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Sammanfattning

Detta arbete behandlar förlustanalys i omriktardrivna synkronmaskiner

med fältlindning. Projektet initierades av KTH och industrin med syfte

att undersöka tillsatsförluster i stora omriktardrivna synkronmaskiner.

Intresset för dessa växer i takt med att hastighetsreglering ersätter de

mer primitiva och energiineffektiva processregleringsmetoder (till exempel

strypreglering).

Projektet behandlar synkronmaskiner med solida rotorer och polplat-

tor som styrs med den vektorbaserade reglermetoden DTC (Direct Torque

Control). DTC har flera fördelar jämfört med andra, mer konventionella

reglermetoder, men en av dess nackdelar (fr̊an ett analyssynpunkt) är

dess stokastiska särdrag. Detta medför att omriktarfrekvensen, samt den

resulterande signalen, inte är förutsägbara. Detta i sin tur medför att

analysen i FEM (Finita Element Metoden) fältberäkningsprogram, som har

blivit en viktig del av maskinanalys, blir utmanande.

Det första steget i arbetet var att utvärdera flera metoder som kan

utnyttjas i FEM analysen, vilket ledde till utvecklingen av en helt ny

metod. Denna metod förlitar sig p̊a att utvinna DTC signaler fr̊an en

analytisk modell som sedan överförs till FEM. Metoden vidareutvecklades,

där signaler utvunna fr̊an mätningar kunde användas i FEM.

Forskningen fokuserar p̊a övertonsförluster p.g.a. omriktardrift. Den

solida rotorn, särskilt polplattorna med dess avskärmande effekt, utgör den

del av maskinen som förväntas ta upp en stor mängd av dessa förluster. Med

hänsyn till att polplattorna är solida kan hysteresförlusterna försummas i

beräkningarna, eftersom merparten av förlusterna kommer att orsakas av

virvelströmmarna.
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Analysen täcker övertonsförluster i maskinen i sin helhet, men med

anledning av de ovan givna orsakerna, är det extra fokus p̊a polplat-

torna. Avhandlingen ger en detaljerad bild av hur, b̊ade överton- samt

överv̊agsförluster, fördelar sig i polplattorna. Studier har ocks̊a utförts

för att undersöka inverkan av variationer i polplattsmaterial, däribland

kvalitativa undersökningar som ger en övergripande bild av materialets

effekt.

Kunskapen som erh̊allits visar tydligt att energibesparingar är möjliga.

Studierna som uträttats som en del av projektet har gett upphov till

rekommendationer som kan minska tillsatsförlusterna.
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Abstract

The work that is presented here considers loss analysis of inverter-fed field-

excited synchronous machines. The project was initiated, as a co-operation

between industrial partners and KTH, with the aim of providing knowledge

about the losses that take place in inverter-fed large scale synchronous

machines. The use of inverter controlled machines is becoming prominent

in heavy industry, as VSD (Variable Speed Drives) allow for energy savings

compared to the more primitive methods of process control (such as

throttling).

The machines being considered have a solid rotor and rotor pole-plates and

are driven by a DTC (Direct Torque Control) inverter. DTC has several

advantages over other, more conventional control techniques. However

its main disadvantage, from an analysis point of view, is its stochastic

nature. This means that DTC lacks a fixed switching frequency, and hence

a predictable pattern. One of the challenges that are faced in dealing with

DTC controlled machines is modelling their operation in FEM (Finite

Element Method) software. The use of FEM has become an inseparable

part of machine design and analysis, as it provides for a detailed insight

into the machine and its various components.

One of the initial aspects as part of this project was the development

of a method in which DTC could be modelled using commercially available

FEM software. The method that has been developed is now, as it has come

to the knowledge of the author, being introduced in industry. Initially the

method developed relied on analytical simulations to produce DTC switch-

ing signals, which were then inserted in FEM. This was later developed

further to allow switching signals obtained from measurements to be used.

Apart from evaluating simulation methods and results, the research has
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also involved intensive measurements.

The focus of the research is on analysing the losses that take place in

the machine due to the inverter drive (time harmonic losses). As the rotor

and its pole-plates are solid, it would be expected that a significant portion

of the time harmonic losses would take place on the rotor. Furthermore

it is expected that, since the time harmonics are of a high frequency, the

pole-plate will act to shield the rest of the rotor. Hence most of the rotor

losses will be in the pole-plates. The fact that the pole-plates are solid also

means that the eddy currents will compose the majority of the losses in the

rotor.

The thesis gives a detailed overview of how the time as well as the

space harmonic losses are located on the pole-plates. Moreover, the research

also considers the effect of varying material properties on the different

losses that take place in the machine as a whole and in the pole-plates in

particular. Qualitative explanations are given to how these different losses

vary with material property.

The research covers the effect of different variables - such as switch-

ing frequency and material properties - on the losses in the machine, with

specific focus on the time harmonics. The study is conducted using both

measurements as well as simulations.

The knowledge acquired from the evaluations carried out, reveal that

significant power savings are possible by modifications to the machine

structure, material as well as to the control technique. Various methods are

investigated and recommendations provided into how these benefits can be

attained.
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1 Introduction

This chapter gives an introduction to the thesis and provides the reader

with background knowledge that is necessary to allow an understanding of

the aims and objectives of the project.

1.1 Background

1.1.1 Electrical Energy

The high efficiency and diverse employment range of electrical machines

have made these the cornerstone of our modern industrial society. Not

only is almost all [1] the electrical energy produced by electrical machines,

it is also estimated that in industrialised countries as much as 50 % of

that energy is consumed in processes driven by electrical machines [2].

Furthermore, nearly 65 % of the total energy consumed in industry (in

Europe and United States of America) is consumed in systems driven by

electrical machines [3, 4].

The continuous increase in the use of electrical machines has driven

Europe - through the IEC (International Electrotechnical Commission) -

and the United States - through NEMA (National Electrical Manufacturers

Association) as well as ANSI (American National Standards Institute) - to

develop standards. These standards provide guidelines (legislated in the

USA [4]) for manufacturers defining different aspects of electrical machines

and their performance.

A consequence of the large consumption of electrical energy is the
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1 Introduction

need to make machines more efficient, as even a small increase in effi-

ciency would amount to an overall significant energy saving. Hence many

companies, as well as governmental and non-governmental organisations

are investing in research and development that aim to reduce losses -

increasing the efficiency of machines and drive systems. A drive system is

comprised of the electrical machine along with the coupled control system

and converter [5]. A study promoted by the European Commission [3],

places the figure of prospective energy saving in Europe at a hefty 7 % of

the total European energy consumption (published 2000). Such figures are

based on estimates made without any consideration of economic efficiency.

However, more modest, yet still significant savings are possible without

compromising common economic rationality.

One of the aspects that can be used in the process of increasing the

efficiency of systems driven by electrical machines is to utilise variable speed

drives (VSD), where the machine speed is controlled to drive the machine

at its optimal operating point.

A typical example of a system where using speed control would be

more beneficial in terms of energy saving is pump applications. A low-cost

pump system would be composed of an electrical motor and a throttle,

where the latter is used to control the flow rate mechanically, while the

machine is run at constant speed. By throttling the pipeline, the friction

head of the system is increased, leading to higher losses. An alternative

method would be to control the speed of the machine to obtain the required

flow, also allowing the machine to be run at a higher efficiency operating

point. This would reduce the energy consumption considerably leading to

savings that would (with time) far outweigh the higher initial investment -

in excess of the low cost option - involved in acquiring the variable speed

drive system.

1.1.2 Variable Speed Drives

VSD systems rely on the use of inverters - to control the machine -

which in turn are composed of semiconductor devices. The main types

2



1.1 Background

of components in use today are transistors such as IGBT (Insulated Gate

Bipolar Transistor) and MOSFET (Metal Oxide Semiconductor Field Effect

Transistor).

The invention of the transistor in 1948 and the semiconductor devices

that followed - led to the development and use of inverters in the

control of electrical machines. This allowed for diversification of the use

of machines in areas where speed, position and/or torque control is required.

The use of inverters for controlling machines comes at a price, in

terms of parasitic effects in the machine. The undesirable effects are a

consequence of the time harmonics in the current and voltage that are

produced by the inverter supplying the machine. The reason for these

effects can be understood by considering the voltage produced by the

inverter. Unlike in the case of using a sinusoidal voltage supply, inverters

produce switched voltages. The switched voltage is controlled to produce a

fundamental voltage component (magnitude and frequency) that is equal to

the required sinusoidal voltage and frequency that will control the machine

at a certain (usually optimal) operating point. The remaining harmonic

components in the inverter supplied voltage do not principally contribute to

the average machine operating torque. However, these harmonics produce

parasitic effects such as induced currents and torque ripples. The induced

currents produce excess power losses some of which are localised, causing

thermal ”hot spots” which in turn lead to damages or reduced machine

lifetime. The torque ripples, could cause damages to the machine as well as

the coupled load.

These parasitic effects of the inverters initially caused widespread ma-

chine failure as standard machines were used in combination with inverters,

which forced manufacturers to down-rate their machines by up to 20

% [1]. Today inverters have been improved (allowing higher switching

frequency [6]) and machines developed (for instance using reinforced

insulation [1] and inverter-friendly slot shapes [7]) to cope with the parasitic

effects, which means that there is practically little need for derating small

machines to be used in combination with inverters [5]. For large machines,

where a low switching frequency is used [8], derating is still necessary and

3



1 Introduction

the parasitic issues are not negligible. The adverse effects of the inverter,

such as harmonics induced currents cause losses which reduce the overall

potential efficiency of the machine. Also other effects such a bearing wear

due to common mode harmonic currents and insulation damages due to

voltage spikes are some of the observed effects [1].

1.1.3 This Research Project

The emphasis of this study is to analyse these aforementioned inverter

produced parasitic effects, where the main focus is placed on the losses that

the inverter generated harmonics (time harmonics) produce in the machine.

The project was initiated as a cooperation between KTH (The Royal

Institute of Technology) and an assortment of industrial partners under the

umbrella of the ELEKTRA research programme, which is driven mainly

by ABB, Elforsk and the Swedish Energy Agency [9]. Other Swedish

companies and governmental institutions have also taken part in the

programme such as Swedish Rail Administration (now part of the Swedish

Transport Administration).

The aim of the project was to carry out a study on losses in VSD

controlled large scale (MW range) synchronous machines, where a par-

ticular control method named Direct Torque Control (DTC) is used (see

Chapter 2). Variable-speed large scale synchronous machines are used in a

wide variety of areas requiring high power motors, such as the steel as well

as the pulp and paper industries.

Due to economic, accessibility as well as spacial issues, it was decided

that the study would be carried out on similar type of machine on a lower

power rating. The machine used in the study is a 7.5 kW, field excited

synchronous motor originally of the type GA18 (ASEA product), with solid

rotor and rotor pole-plates.

It is worth pointing out that investigation of losses in electrical ma-

chines occupies a significant portion of the research conducted in this field

4



1.2 Losses

of engineering. The classification of these different loss components and the

fundamental aspects governing their origin and magnitude is the subject of

the next few sections of this chapter. This is followed by an outline of the

thesis and the scientific contributions that this work has resulted in.

1.2 Losses

The magnitude of losses in electrical machines is highly dependent on the

type, design, size and operating conditions. These losses can generally be

separated into four different components as follows:

Pmech Mechanical losses, in the bearings, rotor (along with

its peripheral system) and load.

Pcu Copper losses in the stator and (if applicable) rotor

windings.

Pst Stray losses (load and no-load), in various parts of the

machine.

Pfe Iron losses in the stator and rotor cores.

Each one of these loss components is briefly described in the following sub-

sections.

1.2.1 Mechanical Losses

The mechanical losses are subdivided into friction and windage. Friction

causes losses in the bearings, slip rings, brushes and any other mechanical

contact. Windage losses are caused by the resistance of air to the moving

parts of the machine. These mechanical loss components depend on the

speed as well as the condition/design of the mechanical system and ambience.

For any given design, the windage losses vary with the cube of the speed and

the friction losses vary proportionally with the speed [10].

5



1 Introduction

1.2.2 Copper Losses

Copper losses constitute the power that the currents produce in the winding

of the machine. These are basically governed by the I2R relation, where I

is the rms (root mean square) value of the current component and R is the

resistance in the path of the current.

It is usually necessary to calculate the resistance value at each partic-

ular frequency of current, as the resistance is influenced by the skin effect

and - in the case of multiple turns winding (which is common in electrical

machines) - proximity effect. At low frequencies (around 50 Hz), however,

it is usually possible to use the DC resistance value of the winding as the

skin effect is usually not that prominent at such low frequencies in the low

permeability copper.

Skin effect is well described in [11] and a simplified derivation of the

equation used for calculating the skin depth was given in the licentiate

thesis related to this project [12]. A good description is also given in [7]

on how the resistance and the resulting copper losses are calculated for

different frequency components. Equation 1.1 is usually used to estimate

the skin depth (δ), where ρ is the resistivity, µ is the permeability of the

material and f is the frequency of the current.

δ =

√
ρ

πµf
(1.1)

1.2.3 Stray Losses

The stray losses at sinusoidal operation are basically the losses due to

the slotting, leakage and permeance variations. These latter effects cause

variations in the magnetic field in the machine, which in turn induce

currents in the core and winding, hence producing losses.

Stray losses can be subdivided into load and no-load components.

6



1.2 Losses

The load components are due to the variations in the leakage flux density.

The no-load component is mainly due to permeance variations [2, 13].

1.2.4 Iron Losses

Iron losses in electrical machines are subject to an immense amount of

research and many models have been developed to estimate these. In this

subsection, an attempt will be made to give the reader basic knowledge on

iron losses in order to enable an easy transition through the thesis. Krings

and Soulard [14] have made an attempt to summarise some of the available

iron loss models.

Basically, iron losses (Pfe) are a consequence of changes in the mag-

netic field in the core of the material (usually steel). The changes in the

magnetic field originate from both the externally applied field, as well as

changes in the domain walls in the material. The consequent losses are

divided into two separate components, which are the eddy current losses

(Pdyn, also called dynamic losses) and the hysteresis losses (Phys). The

sum of these two loss components constitute the iron losses. As a matter

of practicality, a third term is usually introduced - excess losses (Pexc) - to

account for the losses beyond what can be associated with the expected

(calculated using one of the models) values of the two former terms when

measurements are conducted. Hence the iron losses can be summarised as

Pfe = Phys + Pdyn + Pexc (1.2)

Some authors state that there is no physical distinction between these

loss components, claiming that this separation of iron losses lacks theo-

retical justification [15]. Despite this rather harsh judgement inflicted on

this separated classification, it is still popular and widely accepted in the

field of electrical machines and will, therefore, be used throughout this thesis.

What is general for the various models is that they are not easily ap-

plicable to complex (non-sinusoidal) waveforms (such as those produced

using inverter drives). However, there are some models that have been

7



1 Introduction

developed, which give acceptable accuracy for complex waveforms, such as

the MSE (Modified Steinmetz Equation) [15].

Boglietti and others [16] have also developed a method which allows

the prediction of iron losses in electrical machines driven by non-sinusoidal

supply. The application of the derived equations to electrical machines is,

however, somewhat limited in accuracy due to the processing effect (such

as punching) on the electrical sheet steels used to build the machine. The

authors of the latter paper also explain that the geometry has an effect on

the accuracy of the predicted results.

Also Deng [17], provides a method with which the iron losses can be

derived for non-sinusoidal waveforms. In this latter publication equations

are derived - which are basically extensions of those for sinusoidal case -

that can be applied to calculate the losses in the yoke and teeth of the

machine. Claims of a discrepancy of around 5% are made, which is an

extremely good accuracy figure when it comes to predicting iron losses.

However, the authors of that article also concede that their method is not

immune to shortcomings that affect other models, such as assembly effects.

In any case, the iron loss models rely on empirical factors which are

dependent on the material properties as well as the geometry of the

machine.

Hysteresis Losses

The hysteresis losses stem from the fact that the magnetic material is

composed of small elementary domains separated by domain walls. The

movement of these walls as a consequence of an externally applied field

causes losses in the material [18, 19].

The movement of the domain walls is a highly complicated process

and, to the best knowledge of the author, there is no conclusive description

provided (yet) as to how these movements can be modelled. Models

are, however, provided that allow estimation of the consequent losses to

8



1.2 Losses

be predicted using equations with parameters obtained from empirical

methods. In some cases the parameters for the material used in the machine

are provided by the manufacturer.

One of the more widely used models, upon which many subsequent

models are developed, is derived from the original Steinmetz work [18]

where the hysteresis power density (phys) is given by

phys = khysB̂
λ
fef (1.3)

where khys is the hysteresis loop coefficient, B̂fe is the peak flux density in

the iron, f is the frequency and the exponent λ is the Steinmetz coefficient.

The value of this coefficient was originally set to 1.6 by Steinmetz and is

derived empirically.

Equation 1.3 is derived for sinusoidal waveforms, in general it can be

used as long as minor loops do not appear. Furthermore, it is worth noting

that superposition of losses for each individual harmonic using this model is

usually not possible in electrical machines. The reason being the presence

of minor loops in the greater hysteresis loop as well as the non-linearity of

the magnetisation curve of the steel material (saturation).

Eddy Current Losses

Eddy current losses, are the classical losses due to the induced current

in any conducting material as a direct consequence of Faraday’s law of

induction, which is defined as

eemf (t) = −dψ(t)

dt
= −N dφm(t)

dt
= −N

d(
∫
S B(t) · ds)
dt

(1.4)

where ψ(t) is the instantaneous value of the flux linkage, linking the

conducting body within which the emf (eemf ) is induced. N is the number

of turns linked by the flux (φm), B is the flux density and S is the area

through which flux flows. The induced voltage in turn creates currents in the

9



1 Introduction

conducting body with resulting resistive losses in the material. Faraday’s

law specifies that the current induced in the conductive material is in such

a direction as to create a field that opposes the field that initially produced it.

Eddy current losses - unlike hysteresis losses - are readily calculated,

when the geometry of the body and the material properties are known.

Considering a set of sheets (laminations) of conductive steel as illustrated in

figure 1.1, it is possible to derive the equation which is usually encountered

for the calculation of eddy current power loss density in electrical machines,

given as

pdyn =

(
π2d2lam
6ρfe

)
f2B̂2

fe = kdynf
2B̂2

fe (1.5)

where B̂fe is the flux density in the sheet, ρfe is the resistivity of the sheet

material dlam is the thickness of the lamination. This equation is valid only

for thin laminations, due to the simplifications made in the derivation pro-

cess (see Lipo [13]).

I
eddy

I
eddy

I
eddy

I
eddy

B

d
lam

Figure 1.1: Illustration of eddy current induction in conductive lamination sheets.

As can be seen from equation 1.5, it is possible to reduce the eddy cur-
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1.2 Losses

rent losses by using thinner laminations with higher resistivity. This is the

reason why, laminated sheets are used as far as possible in the production

of machine cores. However, in some cases some parts of the machine are

made solid, which complicates the calculation of eddy current losses. There

is nevertheless, some work published attempting to provide models to cal-

culate the eddy current losses in the solid parts of the machine (such as the

solid poles) [20–25].

Excess Losses

As explained earlier, excess losses is the name given to the losses that occur

in the machine during measurements and are in excess of the sum of the

expected hysteresis and eddy current losses. Different models have been

suggested to calculate excess losses in machines, mainly based on empirical

methods [26,27].

1.2.5 Inverter Drive Losses

As stated earlier in this chapter, inverter drive of machines produces losses

as a consequence of the time harmonics in the switched voltage.

The harmonics lead to an increase in all the electrical loss compo-

nents presented above [28]. Copper losses can be calculated analytically

by accounting for the resistance at each frequency, provided knowledge of

the given current spectrum is available. However, the treatment of the

iron losses is not simple. Superposition of the losses due to each harmonic

component is not appropriate due to phenomenon such as material non-

linearity as well as minor loops [29]. It is possible to employ one of the

special models, provided for iron loss calculation of non-sinusoidal voltage

waveforms. However, these have limited accuracy (see subsection 1.2.4).

Another possibility to predict losses due to non-sinusoidal voltages, is

to use FEM (Finite Element Method) analysis. This does not give an exact

representation of losses to be expected, but it does give an idea of the

11
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magnitude of the losses.

FEM analysis is usually carried out using one of the commercially

available software tools. These do provide a good indication of the eddy

current losses to be expected, withstanding knowledge of material properties

is available. Hysteresis losses are also calculated more accurately due to the

higher flux density resolution, where the flux density is calculate in each

mesh element and hence the losses calculated therein.

In the case of analysing losses in solid materials, it becomes essential

to use FEM as the flow of eddy currents becomes difficult to evaluate

analytically.

A limiting aspect of FEM is that in most cases, the commercially

available softwares, do not provide for machine control to be carried out

within the programme. This means that the exact voltage waveform to be

expected from the specific drive control can not be produced directly in the

FEM software.

1.3 Emphasis of Study

The study that is carried out as part of this project is focused on the

losses that take place on the rotor pole-plates of synchronous machines.

The reasons that lead to the specific emphasis on these losses are several.

The two main aspects are, that there is a lack of study that focuses on

these losses and that they constitute a significant portion of the total time

harmonic losses. Hence there is a large potential for energy savings that

can be made by providing an understanding of these losses.

Since the pole-plates are solid it is expected that most of the time

harmonic losses will take place on these. The fact that these are solid also

leads to the conclusion that the eddy current loss components will be the

major part of the iron losses.

12



1.4 Thesis Overview

1.4 Thesis Overview

Following is an overview of the thesis.

Chapter 2 gives a basic overview of the DTC system.

Chapter 3 discusses the different methods of study considered and the meth-

ods that were eventually used in the analysis. It also explains the

important analysis schemes used to evaluate the results.

Chapter 4 evaluates the effect of the zero vectors on the losses using a com-

bination of analytical and FEM (Finite Element Method) simulations.

It also provides analysis of the distribution of space and time harmonics

in the pole-plates.

Chapter 5 outlines the results obtained from standard measurements con-

ducted on the machine and matching of a FEM model to the latter.

It also explains how the iron and friction losses are accounted for, in

order to provide for comparison of the FEM and measurement results.

Chapter 6 analyses the effect of different switching frequencies on the losses

using an industrial DTC inverter. Three different switching frequencies

are evaluated while the machine is run at the same operating point.

The aim is to evaluate the effect of the switching frequency on the

losses.

Chapter 7 investigates the effect of pole-plate resistivity on losses, using

FEM simulations based on switching signals obtained from measure-

ments.

Chapter 8 examines the use of solid pole-plates coated with a thin layer of

copper. The analysis is carried out using both measurements, at differ-

ent switching frequencies, as well as FEM simulations. The FEM sim-

ulations are conducted using different coating resistivity and thickness.

It also provides a qualitative explanation to the relationship between

the pole-plate material properties and the time harmonic losses.
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Chapter 9 provides a brief summary of the thesis and concludes with pos-

sible modifications that can be used in order to reduce losses. It also

gives recommendations for future work, based on the findings.

1.5 Scientific Contributions

To the best knowledge of the author, this work is considered to have provided

the following scientific contributions

• Analysis of losses in field wound synchronous machines as a conse-

quence of DTC supply.

• Evaluation of the effect of the switching frequency on the harmonic

content of the DTC produced currents and voltages and the consequent

losses produced in the machine.

• Evaluation of the effect of the zero vectors on the DTC losses.

• Sensitivity analysis of losses in synchronous machines with respect to

pole-plate resistivity.

• An extended study of the effect of using coated pole-plates.

• Relating the pole-plate material properties to their effect on the time

harmonic losses.

• A novel method in which switching signals obtained from analytical

simulation are inserted into FEM software.

• Extension of the method above to enable the use of signals obtained

from measurements in FEM.

• A novel calculation method to obtain the time harmonic power from

the difference between the total and the fundamental powers.
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• Study of the time and space harmonic loss distribution on the pole-

plates of the machine, and suggestion on how to use this knowledge to
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2 Direct Torque Control

This chapter is intended to give a brief explanation of the DTC, provid-

ing the reader with basic knowledge about this control system in order to

enable a smooth transition through the thesis. The keen reader is recom-

mended to make use of the given references in this chapter to gain a deeper

understanding of DTC.

2.1 DTC Basics

Historically DTC was developed independently by Japanese [30] and

German [31] researchers in the mid 1980’s. The control technique is simple

in its implementation, relying on lookup tables, such as the one given in

table 2.1 (which is the original DTC switching table). As will be seen later

in this thesis, there are more than one switching table available, most of

which are discussed in the comprehensive publication written by Vas [32].

The control system maintains the torque and flux linkage in the ma-

chine, by applying one of the six active voltage vectors (U1-U6 in table 2.1)

- see figure 2.2 - and two zero vectors (U7 and U8) available in a three

phase machine. U7 and U8 represent connecting all the phases to the upper

and lower DC links respectively. The conditions for the switching table are

given in table 2.2.

An example of how these tables are used is as follows: Considering

the first condition in table 2.2 is satisfied. This means that the flux linkage

magnitude is above the upper reference band limit (Ψsref + ∆Ψsref in

figure 2.7). This leads to the flux linkage indicator ∆Ψ resulting in -1. Now
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2 Direct Torque Control

if for instance the torque is also higher than its upper reference band limit

(Tref + ∆Tref in figure 2.6), satisfying the 3rd condition in table 2.2 (∆T

= -1), then one switching vector is chosen from the 6th row of the switching

table (table 2.1). The voltage vector chosen from the row depends on

the section within which the flux linkage is located, where the sectors are

indicated by the red dashed arrows in figure 2.2. Note that the torque is

three level hysteresis controlled, as given in figure 2.1 [30].

Table 2.1: Full DTC switching table.

∆Ψ ∆T Sect. 1 Sect. 2 Sect. 3 Sect. 4 Sect. 5 Sect. 6

1 U2 U3 U4 U5 U6 U1

1 0 U7 U8 U7 U8 U7 U8

-1 U6 U1 U2 U3 U4 U5

1 U3 U4 U5 U6 U1 U2

-1 0 U8 U7 U8 U7 U8 U7

-1 U5 U6 U1 U2 U3 U4

Table 2.2: Conditions of the DTC lookup table.

Condition Resulting output

|Ψs| ≥ Ψsref + ∆Ψsref ∆Ψ = -1

|Ψs| ≤ Ψsref - ∆Ψsref ∆Ψ = 1

T ≥ Tref + ∆Tref ∆T = -1

T ≤ Tref - ∆Tref ∆T = 1

T = Tref ∆T = 0

In order to understand the effect of the different voltage vectors on the

controlled parameters, it is necessary to consider the torque and flux linkage

(given by equations 2.1 through 2.4), where ψs, is and us are the stator

flux linkage, current and voltage respectively. The subscript extensions

(d and q) indicate the components along the direct and quadrature axis.

The number of pole-pairs in the machine is given by p. Rs is the stator

resistance per-phase.
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1

0 Tref– T

-ΔTref

ΔTref

-1

ΔT

Figure 2.1: Three level hysteresis of the torque.

T =
3p

2
[ψsdisq − ψsqisd] (2.1)

ψsd =

∫
(usd − isdRs)dt (2.2)

ψsq =

∫
(usq − isqRs)dt (2.3)

ψs =
√
ψ2
sd + ψ2

sq (2.4)

Equations 2.2 and 2.3 indicate that the stator flux linkage will move towards

the applied voltage vector.

It can be shown, using equations 2.1 and A.2 (see Appendix A) along

with some simplifications, that the torque is proportional to the product

of the magnitude of stator (ψs) and rotor (ψf , field winding) flux linkages

as well as the sin of the load angle (γs) between these two vectors, as follows:

The flux linkages in the two axis are given by

ψsd = Lsd · isd + Lad · ird + ψf (2.5)

ψsq = Lsq · isq + Laq · irq (2.6)

Hence equation 2.1 can be expanded to yield equation 2.7.
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A (U1 )

B (U 3)

C (U5)

(1 )

(2)(3)

(4)

(5) (6)

C’ (U2 )

A’ (U4 )

B ’ (U6 )

Ψ
s

ω
s

Figure 2.2: Active voltage vectors available in a three phase machine.

T =
3p

2
[(ψf ) isq + (Lsd − Lsq) isdisq + (Lad · irdisq − Laq · irqisd)] (2.7)

Assuming a non-salient machine - which means that the d- and q-axis

inductances are equal (also neglecting saturation effects) - and furthermore

assuming that the machine is operating at steady-state and hence neglecting

the rotor currents, then the torque expression simplifies to

T =
3p

2
(ψf ) isq (2.8)

Using the same assumptions, the current and the flux linkage are related as

ψsq = Lsq · isq = Ls · isq (2.9)

Hence the current and the flux linkage are proportional to each other. The

q-axis stator flux linkage for the non-salient machine can also be written as
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2.1 DTC Basics

|ψsq| = |ψs| sin(γs) (2.10)

Where γs is the angle between the stator and rotor flux linkages, as is seen

in the vector diagram shown in figure 2.3. Hence the torque relation can be

written as

T ∝ |ψf | · |ψs| · sin(γs) (2.11)

Ψ
f
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Ψ
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Ψ
sq
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I
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I
s

jX
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sq

γ
s

E
a

Figure 2.3: Non-salient synchronous machine vector diagram.

Therefore by changing the position of the stator flux linkage in relation

to the rotor position, through the choice of an appropriate voltage vector,

the torque and stator flux linkage magnitude in the machine can be

altered independently. The torque can be controlled by changing the angle

separating the fluxes, independent of the flux magnitude.

The choice of a voltage vector is based on the lookup table and the

related conditions as given earlier, where at any instant of time one of the

voltage vectors is chosen to maintain the torque and flux linkage within the

reference margins (2∆Tref and 2∆Ψsref , respectively in figures 2.6 and 2.7).

Basically this means that the DTC system is based on hysteresis control,

where the reference margins serve as the limits.

21



2 Direct Torque Control

2.2 DTC Drive System

The voltage vectors are applied to the machine terminals using a VSI

(Voltage Source Inverter), see illustration in figure 2.4. Usually for small

machines a two level VSI is sufficient, as the switching frequency can be

allowed to be relatively high for the voltage levels at which the switching

components operate. The voltage vectors are chosen by connecting the

phases, through the power electronic switches (SW1 through SW6 in figure

2.4), to one of DC voltage rails.

The zero vectors are chosen by connecting all the three phases either

to the upper or lower DC rail. The choice of the rail - to which the phases

are connected in order to produce a zero vector - is made based on the need

to minimise the switching frequency.
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VSI Machine Phases
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SW2

SW3

SW4

SW5

SW6

Figure 2.4: Illustration of a two level three phase voltage source inverter, con-

nected to a three phase machine.

A block diagram of the DTC drive (controller and machine) is represented

in figure 2.5, showing the main modules of the system. The difference

in the torque and flux linkage magnitudes from their respective reference

values is fed into the hysteresis comparators, the output of which is in turn

fed into the control system, the block named “Optimal Switching Table

Selector”. The choice of the appropriate voltage vector is then made using

the switching table, as described above.
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Figure 2.5: Block diagram of the DTC drive system.

2.2.1 Switching Frequency

Being based on hysteresis control, the torque and flux linkage, which are

the control parameters of the DTC will ripple around their reference values

and will be limited by the reference bands. The fact that the control system

is hysteresis based means that the switching frequency is not fixed. Never-

theless, the switching frequency is indirectly controlled to within a certain

range (yielding an average switching frequency over several periods), by the

torque and flux linkage reference margins. Hence the switching frequency is

fixed to vary within that range. This variable switching frequency has the

advantage of spreading the power contained in the time harmonics over a

wider spectrum in time.

T
ref

2 ΔT
ref

Time

Figure 2.6: Illustration of the torque ripple in a DTC system.
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The disadvantage of the variable switching frequency is that the losses and

the other parasitic effects due to the inverter drive, become difficult to pre-

dict using conventional methods of analysis.

Ψ
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2ΔΨ
sref

Ψ
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Figure 2.7: Illustration of the flux-linkage path in a DTC system.

2.3 Summary

This chapter introduces the DTC system briefly as to provide the reader with

sufficient basic knowledge in order to aid understanding of the following

chapters in the thesis. It is important to re-emphasise that the chapter

does not provide details about the dynamics or any detailed mathematical

formulations of the control system, as such detailed analysis is not considered

to be within the scope of this thesis. Furthermore, it is possible to find

dedicated literature treating the DTC at a deeper level, some of these are

[30–38].

24



3 Evaluation Methods

This chapter explains the methods used in the analysis carried out as part

of the project. The objectives and challenges of the project are presented

followed by a range of possible methods considered and ends with a discussion

of the method that was chosen to proceed with.

3.1 DTC Simulation in FEM

As mentioned in the introduction, the aim of this project is to provide an

understanding of the time harmonic losses that take place in the machine

as a consequence of inverter supply.

The first challenge that was presented in this project is related to the

fact that the control method (DTC) used in the analysis is not peri-

odic. This means that there is basically no pre-determined switching

pattern that can be used in the analysis. This presents a challenge in

general, specifically when it is necessary to use FEM simulations as part

of the analysis process. The need to use FEM is essential, as it gives a

detailed insight into the losses in the parts of the machine that are of interest.

FEM is of course not the only available method that can be used to

carry out such an analysis. Other authors have presented works that aim

to conduct analysis of synchronous machines using different calculation

methods. The simplest of which may be the Park model [39], which is

based on the lumped equivalent circuit of the synchronous machine. The

advantage of this model is its simplicity, which allows quick and simplified

analysis of the machine. The disadvantage is its lack of detail. In its
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simplest form the Park model neglects saturation altogether, however some

authors such as Slemon [40], have attempted to provide analytical models

that take saturation into account. Despite this, the Park model lacks the

details necessary to enable the evaluation of loss distribution in particular

parts of the machine.

A higher level of detail can be obtained by using more complicated

models such as MEC (Magnetic Equivalent Circuits). A recent study of

MEC models for use in evaluating synchronous machines was conducted by

Danielsson [41]. The latter publication investigates the use of MEC models

and it also analyses how the model can be used in combination with a

control system to study inverter control and its effect on the machine. The

author of this publication goes to great lengths to develop a model which

is representative of the machine that is being investigated and provides

methods with which such matching can be conducted. The advantage of

using such a model is the fact that the model can be made as complicated

as the work requires. The disadvantage is basically its complexity. The

author of that publication advices keeping the MEC model complexity to

a reasonable level. A complex model would lead to long simulation times

as well as an elevated level of intricacy in determining the model parameters.

The use of FEM in this research project was natural, as modelling

using commercially available and dedicated softwares such as Flux 2D [42]

(which is the software used in this work) has become an important part of

design and analysis of electrical machines in recent years.

As part of the process of evaluating different methods that could be

used to emulate DTC in FEM, several alternatives were considered as

outlined in the following subsection.
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3.1 DTC Simulation in FEM

3.1.1 Considered Methods

Time Varying Boundary Conditions

One of the first methods that was considered as being an option for use in

the analysis of DTC using FEM software is the utilisation of time varying

boundary conditions. Using this method would allow the removal of the

stator part of the model, as the focus of the analysis (as stated earlier) is

on the rotor, which would provide for faster computation as the number of

elements would be reduced.

The boundary conditions would then be set along the airgap surface

that will have the form of a space and time dependent vector potential,

the derivative of which would yield a time varying flux resembling that

produced by the DTC voltages applied to the machine.

The inapplicability of this method in this particular case stems from

two aspects. The first is that the function to describe the changing bound-

ary conditions would be highly complicated, as it would have to account

for all the harmonics in the DTC signal to be considered. This latter forms

the second obstacle, as the DTC does not have a fixed spectrum due to its

stochastic nature. Thus, this method was not considered any further.

Individual Harmonics Analysis

This method considers inserting the different harmonic components of

the signal individually into the windings and the losses from the sum of

these would constitute the total losses in the machine due to the signal

composed of these harmonics. Apart from the fact that DTC does not have

a predictable spectrum, there are two more issues that prevents this method

from being considered any further.

The first is that the harmonic interaction of the different frequency

components would not be accounted for, when these are inserted individ-
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ually. The second is related to the choice of the number of harmonics

to consider. The question would be how many harmonics are enough to

represent the signal?

DTC Simulation in FEM

In order to be able to get an accurate representation of DTC in FEM it

is necessary to have as accurate replication of DTC in FEM as possible.

Therefore, a novel method was invented allowing the utilisation of DTC

signals directly in the FEM model [12]. The idea is that the signals are

obtained from a separate analytical simulation of the synchronous machine.

The analytical model of the machine used in these simulations, is

based on a simplified d-q reference frame equivalent circuit under sub-

transient conditions (see figure 3.1) with lumped circuit parameters. The

model assumes that the field winding does not influence the sub-transient

impedance (that no currents are induced in the field winding), hence it

means that the field winding impedance (Zf in figure 3.1) is assumed to

be infinite. The branch representing the field winding (in the d-direction)

is then omitted in the simplified circuit. The values of the simplified

circuit parameters are obtained from the FEM model of the machine, using

standard simulations.
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Field winding representation, only in d-axis

Figure 3.1: Simplified equivalent circuit of the synchronous machine, under sub-

transient conditions, with lumped parameters.

The machine model is coupled to a DTC system using the switching table

as a core of the control algorithm. The control system diagram used in
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the simulation is given in figure 3.2a, and the motor model coupled to the

control system is shown in figure 3.2b.

(a) DTC control system used in the simulation.

(b) Synchronous machine model coupled to the DTC

control system.

Figure 3.2: Analytical simulation models.

The voltage vectors obtained from the analytical simulation are converted

into switching signals. These switching signals are then inserted into tables

that are read by the FEM model (using Flux 2D software) and used to

control the inverter, hence emulating the operation of the DTC in FEM.

What needs to be considered is that the analytical model has to be

representative of the machine in FEM to as an accurate level as possi-

ble. However, it is found that a simplified model, based on the lumped

impedances equivalent circuit and using the impedances at the fundamental

frequency is sufficient for the purpose. The important aspect to consider is

that the solid rotor has to be represented, which in this case is accounted

for by the sub-transient impedances.
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3 Evaluation Methods

DTC Simulation in FEM Using Measurements

The method described above was successfully used in the research conducted

as part of the licentiate thesis. A further development of this method has

been made and used in the research conducted as part of this thesis. The

development involves the use of the signals obtained from the measurement

in FEM.

3.2 Analysis Methods

Some of the methods used in the thesis to analyse the results are explained

in this section.

3.2.1 Harmonic Power Calculation

One of the important calculation methods which has been developed for the

purpose of calculating the time harmonic powers as part of this research

project is the power difference method. The method relies on the fact that

the total power input into the machine consists of a fundamental power

component as well as a time harmonic power component. The former is the

part of the power that yields the useful output as well as the fundamental

losses.

The time harmonic power is the part which does not contribute to

the output in any useful way, this part basically converts to losses and

torque pulsations and stems from the voltage harmonics. Hence, it is

possible to obtain the time harmonic power input into the machine from

the inverter, by taking the difference between the total (Psintot) and the

fundamental (Psin1) power components in the machine as given by equation

3.1. These two components are evaluated at the stator input terminals

of the machine and are given by equations 3.2 and 3.3 for the total and

fundamental power components respectively.
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3.2 Analysis Methods

Psdif = ∆Ps = Psintot − Psin1 (3.1)

Psintot =

3∑
ph=1

1

τ

τ∫
0

usph(t)isph(t)dt

 (3.2)

Psin1 =

3∑
ph=1

[Usph1Isph1 cos(θph1)] (3.3)

where usph and isph are the time instantaneous voltages and currents in

the three phases (denoted by the subscript ph) respectively, while τ is the

period of the signal. The capital Usph1 and Isph1 are the rms values of

the fundamental voltage and current respectively, while θph1 is the angle

between these two phasors.

Another method used to calculate the power contained in the time har-

monics is by summing the power contained in each harmonic, obtained using

Ps,n =
3∑

ph=1

Isph,nUsph,n cos(θph,n) (3.4)

where Ps,n, Isph,n and Usph,n are the power, current and voltage of the nth

stator harmonic order while θph,n is the power factor angle for the particular

harmonic component.

3.2.2 Overlapped FFT Evaluation

Another method which is used in the analysis of the results, is the overlapped

FFT (Fast Fourier Transform) method. As DTC is stochastic, it is necessary

to evaluate several periods of operation in order to get a clear overview of

the harmonic content in the signal. This is conducted in this thesis in a

manner as to allow an overlap of the consecutive evaluated periods. This is

then used to gain an idea of the variation of the spectrum with time.
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3 Evaluation Methods

3.3 Concerning 3-Dimensional Effects in FEM

An aspect that has to be mentioned here is the effect of modelling a 3-D

(3-Dimensional) machine in a 2-D (2-Dimensional) FEM environment. The

currents that flow in the rotor - which is solid - flow both tangentially as well

as axially. The 2-D FEM model accounts for the axial currents, however the

tangential current components are not accounted for. The current flow path

depends on the position of the rotating flux wave relative to the rotor, and

varies with time. An illustration of two typical current paths are shown in

figure 3.3, showing the current flow in the d- and q-axis.

I
eddy

Ψ
sn

(a) Current flow in d-axis.

Ψ
sn

I
eddy

(b) Current flow in q-axis.

Figure 3.3: Illustration of induced harmonic currents in the rotor pole-plates at

two instants of time.

As can be seen from the illustration of the current flow, the d-axis current

flows substantially in the axial direction, which means that the current is

well represented. The q-axis current, however, has a considerable tangential

component flowing from one pole to the next across the inter-polar path.

As explained earlier the tangential current component is not accounted for

in the 2-D FEM analysis. In order to account for the tangential current

components, it would be necessary to employ 3-D FEM [43]. As is widely

known, 3-D FEM is both much more time consuming and computationally

demanding than a 2-D equivalent, this is particularly the case when transient

time stepped analysis is required.
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3.3 Concerning 3-Dimensional Effects in FEM

3.3.1 Accounting for 3-D Currents

As part of the Licentiate thesis related to this project [12], a method was

developed in order to allow evaluation of the tangential currents that flow

in the inter-polar path using 2-D FEM. The method relies on coupling two

consecutive rotor poles through an external impedance representing the

inter-polar path, as illustrated in figure 3.4b. The impedance constitutes

resistive and inductive components.

Usually in 2-D FEM simulations it is sufficient to model a single pole

of the machine and using anti-symmetrical boundary conditions (see figure

3.4a), a direct consequence of which is that the current in two consecutive

poles are set equal in magnitude and opposite in polarity. This automati-

cally means that the inter-polar impedance coupling two consecutive poles

is zero (an apparent short circuit).

Anti-symmetric Boundary Conditions

(a) Single pole.

Symmetric Boundary Conditions

I

I

Zeq

(b) Two poles, with illustration of

the inter-polar impedance and

current.

Figure 3.4: Machine FEM models illustrating the boundary conditions, the inter-

polar impedance coupling and current.

The method that was developed requires the use of two poles in the simu-

lation, hence setting the boundary conditions to symmetrical (figure 3.4b).

The inter-polar impedance components (resistance and inductance), which

are included in the coupled FEM circuit, were then varied independently to

find the effect that each one of these two components has on the losses.
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3 Evaluation Methods

The results of using this method showed that the losses in the inter-

polar path drop with reducing resistance and increasing inductance. The

conclusions reached from the results of this study, led to recommendations

that would allow reduction of the inter-polar losses. In brief, the main

recommendation was that the edges of the rotor poles be rounded as shown

in figure 3.5, which would lead to an increase in the inductance and a

reduction in the resistance.

Sharp Corner Rounded Contour

I
eddy

I
eddy

I
eddy

Figure 3.5: Recommended design modification of the rotor pole in order to reduce

the inter-polar losses.

The pole-plate losses are also affected, to a limited extent, by the inter-polar

impedance. It was found that by increasing the inter-polar impedance to

a high value, limiting the current significantly, leads to a reduction in the

pole-plate losses.

In the study carried out here, it was decided that this method of

inter-pole coupling will not be used. The reason for this is that the effect of

variation of this impedance component has been studied, and any increase

in the inter-polar impedance would lead to a reduction in the pole-plate

losses. The worst case would then be obtained if no inter-polar coupling is

used.

3.4 Summary

This chapter attempts to provide an explanation to the methods considered

and used as part of this study. It also provides an outline of the analysis
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3.4 Summary

models used and some of the aspects that stem from the use of the methods,

such as the three dimensional effects and describes the way in which this has

been solved in an earlier part of the project.
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4 Evaluating the Effect of Zero

Vectors on Losses

This chapter evaluates the effect of zero voltage vectors on the time har-

monic losses in DTC driven synchronous machines. The analysis is based on

simulations conducted using two different switching tables. One switching

table excludes the zero vectors while the other includes these in the lookup

table that constitutes the heart of the DTC control system. A similar study

was published in [44].

4.1 Analytical Drive Model

The switching table recommended for use in combination with synchronous

machines - obtained from [32] and reproduced in table 4.2 - does not utilize

the zero vectors. The aim here is to investigate the effect of using zero

vectors on the time harmonic losses in the machine. It is thought that these

losses should drop, for any given switching frequency, when the zero vectors

are utilised. This preconception is based on the following explanation.

The drop of the torque from the top reference value will occur at a lower

rate, when a zero vector is chosen - compared to using a torque reversing

voltage vector, where the latter causes a sharper decline in the torque.

This will automatically result in a reduction in the switching frequency,

as the time for the torque to complete the travel from the upper reference

margin to the lower increases [30]. Alternatively, the reference margins can

be reduced, hence maintaining the switching frequency. By lowering the

reference margins the magnitude of the ripple in the flux and/or torque

(and hence the current) is reduced. This in turn leads to lower magnitude
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4 Evaluating the Effect of Zero Vectors on Losses

of time harmonics and hence lower losses.

The analysis is carried out using both analytical and FEM (Finite

Element Method) simulations, employing a method which is presented

in [12] and explained in Chapter 3. The method relies on obtaining the

DTC switching signals from an analytical simulation and in turn inserting

these into the FEM model.

The analytical model of the drive, comprised of the machine and the

DTC system, is described in Appendix A. The synchronous machine is

modelled using the lumped equivalent circuit parameters and flux equations,

with constant magnetisation representing the excitation winding field.

Furthermore, since the machine has a solid rotor and pole-plates, it

is necessary to account for the currents that are induced in this equivalent

damper winding. These are represented by the sub-transient impedance in

the machine model. The sub-transient impedance consists of a resistance

(Rr) and a leakage inductance (Llr). The sub-transient impedances can

be found using a method which is presented in [12] and briefly described

in Appendix A. Using this method, the sub-transient impedances are

determined to the values given in table 4.1.

Table 4.1 also provides the values used for the remaining machine pa-

rameters in the analytical model. These are obtained from the standard

(rated condition) simulations of the FEM model (no-load, short circuit and

slip simulations). The material properties used in the FEM simulation are

derived in Chapter 5.

The synchronous inductance (Ls) is the sum of the airgap (La) and

the leakage (Lls) inductances, see Appendix A. The same applies to the

main rotor inductance (Lr), which is the sum of the airgap (La) and rotor

leakage (Llr) inductances.

The purpose of the analytical model is to produce the switching signals

of the DTC inverter, which are used in the FEM model. Furthermore,

the results of the analytical simulations have been proven to give a good
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4.2 Analytical Simulation

Table 4.1: Impedance values used in the analytical machine model.

Parameter Value Unit

Rrd 12.55 Ω

Llrd 5.750 mH

Lrd 76.91 mH

Rrq 21.27 Ω

Llrq 5.259 mH

Lrq 34.17 mH

Lsd 75.23 mH

Lsq 32.98 mH

Lls 4.07 mH

Rs 0.723 Ω

indication of the expected time harmonic losses [12], as will be seen later in

this chapter.

4.2 Analytical Simulation

In this section, the results - obtained from the analytical simulations of the

above described models - are presented using two different DTC switching

tables. The switching table obtained from [32], which is recommended for

use in combination with synchronous machines, does not make use of the

zero vectors (see table 4.2). The conditions for producing specific switching

vectors are given in table 4.3.

Table 4.2: Switching table excluding the zero vectors.

∆Ψ ∆T Sect. 1 Sect. 2 Sect. 3 Sect. 4 Sect. 5 Sect. 6

1 1 U2 U3 U4 U5 U6 U1

-1 U6 U1 U2 U3 U4 U5

-1 1 U3 U4 U5 U6 U1 U2

-1 U5 U6 U1 U2 U3 U4
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4 Evaluating the Effect of Zero Vectors on Losses

Table 4.3: Conditions for the DTC lookup table.

Condition Resulting Output

|Ψs| ≥ Ψsref + ∆Ψsref ∆Ψ = -1

|Ψs| ≤ Ψsref - ∆Ψsref ∆Ψ = 1

T ≥ Tref + ∆Tref ∆T = -1

T ≤ Tref - ∆Tref ∆T = 1

T = Tref ∆T = 0

Table 4.4 shows the full DTC switching table, including the zero voltage

vectors. This lookup table is, however, not used in the simulations con-

ducted in this research. The fact is that the application of a zero vector

does not maintain a constant load angle - and hence torque (see Chapter 2,

equation 2.11) - between the stator and rotor flux linkages. Rather the load

angle reduces as the rotor flux linkage closes in on the stator flux linkage,

where the latter is slowed down by the application of the zero vector. The

stator flux linkage in synchronous machines is the vectorial sum of the

rotor and stator produced flux linkages. All of this leads to the conclusion

that the torque drops, even when a zero vector is applied to the machine.

However - unlike with the application of the reversing voltage vector - the

stator flux linkage is not traveling backwards, which means that the torque

is reducing at a slower rate.

The latter conclusions has two implications. The first is that the re-

versing voltage vectors are nearly redundant in steady-state moderate-speed

operation of synchronous machines and can be replaced by zero vectors.

The second deduction is that, if the zero vectors are used in accordance

with the conditions given in tables 4.3 and 4.4, the torque will drop when

a zero vector is applied. This results in the reference (Tref ) becoming the

upper reference limit and the actual upper torque limit (Tref + ∆Tref ) is

rendered useless, refer to figure 2.6. The conclusion that is reached here

does not mean that the torque reversing voltage vectors are useless, as these

are necessary in transient conditions.

Following from the above discussions, table 4.5 is constructed and used in

the simulation including the zero vectors. In table 4.4 and 4.5 the voltage
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4.2 Analytical Simulation

Table 4.4: Full DTC switching table (not used in the simulation).

∆Ψ ∆T Sect. 1 Sect. 2 Sect. 3 Sect. 4 Sect. 5 Sect. 6

1 U2 U3 U4 U5 U6 U1

1 0 U7 U8 U7 U8 U7 U8

-1 U6 U1 U2 U3 U4 U5

1 U3 U4 U5 U6 U1 U2

-1 0 U8 U7 U8 U7 U8 U7

-1 U5 U6 U1 U2 U3 U4

vectors U7 and U8 represent connecting all the three phases to the upper

and lower DC terminals respectively.

Including the zero vectors in the switching table causes the switching

frequency of the control system to drop - as explained earlier - when the

zero vectors are used. In order to be able to conduct a loss comparison on

a fair basis, it is necessary to maintain the switching frequency constant.

This is done by changing the reference margins of the flux linkage and/or

torque. In this case it is chosen to maintain the torque reference margin

unchanged at 20 % (of the reference torque) and reduce the flux linkage

reference margin from 11.5 % to 8.5 % (of the reference flux linkage value).

Table 4.5: DTC switching table used in the simulation, including zero vectors.

∆Ψ ∆T Sect. 1 Sect. 2 Sect. 3 Sect. 4 Sect. 5 Sect. 6

1 1 U2 U3 U4 U5 U6 U1

-1 U7 U8 U7 U8 U7 U8

-1 1 U3 U4 U5 U6 U1 U2

-1 U8 U7 U8 U7 U8 U7

The reference values used in this simulation are given in table 4.6, wherein

the values Tref and Ψsref are the reference values - defining the average of

the required torque and flux linkage. ∆Tref and ∆Ψsref define the reference

margins, around the reference values, of the torque and the flux linkage

respectively (refer to figures 2.6 and 2.7). As can be noted from table 4.6,
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4 Evaluating the Effect of Zero Vectors on Losses

the chosen reference margins are relatively large in this case. Such wide

reference margins have been introduced purposely in order to obtain a low

switching frequency. The aim is to increase the magnitude of the time

harmonic losses, in order to enable the difference between the two methods

to be clearly distinguished. These reference margins yield a switching

frequency of around 520 Hz, which is found to be sufficient for the analysis.

The opportunity is taken here to clarify a misnomer, which was en-

countered in the licentiate thesis related to this project [12]. In that latter

publication, the rate of change of the switching vectors was named the

switching frequency. In fact the rate of change of the voltage switching

vectors differs from the switching frequency by a factor 6. In other words,

whereas the rate of change of the switching vector defines the number

of times a new switching vector is chosen per unit time (seconds), the

switching frequency is that latter rate divided by twice the number of legs in

the inverter. This is based on the fact that, on average, it is only necessary

to change the state of one phase leg (two switches in a 2-level inverter)

every time a new switching vector is chosen. Furthermore, a switching cycle

is defined as two consecutive changes in the state of the switch.

Table 4.6: Reference values and field current used in the analytical simulations.

Parameter Excluding zero vectors Including zero vectors

Ψsref (Wb) 1.078

Tref (Nm) 40

∆Ψsref (%) 11.5 8.5

∆Tref (%) 20

If (A) DC 1.344

The results of the analytical simulations, are summarised in table 4.7. The

losses predicted by these analytical models are nearly halved, when the zero

vectors are used. The losses considered here constitute the power contained

in the time harmonics, which are found by taking the difference between the

total and fundamental stator input powers as described in subsection 3.2.1.
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4.2 Analytical Simulation

Table 4.7: Results obtained from the analytical simulations.

Parameter Excluding zero vectors Including zero vectors

Is1 (A) rms 9.994 10.09

Us1 (V) rms 244.4 242.6

pf lagging 0.9131 0.9142

Tavg (Nm) 40.99 41.17

fsw (Hz) 522.9 518.1

Psintot (kW) 7.368 7.085

Psin1 (kW) 6.688 6.709

Psdif (W) 679.7 376.4

Ψs1 (Wb) rms 0.7554 0.7496

Speed (rpm) 1504 1504

THD (%) 44.06 31.94

Apart from the reduction in losses, the THD (calculated using equation 4.1)

also drops from approximately 44 % down to 32 %.

THD =

√
end∑
n=2

I2n

I1
(4.1)

In in equation 4.1 represent the magnitude of the current harmonic compo-

nents from the second order harmonic to the last harmonic that is correctly

distinguished in the spectrum. I1 is the magnitude of the fundamental

current component.

These advantages are achieved just by introducing the zero vectors in

the switching table. As can be seen, the switching frequency (fsw) is

nearly identical in both simulations (around 520 Hz), hence the inverter

switching losses are not affected. The operating point of the machine is also

unchanged in the two simulations.
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4 Evaluating the Effect of Zero Vectors on Losses

4.3 FEM Simulation

In the previous section results of the analytical simulation were presented. In

this section FEM simulation results based on the switching signals obtained

from the analytical simulations are evaluated. The phase voltages of the

analytical simulations are used to derive the switching signals, which are

inserted into the FEM model. The FEM simulations are conducted using

Flux 2D [42], while the analytical simulations are conducted using Simulink

and MATLAB [45].

4.3.1 Comparing Analytical and FEM Results

The phase voltages attained from the analytical and FEM models are

compared in figures 4.1 and 4.2, clearly showing that the voltages are

identical in the analytical and equivalent FEM model. The application of

the zero voltage vectors are also clearly seen in the latter figure.
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Figure 4.1: Comparing phase voltage, obtained from analytical and FEM simula-

tions, using switching table excluding zero vectors.
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Figure 4.2: Comparing phase voltage, obtained from analytical and FEM simula-

tions, using switching table including zero vectors.

The advantage of using FEM simulations in the analysis is that it provides a

more detailed level of insight into the machine, which is not easily acquired

using the simplified analytical model. The method - in which the signals

are obtained and converted into switching signals ready to be used in the

FEM model - is well described in Chapter 3.

From the current plots, figures 4.3 and 4.4, it is found that the cur-

rent ripples are nearly identical - in the analytical and corresponding FEM

model - and thus it can be concluded that the time harmonics should match

quite well. Verifying the latter statement, the current spectrum for the

analytical and the equivalent FEM models are provided in figures 4.5 and

4.6.

The torque and stator flux linkage curves are compared in figures 4.7 and

4.8.
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Figure 4.3: Comparing phase current, analytical and FEM simulations, using

switching table excluding zero vectors.
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Figure 4.4: Comparing phase current, analytical and FEM simulations, using

switching table including zero vectors.
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Figure 4.5: Comparing phase current spectrum, analytical and FEM simulations,

using switching table excluding zero vectors. The lower plot is a mag-

nification into the harmonics excluding the fundamental.

0 500 1000 1500 2000 2500 3000
0

5

10

15

Frequency (Hz)

C
ur

re
nt

 M
ag

ni
tu

de
 (

A
)

Comparing current spectrum, analytical and FEM simulations, including zero vectors

 

 

500 1000 1500 2000 2500 3000
0

1

2

3

Frequency (Hz)

C
ur

re
nt

 M
ag

ni
tu

de
 (

A
)

 

 

Analytical FEM

Figure 4.6: Comparing phase current spectrum, analytical and FEM simulations,

using switching table including zero vectors. The lower plot is a mag-

nification into the harmonics excluding the fundamental.
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Figure 4.7: Comparing torque and stator flux linkage, obtained from the analytical

and FEM simulations, using switching table excluding zero vectors.
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Figure 4.8: Comparing torque and stator flux linkage, obtained from the analytical

and FEM simulations, using switching table including zero vectors.
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4.3.2 Analysing FEM Results

The results of the two FEM simulations are summarised in table 4.8. These

are comparable to their analytical equivalents in table 4.7. Table 4.8 shows

that the THD drops from 37 % to around 27 % when zero vectors are used

in the analysis. The fourth column in the latter table presents the results of

a sinusoidal FEM simulation conducted at the same fundamental operating

point as the DTC simulations, this is used for comparison purposes.

Table 4.8: Results obtained from the FEM simulations, using the switching sig-

nals obtained from the analytical models along with the results of a

sinusoidal FEM simulation.

Parameter Excluding

zero vectors

Including

zero vectors

Sinusoidal

Is1 (A) rms 10.50 10.53 10.59

Us1 (V) rms 244 243.3 243.2

pf lagging 0.9195 0.9150 0.9173

Tavg (Nm) 41.87 41.96 42.5

Psintot (kW) 7.574 7.345 7.052

Psin1 (kW) 6.954 6.987 7.052

Ppoleplate (W) 646.8 415.1 100.4

Psdif (W) 619.9 357.9 0

Ψs1 (Wb) rms 0.7527 0.7490 0.7520

Speed (rpm) 1504 1504 1500

THD (%) 36.78 27.30 0

The time harmonic losses reduce from around 620 W to approximately

360 W - as a consequence of the introduction of the zero vectors - which

is a reduction by more than 40 %. The magnitudes of these losses are

comparable to their equivalents obtained from the analytical simulation,

see table 4.7. The pole-plate losses in DTC operation with and without

zero vectors are determined to around 650 W and 420 W, respectively.

The fundamental pole-plate losses, obtained from the sinusoidal FEM

simulation, amount to around 100 W.
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4 Evaluating the Effect of Zero Vectors on Losses

Comparing the current harmonics obtained from the two FEM simu-

lations, see figure 4.9, it is possible to conclude that most of the harmonics

in the current are lower in the model using the zero vectors. The same

applies to the voltage harmonics, seen in figure 4.10.
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Figure 4.9: Comparing phase A current spectrum obtained from the two DTC

FEM simulations, excluding and including zero vectors.

4.3.3 Pole-plate Analysis

Pole-plate time harmonic losses are directly related to the induced eddy

currents as a consequence of the harmonics in the armature current. The

current density distribution on the pole-plates of the FEM simulations are

given in figures 4.11 through 4.13. The latter figure is the pole-plate current

density distribution for sinusoidal FEM simulation, while the former two

figures are obtained from the DTC simulation excluding and including the

zero vectors respectively. These plots are created along the pole-plates at

different depths as illustrated in figure 4.18.
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Figure 4.10: Comparing phase A voltage spectrum obtained from the two DTC

FEM simulations, excluding and including zero vectors.

From the six instants of time evaluated in figures 4.11 through 4.13, the

point at which the current density is at its maximum is taken for further

analysis. The current density magnitude at each of the chosen points is

given in figures 4.14 through 4.16. From the power spectrum of the two

DTC simulations, shown in figure 4.17, it is seen that the majority of the

power losses are caused by the 5th and 7th time harmonics.

The current densities on the cross-section of the pole-plates are given in

figures 4.19, 4.20 and 4.21, for the two DTC models and the sinusoidal

simulation respectively. For the sinusoidal model the current density is high

along the leading edge of the pole-plate and lower on the lagging edge, this

is different from the current density distribution on the pole-plates obtained

from the two DTC simulations. The high current density all along the

surface of the pole-plates of the DTC models is therefore related to the time

harmonics. This is also what can be concluded from the current density

plots at the different points in time presented in figures 4.11 through 4.13.
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4 Evaluating the Effect of Zero Vectors on Losses

Figure 4.11: Current density on the pole-plates at different points in time, the

depth is the depth into the pole-plates starting from the airgap. The

angle indicates the position along the pole-plates arc, where black

lines indicate the tapered ends of the pole-plate. Higher angles are

towards the leading edge of the pole-plates, movement of the rotor is

from left to right. DTC simulation excluding zero vectors.

The reason behind the difference in the distribution of the two loss

components on the pole-plates can be explained by considering how the

flux harmonics producing these losses behave. The time harmonics have a

pole-pitch which is equal to the fundamental and these waves travel at a

frequency n times the fundamental, where n is the harmonic number. As

the pole pitch is the same as that of the fundamental, the losses produced

because of the changes in this flux component will be evenly distributed

along the pole-plate.

Considering the space harmonics, these have a pole pitch which is

52



4.3 FEM Simulation

Figure 4.12: Current density on the pole-plates at different points in time, the

depth is the depth into the pole-plates starting from the airgap. The

angle indicates the position along the pole-plates arc, where black

lines indicate the tapered ends of the pole-plate. Higher angles are

towards the leading edge of the pole-plates, movement of the rotor is

from left to right. DTC simulation including zero vectors.

equal to 1/n of the fundamental, this means that there will be several

peaks within one fundamental pole-pitch. Changes of these peaks with

time, where these travel at a speed of 1/n of that of the fundamental, cause

currents to be induced on specific spots on the pole-plates.

The reason for the space harmonic losses being located mainly on the

leading edge of the pole-plates is due to the fact that the fundamental flux

density of the stator is leading the rotor. This causes the flux density to be

higher at the leading edge and hence the resulting space harmonics become

larger in that location. The same reason causes the time harmonics to be
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4 Evaluating the Effect of Zero Vectors on Losses

Figure 4.13: Current density on the pole-plates at different points in time, the

depth is the depth into the pole-plates starting from the airgap. The

angle indicates the position along the pole-plates arc, where black

lines indicate the tapered ends of the pole-plate. Higher angles are

towards the leading edge of the pole-plates, movement of the rotor is

from left to right. Sinusoidal simulation.

more prominent on the lagging edge of the pole-plates. As the leading edge

of the latter is more saturated and the time harmonics are mmf based, then

the flux density produced by these latter will be higher at the point where

the reluctance is at its lowest. Since the leading edge of the pole-plates is

already saturated due to the main flux as explained earlier, then the time

harmonic flux on the lagging edge will be larger.

A plot of the flux density on the surface of the pole-plates (see figure

4.22) verifies the above explanation, showing how the flux density varies in

the pole-plates at different depths.
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4.4 Summary

Figure 4.14: The point in time at which the current density is at its maximum for

the DTC simulation excluding zero vectors.

As far as the use of the zero vectors is concerned, the difference in the

distribution of the current density along the pole-plate is not significant.

There is a difference in the magnitude of the time harmonic components and

hence the induced currents and power. This is observed when comparing

figures 4.14 and 4.15, where it is the magnitude of the current density rather

than the distribution itself that constitutes the difference.

4.4 Summary

This chapter evaluates time harmonic losses in the machine in relation to

the switching table used for DTC operation. The analysis is carried out

using a combination of analytical and FEM simulations. The analytical

model is used both to provide a preliminary insight into the losses, as well

as to produce the signals to be used in the FEM simulation.

The results show a clear reduction in the time harmonic losses for

the same switching frequency, when zero vectors are used. The torque and
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4 Evaluating the Effect of Zero Vectors on Losses

Figure 4.15: The point in time at which the current density is at its maximum for

the DTC simulation including zero vectors.

flux linkage ripples, as well as the current harmonics all follow a tendency

to drop when including zero vectors in the switching table. The pole-plate

losses in the machine, as evaluated using the FEM model, are seen to drop

as well.

The conclusion from the analysis carried out in this chapter is that

the zero vectors should (as far as possible) be used in DTC control of

synchronous machine. As was explained in this chapter, the use of the zero

vectors should not have any detrimental effect on the steady-state operation

of the machine.
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4.4 Summary

Figure 4.16: The point in time at which the current density is at its maximum for

the sinusoidal simulation.
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Figure 4.17: Comparing total power spectrum obtained from the two DTC FEM

simulations, excluding and including zero vectors.
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Figure 4.18: Illustration of the arrangement of the paths along the pole-plate.
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Figure 4.19: Current density distribution in the pole-plate, along with magnifi-

cation on the different parts of the pole-plate, at one specific point

in time. The color bar shows the current density. DTC simulation,

excluding zero vectors. Movement is counterclockwise.
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Current density A/mm2
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Figure 4.20: Current density distribution in the pole-plate, along with magnifi-

cation on the different parts of the pole-plate, at one specific point

in time. The color bar shows the current density. DTC simulation,

including zero vectors. Movement is counterclockwise
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Current density A/mm2
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Figure 4.21: Current density distribution in the pole-plate, along with magnifi-

cation on the different parts of the pole-plate, at one specific point

in time. The color bar shows the current density. Sinusoidal FEM

simulation. Movement is counterclockwise
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4.4 Summary

Figure 4.22: Flux density on the pole-plate, obtained from the three simulations.

The depth is the depth into the pole-plates starting from the airgap.

The angle indicates the position along the pole-plates arc, where

black lines indicate the tapered ends of the pole-plate. Higher angles

are towards the leading edge of the pole-plates, movement of the

rotor is from left to right.
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5 Machine Characteristics

In this chapter results obtained from the standard machine measurements,

no-load and short circuit test, are evaluated. The machine characteristics are

then used to match the FEM model material properties to the real machine.

At the end of this chapter a sinusoidal simulation, at one operating point, is

conducted using the FEM model which is matched to the real machine and

the results are compared to the sinusoidal measurements obtained from the

real machine.

5.1 Synchronous Machine

The machine used in the analysis as part of this research project is a 3-phase

synchronous machine with solid rotor and rotor pole-plates. The machine

is originally a 10 kVA (ASEA GA18), which has been rewound - as part of

an earlier project. The rewound machine constitutes a 2X3-phase, 7.5 kVA,

10.8 A, 200 V (line-line) per winding system for Y-connection.

Since in the application being considered in this project there is no

use for a two winding system, these latter have been connected in series

externally. Thus the rated voltage becomes 400 V (line-line). The rewound

machine is rated for a speed of 1500 rpm.
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5 Machine Characteristics

5.2 Standard Measurements

The no-load and the short circuit measurements are the two fundamental

measurements used to determine the characteristics of the synchronous ma-

chine.

5.2.1 No-load Characteristics

The no-load test is conducted with the stator phase winding open circuited

and the machine running at synchronous speed, 1500 rpm, driven externally

by a DC motor. The voltages induced in the phases are measured while

the field (magnetising) current is successively increased, yielding the no-

load characteristics of the machine, see figure 5.1. As can be seen there

exists magnetic remanence, which induces a no-load voltage even at zero

field current. The no-load characteristics are shown both with and without

the effect of the magnetic remanence. The field current that yields the rated

voltage is estimated from the curve to around 1.4 A (excluding the remanence

effect).
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Figure 5.1: Measured no-load characteristics of the machine.
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5.2 Standard Measurements

5.2.2 Short Circuit Characteristics

The short circuit characteristics provide knowledge about the relationship

between the rotor field and stator windings. This test is carried out in

a similar manner to the no-load test, at the synchronous speed of 1500

rpm. However, in this case the machine windings are short circuited and

the armature current is measured instead of the voltage. The field current

is increased until the rated armature current is reached, which for this

machine is 10.8 A. The instruments used in this measurement are the same

as in the no-load case, see table 5.1.

The short circuit characteristic plot of the machine, average for the

three phases is given in figure 5.2. Again characteristics are shown with and

without the remanence effect in the plot to be able to see the effect of the

field current only.
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Figure 5.2: Measured no-load characteristics of the machine.

The value of the field current that yields the rated current in the machine,

excluding the effect of the remanence magnetisation, is extracted from the

short circuit characteristics to around 1.57 A.
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5 Machine Characteristics

5.2.3 Test Bench

The test bench to conduct the no-load and short circuit tests is simple. The

parameters that are required for measurement are the field current, speed as

well as armature voltage (for no-load test) or current (for short circuit test).

The instruments used in these measurements are outlined in table 5.1, the

range and related accuracy of all instruments used as part of this research

project reported in this thesis are given in Appendix C.

Table 5.1: Measurement instruments used in the no-load and short circuit tests.

Measurement Instrument

Speed and torque Magtrol TM311/011

through WT3000 power meter

Field current (DC) WT3000 power meter

Line-line voltage (rms) WT3000 power meter

Armature current (rms) WT3000 power meter

The speed measurement is conducted using the torque/speed transducer

(Magtrol TM311), which is connected to the power meter WT3000. Hence,

the accuracy of the speed measurements is basically that of the pulse reading

of the power meter.

5.3 Machine Impedances

Having carried out the no-load and short circuit tests, the synchronous

reactance of the machine in the d-axis can be calculated using

Xsd =

(
Ifsc
Ifoc

)
· Zbase =

(
Ifsc
Ifoc

)
· Usn
Isn

(5.1)

where Zbase is the base impedance of the machine, while Usn and Isn are

the rated per-phase voltage and current. Ifoc and Ifsc are the field current

values that yield the no-load rated voltage and the short circuit rated
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5.3 Machine Impedances

current, respectively. From the results above, the synchronous reactance in

the d-axis is calculated to 23.73 Ω.

In order to calculate the quadrature axis reactance in a synchronous

machine, it is necessary to carry out a slip test, which is the subject of the

next subsection.

5.3.1 Slip Measurement

Slip measurements are conducted in order to find the relationship between

the d- and q-axis reactances in the machine, which allows the q-axis

reactance to be calculated. The slip test is conducted using rated frequency

(50 Hz), three phase sinusoidal supply applied to the machine armature,

with a voltage level just below the no-load saturation level. The field

winding is left open circuited and the machine is run externally at a speed

slightly lower than the rated speed, creating a slip between the stator

voltage and the rotor axis. Since each rotor axis has a different impedance

effect on the phase in terms of apparent inductance (as the reluctance of

the path changes), the current in the phase will fall and rise as the d- and

q-axis pass the stator phase axis.

A slip test was carried out using a phase voltage level of around 60

V and a speed of 1487 rpm (slip of 0.8 %). The plot of the slip voltage and

current are given in figure 5.3, with the current magnitude envelope versus

the period number of the measurement given in figure 5.4. The envelope

is used to estimate the maximum and minimum value of current, which

indicate the value of the quadrature and direct axis reactances respectively.

The results from the slip measurements are used to calculate the q-axis

reactance using the standard equations recommended by IEEE [46] as follows

Xdpu =
Umax
Imin

· Isn
Usn

(5.2)

Xqpu =
Umin
Imax

· Isn
Usn

(5.3)
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Figure 5.3: Slip measurement of voltage and current.

where Xdpu and Xqpu are d- and the q-axis per-unit reactance components

obtained from the slip test. Imin and Imax are the minimum and maximum

current values obtained from the test, while Umax and Umin are the voltages

at the corresponding points in the measurement. The terminal voltages

change slightly during the test as the current causes a voltage drop across

the impedance of the source, hence the difference in the voltage values used

in the equations.

The given equations above only yield an approximate value of the re-

actances. The reason is that the slip test is carried out at a different

saturation operating point. A more accurate value for the q-axis reactance

is obtained using

Xsq = Xsd ·
Xqpu

Xdpu
= Xsd ·

(
Umin
Imax

· Imin
Umax

)
(5.4)

where Xsq is the value of the q-axis reactance at the same saturation

operating point as for the calculation of the d-axis component. Using

the method given above the value of the q-axis reactance is calculated to

approximately 9.7 Ω.
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Figure 5.4: Slip envelope of the measured current.

The measurement instruments used in the slip test are outlined in

table 5.2. The acquisition of the results is done using the National Instru-

ments digitizer system.

Table 5.2: Instruments used in the slip measurement.

Measurement Instrument

Voltage probe Tektronix P5200

Current probe Pearson Electronics

Current Monitor 4997

Speed Magtrol TM311/011 through

WT3000 power meter

Signal acquisition NI PXI5105
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5 Machine Characteristics

5.3.2 Resistance Measurement

The DC value of the machine phase resistances are measured using a DC

power supply and a current shunt as well as the measurement instruments

outlined in table 5.3

Table 5.3: Instruments used for the resistance measurement.

Measurement Instrument

Phase voltage (DC) Fluke 45 multimeter

Voltage across current shunt (DC) Fluke 8842A multimeter

Current shunt DGZ, Darmstadt, ISM 5P/10 mΩ

Current source Delta Elektronika, SM 3540-D

The resistance is determined to 0.723 Ω as an average for the three phases.

This value is for cold (room temperature) resistance measurement, which will

change as the machine operates for longer period of time and the temperature

increases.

5.3.3 Machine Parameters Summary

The results of all the impedance calculations and the related parameters

obtained from the four measurement sets described above are summarised

in table 5.4.

The knowledge of the machine characteristics is used in the next section to

produce a FEM model that matches the real machine.

5.4 Machine FEM Model

In the previous section the machine parameters were found using standard

measurements for synchronous machines, yielding the characteristic no-load
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5.4 Machine FEM Model

Table 5.4: Summary of the machine parameters obtained from the various mea-

surements.

Parameter Value Unit

Ifoc 1.404 A

Ifsc 1.565 A

Xdpu 1.11 p.u.

Xqpu 0.4533 p.u.

Xsd 23.73 Ω

Xsq 9.696 Ω

Rs 0.723 Ω

and short circuit curves. As part of the loss analysis in the project, FEM

simulations are carried out. As will be explained later, the simulations

are conducted using switching signals obtained from measurement of the

machine, driven by a DTC converter. In order to enable comparison

between the results of measurement and simulation, it is necessary to ensure

that the FEM model and the machine match to as large an extent as possible.

In order to ensure that a correct model of the machine is obtained, it

is necessary to use correct machine material data in the FEM simulations.

However, not all of the machine material data are readily available. Thereof

simulations are carried out to enable empirical derivation of appropriate

material characteristics, to use in the FEM model.

Apart from the material magnetic characteristics, it is necessary to

find the end winding leakage inductance value to insert in the coupled

circuit in FEM. This later component of the leakage inductance is significant

and is not accounted for in the magnetic circuit of the 2-D (2-Dimensional)

FEM model, and hence must be inserted separately in the coupled electric

circuit. The significance of having an accurate representation of the leakage

inductance lies in the fact that it has a considerable effect on the time

harmonic loss production in the machine, due to its harmonic attenuating

characteristics.

The cross section of the 2-D FEM machine model is given in figure
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5.5, which is the same as the model used in Chapter 4.
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Figure 5.5: Cross section of the machine model used in the 2-D FEM simulation.

5.4.1 Derivation of Material Properties

As mentioned above, not all the material properties of the real machine are

available, hence the need to derive these empirically. This is done by match-

ing the no-load curve acquired from measurements with that obtained from

FEM simulations. The result is shown in figure 5.6. The material magnetic

properties that are used for each of the four steel and solid iron regions of

the machine model are given in figure 5.7.

Having derived the appropriate material magnetic properties for the FEM

model, the measured short circuit characteristics are used to determine the

end winding leakage inductance that is required to be inserted into the cou-

pled circuit, matching the FEM short circuit characteristics as given in figure

5.8. This value is found to be around 1.279 Ω (4.07 mH).
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Figure 5.6: No-load curve of the FEM model matched to the equivalent obtained

from measurement.

5.4.2 Sinusoidal Verification

Having inserted the derived machine properties in the FEM model, it re-

mains to verify that the model and real machine match well by comparing

the performance of the machine sinusoidal operation with the equivalent ac-

quired from simulation. These results are given in table 5.5, from which it

can be concluded that the simulation and measurements are within good

proximity of each other.

5.4.3 Accounting for Iron Losses in FEM

As the iron and mechanical losses are not included in the FEM simulation,

they must be taken into account externally, the results of this are shown in

the fourth column of table 5.5. The iron and mechanical losses are estimated

from the no-load test of the machine. Although these two loss components

are different in nature, it is decided to simplify their representation and

model both by a single resistance. Figure 5.9 illustrates this model, where

Rc in the circuit is the equivalent loss resistance.
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Figure 5.7: Material properties found empirically and used in the FEM model of

the machine.

The mechanical losses are basically due to windage, bearing and brush

(slip-ring) frictions. The mechanical losses are all dependent on the speed,

where the windage losses vary with the cube of the speed while the bearing

and brush losses vary proportionally with the speed [10]. The iron losses

are also dependent on the frequency, which for a synchronous machine is

directly proportional to the speed. The eddy current losses vary with the

square of the frequency and the hysteresis losses vary proportionally with

respect to the frequency.

This simplified method of accounting for the losses in the FEM re-

sults has a strict limitation. The limitation is that the equivalent loss

resistance value changes with the speed, and hence the calculated value is

only valid at the given speed at which it is evaluated. This is simply due to

74



5.4 Machine FEM Model
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Figure 5.8: Short circuit curve of the FEM model matched to the equivalent ob-

tained from measurement.

Table 5.5: Comparison of results obtained from sinusoidal measurement and equiv-

alent FEM simulation.

Parameter Measurement Simulation Simulation Compensated

Is1 (A) rms 11.02 10.35 10.82

Us1 (V) rms 216.1 215.8

pf1 leading 0.9892 0.9963 0.9968

Tavg (Nm) 40.94 40.24

Psintot (W) 7025 6650 6952

Ppoleplate (W) NA 75.56

Ψs1 (Wb) 0.6605 0.6633

Speed (rpm) 1500 1500

the fact that both the mechanical as well as the iron losses are dependent

on the speed of the machine, as mentioned above.

The friction and iron losses in the machine are obtained from the no-

load measurements (see 5.2.1), by measuring the input mechanical power

supplied by the prime mover. Figure 5.10 shows the measured results,
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Figure 5.9: Equivalent circuit of the machine used to calculate the equivalent re-

sistance accounting for the iron and friction losses.

mechanical power versus the square of induced armature voltage at 1500

rpm.

At the region close to zero armature voltage, the input mechanical

power supplied by the prime mover constitute mainly the mechanical losses

(with some iron losses as a consequence of the remanence magnetisation

in the rotor poles, which can be neglected). By extrapolating from the

fitted line of figure 5.10, the measured mechanical losses amount to 268 W.

As the field current is increased, the losses in the machine increase as a

consequence of the increased magnetisation. Since the speed - and hence

the friction and windage losses - are constant, any losses above the zero

induction amount to iron losses in the machine.

Furthermore - since the iron losses are mainly dependent on the mag-

netic flux density which in turn is dependent on the voltage (see Chapter 1)

- it is possible to get the iron losses at the rated operation of the machine

by considering the no-load losses at the rated voltage. The total no-load

losses in the machine at the rated voltage (400 V line-line) amount to

366 W, which means that the iron losses (difference between the total

and friction losses) amount to 98 W. Using the model described above

and considering that the model is a per-phase equivalent and that these

losses are in total for the whole machine, the lumped per-phase equivalent

resistance is determined to around 438 Ω.
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Figure 5.10: Measured no-load losses in the machine, at 1500 rpm.

The compensation current is then calculated using the airgap voltage,

which is directly available from the FEM model, and added to the FEM

stator current to account for the iron and friction losses. This method of

compensation for iron and friction losses will henceforth be used in order to

enable comparison of FEM results with the measured equivalents on a fair

basis.

It is important to emphasise that the iron losses accounted for, using

the above described method, only consider the losses at sinusoidal drive

of the machine. Any excess iron losses due to time harmonics are not

accounted for using this model. Therefore the calculations will only be

applied to the fundamental components of the FEM simulation results.

5.5 Summary

In this chapter the machine characteristics are evaluated. The evaluation

comprises of standard tests, constituting no-load, short circuit and slip

measurements, allowing the machine parameters to be calculated.
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5 Machine Characteristics

The no-load and short circuit characteristics of the machine are matched

to the equivalents obtained from a FEM model. The machine and the

FEM model are compared and the model verified using sinusoidal evaluation.

A method is presented in which the fundamental iron and friction

losses are compensated for in the FEM model enabling a fair comparison

between the measured and simulated results. This method will be used

henceforth to account for the iron losses in the FEM model.
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6 DTC Measurements

This chapter presents the results of measurements conducted using an indus-

trial DTC inverter, driving the evaluated machine. The analysis is carried

out at three different switching frequencies of the inverter, aiming to assess

the effect of the switching frequency on the losses produced in the machine.

6.1 Introduction

This chapter outlines the results obtained from measurements carried

out using the DTC (Direct Torque Control) inverter running at different

switching frequencies. By varying the switching frequency of the inverter it

is possible to change the time harmonic distribution in the spectrum, which

in turn alters the losses produced in the machine.

It is known that in any inverter drive application feeding a partly in-

ductive load (like a machine) the time harmonics will, to some extent, be

filtered through the leakage inductance component of the load. Thus, by

increasing the switching frequency - and thereof forcing the time harmonics

up the frequency scale making more effective use of the attenuating effect

of the inductance - it is possible to reduce the amplitude of the switch-

ing harmonics and hence losses that would otherwise be produced in the load.

As explained in Chapter 2, DTC does not have a fixed switching fre-

quency - as the switching is determined stochastically whenever the

hysteresis control conditions are met. However, the switching frequency can

be varied indirectly by changing the flux linkage and/or torque reference

bands, which alter the hysteresis conditions of the control system.
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6 DTC Measurements

By evaluating the machine under exactly the same operating condi-

tions using different switching frequencies, it is possible to evaluate the

effect of changing the switching frequency on the machine operation in

general and on the time harmonic losses in particular.

6.2 Test Bench

The measurements are carried out using an industrial DTC inverter. Mea-

surements are taken using the digitiser system (NI PXI5105). The measure-

ment instruments used are outlined in table 6.1. A photograph of the test

bench used in these measurements is given in figure 6.1.

Table 6.1: Instruments used in the DTC measurement.

Measurement Instrument

Voltage probe Tektronix P5200

Current probe phase A Pearson Electronics Current

Monitor 4997

Current probe phase C Tektronix A6303 through

AM503 amplifier

Speed LeineLinde Encoder RHI503

Torque Magtrol TM311/011

Results acquisition NI PXI5105

6.3 Measurement Results

The measurements are carried out by operating the machine at a constant

load torque and speed, while setting the switching frequency reference

(fswref ) to 1 kHz, 2 kHz and 4 kHz, respectively.

The results of the measurements are given in table 6.2. The time
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DTC Drive 

WT3000 Power Meter

Synchronous Machine

NI PXI5105
TM 311 Torque Transducer 

DC Load Machine

Figure 6.1: Photo of the test bench used in the DTC measurements.

harmonic losses in the machine, calculated using the power difference

method (equation 3.1), clearly show the change in the time harmonic power

at the input. As the switching frequency of the inverter is increased, the

time harmonic losses input into the machine drop. This is due to the

harmonic attenuating effect of the leakage reactance, as explained earlier.

Therefore it is advantageous to use a higher switching frequency, if

losses in the machine are of concern. Higher switching frequencies, however,

lead to increased switching losses in the inverter, which is not desirable.

Hence, a balance between the time harmonic losses in the machine and the

switching losses in the inverter must be found when choosing the switching

frequency.

The flux linkage and torque are the two control parameters in DTC, the

reference bands of which control the switching frequency. The stator

flux linkage is acquired by integrating the stator voltage, reduced by the

resistance voltage drop as given in equation 6.1.
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6 DTC Measurements

Table 6.2: Table of results obtained from measurements at three different switch-

ing frequencies using the DTC inverter.

fswref (kHz) 1 2 4

Is1 (A) rms 11.11 11.16 11.17

Us1 (V) rms 216.0 215.9 215.3

pf1 leading 0.9922 0.9924 0.9915

Tavg (Nm) 40.72 40.85 40.58

fsw−actual (kHz) 1.074 1.938 3.599

Psintot (W) 7224 7208 7162

Psin1 (W) 7110 7136 7115

Psdif (W) 113.4 71.63 46.33

If (A) DC 1.906 1.901 1.899

Speed (rpm) 1499 1498 1500

THD (%) 9.587 5.965 3.971

ψs =

∫
(us − isRs)dt (6.1)

where ψs, us and is are the per-phase time instantaneous stator flux

linkage, voltage and current. Rs is the stator resistance per-phase. At high

stator frequencies the value of this resistive voltage drop is negligible when

accounting for the stator flux linkage, where the majority of the stator

voltage is reactive. The flux linkage, obtained using equation 6.1, is given

in figure 6.2. The subplots show the flux linkage at the three different

switching frequencies as well as a magnification of all the flux linkages. It

is clear from the figure that the ripple reduces as the switching frequency is

increased.

From the flux linkage, it is possible to calculate the torque using equation

6.2. The α and β axis components represent the fluxes and currents in the

two phase equivalent stator reference frame, where the flux is transformed

from the three phase system using equation 6.3 (the same applies to the

currents). The torque obtained at the three different switching frequencies

is shown in figure 6.3 and magnified over a quarter of a period in figure 6.4.
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Figure 6.2: Stator flux linkage, estimated from the measurements of the DTC

driven machine, at three different switching frequencies.

The latter figure shows clearly that the torque ripple also reduces as the

switching frequency increases, which is what is expected (compare to the

the flux linkage plots in figure 6.2).

T =
3p

2
[ψsαisβ − ψsβisα] (6.2)

[
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]
=

2

3

 1 −1

2
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√
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2
−
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3

2


 ψsa
ψsb
ψsc

 (6.3)

6.4 Harmonics Analysis

The current and voltage harmonics are presented in figures 6.5 and 6.6

respectively, where a shift in the harmonic spectrum is obvious as the

switching frequency increases. Unlike what would be expected from a
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Figure 6.3: Torque calculated using the flux linkage, estimated from the mea-

surements of the DTC driven machine, at three different switching

frequencies.

“conventional” PWM (Pulse Width Modulated) signal, the DTC voltage

spectrum is not just shifted up the frequency scale. Rather the whole

spectrum changes as the switching frequency is altered (see figure 6.6),

which could be anticipated from a stochastic system like the DTC.

As DTC is based on hysteresis control, it would be expected that the

time harmonic spectrum would change with time even when the switching

frequency is not altered. This would mean that the time harmonics power

would spread over a wider range of harmonic frequencies over time. It

would in turn suggest that the power losses due to the DTC time harmonics

would be less detrimental to the machine, where localised hot spots due

distinct frequencies would not exist.

The unpredictable nature of the DTC would also mean that there

would be no distinct pattern with which the frequency content of the signal

could be related to the switching frequency. However, the author does

not believe that such assumptions are valid. The reason behind the latter
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Figure 6.4: Torque at the three switching frequencies. Magnified view of a quarter

of a period.

statement could be explained as follows.

Although the DTC is based on hysteresis control, signifying that the

inverter switches only in order to maintain the torque and flux linkage

within the reference margins (leading one to the conclusion that the

spectrum should be randomly distributed), one should also consider the

operating conditions of the machine. During steady-state the machine will

be operating at nearly constant conditions, where the torque and other

mechanical load components coupled to the machine are constant i. The flux

linkage, which is basically the integral of the voltage applied to the machine

will also reach a steady-state, where the fluctuations will eventually come to

a constant repetitive state. In ideal conditions this would imply that during

steady-state operation, the DTC switching pattern will be periodic and

hence the spectrum will be constant in time. However, in reality there will

be some variations both in the mechanical and electrical systems. These

variations will cause disturbance which will affect the steady-state operation

of the machine, leading to variation in the switching pattern and hence the

iConsidering a system where the mechanical disturbances are relatively small in magni-

tude and do not in overall affect the operating conditions of the machine.
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Figure 6.5: Current harmonic spectrum obtained from the measurements of the

DTC driven machine, at three different switching frequencies.

spectrum. Nevertheless, as long as these variations are reasonably small,

then their effect will be marginal leading to the semi-periodic conditions as

explained above.

Following the above reached conclusion then, the DTC could be expected

to have a distinct switching pattern and spectrum, which could be related

to the switching frequency as well as the operating conditions of the machine.

From the current spectrum in figure 6.5, a relationship between the

location of the major harmonics and the switching frequency can be

found, where the cluster of these harmonics seem to be located around

integer multiples of 1.5 times the switching frequency. This means that

the switching pattern, if not totally periodic, is to some extent following a

certain pattern that limits the harmonics to within a certain region related

to the switching frequency.

In order to check the periodicity of the spectrum it is necessary to

carry out spectrum analysis of several consecutive, overlapping periods of

86



6.4 Harmonics Analysis
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Figure 6.6: Voltage harmonic spectrum obtained from the measurements of the

DTC driven machine, at three different switching frequencies.

the measured current. The results of these spectrum analysis are shown in

figures 6.7 through 6.9 for the three switching frequencies. The plots clearly

show that the harmonics spectrum is not changing significantly from one

period to the next. The most significant harmonics are located within the

same region, while their magnitudes change slightly from one evaluated

period to the next. The top most plot in each of the figures shows the

significant part of the complete range of the spectrum. The two other plots

in each figure are magnification into the region where the most significant

harmonics are located. The variation in the magnitude of the harmonics

in the spectrum, of the different periods evaluated, is larger for the higher

switching frequency (4 kHz) than for the other two switching frequencies.

This observation is reasonable, since the tighter the reference bands are

set the more sensitive the hysteresis becomes to small perturbations in the

steady-state operation of the machine. This in turn causes more switchings

to take place to maintain the controlled parameters within the reference

bands.
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Figure 6.7: Current harmonic spectrum obtained from several overlapped periods

of the measurement results, for switching frequency of 1 kHz. The

color bar indicates the period number evaluated.

6.5 Summary

This chapter presents the results obtained from measurements carried out

on the machine, driven by a DTC inverter. The evaluations are made at

three different reference switching frequencies, ranging from 1 kHz to 4 kHz.

The switching frequency is not set directly nor independently in DTC, as

the system is not entirely deterministic. Rather, the reference bands of the

torque and flux linkage are set in such a manner as to limit the switching

frequency to a certain average value. Evaluation of the torque and the flux

linkage produced in the machine shows how the ripple in these two control

parameters drops as the switching frequency increases. The switching

frequency obtained from the measurements is not at exactly the same value

as set by the reference.

The evaluation shows that the time harmonic losses in the machine

drop as the switching frequency is increased, as expected. Furthermore, it
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Figure 6.8: Current harmonic spectrum obtained from several overlapped periods

of the measurement results, for switching frequency of 2 kHz. The

color bar indicates the period number evaluated.

is shown that the spectrum of the DTC signal does not change significantly

with time. This is proven through evaluation of the spectrum over several

overlapped periods of the DTC signal. Also it is found that there is a

relationship between the switching frequency and the region where the

majority of the time harmonics are located in the spectrum.
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Figure 6.9: Current harmonic spectrum obtained from several overlapped periods

of the measurement results, for switching frequency of 4 kHz. The

color bar indicates the period number evaluated.
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7 DTC FEM Simulation Based on

Measurements

This chapter presents results obtained from the FEM simulations carried

out using the switching signals obtained from measurements presented in

the previous chapter.

7.1 Method and Model

In the previous chapter the results obtained from measurements using a

DTC inverter - to drive the machine - were presented. It was seen how the

time harmonic losses in the machine change with the switching frequency.

The time harmonic losses evaluated take place in the machine as a whole.

However, it is insufficient to study the losses externally, as the location of

these losses in the machine is significant from the thermal point of view.

Since the rotor is solid, it would be expected that a major part of these time

harmonic losses are located on the latter as explained earlier in the thesis.

FEM simulations are used as an aid in order to investigate the time

harmonic losses and evaluate the resulting eddy current distribution on the

rotor pole-plates, as was done in Chapter 4. In the latter chapter the FEM

simulations were carried out based on the switching signals obtained from

analytical simulations. In a similar fashion it is possible to use the switching

signals obtained from measurements of the machine and insert these in FEM.

In order to carry out the simulation, the voltages obtained from the

DTC measurements at 2 kHz switching frequency - presented in Chapter 6
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7 DTC FEM Simulation Based on Measurements

- are converted into switching signals and used to control the inverter in the

FEM model. The method is well described in Chapter 3, where the same

approach of converting voltages to switching signals and inserting these into

FEM is used as for the signals obtained from the analytical simulation. The

FEM model was developed in Chapter 5.

7.2 Results

The result of this simulation are given in table 7.1 and these are compared

to the measurement results in the same table. The fourth column in table

7.1 constitute the results obtained from the FEM simulation taking into

account the iron and mechanical losses and compensating for these, using

the method described in Chapter 5.

The results also show that the actual switching frequency of the voltage

signal used in the FEM simulation is lower than that in the measurements.

This is due to the fact that the voltage signal used in FEM is decimated

down to a time sample of 10 µs from the measurement sampling time of 1

µs. This, of course, causes some narrow pulses to be lost in the decimation

process as shown in figure 7.1. This in turn leads to the loss of some high

frequency components from the signal spectrum. The voltage spectrums

of the simulated and measured voltages are shown in figure 7.2. As was

explained in Chapter 6, the spectrum has some major components around

1.5 times the switching frequency and integer multiples of the latter.

Comparison of the two spectra around these regions of major harmonics,

clearly show that the frequency content is not significantly different. This

leads to the conclusion that the decimation process apparently does not

alter the spectrum of the voltage to any significant extent, as the two

spectrums (obtained from the simulation and measurement) are nearly

identical.

The iron and friction loss compensation is applied to the fundamental

components, as well as the total power input component. The THD is

also recalculated taking into account the new value of the fundamental
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7.2 Results

Table 7.1: Table of results comparing the measured and the FEM simulation re-

sults. The fourth column shows the results compensated for the iron

losses.

Parameter Measurement Simulation Simulation

Compensated

Is1 (A) rms 11.16 10.44 10.92

Us1 (V) rms 215.9 217.8

pf1 leading 0.9924 0.9991 0.9993

Tavg (Nm) 40.85 41.90

fswref (kHz) 2 NA

fsw−actual (kHz) 1.938 1.789

Psintot (W) 7208 6937 7243

Psin1 (W) 7136 6877 7183

Ppoleplate (W) NA 116.6

Psdif (W) 71.63 59.79

If (A) DC 1.901 1.901

Psum (W) 70.06 59.79

Speed (rpm) 1498 1498

THD (%) 5.965 5.050 4.828

current. Current obtained from the simulation is compared to the measured

equivalent in figure 7.3. The spectrum of these currents are compared in

figure 7.4, which shows that most of the harmonics have higher magnitude

in the measured current than the equivalent in the FEM simulation, which

is what has also been observed for the fundamental component of the

current. The voltage spectrum (see figure 7.2) shows a better resemblance

between the measured and simulated results. This discrepancy between

the voltage and corresponding current spectrums is a consequence of the

impedances in the FEM model not being exactly equal to their equivalents

in the real machine. Since the current in the FEM simulation also seems

to lag the measured equivalent slightly, it is reasonable to conclude that

the inductances are higher in the FEM model than in the real machine.

One reason for this discrepancy in the inductances, is due to the fact that

the field winding branch is omitted from the sub-transient impedance of
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7 DTC FEM Simulation Based on Measurements

the machine in the simulations (see Chapter 3). Nevertheless, it would not

be reasonable to expect that the 2-D FEM model would match the real

machine exactly.

There are several loss components that are not accounted for in the

FEM model simulation. The method of compensating the results for the

losses is only approximative. The FEM model itself does not consider the

iron losses other than the eddy current losses in the pole-plates. The 3-D

effects are not considered and the hysteresis losses are neglected. Also excess

losses in the windings due to skin and proximity effects are not accounted

for. The mechanical losses are excluded from the analysis. The collection of

these approximations also serve as an explanation for the difference in the

results.
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Figure 7.1: Comparing the measured phase voltage to the decimated equivalent in

the FEM simulation. Magnified region shows the effect of decimating

the measured voltage for use in FEM.

The torque calculated from the measured voltages and currents, as described

in Chapter 6 (equations 6.1 and 6.2), is compared to the equivalent obtained

from the FEM simulation in figure 7.5. Initially the two curves seem

to differ significantly, especially in terms of the lower frequency ripples.
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Figure 7.2: Comparing the measured phase voltage spectrum to the equivalent

obtained from FEM simulation. Magnified plots show the regions of

most significant harmonics in the spectrum.

However, upon closer inspection (see the magnified plot in figure 7.5), the

ripples have a close resemblance. The differences are due to the fact that

the FEM torque is obtained directly from the electromagnetic equations in

the mesh elements, calculated using the magnetic field. Furthermore, the

time step in the simulation is 10 times larger than the sampling time of the

measured signal, which leads to the apparently slower, more blunt rise and

fall in the FEM torque. The decimation also leads to some ripples in the

torque of the FEM simulation not being represented. The flux linkages are

evaluated in figure 7.6, where the flux linkage obtained from the simulation

and measurements are seen to be nearly identical.

Using the method of harmonic power calculation (see Chapter 3) the results

in the power spectrum is shown in figure 7.7. As can be seen in table 7.1,

the sum of these harmonics (Psum) is nearly equal to the power harmonics

(Psdif ) obtained from the difference between the total and fundamental

input powers into the machine.
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Figure 7.3: Comparing the measured phase current to the equivalent obtained

from FEM simulation.

Comparing the plots in figures 7.7, 7.4 and 7.2 the discrepancy in the

power harmonics between the measured and simulated results is greater

than what is observed for either current or voltage. This indicates that

the difference is mainly in the phase angle of the harmonic components

rather than in their magnitude. Again this comes back to the impedance

representation accuracy limitation in the FEM software. Furthermore it is

necessary to remember the losses not accounted for in the FEM simulation,

as outlined earlier.

7.3 Sinusoidal Simulation

In order to be able to evaluate the effect of the time harmonics and separate

these from the space harmonics in FEM, it is necessary to evaluate a

sinusoidal model of the machine at the same fundamental operating point as

the DTC model. The results of the sinusoidal FEM simulation are compared

to the DTC equivalents in table 7.2. The table shows that the funda-

mental operating points of the two simulations are not significantly different.
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Figure 7.4: Comparing the measured phase current spectrum to the equivalent

obtained from FEM simulation. Magnified plots show the regions of

most significant harmonics in the spectrum.

The pole-plate losses in the sinusoidal simulation are the space har-

monic losses, hence the difference between the pole-plate losses in the

DTC and sinusoidal simulations amount to the time harmonic losses in the

pole-plates. However, the difference between the total pole-plate losses and

the time harmonic losses in the DTC model should also amount nearly to

the space harmonic losses, the difference being the small amount of losses

that occur in the circuit resistance of the FEM model. Such analysis shows

that there is a discrepancy in the results.

The DTC model yields space harmonic losses amounting to around

57 W (table 7.1), while from the sinusoidal model - at nearly the same

operating point - the space harmonic losses (being the same as the total

pole-plate losses) are determined to 77 W. The difference of 26 % (20 W) in

the space harmonic losses can not be explained by the relatively marginal

difference between the operating points of the two simulations, where the

largest difference between any of the compared component does not exceed
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Figure 7.5: Comparing torque obtained from measurement to the equivalent ob-

tained from simulation. Electromagnetic FEM torque.

2 %. In order to find the reason behind this discrepancy it is necessary

to take a closer look at the pole-plates, and evaluate the currents induced

therein.

Table 7.2: Comparing the DTC and sinusoidal FEM simulation results.

Parameter DTC Sinusoidal

Is1 (A) rms 10.44 10.57

Us1 (V) rms 217.8 215.9

pf1 leading 0.9991 0.9978

Tavg (Nm) 41.90 41.22

Psintot (W) 6937 6800

Psin1 (W) 6877 6800

Ppoleplate (W) 116.6 77.2

If (A) DC 1.901 1.901

Speed (rpm) 1498 1500
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Figure 7.6: Comparing flux linkage obtained from measurement to the equivalent

obtained from FEM simulation.

7.4 Pole-plate Analysis

Since the pole-plates are solid, the losses in this part of the machine

are mainly caused by the eddy currents induced as a consequence of the

harmonics (space and time). Hence the hysteresis losses in the solid rotor

can be neglected in the loss analysis. In this section the eddy currents

induced in the rotor pole-plates will be analysed in order to evaluate the

loss distribution. In order to be able to separate the effect of the time and

space harmonics, the analysis will be carried out both on the DTC model

as well as the sinusoidal model.

As the FEM model is transient, it would be expected that the pole-

plate eddy currents will change with time. In order to take account of

this time variation in the current density distribution, it is necessary to

evaluate the pole-plate current density distribution at several instants of

time, representing several rotor positions. Such an evaluation is done in

figure 7.8, where it can be concluded that the current density distribution

at different points in time does vary. The last point in figure 7.8 is taken

for further analysis, and the current density magnitude is used to generate
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Figure 7.7: Comparing power harmonics obtained from measurements to those

acquired from simulation.

a 3-D plot in figure 7.9.

The pole-plate current density distribution obtained from the sinu-

soidal simulation discussed earlier in this chapter are given in figures 7.10

and 7.11. As is done for the DTC simulation, the plots are taken at six

different time steps and the last step is evaluated further.

Figures 7.9 and 7.11 show that the current density in the leading

edge (towards the higher values of angle in the figures) of the pole-plate

have higher induced current density in both simulations. This is expected

as the flux density is higher in the leading edge of the pole-plate in a

synchronous motor. A comparison between the two given figures, shows

that the current density in the leading edge in the sinusoidal model is higher

than in the DTC model. However, the DTC model has an elevated level of

current density distribution in the lagging edge of the pole-plates, which

upon comparison with the sinusoidal model leads to the conclusion that

these currents in the lagging edge must be due to the time harmonics. This
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7.5 Effect of Pole-plate Resistivity

is found to be the case for all the time steps evaluated for the two models,

compare figures 7.8 and 7.10.

To further investigate this latter finding, the current distribution in

the cross-section of the pole-plates is shown in figure 7.12 for the DTC

simulation. The equivalent for the sinusoidal simulation is given in figure

7.13. The lagging edge of the pole-plates in the DTC simulation, see

figure 7.12d, clearly shows a higher current density than the equivalent in

sinusoidal simulation, figure 7.13d. Seemingly a significant portion of the

time harmonic losses are induced in the lagging edge of the pole-plates (as

was reported in Chapter 4, some interesting work related to this subject is

also found in [47,48]).

This is a significant finding as it would allow alteration of the pole-

plate design and material in such a manner as to achieve a reduction of the

pole-plate losses related to the time and space harmonics separately. By

using a low resistivity material in the lagging edge and a high resistivity

material in the leading edge, it would be possible to reduce the space

harmonic losses which are located mainly in the leading edge and lower the

time harmonic losses which are mainly located in the lagging edge. However

the effect of the resistivity of the pole-plates on these two loss components

needs further investigation, which is the subject of the next section.

7.5 Effect of Pole-plate Resistivity

All throughout this chapter the FEM simulations presented have been run

using a pole-plate resistivity of 0.27 µΩm, which is an estimated value of

resistivity (as the actual value of resistivity of the pole-plate material is

not known). The resistivity of the pole-plate should, from a theoretical

point of view, have a significant effect on the eddy currents induced in the

pole-plates and hence the losses.

A sensitivity analysis of the pole-plate losses with respect to the pole-plate

resistivity is carried out in order to determine the extent of the effect of
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Figure 7.8: Current density on the pole-plates at different points in time, the

depth is the depth into the pole-plate starting from the airgap while

the angle indicates the position along the pole-plate arc (higher angle

values are towards the leading edge of the pole-plate). The black lines

show the approximate position of the tapered ends of the pole-plate.

DTC simulation.

the resistivity on the losses. This analysis is carried out by comparing the

loss results obtained from simulating the same DTC and sinusoidal FEM

models, presented above, using seven different pole-plate resistivity values.

7.5.1 Time Harmonic Losses

It would be expected that the time harmonic losses, which are current

dependent, would reduce with the resistivity. However, the magnitude of

these current components are not completely independent of the resistivity
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7.5 Effect of Pole-plate Resistivity

Figure 7.9: Current density magnitude on the pole-plates at one specific point in

time. The vertical axis shows the magnitude of the current density.

DTC simulation.

of the pole-plates. The relationship is not simple, but can be explained in a

simplified way as follows:

Using a voltage source, the current harmonics are proportional to the

voltage harmonic components and inversely proportional to the impedance

in the path. The impedance consists of both inductive as well as resistive

components, where the losses are produced in the latter.

The resistance in the pole-plate is dependent on the resistivity of the

path as well as the cross sectional area, where simplistically, the cross

sectional area is the product of the width and the current penetration depth

into the material. The latter is proportional to the skin depth, which is

given by

δ =

√
ρ

πµf
(7.1)

where ρ is the resistivity, µ is the permeability of the material and f is the
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Figure 7.10: Current density on the pole-plates at different points in time, the

depth is the depth into the pole-plate starting from the airgap while

the angle indicates the position along the pole-plate arc. The black

lines show the tapered ends of the pole-plate. Sinusoidal simulation.

frequency of the component considered. The resistance is proportional to

the resistivity and inversely proportional to the penetration depth, which

means that the resistance in overall is proportional to the square root of the

resistivity

R ∝ √ρ (7.2)

The magnitude of the current is determined by the apparent impedance of

the machine to the particular harmonic component. This means that the

magnitude of the current is dependent on the resistance of the pole-plate

as well (which is the sub-transient resistance). The degree to which the

harmonic current magnitudes are dependent on the pole-plate resistivity
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7.5 Effect of Pole-plate Resistivity

Figure 7.11: Current density magnitude on the pole-plates at one specific point in

time. The vertical axis shows the magnitude of the current density.

Sinusoidal simulation.

is also dependent on the other impedance components in the machine. If

the effect of the pole-plate resistivity on the current harmonics magnitude

was to be neglected it would mean that the harmonic power (which is

proportional to the resistance) is also proportional to the square root of the

resistivity. This in turn would mean that the time harmonic losses would

drop with a reduction in the resistivity.

However, neglecting the pole-plate resistivity effect on the magnitude

of the current harmonics is a slightly blunt oversimplification. The fact is

that the sub-transient resistance does have an effect on the magnitude of

the current harmonics to some extent.

The effect of changes in the resistivity of the pole-plates on the cur-

rent harmonics (obtained from the simulations) is shown in figure 7.15,

where the current spectra are plotted against the corresponding resistivity

of the pole-plate. The figure shows that there is in fact a reduction in

the current harmonics magnitude with increasing resistivity as explained
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Figure 7.12: Current density distribution in the pole-plate, along with magnifica-

tion on the different parts of the pole-plate, at one specific point in

time. The color bar shows the current density. DTC simulation.

above. The power losses in the pole-plates due to the time harmonics would

therefore depend on the extent to which the sub-transient resistance has

an effect on the current harmonics magnitude. This relationship can be

written as in equation 7.3, where Prn, Urn and Irn are the power developed

in, the voltage over and current magnitude of the harmonic components

through the sub-transient (pole-plate equivalent) resistance Rrn seen by

the harmonic component - taking into account the skin depth due to the

frequency of the harmonic. Figure 7.14 illustrates the different parameters

concerned in the equivalent circuit of the synchronous machine.

Prn(ρ) ∝ U2
rn(ρ)

Rrn(ρ)
∝ I2rn(ρ)Rrn(ρ) (7.3)
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Current density A/mm2
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Figure 7.13: Current density distribution on the pole-plates, along with magnifi-

cation of the different parts of the pole-plate, at one specific point in

time. The color bar shows the current density. Sinusoidal simulation.

7.5.2 Space Harmonic Losses

The magnitude of space harmonic losses can be represented as

Prgn(ρ) ∝
U2
rgn

Rrgn(ρ)
(7.4)

where the subscript gn is used to distinguish the space harmonic frequency

components from the time harmonic equivalent. In this case the space har-

monic voltage magnitude across the sub-transient impedance (Upgn, refer to

figure 7.14) - and hence the voltage across the sub-transient resistance (Urgn)

- is not significantly influenced by the pole-plate resistivity, unlike the case

for the time harmonics, equation 7.3. Therefore a reduction in the pole-plate

resistivity would lead to an increase in the space harmonic power losses.
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Figure 7.14: Simplified lumped equivalent circuit of the synchronous machine un-

der sub-transient conditions, illustrating the involved components in

the power losses on the pole-plates.
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Figure 7.15: Evaluating the current harmonic spectrum obtained from the DTC

simulation in FEM using the different pole-plate resistivity.

7.5.3 Results Discussion

The power loss results obtained from the sensitivity analysis of the pole-plate

resistivity are given in figure 7.16. The losses in the pole-plates due to the

fundamental component (PPPDTC1) are derived from subtracting the time

harmonic power input into the machine (Pharm) from the total power losses

108



7.5 Effect of Pole-plate Resistivity

in the pole-plates (PPPDTC) obtained from the DTC simulation. These

loss components are compared to the total pole-plate power losses obtained

from the sinusoidal simulation (PPPSin) at nearly the same operating point.

As pointed out earlier in this chapter (section 7.3) the space har-

monic losses for DTC simulation are apparently lower than the equivalent

obtained from the sinusoidal simulation. This could be due to the fact that

the two operating points are not exactly the same, however this difference

is too small to cause the given discrepancy in the power.
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Figure 7.16: Evaluating the different power loss components obtained from the

resistivity variation study.

Figure 7.17 evaluates each of the power components of figure 7.16 separately,

in order to find the trend that changes in the pole-plate resistivity lead

to. The space harmonic losses drop at an almost exponential rate with

increasing resistivity, as can be seen in figure 7.17. However, the time

harmonic losses (Pharm) do not follow a clear trend, which is probably due

to the reasons explained earlier. The time harmonic losses depend both

on the time harmonic current magnitude as well as the resistance of the

sub-transient impedance, where both of these depend on the resistivity of

the pole-plate as given in equation 7.3. This yields the bell-shaped curve.
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In any case the effect of the resistivity on the time harmonic losses seems to

be limited, as the magnitude of these changes is not larger than 8 % at its

highest within the studied range. The space harmonic losses, however, are

highly dependent on the pole-plate resistivity, where the changes in these

losses is around 80 %, within the evaluated range of resistivity values.
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Figure 7.17: Evaluating the different power loss components obtained from the

resistivity variation study, using fitted curves.

7.6 Summary

This chapter evaluates the FEM simulation of the DTC driven machine,

where the simulations are based on measurements presented in an earlier

chapter in the thesis. The measurement signals are converted and used in

the FEM simulation, which in turn is used to evaluate the different loss

components in the machine.
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7.6 Summary

The main focus here has been placed on evaluating the pole-plate

losses and comparing these to the equivalents obtained from sinusoidal

simulation. This comparison allows separation of the space and time

harmonic pole-plate losses.

A closer look at the current density distribution on the pole-plates,

revealed that the time harmonics induce currents on the lagging edge of the

pole-plate. The space harmonics induce currents mainly on the leading edge

of the pole-plate. Also the derived space harmonic losses in the pole-plate

in the DTC model are lower.

The difference in the distribution of the time and space harmonics

on the pole-plates, provides an opportunity to influence the losses in the

machine by altering the pole-plate in ways as to reduce the induced currents.

Further analysis made in this chapter involves changing the pole-plate

resistivity in the FEM model and determining the relationship between

this latter variable and the losses in the machine. It was found as expected

that the space harmonic losses increase as the pole-plate resistivity is

reduced. The time harmonics are found to be less sensitive to changes in the

pole-plate resistivity, however the overwhelming trend is also a reduction in

the related losses with increasing resistivity. Furthermore, below a certain

value of resistivity the time harmonic losses also reduce with a reduction

in the resistivity. The reason behind this is the complex dependency of

the time harmonic current components magnitude on the sub-transient

resistance, as discussed in this chapter. In the next chapter, more light will

be shed on this relationship using measurements carried out on the machine

with coated pole-plates, as well as FEM simulations.
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8 Analysis of Layered Pole-plates

This chapter presents the results obtained from measurements conducted on

the machine using copper coated pole-plates. The aim is to investigate the

effect that pole-plate coating has on losses. FEM simulations are also carried

out to evaluate how variations in the coating material properties alter the

losses.

8.1 Introduction

This chapter analyses the machine with coated rotor pole-plates. Pictures

of the copper layered pole-plates are shown along with the non-layered

pole-plates in figure 8.2. The figure also shows the rotor before and after

the installation of the coated pole-plates. These pole-plates are coated

with 99 % purity copper with a layer thickness of 0.5 mm, tapering down

to 0.25 mm towards the ends of the pole-plates. Figure 8.1 illustrates the

cross-section of the pole-plate and the coating layer.

0.25 mm 

Tapered end

Steel

Copper Layer

0.5 mm 

0.5 mm 

Figure 8.1: Cross-sectional illustration of the layered pole-plate.

The coating on the pole-plates is applied using a method called HVOF
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(a) No coating, original. (b) With copper coating.

(c) Original pole-plates

mounted.

(d) Coated pole-plates

mounted.

Figure 8.2: Rotor and pole-plates of the machine showing the two sets of pole-

plates.

(High Velocity Oxyfuel spraying), which as the name implies means that

copper powder is sprayed onto the pole-plate at high speed using a mixture

of fuel and oxygen to accelerate the metallic powder. This method of

coating produces tenacious bonding onto the substrate and yields a high

density coating [49].

The aim of using coated pole-plates, is to investigate the effect of

this modification on the time harmonic losses in the machine. The high

conductivity copper, compared to the underlying steel, is perceived to

reduce the induced time harmonic losses.

A similar investigation was performed in an earlier part of this work

(see Chapter 7), where FEM simulations were conducted using different

values of pole-plate conductivity. The conclusion that can be reached,

from that latter study, is that the relationship between the pole-plate

resistivity and time harmonic losses is rather complicated. However, the

space harmonic losses increase significantly as the pole-plate resistivity is

reduced, which far outweighs any benefit that could be gained by lowering

the pole-plate resistivity.
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8.2 Fundamental Measurements

What remains to be investigated is the effect that a coating of differ-

ent material properties (resistivity and permeability) has on the losses.

As explained in Chapter 7, the magnitude of the time harmonic losses

in the machine depends on the sub-transient resistance, which in turn is

dependent on the skin depth and hence both on the resistivity as well as the

permeability of the material. The investigation carried out and presented

in this chapter will allow the effect of permeability, resistivity as well as

frequency on the time harmonic losses to be determined.

8.2 Fundamental Measurements

As has already been described in Chapter 5, the two main measurements

which are necessary to determine the machine characteristics are the no-

load and the short circuit tests. The method and the measurement equip-

ment used to carry out these tests are outlined in Chapter 5. The results

obtained from the measurements using coated and non-coated pole-plates

are compared in figures 8.3 and 8.4, for the no-load and short circuit tests

respectively. As can be seen in the two curves, the no-load as well as the

short circuit characteristics have not changed. This leads to the conclusion

that the magnetic characteristics and synchronous reactance of the machine

are unaffected by the copper coating on the pole-plates.

The no-load losses - see figure 8.5 - increase significantly. Part of these

constitute iron and coating copper losses due to the fundamental voltage

component and arise as a consequence of the change in material property.

The remainder, which constitute the mechanical losses, have not changed.

Considering the fact that the two sets of pole-plates are identical - apart

from the copper coating - and that the machine has not been changed in

any other way, then it is reasonable to state that these additional losses take

place in the copper layer. Hence, as expected - and found in Chapter 7 -

the fundamental losses rise as the resistivity of the pole-plate material is

reduced.
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Figure 8.3: Comparing the measured no-load characteristics of the machine using

coated and non-coated pole-plates, at 1500 rpm.

8.3 DTC Measurements

In Chapter 6, DTC measurements were carried out at three different switch-

ing frequencies. That latter analysis showed how the time harmonic losses

vary with the switching frequency. Similar measurements with the coated

pole-plates are conducted and the results presented in this section.

8.3.1 Results

The DTC measurements are carried out at a constant load point (the same

load point used in the measurements presented in Chapter 6) while the

switching frequency is set to 1 kHz, 2 kHz and 4 kHz. Table 8.3 outlines the

results obtained from the DTC measurements at the different frequencies,

using the measurement equipment outlined in table 8.1. As can be seen,

the results are comparable to those obtained from the measurements using

non-coated pole-plates, which are reproduced in table 8.4.

The difference in some of the parameters between the two sets of re-
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Figure 8.4: Comparing the measured short circuit characteristics of the machine

using coated and non-coated pole-plates, at 1500 rpm.

sults are summarised for each measurement component in table 8.2, given

in percentage with respect to the results of the non-coated pole-plates.

As can be seen from this latter table, the time harmonic losses are 13 %

higher in the results of coated pole-plates at a switching frequency of 1

kHz. The difference in the time harmonic losses between the two sets of

measurements reduces as the switching frequency is increased, and at 4

kHz the time harmonic losses are lower for the coated pole-plates. This

leads to the conclusion that the low resistivity coating becomes beneficial

(leading to lower time harmonic losses) at higher switching frequencies.

The THD, which is an indication of the time harmonic current magnitude,

is still higher in the measurements using copper coated pole-plates. Figure

8.6 summarises this.
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Figure 8.5: Comparing the measured no-load losses of the machine using coated

and non-coated pole-plates, at 1500 rpm.

Table 8.1: Instruments used in the DTC measurement.

Measurement Instrument

Voltage probe Tektronix P5200

Current probes Pearson Electronics Current

Monitor 4997

Speed LeineLinde Encoder RHI503

Torque Magtrol TM311/011

Results acquisition NI PXI5105

Table 8.2: Evaluating the difference between the results obtained from the mea-

surements using the non-coated pole-plates and those using coated pole-

plates. In percentage, in relation to the results of the non-coated pole-

plates.

fswref (kHz) 1 2 4

∆ Psdif (%) 13.30 1.579 -4.342

∆ THD (%) 23.38 23.25 19.4

∆ (Psin1 − Pout) (%) 27.61 26.00 18.98
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Figure 8.6: Comparing THD and time harmonic power input into the machine,

obtained from the measurements conducted using the non-coated and

coated pole-plates at three different switching frequencies.

Table 8.3: Table of results obtained from measurements at three different switch-

ing frequencies using the DTC inverter. Coated pole-plates.

fswref (kHz) 1 2 4

Is1 (A) rms 11.59 11.51 11.25

Us1 (V) rms 213.8 214 216.3

pf1 leading 0.9926 0.9919 0.9903

Tavg (Nm) 41.03 40.67 40.33

fsw−actual (kHz) 1.108 1.951 3.474

Psintot (kW) 7.486 7.386 7.260

Psin1 (kW) 7.358 7.313 7.216

Psdif (W) 128.5 72.76 44.32

If (A) DC 1.901 1.906 1.903

Speed (rpm) 1499 1501 1499

THD (%) 11.83 7.352 4.741

Pout (kW) 6.442 6.394 6.332

Psin1 − Pout (W) 916.5 919.5 883.6
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Table 8.4: Table of results obtained from measurements at three different switch-

ing frequencies using the DTC inverter. Non-coated pole-plates.

fswref (kHz) 1 2 4

Is1 (A) rms 11.11 11.16 11.17

Us1 (V) rms 216.0 215.9 215.3

pf1 leading 0.9922 0.9924 0.9915

Tavg (Nm) 40.72 40.85 40.58

fsw−actual (kHz) 1.074 1.938 3.599

Psintot (kW) 7.224 7.208 7.162

Psin1 (kW) 7.110 7.136 7.115

Psdif (W) 113.4 71.63 46.33

If (A) DC 1.906 1.901 1.899

Speed (rpm) 1499 1498 1500

THD (%) 9.587 5.965 3.971

Pout (kW) 6.392 6.407 6.373

Psin1 − Pout (W) 718.2 729.7 742.7

8.4 FEM Simulations

The analysis in the previous section provided some useful insight into the

effect of the copper coating on the losses in the machine. In this section the

results of FEM simulations are used to evaluate the effect of changing the

coating resistivity and thickness, on the losses.

The simulations are conducted using the switching signals obtained

from the DTC measurements at 2 kHz switching frequency, where the

simulation is carried out in the same manner as described earlier in the

thesis (see Chapter 7).

Power losses in the coating layer and the pole-plate are analysed in

figures 8.7 and 8.8 with variation in the coating resistivity and thickness,

respectively. These are given for both sinusoidal as well as DTC simulations.

As can be seen in the latter figures, most of the losses take place in the
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coating layer, and these seem to be mainly due to the space harmonics as

the difference between the sinusoidal and DTC simulations is small.

Variation in time harmonic power input into the machine stator ter-

minals with respect to coating resistivity (for a fixed coating thickness of

0.5 mm) and thickness (for a fixed coating resistivity of 18.3 nΩm) are

given in figure 8.9. These show that the time harmonic power reduces as

the resistivity of the coating reduces, and this is due to the fact that the

sub-transient resistance is beyond the threshold value required for such a

reduction in the time harmonic power to take place. The dependence of the

time harmonic power on the sub-transient resistance is explained later in

this chapter, see section 8.5.
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Figure 8.7: Variation in power losses in the coating layer and pole-plate, for DTC

and sinusoidal simulations, with coating resistivity.

By using the difference between the sinusoidal and DTC power losses on

the coating and pole-plate, it is possible to estimate the portion of the time

harmonic losses that take place in the coating and the pole-plate separately.

These estimates are presented in figure 8.10.
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Figure 8.8: Variation in power losses in the coating layer and pole-plate, for DTC

and sinusoidal simulations, with coating thickness.
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Figure 8.9: Variation in input time harmonic power into the machine terminals,

for DTC simulation, with varying coating resistivity and thickness.
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Figure 8.10: Estimated portion of time harmonic power losses in the coating and

the pole-plate. Variation with coating resistivity. Obtained from the

difference between the DTC and sinusoidal simulations power losses

in the coating and pole-plate.

8.5 Time Harmonics Losses on Pole-plates Explained

This section aims to give a detailed qualitative explanation and summarise

the time harmonic power variation - with the value of pole-plate resistivity,

harmonic frequency and permeability - which has occupied a significant

portion of the subject of analysis in both this and the previous chapter.

In the case of using copper coated pole-plates, the low resistivity cop-

per leads to the reduction of the sub-transient impedance (both resistance

and inductance). This is proven by the increase in the THD obtained

from the measurement using the coated pole-plates compared to the

measurements using the non-coated pole-plates (see tables 8.3 and 8.4),

indicating an increase in the magnitude of the current harmonics.

The reduction in the resistance is caused by the increased skin depth,

due to the significantly lower permeability, as well as due to the reduction
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8 Analysis of Layered Pole-plates

in the resistivity.

The variation of the sub-transient impedance with frequency, and hence

the effect of the frequency on the time harmonic losses is related to the

sensitivity of the skin effect to changes in the frequency. This sensitivity

reduces with permeability, for any value of resistivity and frequency. The

reason for this is due to the increase of the skin depth with a drop in

permeability (see equation 1.1). This can be clarified using the qualitative

curves in figure 8.11.

 increasing
 

increasing

Frequency

δ

a) Skin depth

 

 

 increasing
 

increasing

Frequency

R
r ∝

 ρ
 // δ

b) Sub−transient resistance

 

 

 increasing
 

increasing

Frequency

L lr ∝
 µ

 ⋅ 
δ

c) Sub−transient inductance

 

 

 increasing
 

increasing

Frequency

X
lr ∝

 µ
 ⋅ 

δ 
⋅ f

d) Sub−transient reactance

 

 

Low µ
r

High µ
r

Figure 8.11: Simplified indicative calculation showing the effect of the permeabil-

ity on the skin depth and hence on the sub-transient resistance, in-

ductance and reactance.

The rate of change of the sub-transient resistance and inductance with

frequency is therefore lower in the (low permeability) copper layer than

in the (higher permeability) pole-plate steel. Thereof the reactance will

increase at a higher rate with frequency in a high permeability material

than in the case of a low permeability equivalent.

It is possible to extend on the evaluation above and conduct a sim-

plified study of the effect of the frequency, pole-plate permeability and
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8.5 Time Harmonics Losses on Pole-plates Explained

resistivity on the time harmonic power. This can be conducted using

the simplified equivalent circuit of the synchronous machine (under sub-

transient conditions) given in figure 8.12.
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Figure 8.12: Simplified equivalent lumped components circuit of the synchronous

machine, under sub-transient conditions (see figure 3.1 for clarifica-

tion).

The sub-transient resistance (Rr) is inversely proportional to the skin depth

(δ) and directly proportional to the resistivity (ρ) as

Rr ∝
ρ

δ
(8.1)

The sub-transient leakage inductance (Llr) can be considered to be propor-

tional to the permeability (µ) as well as to the skin depth, which determines

the area through which the flux flows. This can be expressed as

Llr ∝ δ · µ (8.2)

Using these approximations, it is possible to produce trend curves of the

expected changes in the power produced in the sub-transient resistance

(I2nRrn) representing the time harmonic power losses in the pole-plates.

The variation in the power produced - in the sub-transient resistance with

respect to changes in resistivity and permeability - by a single voltage

harmonic (magnitude and frequency) are given in figure 8.13. The change

in the power with respect to frequency is given in figure 8.14, for a fixed

value of permeability. The difference between the two latter curves is that

the change in the permeability changes the peak power region width, where
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8 Analysis of Layered Pole-plates

the magnitude of the maximum does not change significantly. The gradient

of the power change with resistivity beyond the peak (with increasing

resistivity) is lower in magnitude for lower values of permeability. This is

related to the lower sub-transient resistance variation gradient at low values

of permeability, as is seen in figure 8.11. The peak power region also shifts

towards higher value of resistivity.

Increasing the frequency of the harmonic (see figure 8.14) causes the

peak value of the power to drop, as the reactance becomes higher making

the current more reactive. The width of the peak power region does not

change significantly in the latter case.

Figure 8.13: Simplified indicative calculation of variation in the power produced

in the sub-transient resistance with respect to resistivity and perme-

ability.

The shape of the curve agrees with the results obtained from the resistivity

variation analysis of the pole-plate presented in Chapter 7, figure 7.17d.

This latter figure shows the time harmonic power input into the machine

with respect to variation in the pole-plate resistivity obtained from the

FEM simulation. As the analysis is carried out using FEM simulations,

the input time harmonic power losses mainly take place in the pole-plates.
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8.5 Time Harmonics Losses on Pole-plates Explained

Hence this power can basically be considered the time harmonic power in

the pole-plates.

As noted earlier, comparing the measurement results obtained using

the non-coated and coated pole-plates, it is seen that the time harmonic

power decrease at a higher rate with increasing frequency when the

permeability is low. At the same time the THD, is still higher in the

measurements using the coated pole-plates (see figure 8.6).

Due to the low overall value of the sub-transient impedance the THD

is high in the copper coated measurements. Furthermore, the low gradient

of the resistance increase with frequency, due to the lower impact of the skin

effect on the resistance (as seen in figure 8.11), cause the power produced in

the resistance to reduce as the frequency increases along with the reactance.

The fact that skin effect is less prominent also causes the reduction rate in

the inductance to be lower.

It is possible to validate this trend by using the simplified model de-

scribed earlier, by varying the frequency for two different values of

Figure 8.14: Simplified indicative calculation of the variation in power produced in

the sub-transient resistance with respect to resistivity and frequency.
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permeability for one specific value of resistivity. Figure 8.15 shows how

the trend of power and the terminal current magnitude follow the same

shape as those obtained from the measurements, presented in figure 8.6.

It is worth mentioning that the frequency at which the power curves cross

for low and high permeability, is highly dependent on the specific value of

sub-transient resistivity as well as the value of permeability.
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Figure 8.15: Simplified indicative calculation of the variation of the terminal

current harmonic magnitude and the power produced in the sub-

transient resistance with permeability and frequency, obtained using

the simplified model analysis based on the lumped equivalent circuit

as described earlier.

8.6 Summary

This chapter evaluates the machine with copper coated pole-plates installed.

The analysis is carried out using both measurements as well as FEM

simulations.

Measurement results are compared to their equivalents obtained from
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the measurements using non-coated pole-plates. One of the important

effects noted from this comparison is that the time harmonic losses using

copper coated pole-plates drop below those obtained from the non-coated

pole-plates as the switching frequency increases. However, the THD remains

higher in the measurements using coated pole-plates, which is due to the

reduction in the overall sub-transient impedance.

The effect of using a low permeability material is that the time har-

monic power magnitude start to drop at higher values of resistivity, as the

region where the power peaks shifts towards higher values of resistivity.

This means that it is more beneficial to utilise low permeability material.

The implication is that a low permeability material would reduce the flux

density and hence the torque that the machine can supply.

These effects are investigated further by conducting FEM simulations

and varying the resistivity as well as the thickness of the coating. This

verified the noted effect.

The measurements and simulations also show that the space harmonic

losses increase significantly when low resistivity material is used on the

pole-plates. It is also shown that the majority of the extra losses take place

on the coating layer.

The elevation in the space harmonic losses leads to the conclusion

that low resistivity coating is not beneficial as it reduces the overall machine

efficiency.

Furthermore, indicative studies are also carried out in order to inves-

tigate the effect of varying the permeability, resistivity and frequency.

These prove the expected trends predicted by the measurements and

simulation.
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9.1 Brief Thesis Summary

This thesis covers a specific subject that deals with the evaluation of

losses related to the inverter drive of synchronous machines. The machines

concerned are field excited and have solid rotor poles and pole-plates.

The losses that are of interest are those occurring due to the time

harmonics on the rotor with an emphasis on those in the pole-plates.

The fact that the rotor pole-plates are solid means that a major part

of the time harmonic losses will take place in that part of the machine.

Furthermore, the majority of these losses will be due to the eddy currents,

hence the hysteresis losses can be neglected. The reason for focusing on the

pole-plates, rather than the whole rotor is due to the fact that these shield

the rest of the rotor from the high frequency harmonics that constitute the

time harmonics and hence will be the subject to the majority of the losses.

The inaccessibility of the rotor to conventional cooling methods make

it more sensitive to temperature elevations due to the time harmonic losses

produced therein. Time harmonic currents induced on the rotor cause

both localized hot-spots as well as overall deformations, if overheated. The

isolation of the rotor also makes the analysis non-trivial, requiring the use

of FEM simulations in order to gain insight into the loss distribution on the

pole-plates.

Another issue that poses a challenge in the analysis, is the fact that

the control system of interest is non-periodic. DTC, which is the control

system being scrutinized in combination with the synchronous machine, is
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a stochastic control system based on hysteresis control. This means that

modelling DTC in FEM requires a novel method of analysis. Such a method

is developed and used successfully as part of this research project.

The method of emulating DTC in FEM first involved using analytical

simulations to obtain switching signals of the DTC (see Chapter 4), which

in turn are inserted into the FEM model. In the analysis carried out in

the latter chapter, it is shown how the inclusion of the zero vectors in the

DTC switching table reduces the time harmonic losses due to the inverter

operation.

The method of DTC in FEM has been further developed to allow

measured signals to be used in FEM, which opened up for an extended

research on the effect of the pole-plate material properties on the time

harmonic losses and compare these results to measurements (see Chapters

7 and 8).

Measurements are carried out using an industrial DTC inverter using

two sets of pole-plates. One of the pole-plates is solid steel (see Chapters

5 through 7), the other is different in the sense that it has a thin coating

of copper (see Chapter 8). The reason for conducting such an analysis is

the preconception that a reduction in the sub-transient resistance, which in

this case is governed by the pole-plate resistivity, leads to a reduction in

the time harmonic losses. The measurements show that the time harmonic

losses can in fact drop by reducing the resistivity. However, it is also proven

that the relationship between the losses and resistivity is complex, where

it not only depends on the resistivity but on other material parameters as

well as the frequency of the harmonics.

Nevertheless a clear downside of reducing the resistivity is that the

space harmonic losses increase significantly.

These relationships mentioned above are further analysed using FEM

simulations conducted based on the switching signals obtained from the two

DTC measurement sets (Chapters 6 and 8). The simulations are carried out

using different resistivity values for the pole-plate steel (in Chapter 7) and
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copper coating (in Chapter 8). These results provide a useful insight into

the effect of the different material properties on the two loss components

of interest (space and time harmonic losses). These consider the effect of

resistivity, permeability as well as frequency on the losses.

The simulations of Chapters 4 and 7 provide an insight into the power

loss distribution on the pole-plates due to the time and space harmonics.

These results show that the space harmonics are mainly located on the

leading edge of the pole-plates while the time harmonic losses are mainly

distributed along the lagging edge.

The measurements also show that the DTC switching pattern is not

as stochastic as previously thought and that the spectrum can be related to

the switching frequency. The DTC seems to reach a steady-state where the

switching pattern becomes nearly periodic. This is proven by conducting

FFT on several overlapped periods of the measured DTC current (Chapter

6).

Moreover, the effects of resistivity, permeability as well as frequency

on the time harmonic losses have been verified by the use of simplified

calculations. These calculations are based on the equivalent circuit of the

machine and provide an indication of the trend of the time harmonic loss

changes in relation to any of these three variables. Explanation of these

effects are made to aid understanding of the reasons behind these trends

(see Chapter 8).

9.2 Conclusions and Future Work

The conclusion from all the summarised analysis is that the time harmonic

losses in the pole-plates can be affected by changes to the pole-plate ma-

terial. The effect of lowering the resistivity of the material in combination

with higher switching frequencies can be achieved without the detrimental

side effect of increased space harmonic losses. This, however, requires a

novel modification to the pole-plate coating material and distribution.
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What can be recommended is to utilise the different loss distributions

of the space and time harmonics on the pole-plates (see Chapters 4 and

7). The space harmonics being located mainly on the leading edge and

the time harmonics mainly on the lagging edge means that by appropriate

arrangement of the pole-plate coating, it is possible to achieve the benefit

of lower resistivity without its unwanted effects. For instance, coating

the lagging edge of the pole-plate with copper and keeping the leading

edge un-coated, would be one option. However, this would mean that the

machine must nominally be run in one direction as to allow the copper

coating to be on the lagging edge when motoring.

Improvements could also be made to the simulation models. For in-

stance, the field winding effect on the sub-transient impedance could be

taken into account by including the field winding circuit in the simulation

model. Also the 3-D flow path of the pole-plate current could be taken into

account using the method explained in Chapter 3. This latter method could

also be used to account for the currents flowing tangentially in the d-axis.

To conclude, the studies carried out as part of this project have pro-

vided some useful insight into the losses that take place in the solid rotor

pole-plates and the effect of different variables on these losses. These may

be considered but a minor contribution to the overall subject of loss analysis

in machines, nevertheless they are a product of six years of research that

may help in the advancement of this subject and provide for a reduction of

energy losses.
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A Analytical Drive Model

This appendix gives a brief outline of the analytical model used in the sim-

ulations, which consists of a synchronous machine model coupled to a direct

torque control system. The models are designed using Simulink software.

A.1 Analytical Synchronous Machine Model

The machine model used in the analytical simulation is based on the

transient lumped model of the synchronous machine, which is basically

defined by equations A.1 and A.2 [39]. Canay [50] discusses the analytical

modelling of solid pole synchronous machines and the significance of the

sub-transient impedance.


usd
usq
urd
urq

 = [Rmat] ·


isd
isq
ird
irq

+
d

dt


ψsd
ψsq
ψrd
ψrq

+ ωre ·


−ψsq
ψsd
0

0

 (A.1)


ψsd
ψsq
ψrd
ψrq

 = [Lsmat] ·


isd
isq
ird
irq

+


ψf
0

ψf
0

 (A.2)

[Rmat] =
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0

0

0

0
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0

0

0
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Rrq

 (A.3)
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[Lsmat] =


Lsd
0

Lad
0

0

Lsq
0

Laq

Lad
0

Lrd
0

0

Laq
0

Lrq

 (A.4)

where u, i, ψ are the voltages, currents and fluxes respectively. The

inductances are given by

Lsd = Lad + Lls (A.5)

Lsq = Laq + Lls (A.6)

Lrd = Lad + Llrd (A.7)

Lrq = Laq + Llrq (A.8)

where Ls and Lr are the stator and rotor inductances respectively, which

are composed of both the mutual inductances, La, as well as the leakage

inductances, Ll. The sub-transient components are obtained using a method

which is presented in [12] and is briefly recaped here next.

A.1.1 Sub-transient Impedances

The method used for obtaining the sub-transient impedance of the machine

model from FEM can be said to be a simplified version of the SSFR

(Standstill Frequency Response) test which is outlined in the IEEE stan-

dards [46,51].

The method relies on applying a high frequency current to one of the

phases in the machine and calculating the lumped rotor side impedance,

considering the simplified equivalent circuit, given in figure A.1 and using

Zlr =
jXa · (Ztot −Rs − jXls)

jXa − (Ztot −Rs − jXls)
(A.9)

Zlr = Rr + jXlr (A.10)
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A.2 DTC Analytical Model

where Ztot is the total impedance seen from the phase terminal (obtained

from the evaluated current and voltage), while Xa and Xl are the mutual

and leakage reactances respectively.

In order to use this method, the frequency of the source should be

high enough, to accurately represent the skin effect and its impact on the

impedances. In the simulations conducted as part of this work (see chapter

4) a source frequency of 650 Hz is found to be sufficient, for a switching

frequency of around 500 Hz (more on the relationship between the switching

frequency and the time harmonic spectrum is given in the main part of the

thesis (Chapter 6)).

The evaluation is conducted with the rotor positioned in both the d-

and q-axis (with respect to the phase being supplied). This will yield the

equivalent sub-transient impedance in the two directions, which are then

inserted into the analytical machine model.

R
s

X
ls

R
r

X
lr

X
a

I
s E

a
U
s

Figure A.1: Simplified equivalent circuit of the synchronous machine, used to ob-

tain the sub-transient impedances (see figure 3.1 for clarification).

A.2 DTC Analytical Model

The analytical model of the DTC system is presented in figure A.2. Using

this model there is no need for flux, torque or position estimators, as these

are directly available from the machine model. The fluxes are used directly

as feedback to the control system. The α and β components of the flux

linkage are fed into the control system to calculate the angle, hence the
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A Analytical Drive Model

sector, of the stator flux linkage vector.

Figure A.2: Block diagram of the DTC system used as part of the analytical

model.

The control system chooses one of the voltage vectors from the lookup

table, depending on the state of the flux linkage and the torque. It then

outputs the voltage in the α-β reference frame as

Uα = Ûs ·
2

3
·
[
1,−1

2
,−1

2

]
· [SW (Ua),SW (Ub),SW (Uc)]

T (A.11)

Uβ = Ûs ·
2

3
·

[
0,

√
3

2
,−
√

3

2

]
· [SW (Ua), SW (Ub), SW (Uc)]

T (A.12)

where Ûs is the peak value of the applied voltage waveform, which in the

case of an inverter drive, is equal to the DC link voltage. The voltage

vectors are given by the SW (Ux) (x indicates the phases a, b or c). Each

one of the terms in the switching matrix gives the state of the phase, where

1 indicates that the phase is connected to the upper rail while -1 indicates

that the phase is connected to the lower rail. Hence the different voltage

vectors in the three phase machine, given in figure A.3, are produced in the

control system using table A.1. The output of the control system is then

fed into the block named ”Synchronous machine model”, where the α-β

reference frame voltages are converted into d-q reference frame equivalents

and applied to the machine model.
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A (U1 )

B (U3)

C (U5)

C’ (U2 )

A’ (U4 )

B ’ (U6 )

Figure A.3: Switching vectors available in a three-phase machine.

Table A.1: Switching state table used to allocate values to the different phases in

the simulated control system.

Vector SW (Ua) SW (Ub) SW (Uc)

U1 1 -1 -1

U2 1 1 -1

U3 -1 1 -1

U4 -1 1 1

U5 -1 -1 1

U6 1 -1 1
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B Synchronous Machine Parameters

Number of phases = 3

Usn = 230 V, per phase rated voltage

Isn = 10.8 A, per phase rated current

Rated speed = 1500 rpm

Ψ̂sn = Ûsn
ωn

= 230
√
2

2π50 ≈ 1.0353, peak rated stator flux linkage

nf = 517, number of field winding turns per pole concentrated

ns = 16, turns per slot in stator

S = 7.5 kVA

Short pitch = 10/12

p = 2, number of pole-pairs

Di = 210 mm, stator yoke inner diameter

Do = 290 mm, stator yoke outer diameter

Number of stator slots = 48

τS = 7.5o, slot pitch
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C Measurement Instruments

measurement Instrument Maximum

Range

Accuracy (Error)

Speed Magtrol

TM

311/011

10 krpm NA

Speed Pulse

reading

WT3000

100 krpm 0.05% of read-

ing+1mHz

Current

(50Hz)

WT3000

power

meter

30 A 0.01% of reading

+ 0.03% of range

Voltage (50

Hz)

WT3000

power

meter

1000 V 0.01% of reading

+ 0.03% of range

Current

(DC)

WT3000

power

meter

30 A 0.05% of reading

+ 0.05% of range

Voltage

(upto

50kHz)

WT3000

power

meter

1000 V Maximum: 0.3%

of reading + 0.1%

of range

Current

(upto

50kHz)

WT3000

power

meter

30 A Maximum: 0.3%

of reading + 0.1%

of range

Position LeineLinde

Encoder

RHI503

6000 rpm 50o electrical
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C Measurement Instruments

Measurement Instrument Maximum

Range

Accuracy (Error)

Measurement

(Instanta-

neous)

NI PXI

5105

30V 4.70%

Torque Magtrol

TM

311/011

100 Nm 0.1% of rated

torque

Voltage

Probe

Tektronix

P5200

1000 V 3%

Current

Probe

Tektronix

A6303

through

AM503

amplifier

100 A NA

Current

Amplifier

AM503

Tektronix

Current

Amplifier

NA

Current

Probe

Pearson

Electronics

Current

Monitor

4997

150 A 1%
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D Symbols and Acronyms

The subscripts - s, r, and a - represent the stator, rotor and airgap compo-

nents while the d and q subscript extensions indicate the components in the

two directions. Capital symbols indicate rms values, unless these are roofed

in which case the peak values are indicated. The small cap symbols indicate

the time instantaneous equivalents. The subscripts are given in the separate

table below.

List of Symbols

Greek

δ Skin depth [m]

λ Steinmetz coefficient

µ Magnetic permeability [H/m]

ω Radial speed [rad/s]

φm Magnetic flux [Wb]

Ψ Flux linkage [Wb]

ρ Resistivity [Ω m]

τ Period [s]

θ Phase angle [deg]

Roman

B Flux density [T]

Ea Airgap voltage [V]

f Frequency [Hz]
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I Current [A]

J Current density [A/m2]

L Inductance [H]

P Power [W]

R Resistance [Ω]

T Electromagnetic torque [Nm]

Tl Load torque [Nm]

U Voltage [V]

X Reactance [Ω]

Z Impedance [Ω]

List of Subscripts

1 fundamental

a airgap

A,B,C three phases of a three

phase winding

α α-axis component, stator

2 phase reference frame

avg average

β β-axis component, stator

2 phase reference frame

d d-axis component, rotor

2 phase reference frame

dif difference

f field

in input

ls, lr leakage (stator and ro-

tor components respec-

tively)

out output

ph phase

q q-axis component, rotor

2 phase reference frame

r rotor
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ref reference

s stator

sw switching

tot total

List of Acronyms

DTC Direct Torque Control

FEM Finite Element Method

IEC International Elec-

trotechnical Commission

IEEE Institute of Electrical

and Electronic Engineers

NEMA National Electrical Man-

ufacturers Association

THD Total Harmonic Distor-

tion

VSI Voltage Source Inverter
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