in this thesis to validate the developed 

lumped-parameter circuit model. The implemented linear solver of Kirchhoff’s voltage 

and current law in frequency domain was validated by the LTspice software. Comparison 

showed that the difference is insignificantly small. The impedance spectrum was 

validated with a modified motor with only one phase winding. The result suggest that the 

developed model represent the modified model over a wide frequency range. Finally, a 

DC resistance measurement was performed which declares that the implemented 

winding resistance litz-wire model is adequately good at low frequencies.
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Chapter 7 

Concluding remarks 

7.1 Conclusions 

Next generation electrical machine drives utilizing wide band-gap inverters will further 

increase switching frequency as well as create faster voltage surges. Therefore, it is 

important to understand how the winding voltage distribution is affected as it is related 

to machine lifetime. 

In this thesis the winding interturn voltage distribution of a slotless PM-machine is 

investigated for fast voltage surges using a developed lumped-parameter model. The 

model consists of a single phase-winding with analytically estimated resistive losses and 

both capacitive and inductive couplings which are extracted from FE-simulations. The 

model is utilized to investigate the winding voltage distribution and how machine design 

aspects, such as winding conductor distribution and insulation materials, affect the 

voltage distribution. From the investigation it is possible to conclude that: 

• For electrical machines with a slotless design, the capacitance between turns are 

significantly larger than between turns and the grounded stator core. Therefore, 

the high-frequency behavior is dominated by the capacitance between turns.  

• Insulation materials separating winding turns does therefore have an impact on 

the impedance spectrum in the high frequency region. However, the impact on 

winding voltage distribution was insignificant. 

• Winding conductor distribution have a considerably impact on the turn-to-turn 

capacitance distribution. Therefore, the impact on both high-frequency 

impedance spectrum and voltage distribution is significant. However, small 

random differences from winding manufacturing process have a minor effect. 

The simulated interturn voltage distribution from voltage surges which resembles those 

generated from wide band-gap inverters demonstrate that the amplitude is relatively 

low, 4-5 p.u. compared to steady state values. 
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7.2 Future research 

This section will briefly discuss some of the ideas for future research that has been 

thought of during this project. 

The objective of this thesis was to investigate interturn voltage distribution and perform 

a sensitivity analysis for different stator design aspects. However, as most machines in 

applications are connected through cables there is reason to study the interturn voltage 

distribution with a feeder cable. Therefore, the developed model in this thesis can be 

extended to incorporate a feeder cable model. 

Several suggestions to model improvements have been thought of during this process. 

The dielectric losses in the stator could make an impact on voltage distribution and could 

therefore be added. A more accurate model of the capacitive couplings would probably 

improve the model in the high-frequency region. Even if hysteresis and excess core losses 

only would add resistive losses they could improve the model. 2D-simulations was used 

in this thesis which makes it difficult to model end-winding effects. Therefore, the model 

could be improved by implementing the developed distributions in 3D FE-simulations. 

To properly model a three-phase motor, the developed model in this thesis should be 

extended to a three-phase model which includes phase-to-phase capacitances. There is 

reason to believe that this capacitance impacts the interturn voltage distribution for 

machines with slotless stator design. 

 



 

 63 

References 

[1] L. Harnefors, M. Hinkkanen, and O. Wallmark, Control of Voltage-Soruce 

Converters and Variable-Speed Drives. KTH. 

[2] M. J. Melfi, "Low-Voltage PWM inverter-fed motor insulation issues," Industry 

Applications, IEEE Transactions on, vol. 42, no. 1, pp. 128-133, 2006. 

[3] L. Arnedo and K. Venkatesan, "High frequency modeling of induction motor 

drives for EMI and overvoltage mitigation studies,"  vol. 1, ed. USA, 2003, pp. 

468-474. 

[4] C. J. Melhorn and L. Tang, "Transient effects of PWM drives on induction 

motors," Industry Applications, IEEE Transactions on, vol. 33, no. 4, pp. 1065-

1072, 1997. 

[5] J. L. Guardado and K. J. Cornick, "The effect of coil parameters on the 

distribution of steep-fronted surges in machine windings," Energy Conversion, 

IEEE Transactions on, vol. 7, no. 3, pp. 552-559, 1992. 

[6] S. R. Chalise, S. Grzybowski, and C. D. Taylor, "Accelerated electrical degradation 

of machine winding insulation," ed, 2009, pp. 1-6. 

[7] P. Albrecht et al., "Assessment of the Reliability of Motors in Utility 

Applications," Energy Conversion, IEEE Transactions on, vol. EC-2, no. 3, pp. 

396-406, 1987. 

[8] O. Magdun, S. Blatt, and A. Binder, "Calculation of stator winding parameters to 

predict the voltage distributions in inverter fed AC machines," ed, 2013, pp. 447-

453. 

[9] C. Petrarca, G. Lupo, V. Tucci, and M. Vitelli, "MTL model and FEM package for 

the evaluation of steep-front surges distribution in machine windings," ed. USA, 

2001, pp. 685-688. 

[10] G. Skibinski, R. Kerkman, D. Leggate, J. Pankau, and D. Schlegel, "Reflected wave 

modeling techniques for PWM AC motor drives,"  vol. 2, ed, 1998, pp. 1021-1029. 

[11] Y. Ryu, B.-R. Park, and K. J. Han, "Estimation of High-Frequency Parameters of 

AC Machine From Transmission Line Model," Magnetics, IEEE Transactions on, 

vol. 51, no. 3, pp. 1-4, 2015. 

[12] S. Mahdavi and K. Hameyer, "High frequency equivalent circuit model of the 

stator winding in electrical machines," ed, 2012, pp. 1706-1711. 



 

 64 

[13] V. Mihaila, S. Duchesne, and D. Roger, "A simulation method to predict the turn-

to-turn voltage spikes in a PWM fed motor winding," Dielectrics and Electrical 

Insulation, IEEE Transactions on, vol. 18, no. 5, 2011. 

[14] V. Mihaila, S. Duchesne, D. Roger, and P. Y. Liegeois, "Prediction of the turn-to-

turn voltages in parallel connected wires configuration for motor coils fed by 

steep fronted pulses," ed, 2011, pp. 407-412. 

[15] Y. Tan, "Analysis of steep-fronted voltage distribution and turn insulation failure 

in inverter-fed form-wound AC motor," IEEE Transactions on Industry 

Applications, vol. 34, no. 5, p. 1088, 1998. 

[16] L. Tong, G. Wu, T. Lin, G. Zhang, and X. Liu, "Study on voltage distribution in 

windings of an inverter-fed traction motor," Selected Publications from Chinese 

Universities, vol. 3, no. 1, pp. 123-128, 2008. 

[17] L. Gubbala, A. Von Jouanne, P. Enjeti, C. Singh, and H. Toliyat, "Voltage 

distribution in the windings of an AC motor subjected to high dV/dt PWM 

voltages,"  vol. 1, ed, 1995, pp. 579-585. 

[18] H. Don-Ha, L. Ki-Chang, J. Jeong-Woo, K. Yong-Joo, K. Min-Huei, and K. Dong-

Hee, "Analysis of voltage distribution in stator winding of IGBT PWM inverter-

fed induction motors,"  vol. 3, ed. USA, 2005, pp. 945-950. 

[19] T. D. Batzel and K. Y. Lee, "Slotless permanent magnet synchronous motor 

operation without a high resolution rotor angle sensor," Energy Conversion, 

IEEE Transactions on, vol. 15, no. 4, pp. 366-371, 2000. 

[20] M. K. Kazimierczuk, High-frequency magnetic components, 2nd ed.. ed. 

Chichester, West Sussex : Wiley Blackwell, 2014. 

[21] G. C. Stone, I. Culbert, E. A. Boulter, and H. Dhirani, Electrical Insulation for 

Rotating Machines:Design, Evaluation, Aging, Testing, and Repair 2nd ed 

(IEEE Press Series on Power Engineering, 83). Hoboken, New Jersey: Hoboken, 

New Jersey Wiley, 2014. 

[22] A. Hughes, Electric motors and drives : fundamentals, types and applications. 

Oxford : Heinemann Newnes, 1990. 

[23] M. Novak, J. Novak, and O. Sivkov, "An SiC inverter for high speed permanent 

magnet synchronous machines," ed, 2015, pp. 002397-002402. 

[24] K. Harada et al., "Switching characteristics of SiC-VJFET and manufacture of 

inverter," ed, 2010, pp. 176-179. 

[25] E. Persson, "Transient effects in application of PWM inverters to induction 

motors," IEEE Transactions on Industry Applications, vol. 28, no. 5, 1992. 



 

 65 

[26] A. Krings, G. Paulsson, F. Sahlen, and B. Holmgren, "Experimental investigation 

of the voltage distribution in form wound windings of large AC machines due to 

fast transients," ed, 2016, pp. 1700-1706. 

[27] A. H. Bonnett, "Analysis of the impact of pulse-width modulated inverted voltage 

waveforms on AC induction motors," IEEE Transactions on Industry 

Applications, vol. 32, no. 2, p. 386, 1996. 

[28] H. De Paula, D. A. de Andrade, M. L. R. Chaves, J. L. Domingos, and M. A. A. de 

Freitas, "Methodology for Cable Modeling and Simulation for High-Frequency 

Phenomena Studies in PWM Motor Drives," Power Electronics, IEEE 

Transactions on, vol. 23, no. 2, pp. 744-752, 2008. 

[29] C. Purcarea, "High-frequency parasitic effects in electric drives with long cables," 

Darmstadt Technische Universität, 2011. 

[30] G. C. Stone, R. G. van Heeswijk, and R. Bartnikas, "Investigation of the effect of 

repetitive voltage surges on epoxy insulation," Energy Conversion, IEEE 

Transactions on, vol. 7, no. 4, pp. 754-760, 1992. 

[31] W. W. L. Keerthipala and P. G. McLaren, "A multiconductor transmission line 

model for surge propagation studies in large a.c. machine windings," ed, 1990, 

pp. 629-632. 

[32] O. Henze, Z. Cay, O. Magdun, H. De Gersem, T. Weiland, and A. Binder, "A stator 

coil model for studying high-frequency effects in induction motors," ed, 2008, 

pp. 609-613. 

[33] J. Smajic et al., "Simulation and Measurement of Lightning-Impulse Voltage 

Distributions Over Transformer Windings," Magnetics, IEEE Transactions on, 

vol. 50, no. 2, pp. 553-556, 2014. 

[34] T. Zupan, B. Trkulja, R. Obrist, T. Franz, B. Cranganu-Cretu, and J. Smajic, 

"Transformer Windings Parameters Calculation and Lightning Impulse Voltage 

Distribution Simulation," Magnetics, IEEE Transactions on, vol. 52, no. 3, pp. 1-

4, 2016. 

[35] N. Djukic, L. Encica, and J. J. H. Paulides, "Overview of capacitive couplings in 

windings," ed, 2015, pp. 1-11. 

[36] J. Luszcz and K. Iwan, "Modelling conducted EMI in inverter-fed AC motor,"  vol. 

2005, ed, 2005, pp. 209-212. 

[37] A. Consoli, G. Oriti, A. Testa, and A. L. Julian, "Induction motor modeling for 

common mode and differential mode emission evaluation,"  vol. 1, ed, 1996, pp. 

595-599. 



 

 66 

[38] P. Reddy, T. Jahns, and T. Bohn, "Transposition Effects on Bundle Proximity 

Losses in High-Speed PM Machines," P. Reddy, Ed., ed, 2009. 

[39] K. C. Co. Hard-Drawn Copper Stranded Wire for Electrical Purposes. Available: 

https://kumhwacable.en.ec21.com/Hard_Drawn_Copper_Stranded_Wire--

7226774_7226785.html 

[40] M. Bartoli, N. Noferi, A. Reatti, and M. K. Kazimierczuk, "Modeling Litz-wire 

winding losses in high-frequency power inductors,"  vol. 2, ed, 1996, pp. 1690-

1696. 

[41] J. A. Ferreira, "Improved analytical modeling of conductive losses in magnetic 

components," IEEE Transactions on Power Electronics, vol. 9, no. 1, 1994. 

[42] D. Roger, E. Napieralska-Juszczak, and A. Henneton, "High frequency extension 

of non-linear models of laminated cores," COMPEL - The international journal 

for computation and mathematics in electrical and electronic engineering, vol. 

25, no. 1, pp. 140-156, 2006. 

[43] G. Paoli, O. Biro, and G. Buchgraber, "Complex representation in nonlinear time 

harmonic eddy current problems," Magnetics, IEEE Transactions on, vol. 34, no. 

5, pp. 2625-2628, 1998. 

[44] K. G. N. B. Abeywickrama, T. Daszczynski, Y. V. Serdyuk, and S. M. Gubanski, 

"Determination of Complex Permeability of Silicon Steel for Use in High-

Frequency Modeling of Power Transformers," Magnetics, IEEE Transactions on, 

vol. 44, no. 4, pp. 438-444, 2008. 

[45] J. Millinger, O. Wallmark, and J. Soulard, "Influence of lamination thickness on 

harmonic losses in 2-pole slotless permanent-magnet motors," ed, 2017, pp. 1-6. 

[46] G. Bertotti, Hysteresis in magnetism : for physicists, materials scientists, and 

engineers. San Diego : Academic Press, 1998. 

[47] D. Meeker, "Finite Element Method Magnetics - User´s Manual," Version 4.2 ed, 

2015. 

 



TRITA TRITA-EECS-EX-2018:32

ISSN 1653-5146

www.kth.se


