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Abstract

Permanent magnet (PM) motors are today regarded as an interesting solution for a

wide range of inverter-fed variable-speed drives. The generally increased interest in

these motors has led to many investigations on their feasibility for vehicle propulsion.

Consequently, they are also of interest for traction applications which led to the research

project that is presented in this thesis. The most important advantages that are expected

in comparison to the state of the art asynchronous motors are lower losses and a higher

torque density. Often the �eld weakening speed range is important, but di�cult to

obtain with PM machines because the inductance in the direction of the magnetization

tends to be low. An alternative can be to switch di�erent coils groups of the stator

winding into di�erent con�gurations. This is the central topic of this thesis.

Various aspects of the design of PM motor drives are considered with special at-

tention to the requirements for the application of the switched winding concept. The

studies were thereby limited to the inner rotor, radial ux topology. It was found that

two winding parts per phase, implying four di�erent winding connections, is the only

interesting solution. An advantage of switched windings is that the internal voltage of

the machine will never exceed the maximum inverter output, which increases the oper-

ation safety. Furthermore the machine design can uncompromisingly be optimized for

operation below base speed, which means low inductances implying a large airgap length

and thick magnets. A problem with switched windings is that circulating currents can

occur. To diminish them, a 2/3 magnet covering of the pole surface must be chosen in

combination with a non-salient rotor. Moreover it was found that the eddy current losses

in the magnets can reach non-negligible levels and must be considered when designing

a drive system.

The major drawback of switched stator windings is probably the occurrence of torque

interruptions when changing the con�guration. The durations of these zero torque pe-

riods and their avoidance have been examined thoroughly in this thesis by means of

simulations and experiments on a specially designed and built 50kW test machine. It

was found that semi-conductor winding switches should be used to avoid noticeable jerks.

A novel method is suggested on how to perform winding recon�gurations so that torque

interruptions are avoided. The principle is based on temporary operation of the machine
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with its windings in asymmetric con�gurations which is analyzed analytically and vali-

dated by experiments. It is proven that successive winding switching is an appropriate

means to entirely omit torque interruptions.

Finally, the application of PM motors with switched stator windings in a subway

propulsion drive is briey considered. Di�erent aspects of their feasibility are taken into

consideration and the great potential of such drives is pointed out.
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1. Introduction

1.1. Background

The development of advanced magnet materials, power electronics, and digital control

systems makes permanent magnet (PM) motors today an interesting solution for a wide

range of inverter-fed variable-speed drives [1]. PM machines are today used for numerous

applications, ranging frommotors in watches to direct driven wind power generators [2, 3]

and ship propulsion drives [4, 5, 6]. This generally increased interest in PM motors has

led to many investigations on their feasibility for vehicle propulsion. For road vehicle

drives they are today regarded as state of the art [7]. Consequently they are also of

interest for traction applications [8] which led to the research project that is presented in

this thesis. Therefore the focus throughout this work is on traction drives with particular

emphasis on passenger transportation. Since PM motor drives may �rst be implemented

in subways and trams, a rated power around 120kW per motor seems suitable for the

present studies. A PM machine with this rating can be considered to be large because

today PM motors are usually used in applications with considerably lower power rating.

The state of the art in the �eld of traction propulsion is today an inverter-fed asyn-

chronous motor. One of its greatest advantages is the possibility of obtaining a large

constant power speed range, but also the fact that several motors can be fed from a

single inverter is widely appreciated. The most important bene�ts which are expected

when introducing PM machines are lower losses and a higher torque density [9]. Among

the drawbacks are higher costs, increased temperature sensitivity, and the fact that the

technology is not yet as well established as that for asynchronous motor drives.

To keep the inverter rating at a reasonable level, the �eld weakening speed range is

important for many applications, especially for vehicle propulsion. However, �eld weak-

ening is often di�cult to obtain with PM motors because the inductance in the direction

of the magnetization tends to be low. This is due to the low permeability of the magnet

material which is similar to air. In [10] it is questioned if an over-rated inverter is not

preferable to �eld weakening for some applications. It has been frequently suggested

that switched stator windings should be used instead of �eld weakening, for instance

1



1. Introduction

in [11, 12]. Besides the traditional star-delta switching also series-parallel recon�gura-

tion can be employed. Combining both allows a su�cient increase of the speed above

base speed without actually attenuating the �eld. As this is expected to be advantageous

in many cases, switched stator windings are a central topic of this work. When �eld

weakening is substituted by switched windings, the motor design needs to be reconsid-

ered. This work describes the special requirements as well as some general aspects of

the PM motor design. Moreover the winding switches are additional equipment and are

consequently also included as a topic of the investigations. For test purposes a 50kW

PM machine was developed and produced.

Usually the torque production is interrupted during the winding recon�guration

which can cause considerable problems. Especially in vehicle drive applications jerks

can occur causing signi�cant discomfort. Furthermore an increased wear of mechanical

parts must be expected. Therefore these torque interruptions have been scrutinized and

methods for their minimization are presented. Speci�cally a procedure was developed

which entirely omits the torque interruptions. It is based on the idea of successive switch-

ing of di�erent windings and temporary operation in asymmetric winding con�gurations.

This principle has been validated experimentally.

During the performance of the project it was recognized that time harmonic �elds

cause eddy current losses in the magnets which can be of non-negligible magnitude.

Therefore some initial examinations on this topic were carried out in the form of guest

studies at the Technical University of Graz, Austria in early 1998. The additional

costs for this stay were covered by a scholarship granted by Vattenfall, \Vattenfalls

Energiestipendium".

It is the opinion of the author that the permanent magnet motor will become a poten-

tial competitor to the state of the art asynchronous motor, even for traction applications.

However, further research and development is de�nitely required. The future will show

if the PM motor can actually win the battle, or if the asynchronous motor remains the

preferable choice for certain applications, maybe even for traction propulsion.

1.2. Outline

Chapter 2 �rst o�ers an introduction to magnet materials and describes the basics

of PM machine operation. The analytic modelling is presented and from that the

control principles are derived. Two possibilities of extending the speed range above

base speed, �eld weakening and switched windings, are introduced. Time stepping

computer simulations of the drive system are considered as well as the modelling

of the magnets in �nite element analysis.
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Chapter 3 presents the switched stator winding concept in more detail. The advan-

tages of this system are pointed out as well as its drawbacks. The relative torque

capabilities of the di�erent con�gurations are derived and the possible extension

of the speed range is considered. A central question is thereby how many winding

parts per phase should be chosen and what combinations are practically useful.

Furthermore, suitable instants for the recon�gurations are proposed. A brief in-

vestigation is performed to see if the switched winding concept can enhance the

braking performance of the drive.

Chapter 4 deals with the design of PM machines. Particular attention is, of course,

paid to the special requirements for switched stator windings. Derivations of the

machine parameters that should be aimed at are presented and the di�erences to

the conventional case of a motor for �eld weakening are pointed out. Torque ripple

is also examined in this chapter. Methods are presented on how to calculate the

machine parameters for a given design; analytically and by means of �nite element

analysis. Moreover, the construction of the test machine is described.

Chapter 5 presents at �rst hand the complete experimental setup including inverter,

control, contactor and thyristor winding switches, position sensor, signal process-

ing equipment, and other hard and software. Then the experimental machine

parameter assessment is presented. Furthermore, the results of experimental in-

vestigations on circulating currents can be found in this chapter.

Chapter 6 deals with the winding recon�gurations themselves, i.e. with the transition

from one to another connection. The focus is thereby on the duration of the torque

interruptions. Simulation results are presented as well as measurements with both

contactor and thyristor winding switches.

Chapter 7 introduces the concept of successive winding switching with intermediate

operation in asymmetric con�guration. The suggested principles are described and

analyzed analytically. It is shown how the transition can be performed in a smooth

and controlled way so that torque is provided at all instants. The experimental

veri�cation is also presented.

Chapter 8 deals with the eddy current losses in the magnets. Analytical and two-

dimensional �nite element computation methods are suggested. Some attempts of

an experimental veri�cation are briey reviewed.

Chapter 9 tries to apply the �ndings of the earlier chapters to the example of a subway

drive system. Two initial PM motor designs are proposed and shortly analyzed. A

review is made on the type of switches that are suitable and how the whole system

should be arranged in the train, especially where the winding switches should be

mounted. The chapter endeavors to give the potential prospects of PM motor

drives in traction applications.
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1. Introduction

Chapter 10 summarizes the most important �ndings of this thesis and presents the

major conclusions. Some future investigations are also suggested.

Some of the results presented in this thesis have been earlier published in conference

papers [13, 14, 15, 16, 17, 18, 19]. One of the papers has been one of the four \runner

up's" for the Young Researcher Award at the International Conference on Electrical

Machines, 1998 in Istanbul, Turkey (ICEM'98). Furthermore a patent application on

the successive winding switching concept has been �led by Adtranz [20]
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2. Permanent magnet motors |

concepts, operation, and modelling

2.1. Introduction

The �rst experiments of rotating electro-magnetic machines incorporated already perma-

nent magnets like for instance Faraday's disk and Barlow's wheel which were presented in

the early 19th century. In 1832 an unknown person proposed the �rst rotating AC gen-

erator consisting of revolving permanent magnets and stationary coils. Probably the

same person suggested one year later a similarly constructed motor. These two propos-

als were signed with P.M. and �:�: respectively [21]. The development of practically

useful permanent magnet (PM) motors started basically with the invention of the �rst

type by Edison around 1900. The improvements since then were mainly driven by the

development of better magnet materials. However, in the last decades the increasing

interest in PM machines has also been caused by advances in power electronics and

their control [22]. The latter were due to the introduction of advanced control theory

and its applicability with powerful micro processors. The oldest and still most common

application of permanent magnets in electrical machines is probably the excitation in

small DC motors. Nevertheless, also large machines were constructed already in the

1950's, for example a 200kW pilot exciter for a large generator [1]. Today PM machines

are used for numerous applications ranging from motors in watches to direct driven wind

power generators [2, 3] and ship propulsion drives [4, 5, 6].

Besides a review of permanent magnet materials this chapter gives an introduction on

the basics of permanent magnet machines, their control, and their analysis. Many of the

fundamental concepts are well established and it is assumed that they are known to the

reader. Therefore the modelling is only shortly summarized. However, di�erent scaling

approaches are common, especially for the two-axis theory, and some modi�cations are

made to suit the particular subject of switched stator windings. More details can be

found in numerous publications. Di�erent machine topologies is not the main subject

of this chapter. This will be covered in chapter 4.
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2.2. Magnet materials

The earliest records of magnetic phenomena date back more than 2500 years. The

only known magnetic material was lodestone, a form of magnetite (Fe3O4), which is

magnetic in its natural state. Probably the �rst signi�cant use of permanent magnets was

the compass which used iron needles magnetized by touching lodestone. However, the

relations between magnetism and electricity were not known until discovered in the early

19th century by �rsted, Sturgeon, and Faraday. Then it became possible to magnetize

materials using an electromagnet and utilize them for a continuously increasing number

of applications.

The development of commercially useful permanent magnet materials began in the

early 20th century, �rst with magnetic steel. In the 1930's the �rst material was de-

veloped which was useful for electro-mechanical devices. This was an aluminum-nickel-

cobalt alloy AlNiCo which is still used in special applications but with decreasing impor-

tance. Its major drawback is a low coercive forceHc. The next step was the development

of ferrite permanent magnets (mostly SrO � 6(Fe2O3)) in the 1950's which were signi�-

cantly cheaper and had remarkably higher coercive force and energy product (BH)max

than earlier materials. Until today this is the leading magnet material due to its su-

perior price-performance ratio. Well known applications are for instance loudspeakers

and small DC motors. Also larger machines with ferrite magnets were constructed but,

due to the relatively low remanence Br, it has been di�cult to reach a su�ciently high

airgap ux density for high performance machines.

The next milestone in advances of permanent magnetism was the development of

sintered rare-earth cobalt magnets around 1970, in particular samarium-cobalt alloys

SmCo. These o�ered high remanence and high coercive force resulting in a signi�cantly

higher energy product than ferrites can achieve. These properties and the large re-

versible demagnetization range (high intrinsic coercive force Hci) made these magnets

to be the superior choice for high performance machines. However, the high price of the

raw materials has prohibited a large scale use. Hence major e�orts were undertaken to

�nd a magnet material with as good properties but constituted of cheaper raw materials.

This research led to the, nowadays well known, neodymium-iron-boron NdFeB magnets,

introduced in 1983. Although cheaper than SmCo and of even higher energy density,

NdFeB is not always superior due to its lower thermal stability, caused by the lower Curie

temperature, and its reactivity which leads for instance to corrosion problems. In con-

trary to ferrites the conductivity of rare-earth alloys can yield eddy current losses. Some

of these problems can be overcome by embedding the rare-earth powders in a matrix,

for instance resin or, for exible magnets, rubber (also used with ferrite powder). Fig-

ure 2.1 shows a qualitative hysteresis curve of a magnet grade suitable for PM machines.

Besides an illustration of the mentioned magnetic properties this �gure also introduces

the limits for irreversible demagnetization, HD, BD. Figure 2.2 illustrates the advances
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Figure 2.1.: Principal hysteresis curve of permanent magnet material.
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Figure 2.2.: Development of magnet materials energy product (a) and comparison in

terms of remanence and coercivity at room temperature (b).

of permanent magnet materials. Today high performance rare-earth magnets are most

widespread in small motors, especially hard disk drives. The application in high power

devices has so far become common in servo drives while larger PM machines are just

on the threshold of their commercial introduction. Further details on the history of

permanent magnetism can be found in e.g. [23, 24, 25].

Besides the further increase of maximum energy product and remanence the topic

of recent research is also to increase the Curie temperature of NdFeB alloys. This re-

sults in improved properties at elevated temperature which is particularly important

in high performance motor applications. The common approach is to partly substitute
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neodymium by dysprosium, iron by cobalt and molybdenum, and boron by aluminum.

The addition of di�erent elements shows various inuence on remanence and intrinsic

coercive force, their temperature coe�cients, and the Curie temperature [26, 27]. How-

ever, the price usually rises. An alloy with high remanence at room temperature has

usually a comparably low intrinsic coercive force and high temperature coe�cients of

the magnetic properties. This leads to a higher demagnetization risk and thus magnet

grades with lower maximum energy product but relatively high temperature stability

must be chosen for high performance electrical machines. In this context it should be

noted that the temperature coe�cient of SmCo alloys is remarkably lower than that

of NdFeB. Therefore a SmCo magnet, which is weaker at room temperature, can be

stronger than a comparable NdFeB magnet at elevated temperature.

What all these magnets have in common is the low permeability, similar to air. The

relative permeability for NdFeB magnets is typically about �r=1,05 (see also �gure 2.3).

A problem of NdFeB magnets is their reactivity. This leads to corrosion and sub-

sequently loss of magnetic properties. Therefore these magnets are often coated, for

instance with nickel, increasing the costs for the magnets. An alternative is to ensure

complete sealing in the motor production process. This can for example be achieved by

embedding the magnets entirely in resin. In this case it is however important to avoid

too much exposure to air and moisture for a period of time starting from the production

of the magnets to their assembly which complicates the handling remarkably. McCaig

and Clegg gave an example for the corrosion of NdFeB magnets. Although not all con-

ditions of the test are revealed it may give an indication of the severity of this problem.

They wrote [24]: \When NdFeB magnets are kept at a temperature of 60�C in a relative

humidity of 90% for 300hr there is a ux loss due to corrosion of more than 2%."

In most properties SmCo magnets are superior to NdFeB magnets. Only the maxi-

mum energy product at room temperature is higher for NdFeB. However, the high price

of SmCo normally prohibits its use in larger commercial drives. For special applications

the increased price can be justi�ed, for instance in high performance servo drives. Since

this work focuses on larger propulsion drives, only sintered NdFeB magnets are consid-

ered further on. Figure 2.3 shows the demagnetization curves of a high temperature,

uniaxially pressed NdFeB magnet. This material was used in the prototype machine

which will be described in section 4.9.

Not only the metallurgical composition determines the properties of sintered mag-

nets. In contrary some attention should also be paid to the production process. The

di�erent processes have been described in [25] and here only the production of anisotropic

sintered magnets will be described. The procedure is illustrated in �gure 2.4. After the

fabrication of the alloy powder it is pressed and the grains are oriented by a magnetic

�eld. This grain orientation should not be confused with the magnetization process.

However, this orientation determines the direction of the magnetic polarization that will

8



2.2. Magnet materials

Figure 2.3.: Demagnetization curves of an uniaxially pressed high temperature NdFeB

magnet.

follow the magnetization process. Radially magnetized arc-shaped magnets can be re-

alized as depicted in �gure 2.4. The pressing is either done uniaxially, typically using

a hydraulic press, or isostatically where the pressure is applied from all directions, for

instance in a hydrostatic pressure container. Today the uniaxial pressing is the most

common method since it is preferable for automated manufacturing and allows more

complex magnet shapes. In this process the maximum size of a magnet is determined

by the force the hydraulic press can deliver because a certain force per area is required.

Since the magnets are brittle also the side length ratios must stay within reasonable

limits. Alternative to uniaxial, isostatic pressing is used, especially for larger magnet

blocks. An advantage is that a higher maximum energy product can be achieved for the

same alloy. After orientation and pressing the magnets are sintered and undergo a heat

treatment. Afterwards machining, typically grinding, is usually required to obtain the

exact magnet shape and dimensions. It should be noted that this machining is far more

complex for arc-shaped magnets than for simple bars and also the material loss is much

higher. Consequently the price per weight is much higher for magnets of more complex

shapes and it is therefore recommendable to use a larger number of small bar-shaped

magnets instead. Besides grinding, also slicing of large, isostatically pressed magnet

bars is utilized. The last step in the magnet production is the magnetization. For this

purpose a quite high ux density of approximately 3,5T is required, yet a rather short

pulse is su�cient. Magnets with radial orientation can also be magnetized in a linear

�eld if the component along the prede�ned orientation is su�ciently high. Not always is

the magnetizing performed immediately after the production. Often it is preferable to

delay the magnetizing until the magnets are assembled. This simpli�es transportation

and handling but makes the magnetization process more di�cult.
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Figure 2.4.: Production process of sintered, anisotropic NdFeB magnets.

Great care is required when handling magnetized material. Besides the high forces

there is also the risk that the brittle magnets can burst. Consequently gloves and goggles

should be compulsory. Furthermore, when machining NdFeB magnets caution must be

taken due to the high reactivity and inammability of the powder. Even irritations of

the respiratory organs can occur.

2.3. Operation principles

The most widespread type of permanent magnet machines is the small DC motor with

commutator and magnets in the stator. These motors are used in a vast amount of

applications, from toys to auxiliary units in industry, vehicles, etc.. However, this type
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Figure 2.5.: Basic setup of a 3-phase PM motor drive.

of machine will not be considered in this work which will instead focus on inverter-fed

3-phase PM motors only. They are usually divided into synchronous PM machines and

brushless DC (BLDC) PM machines [28, 29, 30, 31]. Their principles of operation will

be briey described in the following. This terminology is somewhat confusing since

both types have no brushes and operate in synchronous mode. The actual di�erence is

rather the operation principle than the machine itself [32, 25]. Exceptional forms are for

instance double rotor machines [33] and line-start PM motors [1, 34] which will, however,

not be considered in this work.

Inverter-fed synchronous PM and BLDC motors require some kind of rotor position

feedback to control the phase current synchronously with the revolution of the rotor.

The basic drive setup is thus as shown in �gure 2.5. In special cases the system can

however be di�erent. For instance the position sensor can be omitted (see section 2.6.4)

or a di�erent current control method can be employed as described below for BLDC PM

drives. Besides, only two current sensors are required.

2.3.1. Synchronous PM machine

The synchronous PM machine is characterized by a permanent magnet excited rotor and

the operation with sinusoidal stator currents. This implies that all phases are energized

at all times. If also the voltage induced from the magnet ux in the stator windings is

sinusoidal a constant power and thus constant torque is achieved. To be able to control

the currents sinusoidally and synchronously with the rotor it is necessary to know the

angular rotor position at all instants. This angular position is also often called rotor

angle. Hence a position sensor with high resolution, for instance a resolver, is required.

From the known rotor angle the instantaneous current reference values can be computed.

The phase currents are then controlled using a pulse width modulation (PWM) scheme.

When designing a PM motor for synchronous operation it is recommendable to avoid

harmonics in the generated voltage in order to suppress undesired torque ripple. This
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Figure 2.6.: Typical cross section example of a 2-pole synchronous PM motor.

demands a distributed winding which usually leads to a comparably high number of

slots per pole and phase, which is more common for larger machines. Figure 2.6 shows

a typical cross section of a 2-pole synchronous PM motor.

Typical advantages of this type of PM motor are comparably low torque ripple, ex-

cellent low speed and positioning performance, low losses due to low harmonics, and that

existing manufacturing facilities can easily be employed for the stator because it is very

similar to that of a standard asynchronous motor. The major disadvantage is usually

the requirement of a complex shaft-mounted sensor. Hence it is mostly used for larger

drives where a low torque ripple is important and many stator slots are common. But

also many servo drives use this operation mode when accurate positioning is demanded

and a high resolution sensor is anyway needed. Since the focus of this thesis is larger

propulsion drives only this synchronous PM motor is considered.

2.3.2. Brushless DC PM machine

The BLDC PM machine is characterized by a permanent magnet excited rotor and the

operation with square wave currents according to �gure 2.7. This implies that always

two of the three phases are energized. If the induced voltage is trapezoidal with 120� at

tops a constant power and thus constant torque are obtained as in the synchronous PM

machine. This is, however, often di�cult to realize with the result that BLDC machines

have usually a higher torque ripple. The major advantage of this type of machine is that

much simpler rotor position sensors can be used because the only instances that must be

detected are when the currents are switched to the next phase. The current magnitude is

commonly controlled by a PWM method. A drawback is that �eld weakening operation

is di�cult. More details can for instance be found in [30] and [32] and the modelling is

described in [35] and many other publications.
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Figure 2.7.: Ideal waveforms of a BLDC motor.

Figure 2.8.: Typical cross section example of a 4-pole BLDC motor.
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When designing a PM motor for BLDC operation it is recommended to come as close

to the ideal emf waveform as possible. This is usually achieved by a rectangular magnet

ux distribution without pole gap and concentrated stator windings with one slot per

pole and phase as sketched in �gure 2.8 [31]. This PM motor type is most commonly

used for smaller drives and when complex shaft sensors shall be eliminated. The fact

that always one winding is not energized may also improve the possibilities for operation

without a shaft sensor using advanced control methods.

2.4. Two-axis model and modi�cations for switched

windings

The well established two-axis model used in this thesis is also known as dq model. It

was originally presented by Park [36, 37] and is thus also often referred to as Park

transformation or model. It is found in numerous publications, e.g. [38, 39, 40, 41]

and it is thus assumed that the reader is acquainted with it. However, di�erent scaling

approaches and notations can be found and thus the model is here very briey reviewed.

Assuming a symmetric three-phase system with phases a,b,c a transformation to

an equivalent two-phase system is possible. For synchronous machines a rotor oriented

coordinate system is most convenient. This is called dq system where the d axis is the

axis along the magnetization of the rotor while the q axis lies electrically perpendicular

ahead in the direction of positive rotation. Introducing the rotor angle � in electrical

radians
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These transformations have been written for currents but are equally valid for the phase

voltages in star connection, respectively the winding voltages. In synchronous, steady-

state operation the dq quantities are constants. It should be noted that with the used

scaling these DC values correspond to the amplitudes (peak values) of the three-phase

AC quantities.

The three-phase system is thereby transformed into a system with two theoretically

decoupled axis. In these coordinates a permanent magnet synchronous machine without
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Figure 2.9.: Two-axis (dq) equivalent circuit of PM synchronous machine.

damper or �eld winding in the rotor can be described by the equivalent circuits shown

in �gure 2.9. Although this representation is quite common it can be the source for

confusion. At steady-state operation the inductances seem meaningless as the currents

are constant. However, a constant voltage is induced in them corresponding to the cross

coupling or rotational term in equations (2.8) and (2.9) below. It is thus bene�cial

to also include sources in the equivalent circuit diagram representing these voltages as

shown in �gure 2.10.

The permanent magnetization is here modelled by the ux linkage of the magnets

with the stator winding 	m. An equivalent current can alternatively be used as in [42,

43, 44, 45, 46]. Ld and Lq are the inductances in d and q directions respectively including

leakage and magnetizing components. Besides ! is the electrical angular frequency,

! =
d�

dt
(2.3)

and Rs the stator winding resistance. The machine voltages in the dq system are

ud = Rsid +
d	d

dt
� !	q ; (2.4)

uq = Rsiq +
d	q

dt
+ !	d (2.5)

with the ux linkages

	d = Ldid +	m (2.6)

in d direction and

	q = Lqiq (2.7)

in q direction. A rotor current term is not included because it was assumed that no
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Figure 2.10.: Two-axis (dq) equivalent circuit of PM synchronous machine including

sources representing the cross coupling voltages.
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Figure 2.11.: Principle phasor diagram of PM machine (Id; Iq>0).

rotor winding is present. Hence, the machine is electro-magnetically characterized by

four parameters Rs, Ld, Lq, and 	m. Inserting (2.6) and (2.7) into (2.4) and (2.5) yields

ud = Rsid + Ld

did

dt
� !LqIq (2.8)

and

uq = Rsiq + Lq

diq

dt
+ ! (Ldid +	m) : (2.9)

Accordingly the general steady-state phasor diagram of a PM machine is as shown in

�gure 2.11.

The electromagnetic torque (airgap torque) developed by the motor can then be

expressed as

Tel = p
3

2
(	diq �	qid) (2.10)

where p is the number of pole pairs. Inserting (2.6) and (2.7) into (2.10) and rearranging

yields

Tel = p
3

2
[	miq + (Ld � Lq) idiq] : (2.11)

The left hand term corresponds to the alignment torque, i.e. the interaction of the

magnet ux with the stator currents. The right hand term in turn corresponds to the

reluctance torque, i.e. the interaction of the stator ux with the rotor saliency. For a

complete motor model also the torque balance equation

Tel = Tload + J
d!mech

dt
(2.12)

is required where Tload is the load torque, !mech the mechanical angular speed of the

rotor, and J the inertia. Mechanical and electrical angular frequency are related by

!mech =
!

p
: (2.13)
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Since a major part of this thesis deals with switched stator windings the model should

be adapted to account for both series-parallel and star-delta (Y -�) recon�gurations. One

way is to modify the machine parameters:

Rparallel =
1

4
Rseries (2.14)

Lparallel =
1

4
Lseries (2.15)

	m;parallel =
1

2
	m;series (2.16)

Rdelta =
1

3
Rstar (2.17)

Ldelta =
1

3
Lstar (2.18)

	m;delta =
1p
3
	m;star : (2.19)

This approach is very convenient for many calculations, in particular for the determina-

tion of torque and power versus speed curves. However, if the model shall be used for

computer simulations or in a control algorithm it is important to take into consideration

that the relation of the phase currents to the physical direction of the stator ux di�ers

by 30 electrical degrees between Y and � con�guration. This is due to the fact that the

stator ux is connected to the coil currents which are phase shifted to the phase currents

in a � con�guration. This shift can be both, forward and backward, depending on the

way the � con�guration is built.

An alternative to modi�ed machine parameters is to keep them constant and to

introduce current and voltage equations which relate the coil values to the phase values.

This means modelling the winding switches. The transformation equations (2.1) and

(2.2) give phase voltages and currents in Y connection. Consequently these are the data

of the machine windings. Introducing an index w as indication for properties of the

actual machine windings the connection equations are

uab = uaw � ubw ubc = ubw � ucw uca = ucw � uaw

ia = iaw ib = ibw ic = icw
(2.20)

for Y and
uab = uaw ubc = ubw uca = ucw

ia = iaw � icw ib = ibw � iaw ic = icw � ibw
(2.21)

for � con�guration. It should be noted that (2.21) represents only one of the two

possibilities to create the � connection. The phase shift discussed above is inherently

accounted for when these relations are used. Then the index w must be added to the

phase values in equations (2.1) and (2.2).

Provided that only symmetrical con�gurations occur the same principle can be em-

ployed to take series and parallel connected windings into consideration. Assuming for
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simplicity only two coils per phase the connection equations for one phase are

uaw = 2ua1 iaw = ia1 (2.22)

for series and

uaw = ua1 iaw = 2ia1 (2.23)

for parallel con�guration. Here the index 1 stands for the values of a single coil. This

means that the machine is divided into two identical parts. Consequently also the

machine parameters must be related to half the machine. Referring them to series

connection yields

Rs1 =
1

2
Rs series (2.24)

Ld;q1 =
1

2
Ld;q series (2.25)

	m1 =
1

2
	m series : (2.26)

Naturally the total torque developed by the machine is twice that computed from this

half motor model:

Tel = 2Tel1 : (2.27)

This method of modelling the di�erent winding con�gurations is particularly convenient

for computer simulations [47], since it is close to the actual physical process.

With the described modi�cations, respectively additions, the traditional dq model

can be used to model a PM machine with switched stator windings accounting for both,

Y -� and series-parallel con�gurations. Here only two winding parts per phase were

considered. However, the extension to more parts is simple. A drawback is that only

symmetric conditions can be represented.

2.5. Three phase model

2.5.1. Why is a three phase model required?

The two-axis model described in the preceding section is commonly used to compute the

behavior of electrical machines. Especially for all type of synchronous machines it pro-

vides an easily understandable physical comprehansion. This is because the coordinate

system �xed to the rotor results in constants for magnetization and inductance saliency.

Furthermore the two axes are regarded as decoupled. As mentioned this dq model is

not applicable under asymmetric circumstances. In particular it cannot be used with

asymmetric winding con�gurations. In chapter 7 however, such conditions are consid-

ered. Therefore a model without this restriction is required to enable the computation

of the machine behavior during the asymmetric periods.
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In order to represent all asymmetric winding con�gurations the model should be

directly related to the stator windings without transformation to another coordinate

system. This means usually that explicit equations for the stator windings are needed.

The traditional three phase model provides that [39]. With the coil currents and volt-

ages from this model all possible con�gurations can be represented using appropriate

connection equations, similar to those above. Furthermore measures are required to take

a mixture of series and parallel connected phases into account. Due to the increased

computational e�ort the application of this model is discouraged under symmetric con-

ditions.

2.5.2. Model equations and modi�cations for switched windings

The modelling described here is based on traditional methods as for instance described

in [39]. As before only two winding parts per phase are considered. Dependent on the

angular rotor position � in electrical radians the self and mutual inductances of the three

phases are

Laa = n2a

�
Laa0 + Lal � Lg cos(2�)

�
(2.28)

Lbb = n2b

�
Laa0 + Lal � Lg cos

�
2� +

2�

3

��
(2.29)

Lcc = n2c

�
Laa0 + Lal � Lg cos

�
2� � 2�

3

��
(2.30)

Lab = nanb

�
�0;5 Laa0 � Lg cos

�
2� � 2�

3

��
(2.31)

Lbc = nbnc

�
�0;5 Laa0 � Lg cos(2�)

�
(2.32)

Lca = ncna

�
�0;5 Laa0 � Lg cos

�
2� +

2�

3

��
(2.33)

where Laa0 is the stator self inductance, Lal the stator leakage inductance, and Lg the

variation due to rotor saliency. These inductances are illustrated in �gure 2.12. In these

equations the factors na, nb, and nc are introduced, representing the relative number of

turns, to take series or parallel connection of the corresponding phase into account:

na;b;c =

(
1 for series

0;5 for parallel
: (2.34)

Consequently the inductances Laa0, Lal, and Lg are related to series connected coils.

Furthermore the sign of the last term in each equation of (2.28) to (2.33) is negative to

take into consideration that the saliency of PM motors is usually inverted (Lq>Ld) to

that of traditional synchronous machines with �eld winding.

The ux linkages of the three phases are then

	a = Laaia + Labib + Lcaic +	ma (2.35)
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Figure 2.12.: Three phase equivalent circuit of PM machine (winding factors not in-

cluded).

	b = Lbbib + Labia + Lbcic +	mb (2.36)

	c = Lccic + Lcaia + Lbcib +	mc (2.37)

with

	ma = na	m cos(�) (2.38)

	mb = nb	m cos

�
� � 2�

3

�
(2.39)

	mc = nc	m cos

�
� +

2�

3

�
: (2.40)

representing the linkages of the ux from the magnets with the stator windings. These

ux linkages have been introduced instead of the �eld current in the traditional equations

(see [39]). Naturally the winding factors na, nb, and nc need to be introduced here too.

The voltages over the phase windings can then be calculated from

ua = naRsia +
d	a

dt
(2.41)

ub = nbRsib +
d	b

dt
(2.42)

uc = ncRsic +
d	c

dt
: (2.43)

Of course, Rs is related to series connected coils like the inductances above.
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The instantaneous torque is calculated from

Tel =
@Wm

@�
= p

@

@�

�
1

2

�
Laai

2
a + Lbbi

2
b + Lcci

2
c

�
+

+ Labiaib + Lbcibic + Lcaicia +	maia +	mbib +	mcic

�
: (2.44)

Substituting (2.28) to (2.33) and (2.38) to (2.40) in (2.44) yields

Tel = pLg

� �
n2ai

2
a + 2nbncibic

�
sin(2�) +

�
n2bi

2
b + 2nanciaic

�
sin

�
2� +

2�

3

�
+

+
�
n2ci

2
c + 2nanbiaib

�
sin

�
2� � 2�

3

� �
+

+ p	m

�
naia sin(�) + nbib sin

�
� � 2�

3

�
+ ncic sin

�
� +

2�

3

��
(2.45)

where the �rst term, dependent on Lg, is the reluctance torque and the second term,

dependent on 	m, is the alignment torque. For non-salient rotors the �rst term is zero

(Lg=0). All con�gurations of a machine with two winding parts per phase can now

be modelled using these equations, the mechanical representation (2.12), and suitable

connection equations.

The relations between the machine parameters in this model and the dq parameters

are also of interest. They are given by

Ld = Lal +
3

2
(Laa0 � Lg) ; (2.46)

Lq = Lal +
3

2
(Laa0 + Lg) : (2.47)

Since Laa0, Lal, and Lg were related to series connected coils, Ld and Lq in these equa-

tions are valid for a Y -series connected machine. The determination of the three phase

inductance parameters from the dq inductances requires in addition the knowledge of

the leakage inductance Lal:

Laa0 =
Ld + Lq � 2Lal

3
; (2.48)

Lg =
Lq � Ld

3
: (2.49)

This three phase machine model can be used for analytic computations as well as for

time-stepping simulations. It allows not only the representation of all normal winding

con�gurations but also any asymmetric arrangement of the windings can be modelled

using appropriate connection equations relating phase currents and voltages to the re-

spective coil properties. Here only two winding parts per phase are considered but the

winding factors na, nb, and nc can easily represent more parts. What has not been taken

into account are con�gurations where coils of di�erent motor phases are connected to one

supply phase, alike the Z-coupling used for transformers. However, such con�gurations

seem meaningless for rotating machines.
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2.6. Motor control

2.6.1. Basic principle and torque capability

The control method regarded in this thesis is rather elementary. The principles can

be found in many publications, for instance [48, 49, 29, 32, 25]. As mentioned earlier

this thesis does not consider BLDC motors and thus only the control of synchronous

PM machines is considered. Furthermore the focus is on digital implementation. The

fundamental feature of AC PM machine control is of course the synchronization of

the stator ux with the rotor. In contrast to asynchronous motor drives not only is

the adjustment of the frequency, but also the adjustment of the phase of the stator

excitation required. A shaft mounted sensor for the angular rotor position � is thus

usually necessary for the AC PM machine control. Alternatively an estimation can

sometimes be used (see section 2.6.4). As can be seen from equations (2.6) and (2.7)

or (2.36) to (2.37) the ux in the machine can be adjusted by controlling the stator

currents. This is advantageous because insulated current measurement is simple with

readily available sensors for all interesting current ranges, often referred to as LEMtm

modules. These current sensors are based on the measurement of the magnetic �eld

around the conductor. A ferrite core carrying a winding is placed around the conductor.

Utilizing an Hall element in the core the current in the coil is controlled so that the ux is

zero. The current required to compensate the ux is then a measure of the current owing

in the conductor. In this way instantaneous values are obtained implying that also DC

can be measured. The fundamental drive system is thus as was shown in �gure 2.5.

Naturally only two phase currents need to be measured. The third is determined by

ic = � ia � ib : (2.50)

Around this innermost current control structure di�erent topologies for outer control

loops are common dependent on the application. In larger industrial drives and in

traction propulsion speed control is typically employed while car drivers are used to

torque regulation. In contrast servo drives demand position control, for example in

robotic actuators. Since the focus of this work is traction propulsion, speed control is

assumed in the following.

As mentioned a position sensor is required for synchronous operation. To avoid two

shaft sensors the actual rotor speed n in revolutions per minute is obtained by derivation

of the angular position

n =
30

�
!mech =

30

�
� d�mech

dt
: (2.51)

From the speed error a torque command T � is derived using a normal PI controller with

anti-windup. As can be seen from equation (2.11) the torque is directly related to the

currents in the dq frame. However, to obtain both reference values for the currents I�d

22



2.6. Motor control

��� ��������:�

���"���"����:�

���������:�

��
�:
�


������� ���
��; ���;��	;�	;

Figure 2.13.: Torque dependence of load angle in motoring mode for Ld<Lq.

and I�q from the torque command a further criterion is required. For a machine with

non-salient rotor (Ld=Lq) Id gives no torque contribution. Consequently I�d=0 should

be chosen. Then I�q is obtained from equation (2.11) as

I�d = 0 ; I�q =
2T �

3p	m

for Ld = Lq (2.52)

corresponding to a load angle of �=90�, which is the angle between rotor ux and stator

current vector in electrical degrees.

In machines with salient rotors also the reluctance torque should be utilized. Fig-

ure 2.13 shows the qualitative torque dependence of the load angle. Here the case Ld<Lq

is considered as it is most common for PM machines in contrary to wound �eld syn-

chronous machines. The maximum torque is then obtained for a load angle larger than

90�. To determine the current reference values a maximum torque per current algorithm

is recommended. The corresponding current trajectory in the dq frame has been derived

by �Adnanes in an elegant way [25, 50]. It was shown that the equation

0
BBBB@

dTel

dId

dTel

dIq

1
CCCCA = k

 
Id

Iq

!
(2.53)

depicts the maximum torque per current trajectory with an arbitrary constant k.

Inserting equation (2.11), k is obtained from the upper row. Then the lower row can be

solved for Iq yielding

Iq = �
s
I2d +

	mId

Ld � Lq

(2.54)

where the positive sign stands for motor and the negative sign for generator operation.

The current reference value in d direction I�d can now theoretically be acquired by sub-

stitution of (2.54) in (2.11) and solving for Id. This is however not directly possible as
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Figure 2.14.: Current reference values in dq frame as function of torque command

(Ld< Lq).

can be seen after inserting:

Tel = p
3

2
[	m + (Ld � Lq) Id]

s
I2d +

	mId

Ld � Lq

(2.55)

(motoring mode). A numerical solution is of course possible but usually not feasible for

implementation in a control system. The problem can be overcome by a precalculated

look-up table for I�d = f(T �) and computation of I�q using equation (2.54). Alternatively

a polynominal approximation may be used. Good agreement with (2.55) was generally

achieved by

I�d = k2T
�2 + k4T

�4 : (2.56)

The constants k2 and k4 can be determined by means of a curve �t with values obtained

from equation (2.55). Odd exponents and a constant term must naturally be excluded.

Another polynominal approach was suggested in [51]. It should be noted that

Id < 0 for Ld < Lq ;

Id = 0 for Ld = Lq ;

Id > 0 for Ld > Lq ;

(2.57)

and
Iq > 0 for Tel > 0 ;

Iq < 0 for Tel < 0 :
(2.58)

Figure 2.14 shows typical curves for the current reference values I�d and I�q as function

of the torque command in case of maximum torque per current control and Ld<Lq.

Furthermore it is of course interesting to determine the currents Idn, Iqn for max-

imum torque Tn at rated current In which may be regarded as the rated torque. As

mentioned, the peak value of the phase currents corresponds to the geometrical sum of

the dq currents. Hence

Iqn = �
q
2I2n � I2dn (2.59)
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at rated current. Equating with (2.54) and solving for Idn yields

Idn = �
	m

4 (Ld � Lq)
�

vuut 	m

4 (Ld � Lq)

!2

+ I2n (2.60)

where the negative and positive signs are valid for Ld<Lq and Ld>Lq respectively as

can be seen by comparison to (2.57). A similar expression was for instance derived by

Morimoto et.al. in a per unit form [52]. The sign selection can be omitted by rewriting

(2.60) as

Idn =
	m �

q
	2

m + 16I2n (Ld � Lq)
2

4 (Lq � Ld)
: (2.61)

This applies to both, motoring and generating operation. Subsequently Iqn is deter-

mined from equation (2.59) with respect to (2.58) and then the rated torque is obtained

from (2.11). These values are also indicated in �gure 2.14. For a non-salient machine it

is evident that

Idn = 0 ; Iqn =
p
2In (Ld = Lq) (2.62)

yielding with (2.11)

Tn = p
3p
2
	mIn : (2.63)

The current reference values in the dq frame can now be determined for a given

torque command. Transforming these, using equation (2.2) and the rotor position signal

from the shaft sensor, the instantaneous three phase current commands i�a, i
�
b , and i�c

are obtained. Finally the currents in the machine can be controlled accordingly by the

inverter using a pulse width modulation scheme which is briey described in the following

section. The complete speed controlled drive system is thus as shown in �gure 2.15.

Further details and di�erent topologies are described for instance in [49].

A current limitation is required to avoid over-currents in both motor and inverter.

Limiting the three phase current reference values is not feasible as they are obtained

as instantaneous values from the two-to-three phase transformation. A limiter would

consequently result in clipping, approaching rectangular current waveforms for high

torque commands. Limiting the current reference values in the dq frame is much more

realistic since they are DC quantities. However, it is preferable to limit the torque

command which in turn limits the currents as can be seen in �gure 2.15. Furthermore

the activation of this limitation can directly be employed to interrupt the integration

of the PI speed controller resulting in an anti-windup characteristic. Without this anti-

windup property the integrator could accumulate high values during a torque limited

start-up resulting in drastic overshots and oscillations around the desired speed.

To achieve proper sinusoidal currents and a constant load angle a rotor position

sensor is required which provides a su�cient resolution. With insu�cient resolution

a pulsating load angle would be obtained resulting in torque pulsations. This e�ect
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Figure 2.15.: Basic speed controlled PM motor drive system.
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can cause major problems at low speed where these pulsations can yield signi�cant

vibrations. Especially in vehicle drives, e.g. in traction, that can give rise to remarkable

discomfort or even uncontrollable wheel slip. It is evident that this problem increases

with the pole number because an adequate resolution of the electrical, not the mechanical

rotor angle is required. Furthermore delays in current or position sampling yield a phase

shift resulting in an error of the load angle. This problem gets most severe at high

speed since a certain delay corresponds to a larger phase shift at higher frequency. It

is important to take this e�ect into consideration when using �lters for the measured

quantities.

2.6.2. Current control

Plentiful methods are known how to control the phase currents corresponding to the

given reference values [32, 48, 53, 54]. In this thesis however, only a few basic schemes

are considered. In accordance with the state of the art a solid state, pulse width mod-

ulated, voltage source power inverter is assumed. The supply of the DC link ranges

from a battery, for instance in electric vehicles, to supply side converters allowing power

ow in both directions. An electronic power converter with comparably high switching

frequency is usually required due to the fact that permanent magnet machines have typi-

cally a low inductance caused by the low permeability of the magnet material. Therefore

IGBT inverters are suitable today. Since a high switching frequency is anyway neces-

sary it is preferable to utilize asynchronous pulse width modulation (PWM) strategies.

Mostly the phase currents are controlled separately as if they were decoupled. Although

a coupling exists this simpli�cation has frequently proven to certainly produce su�cient

performance.

A well established method is current control by hysteresis PWM. The principle is

illustrated in �gure 2.16 for one phase together with its performance. A current tolerance

band of width 2i� is assigned around the reference value i�a. When the phase current

becomes greater than i�a+i� the corresponding inverter leg is switched to the negative

direction. Correspondingly it is switched to the positive direction when the phase current

becomes lower than i�a�i�. This usually keeps the current in the hysteresis band around
the reference value [55]. Characteristic for this scheme of PWM current control is the

inconstant switching frequency. Obviously the width of the tolerance band has a direct

inuence on the average frequency, as has the modulation index [53]. In particular a

too narrow hysteresis band can become hazardous for the electronic power converter.

Caused by the fact that each phase is controlled separately in spite of the coupling,

typical problems arise. The actual current can leave the tolerance band and a so called

double error occurs as illustrated in �gure 2.16. This e�ect is explained and analyzed

in [54] where a solution to the problem is also suggested. Another complication is the

occurance of limit cycles. These are unwanted sequences of high switching frequencies.
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Figure 2.16.: Hysteresis PWM current control, principle a) and performance b). Only

one phase (phase a) is shown.
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Figure 2.17.: Hysteresis current control in simple digital implementation (not recom-

mendable). Only one phase (phase a) is shown.

Further details can for instance be found in [53] and [54]. The major advantages of this

PWM current control technique are good dynamic performance and no inherent delay,

i.e. no phase shift. The gain of this controller is determined by the hysteresis band

width.

The description of hysteresis PWM current control has so far been made assuming

analog implementation. The properties change however if it is directly introduced in a

digital control system as indicated in �gure 2.17, for example using a micro controller or

a digital signal processor. The actual current will frequently leave the speci�ed tolerance

band between the samples because it cannot be tracked. On the other hand the switching

frequency is inherently limited since no switching can occur without a new sample.

Consequently the maximum frequency is half the sampling frequency. This omits of

course limit cycles. Such a current controller is, however, discouraged.

In digital control with equidistant sampling another PWM technique can advante-

gously be employed. Since the inverter switching frequency is anyway restricted to half

the sampling frequency the current tolerance band can be reduced to zero. This consti-

tutes a so called delta modulator [56]. Figure 2.18 a) shows a typical delta modulator

for current control and �gure 2.18 b) an alternative implementation. The latter is con-

venient for an entirely digital realization. As with normal digital hysteresis PWM an

inconstant but limited frequency is obtained. Further advantages are fast response and

no inherent delay.
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Figure 2.18.: Delta modulator current control in two di�erent implementations. Only

one phase (phase a) is shown.
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Figure 2.19.: Ramp comparison PWM current control, principle a) and perfor-

mance b). Only one phase (phase a) is shown.

Another commonly used asynchronous PWM technique for current control is the

ramp comparison controller, also referred to as suboscillation method [55, 57, 48]. It is

frequently used to apply certain voltages to especially asynchronous machines. There

the voltage reference value is compared to a triangular carrier. Usually the same carrier

is used for all three phases. This method is also convenient for PWM current control

[53, 54]. In this case not the reference value is compared to the triangular carrier wave

but instead the current error as shown in �gure 2.19. The switching algorithm is similar

to the hysteresis control. An inverter leg is switched to the positive direction when the

current error becomes greater than the triangular carrier and to the negative direction

when the error becomes lower. If the current error derivate is larger than that of the

carrier ramp repeated switching could occur. Special measures are then required to

suppress such oscillations which can be di�cult in analog implementations. The gain of

this current controller is determined by the amplitude of the triangular wave.

The major advantage of the ramp comparison controller is well de�ned harmonics.

Depending on the application, even the constant switching frequency is considered to be

a bene�t. Drawbacks are inherent magnitude and phase errors [54]. If used in a digital

control system an interesting possibility arises. Synchronizing sampling and triangular
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carrier results in pulses which are symmetric to the sampling instants [53]. The e�ect is

a delay-free �ltering of the current samples. In most cases no additional �lter is needed.

Numerous other PWM techniques exist. For example space vector and predictive

controllers. Furthermore many improvements have been suggested to the described

methods [53]. In this section is was assumed that the PWM generation is used for the

phase current control. The e�ect is a proportional current controller. This is usually

absolutely su�cient for a speed regulated drive since steady-state errors are eliminated

by the integral action of the speed controller. In certain applications it might however

be preferable to apply PI current controllers. Their output is a voltage reference which

is then used for the PWM. Typically the currents in the dq frame are controlled. A

drawback is that the measured currents must be transformed to dq values and the voltage

commands in turn must be transformed to the three phase quantities. This double

transformation results in an signi�cant increase of computational e�ort, especially since

the trigonometrical functions are tedious.

All current control principles have saturation e�ects when the inverter voltage is

insu�cient to achieve the desired instantaneous current. The simple methods regarded

in this section will �rst skip pulses when this over-modulation occurs. With increasing

over-modulation level the output will approach, and eventually reach, a quasi-square

wave also known as six-step mode. As soon as over-modulation occurs the current error

increases remarkably [58]. This e�ect can be utilized as described in section 3.8.

In the early days of power electronics with asynchronous PWM, hysteresis control

was most common due to its simplicity, robustness, and e�ortless analog implementation.

Later it was superseded by other PWM techniques because the inconstant switching

frequency was considered disadvantageous. Especially the ramp comparison control was

highly respected. Today hysteresis PWM is contemplated again and developed further

because a random switching frequency became desirable again to avoid the whistling

noise of a single tone. The delta modulator may often be an interesting solution since

it combines simple implementation, inconstant but limited switching frequency, fast

response, and no inherent delay. Digital implementation allows however many other

techniques to be utilized. Today rapid progress is made in this �eld both in research

and application.

2.6.3. Implementation

Today digital control is state of the art for variable speed drives of the category regarded

in this work. Mostly micro-controllers or digital signal processors (DSP) are used. Here

DSP control is assumed. It is, however, often not recommended to implement all com-

ponents of the machine control in software. In particular the generation of the PWM

pattern is rather computational intensive. This yields problems with todays DSPs when
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Figure 2.20.: DSP based machine control with analog PWM current control.

high inverter switching frequencies of several kilohertz are demanded which is often the

case for PM motor drives. In contrast the analog implementation of the previously

discussed pulse width modulators is uncomplicated using comparators and operational

ampli�ers. Therefore an advisable solution may be as shown in �gure 2.20 if suboscilla-

tion or hysteresis PWM is chosen. The dashed box indicates the digitally implemented

part.

If it is however decided to include the PWM in the DSP as well, a suitable mod-

ulation technique should be chosen, for instance the delta modulator or a predictive

controller. One possibility is to compute the switching instants and set timers appropri-

ately which in turn alter the state ot the corresponding inverter leg after the set interval

has elapsed. This diminishes the PWM processor load. With current DSPs the pos-

sible switching frequency is nevertheless limited. A particularly interesting alternative

are special processors designed for inverter operation of AC machines which have pulse

width modulators incorporated on the chip. Numerous other possibilities exist and the

appropriate selection is strongly dependent on the particular application.

For the rotor position transducer there are basically three choices: electro-magnetical

resolver, optical absolute encoder, and incremental encoder. Resolvers have been used for

a long time in many di�erent systems. They provide good resolution and are relatively

robust. A disadvantage in comparison to optical encoders is that auxiliary circuits are

needed to supply the resolver and to convert the output signals to a digital form suitable

for the DSP. However, specialized chips are available for this purpose [59]. Resolvers are

also available with higher pole number. Choosing the same pole number as the PM motor

provides straightaway the electrical rotor angle typically enhancing the accuracy which

can be important for high pole numbers (>12). Due to the electro-magnetical nature
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a resolver can be a�ected by magnetic �elds. Consequently it should be placed outside

the machine housing to avoid exposure to, in particular, the end-winding �elds.

Optical absolute position encoders provide digital signals which directly can be sam-

pled by a DSP. Therefore the AD converter box shown dotted in �gure 2.20 is not

required. These encoders require no auxiliary circuits and are usually cheaper than

resolvers. Their major disadvantage is probably lower mechanical robustness. The vi-

brations and shocks in vehicle drives may be destructive, especially if mounted in the

bogie of a train. The available resolution ranges typically up to 12 bit which is certainly

su�cient for motors of low pole number but might result in an insu�ciently accurate

operation of machines with many poles at low speed. A less signi�cant problem is the

limited output frequency. This e�ect is that the least signi�cant bits are indistinct at

high rotor speeds. The e�ect is equal to a reduction of resolution at high speed when

it is less important. Although magnetic �elds have no impact on optical encoders the

mounting inside the motor housing is often prohibited due to temperature restrictions.

Incremental encoders have mainly the same advantages and disadvantages as optical

absolute position sensors. However, they permit signi�cantly higher output frequencies

and thus higher rotor speed without loss of resolution. In contrast to absolute transduc-

ers operation above the limit is yet impossible. A complication occurs when the system

is initially started up because the rotor position is then unknown. The machine must

then be rotated until the initialization mark of the encoder is found before proper oper-

ation is possible. This can be as much as a whole revolution and can cause remarkable

inconveniences in some applications.

Power electronic inverters, AD converters, and other equipment have inherent, un-

avoidable delays. Often the lag is constant. Then a compensation by software is possible

and recommended if the stator frequency becomes high in relation to this lag.

2.6.4. Possibility of operation without shaft sensor

Shaft mounted rotor position sensors are disliked as they cause additional costs due

to installation, wiring, maintenance, etc.. In many applications however, the greatest

problem is the fragileness of such transducers, especially in traction where shocks of

well above 10g are common in the bogie. Asynchronous motor drives require only speed

sensors which are signi�cantly more robust than position encoders. However, even their

abolishment has been aimed at.

Recent advances in control theory and especially the rapid development of micro-

controller performance allow nowadays the utilization of sensorless algorithms in many

cases. It should be noted that the term sensorless refers only to the abolishment of

mechanical encoders while electrical sensors are still required, primarily for current mea-
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surement. Manyfold techniques have been developed for rotor position estimation. They

have in common that the voltage information is utilized which is necessary because the

stator currents are impressed. In this context the property of BLDC motors, that always

one stator winding is current free, can be advantageous as the induced voltage in this

phase may be measured.

The direct measurement of stator voltages is di�cult in synchronous motor drives

because of the PWM distortion. An interesting solution is to adjust the instantaneous

phase currents by PI controllers which deliver voltage reference signals to the pulse width

modulators (see previous section). From these reference signals the required voltage

information is obtained and no voltage sensors are needed.

A typical problem for these algorithms is operation at low speed, or even at stand-still.

This is due to the fact that the back emf is too small to provide su�cient information.

Often it is however possible to detect the rotor saliency, for instance by injecting an

alternating �eld of much higher frequency than the fundamental [60]. Consequently a

salient rotor construction is preferable for sensorless operation [61].

For start position detection of non-salient machines the eddy current losses in the

magnets might be helpful. Especially in motors with surface mounted magnets the

losses are higher when an alternating �eld or a pulse is applied in the direction of the

magnetization than when the same �eld is applied along the quadrature axis, provided

that only a part of the pole face is covered by magnets. This e�ect is disussed in more

detail in chapter 8 and constitutes a resistance saliency [62].

If the direct axis is found by detecting either inductance or resistance saliency the

question of orientation remains, i.e. which direction is the north pole. This may be

determined using saturation e�ects. For this purpose an alternating �eld with additional

DC component is applied in d direction. Theoretically this produces no torque but if

the DC �eld is opposing the magnet �eld the position is instable. Therefore the currents

should be applied for a relatively short interval only. If the DC �eld is aligned with

the magnet �eld the machine cores are driven into saturation resulting in a reduction

of the inductance. If in contrary opposing �elds are obtained, the inductance remains

approximately constant or increases slightly (see also section 4.8.3). Another attractive

method how to detect the start position utilizing saturation e�ects was presented in [60,

63]. It is however dependent on a certain rotor construction with magnets embedded

under the rotor surface.
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2.7. Extension of speed range above base speed

2.7.1. Base speed

With increasing speed the back emf of the machine rises and eventually the maximum

output voltage of the inverter will be reached. This speed boundary is named base speed.

From the phasor diagram in �gure 2.11 it can easily be seen that the maximum speed

without currents is

!max(I=0) =
Umax

	m

(2.64)

in terms of stator frequency. Umax is the maximum voltage in the dq frame which is

available from the inverter. If the machine is loaded the voltages over the inductances

must be taken into consideration. Possibly even the voltage drop over the stator re-

sistance might be appreciable. Most interesting is the steady-state speed limit at full

torque which is usually regarded as the actual base speed. At steady-state operation the

derivative terms of the voltage equations (2.8) and (2.9) are zero yielding

Ud = RsId � !LqIq ; (2.65)

Uq = RsIq + ! (LdId +	m) : (2.66)

The voltage and current limits are

U2
max = U2

d + U2
q (2.67)

and

I2max = I2d + I2q (2.68)

respectively (compare to equation (2.59)). Usually the continuous current limit in the

dq frame is given by the inverter current rating,

Imax =
p
2In : (2.69)

To determine the base speed in terms of stator frequency, !base, a further criterion is

required. This is given by the maximum torque per current strategy described earlier.

For the easier case of a non-salient rotor this means Id=0 (see equation (2.52)).

Consequently is Iq=Imax. Inserting these values into (2.65) and (2.66) and subsequently

into (2.67) yields

U2
max = !2

base

�
L2
qI

2
max +	2

m

�
+ 2!baseRsImax	m +R2

sI
2
max : (2.70)

Solving for !base gives

!base =
�RsImax	m +

q
L2
qI

2
maxU

2
max � L2

qI
4
maxR

2
s +	2

mU
2
max

L2
qI

2
max +	2

m

(2.71)
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where the sign of the root was decided so that a positive value is obtained. Usually the

voltage drop over the stator resistance is negligible for large machines, e.g. for traction

propulsion motors. This simpli�es the expression to

!base =
Umaxq

L2
qI

2
max +	2

m

: (2.72)

This derivation gets muchmore complex for salient-pole machines where the optimum

current trajectory de�ned by equation (2.54) comes into the picture. Substitution of

(2.65) and (2.66) in (2.67) gives after grouping

U2
max =

h
L2
qI

2
q + (LdId +	m)

2
i
!2 + 2RsIq [(Ld � Lq) Id +	m]! +R2

s

�
I2d + I2q

�
(2.73)

which can be solved for !. However, the result becomes impracticable, especially when

considering to insert (2.59) and subsequently into (2.60). Neglecting the stator resistance

yields however

!base =
Umaxq

L2
qI

2
qn + (LdIdn +	m)

2
(2.74)

with Idn and Iqn from (2.59) and (2.60) respectively.

To increase this speed limit an inverter of higher rating would be required, e.g.

higher Umax for the same current rating. However, in many applications, especially in

vehicle propulsion, a reduction of the torque output is acceptable at high speed. The

theoretical limit is thus a constant power above base speed corresponding to an inverse

proportional reduction of torque with increasing speed. Yet, to achieve this the induced

voltage must be reduced. For this purpose it is necessary to decrease the stator ux

linkage. Naturally this can be accomplished by reducing either the airgap ux or the

number of stator winding turns. Both concepts are regarded in the following sections.

A peculiar approach to reduce the �eld in the machine was suggested by Weschta [64,

65]. He used magnets of two di�erent materials on each pole, one of them being AlNiCo.

Due to the low coercivity of AlNiCo it is possible to demagnetize these magnets during

operation using current pulses in the stator. With an appropriate current pulse the

other magnets remain magnetized and the total magnet �eld has been reduced. When

the speed reduces the AlNiCo magnets can be remagnetized by another current pulse.

This procedure seems however unrealistic for commercial use, especially in larger drive

systems.

2.7.2. Field weakening

Field weakening is a well established method for asynchronous motor drives where a large

constant power range can be accomplished. Certainly has this possibility contributed to
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Figure 2.21.: Qualitative tractive e�ort curves of asynchronous motor drives.

the fact that this drive is today regarded as the state of the art for this type of application.

A restriction occurs when, with increasing speed, the operation point approaches the

pull-out torque. Then the slip frequency is held constant implying that the power

decreases inverse proportional to the speed [55]. This behavior is sketched in �gure 2.21.

In wound-�eld synchronous machines the ux can easily be reduced by decreasing the

�eld current. With permanent magnetization this is of course not possible. Instead the

�eld must be reduced by an opposing stator reaction. As can be seen from equation (2.6)

this is achieved by a negative current in the d direction yielding a ux linkage opposing

	m. With increasing magnitude of Id it is necessary to decrease Iq in order to limit the

total current.

This work is focused on switched stator windings and thus optimum �eld weakening

is not the topic. However, the possible performance of a machine in the �eld weakening

range is of course interesting. To analyze this �rst it will be determined how Id must be

chosen at full current to reach a certain speed. This means operation at voltage (2.67)

and current (2.68) limits simultaneously. When neglecting the voltage drop on the stator

resistance (Rs=0), inserting (2.65), (2.66), and (2.68) into (2.67) and rearranging yields

U2
max = !2

h�
L2
d � L2

q

�
I2d + L2

qI
2
max + 2LdId	m +	2

m

i
: (2.75)

Solving for Id gives the d axis current as function of speed in the �eld weakening range:

Id =

Ld	m �
vuutL2

q	
2
m +

�
L2
q � L2

d

� 
L2
qI

2
max �

U2
max

!2

!

L2
q � L2

d

(2.76)

where the positive sign is valid for Lq<Ld and the negative sign for Lq>Ld. If Rs is

not neglected solving explicitly for Id is impossible. For a non-salient rotor (Lq=Ld)

equation (2.76) is of course not valid. Instead

Id =

U2
max

!2
� L2

qI
2
max �	2

m

2Ld	m

(2.77)
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Figure 2.22.: Current vector trajectories for maximum torque per current control and

maximum torque control in �eld weakening; a) for non-salient (Lq=Ld)

and b) for salient (Lq>Ld) machines. Only motor operation is shown.

is obtained from (2.75). Consequently the maximum torque at a certain speed in �eld

weakening is calculated from equation (2.11) using the derived current Id and

Iq = �
q
I2max � I2d : (2.78)

Similar expression were derived by Morimoto in a per unit form [52]. Substituting Id

in (2.78) and subsequently inserting into the torque equation (2.11) yields exhaustive

expressions for a salient-pole machine. In the non-salient case (Lq=Ld) however

Iq =

vuut�
"
(ImaxLd +	m)

2 � U2
max

!2

#
�
"
(ImaxLd �	m)

2 � U2
max

!2

#

2Ld	m

(2.79)

and, as the reluctance term vanishes,

Tel =
3p

4Ld

vuut�
"
(ImaxLd +	m)

2 � U2
max

!2

#
�
"
(ImaxLd �	m)

2 � U2
max

!2

#
: (2.80)

The tractive e�ort curve can now be calculated below and above base speed. Figure 2.22

illustrates the corresponding current trajectories for motor operation and the conditions

for their derivation. An example of torque and power versus speed curves is shown in

�gure 2.23. Instead of the derived large expressions a stepwise computation may be

advisable as suggested by �Adnanes [25].

Scrutinizing the equations shows that a constant power range, as with asynchronous

motor drives, is not possible with PMmotors. Furthermore it is found that the maximum
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Figure 2.23.: Qualitative tractive e�ort curves of a PM motor drive.

output power is provided in �eld weakening operation. From equations (2.76) and (2.77)

it can furthermore be seen that the �eld weakening range is not limited if

LdImax � 	m : (2.81)

This is because the current required for suppressing the magnet �eld does not reach the

limit implying that Iq is not reduced to zero. Referring to �gure 2.22 this means that the

in�nite speed point (�	m=Ld), i.e. the center point to which the voltage limit ellipses

contract with increasing speed, lies insides the current limit circle. In this case the load

angle � remains smaller than 180� and consequently torque is provided. In section 4.3

it is however pointed out that such a choice of machine parameters is not advisable as

the full output power cannot be reached, i.e. the power factor cos(') is relatively small

and never reaches unity. In a simpli�ed fashion one can imagine that the voltage drop

over Ld gets too prominent. For the special case of equality in equation (2.81) the full

output is theoretically reached at in�nity speed and thus

LdImax = 	m (2.82)

is regarded as the optimum �eld weakening condition [52, 66, 67].

If equation (2.81) (not equal) is ful�lled another control range occurs. When the

�eld is su�ciently diminished it is of course not advisable to increase the negative Id

furthermore. Instead the voltage limit must be obeyed by reducing the total current.

The current vector should then follow a maximum output trajectory as for instance

described in [68, 66, 52, 69, 70]. However, in the applications considered in this work a

high power factor and maximum output are important. Consequently this third control

range is not examined and only machines with LdImax<	m are contemplated.

If the inductance Ld is smaller than given by the optimum �eld weakening condition

the point will be reached where the total available current is used for suppressing the

�eld. Then torque and power come to zero as the load angle advances to 180� implying

that the speed limit is reached. Hence the maximum speed in terms of stator angular

38



2.7. Extension of speed range above base speed

frequency, !max can be derived by setting

Id(!max) = �Imax : (2.83)

Applying this to equations (2.76) or (2.77) and solving for ! yields

!max =
Umax

	m � ImaxLd

; (2.84)

entirely independent of the saliency (see also [71]). This can also easily be seen when

examining the phasor diagram (�gure 2.11) for exclusively negative Id.

It can be concluded that, with an appropriate choice of the machine parameters, a

su�ciently large �eld weakening range is achievable for any type of application. However,

variations of the parameters may cause limitations due to saturation, temperature drift,

aging etc.. Another aspect, which must be considered carefully, is the demagnetization

�eld in the magnets. Especially at elevated temperature irreversible demagnetization

may occur. However, it is not necessary to actually diminish the �eld in the machine.

Rather it is su�cient to obtain a voltage across Ld which opposes the internal volt-

age !	m. As Ld incorporates leakage and magnetizing components this problem can

partly be overcome by increasing the leakage inductance and thereby decreasing the op-

posing �eld for the same total inductance implying the same voltage drop [72]. Even an

external inductance has the same e�ect [73]. It must however be noted that the terminal

voltage of the motor is not reduced by an external inductor and the insulation needs

to be appropriate. The unavoidable additional space requirement and additional losses

make this solution usually impractical.

Another option to achieve a �eld weakening behavior without riskily diminishing the

�eld in the magnets is to modify the rotor construction. The objective is that the stator

reaction, which opposes the magnet �eld, does not entirely penetrate the magnets and

�nds instead a leakage path in the rotor. This requires of course an internal magnet

design. Possible solutions have been suggested in [74] and [75]. Others suggest rotors

which are axially subdivided into sections of di�erent construction, for instance a PM

and a reluctance part [72, 76, 66, 77].

Di�erent methods of implementing �eld weakening in PM motor drives have been

presented by various authors. The application of the equations derived here is not always

optimal as the machine parameters vary, in particular due to saturation and temperature

rise. Furthermore operation below maximum torque must be considered. Since at lower

stator current a higher speed can be reached without �eld weakening, it is advisable to

start operating in �eld weakening mode later if only part load is required [78]. This

torque dependent �eld weakening boundary is indicated in �gure 2.23 by the dotted

line. To achieve a �eld weakening behavior a feed forward scheme may be used [79].

An interesting solution is also to use the current error that occurs when entering �eld

weakening as feedback for the �eld weakening algorithm as proposed by Jahns [58]. The

39



2. Permanent magnet motors | concepts, operation, and modelling

sensitivity to parameter variations can for instance be reduced by introducing a voltage

based control scheme [80]. Even torque based control methods can be employed [81].

A problem can be that, if for instance a vehicle is running in �eld weakening mode, the

current cannot be reduced to zero since the demagnetizing current is required. Otherwise

over-voltage would occur on the terminals and the inverter would operate as a recti�er

resulting in uncontrolled braking. Depending on the inductance, current and torque

can become very high. Consequently commutation errors, control failure, or similar

malfunctions could yield severe problems in certain applications if �eld weakening is

employed. The concept considered in the next section evades this di�culty by omitting

�eld weakening. As this switched winding principle is the focus of this thesis �eld

weakening will not be examined any further.

2.7.3. Switched stator windings

As mentioned the stator ux linkage can also be reduced by reducing the number of

stator winding turns. This can obviously be accomplished by switching a phase winding

with two parts from series to parallel connection [12, 11]. The e�ect is that the number

of turns is halved, as is 	m (see also section 2.4) and consequently the maximum speed

is doubled in a �rst estimation. Furthermore the inductances are decreased by a factor

1/4 as they are proportional to the number of turns squared.

A very common technique is star (Y ) to delta (�) recon�guration. It has frequently

been used in manifold applications ever since three phase machines were introduced.

When switching the stator phase windings from Y to � the line-to-line voltage is evi-

dently reduced by a factor 1p
3
. This voltage decrease can of course be utilized to increase

the speed range of inverter-fed PM motors. Since the dq model is related to a star con-

�guration, 	m is reduced by the factor 1p
3
in delta connection (see also section 2.4).

Likewise are the inductances decreased by a factor 1/3. Apparently, when regarding the

machine parameters, a Y to � recon�guration is equivalent to a reduction of the number

of stator winding turns by the factor 1p
3
. Nevertheless, for most purposes it is crucial

to take into consideration that the currents in the coils determine the direction of the

stator ux rather than the line currents. Therefore a shift of 30 electrical degrees occurs

between the current vector derived from the line currents and the stator ux vector. In

particular the motor control must be adapted accordingly.

For many applications the mentioned speed range extension is yet insu�cient. By

combining Y to � and series to parallel switching a further expansion is possible [13, 19].

With two winding parts per phase there are four con�gurations possible. The maximum

speed is increased to 2
p
3 times base speed in a �rst estimate. An advantage is that the

motor can be optimized for operation below base speed and no compromises are required

to account for �eld weakening. Corresponding tractive e�ort curves are sketched in
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Figure 2.24.: Qualitative torque versus speed curves of a PM motor drive with two

winding parts per phase.

�gure 2.24. As can be seen the e�ect is similar to that of a mechanical gear shift which

is why this system can be seen as an electronic gearbox. This switched winding concept

is the combining link in this thesis and is discussed in greater detail in the next chapter.

To perform the recon�gurations additional electro-mechanical or semi-conductor

switches are required. This increases the system complexity and might thus cause an

increase in maintenance and additional losses. Furthermore the placement of these

switches must be carefully determined to diminish cabling and electro-magnetic com-

patibility problems. So far only two winding parts per phase has been mentioned but, of

course, more parts are possible which can be used to expand the available speed range

even further. Besides the fact that more switches are needed, symmetry problems can

also occur as will be described later.

The major problem is probably the same as in all normal recon�guration procedures,

i.e. that no torque is provided by the machine for a short while because the machine is

current free during the recon�guration. Especially if used for vehicle propulsion this can

cause uncomfortable jerks [16]. But also the impact on the mechanical equipment can

be problematic. The minimization or even complete omittance of such torque interrup-

tions is the major topic of this thesis. Di�erent approaches are considered with varying

e�ciency. For the range of drive systems deliberated in this work satisfying solutions

were found.

2.8. A simulation system

2.8.1. The time-stepping simulation package

In this section digital computer simulations shall be considered solely as that is the state

of the art. The goal of these simulations was mainly to examine the transitions from one

to another winding con�guration. Besides it was desired to test the implementation of
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machine and switching control in simulations before applying them to the comparably

large test system (see chapter 5). Basically the equations presented in sections 2.4 and

2.5 can be utilized for such simulations.

Throughout this project the simulation package used was SANDYStm, developed

by ABB Corporate Research. It is based on an equation oriented simulation language

incorporating event handling. One of the advantages is that the equations do not have to

be written in explicit form and that the time step width varies automatically depending

on the derivatives of the variables. This makes it particularly interesting for continuous

physical processes but causes problems in switched systems. For instance commutations

in power electronics can be simulated. In contrast the simulation of a drive system

can be di�cult as the inverter switching is very fast compared to the dynamics of the

mechanics. Since the varying step width orients on the most rapidly changing variable

each commutation will be explicitly simulated resulting in cumbersome computations.

It would often be advantageous to model the inverter quite ideally and determine the

step width only with respect to the machine dynamics. An advantage is on the other

hand the modular construction of the simulation language.

The simulations using SANDYStm are not interactive. The pre-processor compiles

the input �le to an executable program. The result �le can afterwards be evaluated

using a particular post-processor. Various limitations exists yielding problems which are

discussed below. Today numerous other simulations packages are available. Most likely

more suitable software can be found for the speci�c task of modelling an inverter-fed

drive system. Packages are available that are specialized for certain tasks. Besides, the

user interfaces have been remarkably further developed.

The used simulation package allows the inclusion of user de�ned subroutines (C or

Fortran). It may well be possible that, by using this feature, many of the encountered

problems could have been more readily solved.

2.8.2. Motor and inverter models

The machine was modelled using the two-axis model presented in section 2.4. In order

to simulate the switchings the half motor model was set up as one simulation module

together with the transformations to the three phase quantities. From �nite element

analysis it was found that the experiment motor showed perceptible saturation e�ects

at full stator current. The location of this saturation was primary the stator back,

thereby a�ecting the reluctance of both axis. Since this reluctance governs the magnet

ux as well as the armature reaction a reduction of the total ux linkages results. This

was introduced in the simulations in a fairly simpli�ed manner by reducing the ux
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linkages (2.6), (2.7) quadratically with increasing total current:

	d = (Ldid +	m) �
 
1� ksat

I2d + I2q

I2max

!
(2.85)

	q = Lqiq

 
1 � ksat

I2d + I2q

I2max

!
(2.86)

The introduced saturation constant ksat was determined from �nite element analysis to

match the ux at full current. For the experiment motor ksat�0;1 was found. More

elaborate saturation models have been suggested by other authors, e.g. in [34]. However,

since the inuence on the behavior during winding recon�gurations was found to be

insigni�cant, the presented version was considered satisfactory.

Although it should be possible, the three phase model was not introduced in simu-

lations due to implementation di�culties and time limitations. Consequently the asym-

metric winding recon�gurations of chapter 7 were not simulated using this system.

The switches were represented by connection equations as described above ((2.20),

(2.21)) respecting the fact that the half motor model was used. However, open switches

are likely to cause computation failures. Therefore any open switch should rather be

represented by a large resistor (e.g. 100k
) for computer simulations.

The inverter was modelled in a very simple way as it was not the main scope of the

investigations. It was basically represented by three switches as shown in �gure 2.25.

The resistances and inductances at the output represent the whole e�ective reactance

of the inverter as simpli�ed as possible. These components are however required as

the numerical solver would fail otherwise due to the non-physical situation with ideal

switches and ideal voltage source. To utilize the modular structure of the simulation

package voltage potentials should be introduced. This requires of course the de�nition

of a reference potential which has been obtained by setting the mid-point of the DC link

to zero as indicated in �gure 2.25,

V0 = 0 : (2.87)

The equations modelling the inverter are thus

Va � V0 =
Udc

2
ga �Rinvia � Linv

dia

dt
(2.88)

Vb � V0 =
Udc

2
gb �Rinvib � Linv

dib

dt
(2.89)

Vc � V0 =
Udc

2
gc �Rinvic � Linv

dic

dt
(2.90)

where Udc is the DC link voltage, V0 the DC link mid-point potential, and Va; Vb; Vc the

phase potentials. Furthermore

ga;b;c =

(
1 for upper valve on

�1 for lower valve on
(2.91)

43



2. Permanent magnet motors | concepts, operation, and modelling

���

�

���

�

 �E�
 �

 �

 �

���! ���!

Figure 2.25.: Inverter model for computer simulations.

are introduced as gate signals.

First an attempt was made to model each valve in the inverter separately. However,

the system became so complex that solver failures were frequent and the computations

became cumbersome. Even non-physical results like extremely high and short current

pulses in inductances were encountered. For this reason the above-described simpli�ed

model was introduced.

2.8.3. Control model

For the simulations the control was divided into two modules, one containing the motor

control based on the equations presented in section 2.6 and the other handling the

winding connection and its switching. A �eld weakening algorithm was not implemented

because switched windings were of central interest and combining both concepts is not

advisable as will be pointed out in chapter 3.

An anti-windup PI speed controller was included and tuned to obtain initial param-

eters for later implementation in the experimental setup. In the transformation for the

current control the phase shift between star and delta was also taken into consideration.

In the simulations hysteresis and suboscillation current controllers were examined suc-

cessfully. However, the sampling of a digital control system was not represented implying

that the simulations assumed continuous controllers. Consequently the delta controller

was not investigated. Since the focus was the examination of the machine behavior with

switched stator windings these limitations were considered to be acceptable.

The switching control module has supervisory function. It controls not only the

switches but also instructs the motor control to reduce the currents before the switching

and to increase them when the new con�guration is in place whereby managing the order

of events. Furthermore this module modi�es the angular shift for the transformations of

the current reference values, when changing from star to delta connection or vice versa.

Additionally the motor control parameters need to be adapted when the connection

is switched because the motor parameters seen from the control change. This was

however only introduced in a very simpli�ed manner as the inuence on the machine

performance was not found to be very signi�cant and as the main focus of the simulation
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Figure 2.26.: Modular simulation system for PM motor drive with switched stator

windings.

was to investigate the switching, not an optimum motor control. Although the motor

control allowed braking operation, switching back to lower speed connections was not

implemented in the simulated con�guration manager module. In �gure 2.26 the complete

modular simulation system is sketched. Current command and rotor position signals are

provided to the switching manager to allow a detection of appropriate instants to change

the winding connection. Results are presented later in this thesis.

2.8.4. Special problems and solutions

Various complications occurred during the simulations. Many of them speci�c for the

particular simulation software, some more general. This section concisely reviews some

of the problems and solutions which were found to give other users of the same software,

or researchers working with similar drive systems, some assistance.

Maybe the most signi�cant source for the encountered problems was the duality of

the simulated structure. On one side there is the motor with its purely continuous na-
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ture and fairly slow dynamics, especially on the mechanical side when regarding traction

propulsion or similar drives. On the other side there is the inverter with a near digital

character and quite rapid performance in comparison to the machine. It was therefore

crucial to restrict the time step width. In particular the minimum step width must be

appropriately set. Otherwise each switching of an inverter leg would have been simulated

in detail which was not the goal of the investigations but would have nevertheless given

unrealistic computation durations, even on a relatively fast work-station. Besides the

solver tended to hang up if no lower step limit was speci�ed. When the focus is the ma-

chine behavior rather than the inverter and the current control performance, a su�cient

minimum step width was 1/20 period of the inverter switching frequency. Unfortunately

a new problem arose then. With such a lower boundary the simulation software tended

to increase the step width so that inverter pulses were frequently omitted. Consequently

also an upper boundary was required. In this work a factor �ve between maximum and

minimum time step width was found to be appropriate.

An important issue is to avoid repeated triggering in the numerous event handling

state sets in such a complex system. For this purpose dead times were introduced

for each state implying that the state cannot be left until a prede�ned minimum time

has expired. These intervals needed of course to be adapted to the process which is

controlled by the particular state set. This meant that the dead times for the winding

recon�gurations were signi�cantly longer than those for the inverter legs.

Numerous solver malfunctions were encountered at the beginning of the simulations

as well as at arbitrary instants during its run. Especially problematic was that the only

error message provided was that the iteration failed. Hence solutions could only be found

by time consuming trial and error methods. For instance di�erent solver algorithms

were tried or small variations in parameters were introduced. In general an unreliable

behavior was faced. The solver failed for instance if, in a properly running simulation,

the load inertia or the machine inductances were altered by only a few percent. Most

solver problems occurred during the �rst computation steps. Sometimes it was possible

to overcome this di�culty by modifying certain parameters at the start of a run and

resetting them to their normal values after one millisecond. For instance a hundred

times higher inertia or a thousand times higher machine inductances were successfully

used. However, a generally valid recipe could not be found.

The simulation software allowed the setting of start values for the variables. The

advantage is that initial values can be de�ned for a few variables only and the remaining

are computed before the actual simulation begins. However, this feature was not reliable.

Start values were often ignored without any warning. Therefore it was only possible to

start the simulations at stand-still and under current-free conditions. This resulted in

quite long simulations to accelerate the machine before the winding recon�guration,

which was the main goal of the simulations, took place.
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Another problematic constriction was the result �le size limit of 10Mbyte. The

required long simulation before the winding recon�guration resulted in an enormous

number of time steps. Naturally only a few variables could be stored. Furthermore

it was necessary to use equidistant storing implying that not all computed steps were

saved. The choice of the storing step width was a compromise between resolution during

the interesting intervals and restriction of the amount of collected data. Besides it was

not possible to start the data storage at a prede�ned instant. Consequently more than

one time consuming simulation pass was often required to collect the desired data.

The software o�ered the possibility to continue a completed simulation with altered

parameters like step width or variables to be stored. To enable this operation all �nal

values are saved. However, for the given system it was not feasible to utilize this feature

because of the various state sets with di�erent dead times. Since the software did not

store how much of a dead time had expired, each of them started from zero. Especially

the restart of the long winding recon�guration dead times falsi�ed the result drastically.

Consequently all simulations started at stand-still.

Also the post-processor caused major complications. Frequent crashes occurred,

probably due to the very high number of stored samples per variable. Especially zoom-

ing in on the time axis to evaluate the winding recon�guration led to malfunctions.

Moreover printing or exporting the obtained curves resulted in so huge postscript �les

that neither the printer, nor other programs were able to process them further. To over-

come these problems special programs were developed in C converting the result �les to

a commonly accepted ASCII format. The results can then be examined, plotted, and

even mathematically processed by numerous programs (e.g. MATLABtm, MathCADtm,

Exceltm, xmgr, gnuplot, etc.). Furthermore the developed software enabled the conver-

tion of certain time intervals only. In this way the interesting periods could be extracted

from the whole simulation output resulting in signi�cantly simpler processing and smaller

�les.

When the dq machine model was replaced by the three phase model no method was

found to make the whole drive system simulation succeed. On the other hand it was

possible to simulate a stand alone motor with ideally impressed currents. Scrutinizing

the equations (section 2.5) shows that the voltages can easily be calculated for known

currents while the reverse computation is highly problematic. Due to the discouraging

simulation experiences before, the goal was no longer to comprehensively simulate the

asymmetric winding recon�gurations presented in chapter 7. Instead analytic analyses,

�nite element methods, and experimental veri�cations were preferred.

Probably other simulation software packages are available which are more suitable

for the speci�c task at hand. For instance it might be bene�cial if it would be possible

to specify which variables are to be use for the step width determination or if certain

modules could be de�ned as digital.
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2.9. Magnet modelling in �nite element analysis

Many electromagnetic �nite element (FE) software packages are not prepared for mod-

elling magnetized material. It is then necessary to represent the magnets by currents.

For simple magnet shapes this can be done by a narrow current channel along the cirum-

ference of the magnet [82]. This is suitable for bar-shaped magnet pieces but also for

radially magnetized arc-shaped magnets in an airgap of constant length. Hence this

model is appropriate for all cases studied in this thesis.

Rare-earth magnets are usually rather at in the direction of the magnetization.

For that case the equivalent current along the magnet edge Im can be determined from

Ampere's equivalence,

m = ImAm (2.92)

where m is the magnetic dipole moment and Am is the area enclosed by the current

path. For the same circumstances a magnetic dipole layer can be assumed for which

m = MhmAm (2.93)

where M is the magnetization and hm is the height of the magnet. Equating both

expressions yields the equivalent current:

Im = Mhm : (2.94)

The magnetization is obtained from the magnet data sheets as

M =
Br

�0
: (2.95)

For the material of �gure 2.3 M=756kA/m is obtained at 100�C.

2.10. Conclusions and future work

Among other developments the advances in the �eld of permanent magnet materials have

today led to a great interest in PM machines. Rare-earth magnets provide nowadays

su�ciently high maximum energy products for high performance motors. Although

NdFeB has a higher energy product, SmCo is often superior due to its better temperature

stability and lower reactivity. However, the lower price and the further development of

NdFeB makes this material the �rst choice in most applications.

Due to the operation principle PM motors are usually divided in synchronous AC

and brushless DC motors. It was found that for large machines, as used in traction

applications, the synchronous AC technology is preferable. Therefore only this concept
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is considered in this thesis. However, a more detailed comparison should be made before

ultimately deciding for any of these techniques.

The classical two-axis model has briey been reviewed and additions have been made

for the investigation of switched stator windings. The cross-coupling between the axis

has not been taken into consideration. Neither has saturation been accounted for. Fur-

ther work should be done in these subjects (see e.g. [83]). A three phase model has

been presented. It has been necessary to enable the modelling of asymmetric winding

con�gurations. This should also be extended to take into account saturation e�ects.

Basic control principles for synchronous PM motors have been derived. These are

however fairly simple. More advanced methods are available but have been excluded

here since machine control has not been focus of this work. However, more research

is required in this �eld as well before implementation in a commercial product can be

considered. In particular sensorless control techniques seem to be interesting. Also only

a limited range of current control schemes has been studied. More advanced and more

suitable techniques exist and should be considered for further development.

For operation above base speed two methods have been introduced, �eld weaken-

ing and switched stator windings. This work focuses on switched windings as central

concept. A lot of work has been presented in the �eld of optimum �eld weakening by

several authors and many interesting possibilities have been proposed. Consequently

more attention should be paid to solutions other than the one presented in this thesis.

A simulation system has been introduced but numerous problems were encountered.

In these simulations a simple saturation model was included. If more work should be

done on the concept an improved system for simulations is strongly recommended,maybe

using another software package. In particular the three phase model should be included

to enable the representation of asymmetric winding con�gurations. It would probably

then also be possible to simulate asymmetric recon�gurations of asynchronous motors.

Even time-stepping �nite element analysis should be considered.
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3.1. Introduction

In the preceding chapter it was shown that switched stator windings are a means to

increase the speed range of permanent magnet motors above base speed. Hence this is

an alternative to �eld weakening which has bene�ts as well as drawbacks.

The classical star (Y ) to delta (�) recon�guration has been used in numerous ap-

plications ever since three phase machines were invented. Naturally it is also useful for

three-phase PM motors. Furthermore series to parallel switching is possible [12, 11] if

the phase windings are divided into several parts. Combining both o�ers usually a suf-

�cient speed increase for any application [13, 14, 19]. Even combinations of series and

parallel coils may be considered.

In contrast to �eld weakening operation the internal voltage below base speed never

exceeds the maximum output voltage of the inverter. The bene�t of this is that the

currents can be reduced to zero at any speed. Regarding �gure 2.22 this can be visualized

by the fact that in �eld weakening operation the voltage limit ellipsis or circle will, with

increasing speed, contract until eventually the origin of the current vector falls outside

this limit, implying that zero current cannot be achieved. When operating in �eld

weakening zero current can be hazardous as the full internal voltage would appear at

the motor terminals. Since this is higher than the inverter DC link voltage the diodes

would conduct and uncontrolled recti�cation would result. If the DC link is able to take

up this energy the motor will operate in braking mode. If not, the DC link voltage

would rise which can easily damage the inverter. Such malfunctions should not occur

during normal operation but they must be taken into consideration in cases of inverter

or control failures.

With asynchronous motors this is not a major problem because they loose their

magnetization comparably fast. Also synchronous reluctance motors behave similarly.

In wound �eld synchronous machines or DC motors the �eld current is reduced for

ux weakening implying that the internal voltage !	m does not exceed the limit. This

problem is thus con�ned to permanent magnet motors in which the magnetization cannot
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be removed. However, with switched stator windings the same e�ect is in principal

achieved as with wound �eld synchronous machines, i.e. !	m is reduced. Another aspect

comes into the picture in multi-motor concepts, for instance in traction applications. If

one motor breaks down it is desirable to continue the operation with the remaining

motors. In case of PM motors however, the inevitable magnetization will induce a

voltage and eventually drive currents whereby causing the same problems mentioned for

�eld weakening operation. The already existing winding switches can in this case be

used to disconnect the machine coils from each other and from the inverter. Another

possible complication which is not solved by switched windings is an internal short circuit

in the machine. For various applications switched windings can thus be an interesting

alternative to �eld weakening.

To perform such winding recon�gurations additional electro-mechanical or semi-

conductor switches are necessary together with extra cabling. Hence the system com-

plexity is increased what can cause increased cost and maintenance, new sources of error,

or even additional losses. Another aspect is that the current harmonics are increased

due to the decreased inductance of the connections for higher speed. The major problem

is probably the fact that the machine provides usually no torque during the switching

of the windings as the currents are zero. If used in vehicle propulsion this can cause

uncomfortable jerks [16]. But the resulting mechanical wear can also be a problem.

3.2. Speed range extension and torque capability

The winding con�guration with the highest torque and the lowest base speed shall be

regarded as reference con�guration as it corresponds to the normal situation of �xed

connection and �eld weakening operation. Consequently the peak torque and the base

speed of this reference con�guration are the rated values of the drive. The corresponding

winding con�guration is of course star with all winding parts in series as it provides the

highest magnet ux linkage 	m and inductances.

The line-to-line voltage is evidently reduced by a factor 1p
3
when switching the phase

windings of the stator from Y to � connection. Relating this to the star con�guration on

which the dq model is based corresponds to a reduction of the e�ective number of stator

winding turns by the same factor (see also section 2.7.3). Likewise series to parallel

switching reduces the number of turns by a factor two. With more than two winding

parts per phase more di�erent con�gurations are possible. Even combinations of series

and parallel connected coils may be feasible.

To predict the machine performance the four parameters 	m, Ld, Lq, and Rs must

be determined for all winding con�gurations. It is easily seen that the ux linkage

is proportional to the number of stator winding turns while the inductances and the
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Table 3.1.: Relations of machine parameters for di�erent winding con�gurations.

number of

winding parts
connection 	m Ld;q Rs

2 Y -ser. 	m0 Ld;q0 Rs0

�-ser. 	m0=
p
3 Ld;q0=3 Rs0=3

Y -par. 	m0=2 Ld;q0=4 Rs0=4

�-par. 	m0=(2
p
3) Ld;q0=12 Rs0=12

3 Y -ser. 	m0 Ld;q0 Rs0

Y -ser.-par. 2	m0=3 Ld;q0=2 Rs0=2

�-ser. 	m0=
p
3 Ld;q0=3 Rs0=3

�-ser.-par. 2	m0=(3
p
3) Ld;q0=6 Rs0=6

Y -par. 	m0=3 Ld;q0=9 Rs0=9

�-par. 	m0=(3
p
3) Ld;q0=27 Rs0=27

resistance are proportional to the number of turns squared. The basic relations are thus

as presented in equations (2.14) to (2.19). The resulting machine parameters are listed in

table 3.1 related to the values of the lowest speed con�guration indicated by the index 0.

Two and three winding parts per phase are considered. More parts are possible but are

not further deliberated in this work. Figures 3.1 and 3.2 show the connection sequences

for two and three coils respectively.

From these values the torque and base speed relations can be calculated using the

equations from sections 2.6 and 2.7. To avoid unnecessary complication the stator resis-

tance shall be neglected. Regarding �rst the non-salient rotor case it can easily be seen

from equation (2.63) that the maximum torque below base speed is proportional to the

magnet ux linkage,

Tel / 	m : (3.1)

Consequently the factors of 	m (table 3.1) represent also the torque relations between

the di�erent winding connections. From equation (2.72) it can be seen that the relative

base speeds depend on the actual values of 	m and Lq. For a given machine they can

be computed from (2.72). If however LqImax is much smaller than 	m the base speed is

approximately inverse proportional to the magnet ux linkage

!base /
1

	m

: (3.2)

Similarly it can be seen from equation (2.84) that the maximum speed has the same

proportionality when neglecting the voltage over the inductance,

!max /
1

	m

: (3.3)

Note that these speeds are in terms of stator frequency.
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.!�

�5.�4 	5.�4 �5!��4 	5!��4

Figure 3.1.: Winding con�guration sequence with two coils per phase.

.!�

�5.�4 	5.�4 �5!��4 	5!��4�5.�45!��4 	5.�45!��4

Figure 3.2.: Winding con�guration sequence with three coils per phase.

For the non-salient case the situation is much more complex as the maximum torque

per current algorithm comes into the picture. Precise computation is of course possible

for a given machine as described in sections 2.6 and 2.7. For a �rst estimate how-

ever, equations (3.1) to (3.3) may be su�cient if the inductances are relatively low,

i.e. Ld;qImax�	m. To illustrate the e�ect the torque and base speed relations were

calculated for a motor example with relative high inductances. For this example the

commercial salient-pole PM motor was chosen which was presented by �Adnanes in [25]

on page 94. As non-salient example the same parameters were used except that Lq was

set equal to Ld. The results are shown in table 3.2 together with the simple proportion-

alities (3.1) and (3.2) (estimated).

Scrutinizing the torque and base speed equations of section 2.6 shows that the pro-

portionality (3.1) is accurate for non-salient machines but gives an over-estimation of

the torque of higher speed con�gurations in the case of salient machines. This can be

explained when considering that the inductances are reduced more than the magnet ux

linkage implying that the alignment torque reduces as 	m while the reluctance torque

decreases more rapidly. Likewise base speed and maximum speed are under-estimated

by (3.2) and (3.3) which is evident from (2.72) and (2.74). Comparing the base speed

equations with the maximum speed (2.84) shows that the �eld weakening range gets

shorter. Furthermore it is found that the output power at base speed increases when

changing to con�gurations for higher speed. This is also due to the more rapid decrease

of the inductances resulting in a higher power factor. The maximum output is reached
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Table 3.2.: Maximumtorque and base speed for di�erent winding con�gurations related

to the lowest speed con�guration (rated values). The example studied here

was presented in [25], page 94.

number of

winding parts
connection

Tel

Tn

!base

!n

Tel

Tn

!base

!n

Tel

Tn

!base

!n

estimated non-salient salient

2 Y -ser. 1,000 1,000 1,000 1,000 1,000 1,000

�-ser. 0,577 1,732 0,577 2,285 0,516 2,116

Y -par. 0,500 2,000 0,500 2,770 0,439 2,521

�-par. 0,289 3,464 0,289 5,376 0,243 4,676

3 Y -ser. 1,000 1,000 1,000 1,000 1,000 1,000

Y -ser.-par. 0,667 1,500 0,667 1,767 0,623 1,695

�-ser. 0,577 1,732 0,577 2,285 0,516 2,116

�-ser.-par. 0,385 2,599 0,385 3,744 0,333 3,357

Y -par. 0,333 3,000 0,333 4,560 0,282 4,001

�-par. 0,192 5,196 0,192 8,368 0,160 7,159

in �eld weakening operation as shown in section 2.7.2. A machine which is to be used

with switched stator windings should thus be optimized for operation below base speed,

i.e. it should have relatively low inductances (see also chapter 4) unlike the motor of

table 3.2.

3.3. Number of winding parts per phase

When a PM motor drive with switched stator windings shall be constructed the number

of winding parts per phase is a central question. So many factors play a role that the

whole systemmust be regarded. Increasing the number of winding parts requires not only

more switches to perform the recon�gurations but also complicatesmotor design, cabling,

maintenance, installation, etc.. In addition the lower inductances of the con�gurations

for the highests speeds require power inverters with higher switching frequency to limit

the current harmonics. If semi-conductor switches are used also additional losses occur

which increase with the number of switches.

With increasing number of possible con�gurations the situation occurs when two or

more have identical or very similar properties. For example, with four parts per phase

two connections are possible with the same ux linkage. These are �rst two parallel

branches with two series connected coils each and secondly three parallel coils with the

fourth in series to them. However, a slight di�erence in the inductance is observed. The
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3. Switched stator windings

Table 3.3.: Number of con�gurations and required switches for di�erent numbers of

winding parts per phase.

number of number of con�gurations number of

winding parts possible di�erent symmetric switches

1 2 2 2 5

2 4 4 4 14

3 6 6 4 23

4 10 8 6 32

5 14 10 4 41

performance of these two con�gurations will be rather similar and thus they should be

regarded as only one possibility.

If combinations of series and parallel connected coils are used as in �gure 3.2 the

currents are not equal in all coils. With normal winding arrangements this yields an

asymmetric stator �eld which must naturally be avoided. To achieve an entirely sym-

metric �eld all coils of one phase must be wound parallel in the same slots. Even several

layers can cause problems due to leakage di�erences. On the other hand insulation

problems can be expected if the wires of di�erent coils are randomly distributed in one

slot. Consequently the only connections that are considered to be realistic are those that

have the same current in all winding parts and thus provide a symmetrical �eld inde-

pendent of the coil placement. For the example in �gure 3.2 the combined series-parallel

con�gurations (second and fourth) should thus be omitted.

In table 3.3 the numbers of possible, di�erent, and symmetrical con�gurations are

listed together with the amount of switches required. In this context a single contact is

considered as a switch. To some degree several contacts can be combined in one actual

switch. In the case of one coil per phase (one winding part) only the classical Y and �

connections are possible. For the Y con�guration only two switches are necessary while

three are required to establish a � arrangement. Since this work focuses on larger speed

ranges the simple case of one coil per phase shall not be further contemplated. As the

number of switches is a measure for the comlexity of the system and its installation it is

important to keep it as low as possible. When comparing the number of symmetric and

thereby realistic con�gurations it becomes evident that a minimum number of coils per

phase should be chosen. In most cases this means two winding parts per phase unless a

simple Y {� switching is su�cient. Should the speed range expansion be unsatisfactory

more coils can be deliberated. Figure 3.3 shows a comparison of the tractive e�ort

curves of a drive with the same parameters for two and three winding parts per phase.

Obviously the e�ect is similar to a mechanical switch gear. Therefore the arrangement

can be looked upon as an electronic gearbox.
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speed

to
rq

ue

Figure 3.3.: Tractive e�ort curves comparison for two and three winding parts per

phase. Thick lines, both solid and dashed, apply to two parts. Solid lines,

both thick and thin, apply to three parts.

Furthermore the choice of the number of coils should be related to the number of

pole pairs in the machine. To avoid circulating currents parallel connected coils must be

identical in inductance and induced voltage, both in magnitude and phase. It is evident

that stators with good symmetry can easily be constructed if the number of winding

parts per phase is equal to the number of pole pairs or a multiple thereof. For instance

is it common to have two parallel circuits in four pole motors which lie on opposing

sides of the rotor. If they are made seperately accessible a machine with two identical

winding parts per phase is obtained. Usually it will however be necessary to alter the

number of winding turns.

Taking all described aspects into consideration it appears that the only interesting

implementation of PM motors with switched stator windings are two winding parts per

phase combined with an even number of pole pairs (p=2; 4; 6; : : :). Since this work

focuses on traction drives a su�ciently high motor speed is required to achieve a high

power density. Furthermore the stator frequency is limited to avoid excessive losses.

Consequently pole pair numbers above six are unrealistic. For most traction applications

the speed range extension is su�cient with two coils per phase. Therefore only this

solution is studied further.

3.4. Torque interruptions

A substantial problem with switched windings can be torque interruptions which occur

during the winding recon�gurations. In order to alter the con�guration the existing

connection must �rst be opened before the new connection can be established. Otherwise

short circuits of motor and inverter can occur. The �rst yields only moderate current
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Figure 3.4.: Procedure of winding recon�gurations.

and torque pulses provided that the short circuit exists only for a short interval. This is

because the current derivate is limited by the machine inductance. In contrary a short

circuit of the inverter can be more harmful as the inductance is very low resulting in

excessive current peaks. In any case such short circuits must be avoided. Consequently,

for a short while the windings are disconnected implying no current which will result

in an interruption of the motor torque. This causes for instance mechanical wear and

especially discomfort in vehicle propulsion drives.

In the traction drive presented by Seeliger et.al. [11] this torque interruption lasted

about one second. This would give rise to an intolerable strong jerk for passenger trans-

portation. The minimization or even complete omittance of such torque interruptions is

one of the major topics of this thesis. Di�erent techniques are considered with varying

e�ectiveness. The obvious approach to this problem is minimizing the torque interrupt

duration. In arrangements with several motors, e.g. trains, it is recommendable to switch

the windings of di�erent motors at di�erent instants to reduce the severity of the total

torque dip. An alternative, avoiding the torque interruption entirely, is presented in

chapter 7 and in [18].

In an inverter-fed drive complete control of the stator currents is provided. It is

therefore advisable to reduce all currents to zero as fast as possible before a winding

recon�guration is performed. When zero current is measured the inverter is deactivated,

i.e. all valves are closed. The switching can then be done current-free. Afterwards the

inverter is reactivated and the currents are increased as fast as possible. Figure 3.4 illus-

trates this procedure. In this way the winding recon�guration is performed in minimum

time without uncontrolled breaking of the currents. The torque naturally follows the

same pattern shown in �gure 3.4, only with lower torque after the reconnection. The

roman numerals in �gure 3.4 are used to refer to the di�erent time intervals later in this

thesis. The sum of duration of periods II, III, and IV is regarded as the total torque

interruption time although only during period III the torque is zero. The duration of

these interruptions has been examined in detail and the results can be found in chapter 6

and in [17, 16].
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3.5. Winding switches

3.5.1. Electro-mechanical switches

In �gure 3.5 the complete winding switch arrangement is shown for two coils per phase.

The simplest choice for the switches are electro-mechanical switches, i.e. contactors. A

major problem with contactors is their fairly long delay. This accounts for the longest

part of the total torque interruption. In comparison it is possible to reduce the currents

quite fast to zero before the switching and to increase them to rated current after the

recon�guration which is shown in chapter 6. From �gure 3.1 it can be seen that for the

�rst and third recon�guration only the contactors for Y and � need to be actuated while

the series, respectively parallel connections can remain in place. As mentioned above

the Y contactor must be open before the � contactor can be closed. In contrast, for

the second switching during an acceleration all contactors must be actuated (�-series to

Y -parallel). To also here avoid a short circuit it is recommended to change from series

to parallel con�guration when the Y contactor is already open and after that close the

� contactor. In addition the contactor delays are not constant. Aging, temperature,

and other environment circumstances cause uctuations. If contactors with AC coils

are used even the phase instant when the coil is energized has a signi�cant inuence.

Naturally the delays implemented in the control must be determined for the worst case.

Evidently all this leads to an elongation of period III in �gure 3.4 and thus longer torque

interruptions.

Several switches can be combined with a single actuator. For instance all contacts

for the same connection can be manoeuvred from a single coil. With a customized unit

it may even be possible to incorporate all series and parallel switches in one contactor.

Since all switching is performed current-free as mentioned earlier the contactors must

only be rated for conducting the nominal current. It should also be taken into con-
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Figure 3.5.: Arrangement to switch stator windings with two parts each (A1{C2) into

di�erent con�gurations.
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3. Switched stator windings

sideration that this current level is not equal for all contacts. Evidently Y and series

contacts must be rated for In while for � and parallel contacts a rating of Inp
3
and In

2

respectively is su�cient. Current breaking and over-current capability are not required

and thus relatively small contacts are conceivable. Consequently the complete switch

gear can be constructed quite compactly.

The greatest advantage of contactors is probably that their losses are practically

negligible. On the other hand they require maintenance and the torque interruption is

fairly long. Moreover, the asymmetric switching strategy presented in chapter 7 and in

[18, 84] is not possible.

A generally important aspect is the placement of the switches. For a motor with

two coils per phase 12 connection cables are required between switches and motor (one

per coil end) while only 3 are required between inverter and switches. Consequently a

placement close to the motor is favourable. Even an integration in the machine can be

considered.

3.5.2. Semi-conductor switches and their losses

An interesting alternative to electro-mechanical switches are semi-conductor switches.

On one hand signi�cantly faster switching can be expected combined with a lower main-

tenance demand. On the other hand additional losses will occur implying a demand for

extra cooling equipment. The switching losses of these semi-conductors are irrelevant

because their state is only occasionally altered. In contrast, the conducting losses are

of major importance since they do not occur in electro-mechanical switches. Di�erent

types of semi-conductors may be considered, e.g. IGBTs, GTOs, and thyristors. Re-

garding losses, costs, and convenience, a pair of anti-parallel thyristors per switch seems

to be the preferable solution. Modules containing two thyristors can advantageously be

used to form powerful switches. Consequently 14 modules (28 thyristors) are required.

For machines with lower current rating triacs are recommendable for simplicity. Such

types of semi-conductors can easily be employed since, due to the zero current switching

described above, they readily block at the correct instant.

For a given rms current through a switch Isw a �rst estimation of the losses per

thyristor pair Psw can be found from

Psw = vth0Isw + rthI
2
sw (3.4)

with the voltage vth0 and the resistance rth as parameters of the thyristor equivalent

circuit. These parameters are usually provided in the data sheets. Switching losses are

neglected because switching occurs only infrequently. A more accurate calculation can

be made by assuming sinusoidal currents and integrating the instantaneous loss over one

half period. The instantaneous voltage across a conducting thyristor Uth can be written
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3.6. Current harmonics

as

Uth = vth0 + rthisw (3.5)

where isw is the instantaneous current through the switch. The instantaneous power loss

is then

Pth(t) = vth0 �
p
2Isw sin (!t) + rth

�p
2Isw sin (!t)

�2
: (3.6)

This yields for the sum of the losses in both thyristors

Psw =
1

�

�Z
0

Pthd(!t) =
2
p
2

�
vth0Isw + rthI

2
sw : (3.7)

Comparing with equation (3.4) shows that the simpli�ed calculation gives a result which

is only a few percent too high. It must however be kept in mind that the PWM current

harmonics give rise to additional losses in the thyristors. These thyristor losses were

computed for the test machine in section 5.2.3 and [85]. They were found to be smaller

than the rotor losses in a corresponding asynchronous motor. In particular for a traction

propulsion drive the thyristor losses are much lower than the loss reduction which is

achieved by using a PM motor instead of an asynchronous motor as pointed out in

chapter 9 and in [14].

With semi-conductor switches period III in �gure 3.4 can be signi�cantly shortened.

However, a brief delay should be maintained to avoid short circuits. Should it happen,

the thyristors cannot be closed before the next zero-crossing. Hence the short circuit

will usually remain for one half period. With thyristors it is no longer period III which

determines the total torque interruption but the fall and rise times of the currents,

i.e. periods II and IV. Consequently the duration of the interruption is dependent on the

e�ective inductance rather than which switches need to be actuated. Since the machine

inductance seen by the inverter decreases when changing to higher speed con�gurations

also the interruptions become shorter.

In comparison to contactors drastically shorter torque interruptions can be expected

combined with lower maintenance. Furthermore the concept presented in chapter 7

requires thyristor switches. The disadvantages of semi-conductor switches are mainly

additional losses.

3.6. Current harmonics

With the control methods described in the preceding chapter sinusoidal currents are im-

pressed. However, the inverter switching frequency harmonics cannot be avoided. They

must be limited to restrict the losses, in particular with regard to eddy current losses

in the magnets (see chapter 8). Furthermore electro-magnetic compatibility problems

must be considered.
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3. Switched stator windings

Usually the stator resistance is very small compared to the reactance of a machine

at the switching frequency. Therefore the corresponding current harmonics I(fsw) are

approximately

I(fsw) =
U(fsw)

2�fswLs

(3.8)

where U(fsw) is the phase phase voltage harmonic of frequency fsw and Ls the synchronous

inductance. Since asynchronous PWM was assumed the voltage is distributed evenly in

all directions and thus

Ls =
Ld + Lq

2
: (3.9)

This inductance is however only valid for the case that the switching frequency is so

low that the penetration depth into the magnet material is signi�cantly larger than

the magnet thickness. Then the �eld pattern of the switching frequency is practically

identical to that of the fundamental. If in contrast the switching frequency is so high that

the eddy currents induced in the magnets yield a shielding e�ect the situation is similar

to that in an asynchronous motor where the rotor cage shields o� high frequency �eld

components. Then the e�ective inductance is only the leakage inductance Lal implying

I(fsw) =
U(fsw)

2�fswLal

: (3.10)

In most PM machine drives without a rotor winding the e�ective inductance lies in

between Ls and Lal.

The switching frequency voltage is usually predetermined by the DC link voltage.

Therefore the product fswLs, respectively fswLal, must be su�ciently high to limit the

current harmonics. With switched stator windings however, the inductance is reduced

when switching to con�gurations for higher speed. Hence the switching frequency must

be chosen high enough for the connection at highest speed. For the same motor this

demands a twelve times higher switching frequency if two winding parts per phase shall

be used (see table 3.1). Moreover the machine inductances should be kept low for

maximum performance below base speed as will be explained in chapter 4. Evidently

a good compromise, regarding the drive system in its entirety, is essential. In any

case a rather high switching frequency is required for switched stator winding concepts.

Fortunately, this coincides with the actual trend of IGBT inverter development.

3.7. Circulating currents

Another problem, that occurs when switched stator windings are used, is that circulating

currents can arise in delta and parallel con�gurations. Since they cause additional

losses, torque pulsations, saturation, and other problems their minimization is important.

Circulating currents can occur in both, parallel and delta connected coils, i.e. in all
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con�gurations except that for the lowest speed, Y -series. The following deliberations

are constrained to two coils per phase.

Circulating currents in parallel windings are especially caused by di�erences in their

induced voltages. Such di�erences can for instance origin from non-identical windings,

rotor eccentricity, or unequal magnetization of the poles. In the latter case the di�erent

pole alternately passes the two coils of a phase. Hence for two pole pairs the induced

voltage is amplitude modulated with half the stator frequency while the phase shift

of this modulation between the two coils is 180�. Consequently circulating currents

of half stator frequency are expected. Dynamic rotor eccentricity can yield the same

e�ect. In general this circulating current has the frequency f=p. On the other hand,

non-identical windings and static eccentricity can cause circulating currents of stator

frequency. Naturally also harmonics of these frequencies can occur.

In delta connected coils the situation is di�erent. The phase shift for the third

harmonic is in a three phase system 3�120�=360�. This means that the third harmonic

induced voltages are in phase. In a � con�guration this corresponds to three series

connected and short circuited sources. Consequently circulating third harmonic currents

and odd multiples (harmonic orders 9; 15; : : :) can occur. The third harmonic current is

caused by a third harmonic in the induced voltage. This in turn is excited by a third

harmonic airgap ux for a normal full-pitch winding.

Any of the mentioned voltages can give rise to signi�cant circulating currents as they

are only limited by stator resistance and inductances which can be quite low in such

a machine. To diminish these currents it is thus important to design and produce the

machine with good overall symmetry, i.e. coil and magnetization di�erences must be

avoided as well as any eccentricity. Furthermore the third harmonics in the induced

voltages must be eliminated. How these requirements can be ful�lled is described in

chapter 4. In section 5.5 and in [17] tests results are presented.

3.8. Switch points

An important issue is to determine appropriate instants when to change the winding

con�guration. To enable current-free switching during acceleration and to avoid signif-

icant over-voltages on the machine terminals the switching should be performed before

�eld weakening operation occurs. This means switching approximately at base speed.

Actually some �eld weakening is possible as long as the voltage limit ellipsis or circle in

�gure 2.22 encompass the origin of the current vector. An obvious approach is to calcu-

late the base speeds for all con�gurations, store them in the DSP, and switch when these

prede�ned points are reached. The same idea can be utilized during braking operation

63



3. Switched stator windings

but a speed hysteresis should be introduced to avoid repeated switching between two

con�gurations.

A disadvantage of such �xed switch points is that they can be unsuitable when the

conditions change. For instance the DC link voltage can vary. Besides the strength

of the magnets varies remarkably with the temperature as seen in �gure 2.3. It might

even happen that the precalculated speed is never reached if a machine with low induc-

tance and thus short �eld weakening range is used. Such problems can be overcome by

measuring the voltages and computing the switch points continuously during operation.

This requires however additional voltage sensors.

An alternative may be the detection of appropriate switch points from the anyway

measured currents. Together with the known rotor angle the real instantaneous currents

can be determined in the dq plane by reverse transformation. The current error evidently

increases when the PWM current controllers start to saturate. This e�ect was analysed

in more detail by Jahns [58]. Comparing measured and reference values of the direct

axis current, this saturation can be detected. Thereby an appropriate and adaptive

switch point is found without additional sensors. This has been succesfully simulated,

implemented, and tested in the experiment system. The concept might fail due to

disturbances if the current command is very small. Besides, no switch points for braking

operation are provided (see also following section).

Should �eld weakening be utilized together with switched windings, opening the cir-

cuit is yet possible but problematic. With thyristor switches the current of each phase

will be discontinued at its next zero crossing. With contactors it may be su�cient to

break the circuit in the classical, uncontrolled way. In both cases it must however be

taken into consideration that the full induced voltage will be present on the machine

windings. The setup shown in �gure 3.6 allows contactor switching in �eld weaken-

ing without the requirement of contacts with current breaking capability. First Iq is

controlled to zero. The remaining Id is nearly pure reactive implying only alternating

current in the DC link. This in turn allows an easy opening of the DC link thyristors.

Then all currents will cease and the switching can be performed current-free. However,

also here over-voltage will occur. Particularly problematic is now that this voltage is

connected to the power circuit of the inverter which must be rated accordingly. Therefore

this principle does not seem to be interesting for larger drives and is thus not further

considered in this thesis. The concept has neither been simulated nor tested as �eld

weakening was furthermore regarded as inappropriate and unnecessary in combination

with switched windings.
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3.9. Braking capability

For most vehicle drives the braking performance is important, i.e. operation of the ma-

chine in generator mode. For this it is of course necessary that the generated power can

be processed further. In electric cars for instance, charging the batteries is interesting.

For systems connected to a grid the best solution is usually to feed back the energy to

the grid using a four quadrant inverter. This is an attractive possibility in for example

traction applications. If such energy recycling processes are impractical the generated

power must be dissipated in resistors.

Regarding the control principles presented in section 2.6 and the torque equa-

tion (2.11) it can be seen that the available torque is equal in generator and motor

operation. If the stator resistance is also neglected the base speed is identical (see sec-

tion 2.7). Even the performance in �eld weakening mode is coinciding. To achieve this

Id must be chosen as in motoring mode while the direction of Iq is opposed, i.e. same

magnitude but negative. If the energy cannot be forwarded from the DC link to a grid

or some type of storage it must be dissipated in a chopper controlled resistor.

With equal voltage and current boundaries the braking power can of course not be

higher than the motoring power. If however the machines insulation system allows a

higher voltage than the limit set by the inverter, the base speed in generating mode can

be increased by the arrangement shown in �gure 3.7. In normal operation the resistors

are short circuited. When braking above base speed the currents can be controlled for

maximum torque. Then the excess voltage will lie over the resistors. With nominal

current nominal torque is achieved, yet the machine voltage is higher implying higher

power. This additional power is dissipated in the resistors and an increased braking

performance is obtained above base speed. The dashed line in �gure 3.8 illustrates this.

Combining this concept with switched stator windings (�gure 3.7) allows switching

to a con�guration for a lower than the actual speed when braking. Thereby the braking

torque is increased as shown in �gure 3.9. How far each range can be extended depends

on the over-voltage that can be tolerated on the machine and on the power rating of the

resistors.
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Figure 3.6.: Possible setup for current free winding recon�guration in �eld weakening

operation.
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Figure 3.7.: Setup for increased braking performance.
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Figure 3.8.: Normal (solid line) and increased (dashed line) braking performance of a

�eld weakening drive.

To raise the maximum torque higher currents would be required. For continuous

operation this is usually excluded. Most motors allow however over-currents for several

minutes. If the current capacity of the inverter cannot be augmented, resistors parallel

with the machine can increase the currents in the braking mode. To enable an appro-

priate current based control the LEMtm modules should then be placed between the

resistors and the motor.

3.10. Conclusions

Evidently switched stator windings are an interesting substitute to �eld weakening of

PM motors. It has been shown that the e�ect is very similar to that of a mechanical
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Figure 3.9.: Normal (solid lines) and increased (dashed lines) braking performance of

a drive with switched stator windings.
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switch gear. Therefore this system can be regarded as an electronic gearbox. It is more

complex due to the requirement of additional switches. Besides torque interruptions

can be expected when changing the con�guration. Furthermore an inverter with higher

switching frequency will be required due to the reduced inductance in the high speed

con�gurations. An advantage is that the internal voltage of the machinewill never exceed

the maximum inverter output. This means that control malfunctions or other errors do

not result in uncontrolled braking. Moreover the switches allow the disconnection of one

motor from its inverter enabling the continued operation with the remaining machines

in multi-motor concepts, e.g. in traction propulsion. As �eld weakening is not utilized

any longer the machine design can uncompromisingly be optimized for operation below

base speed. In contrary to �eld weakening uctuations of the machine parameters are

uncritical.

It was found that two winding parts per phase, implying four di�erent connections,

is the only really interesting solution. The thereby achievable speed range extension is

su�cient for most applications. More parts can increase the speed range further but

require more switches and yield realization problems. If a very large speed range is

demanded above base speed �eld weakening is probably the better choice. The switched

winding concept with two coils per phase is solely examined in the following chapters

of this thesis with concentration on the minimization, or even complete ommitance, of

torque interruptions.

Naturally switched stator windings can also be used in asynchronous motor drives.

Most of the conclusions made here are also valid for that case. In contrast to PM ma-

chines the magnetization can however be removed. An advantage of switched windings

is that the third range in �gure 2.21 is never entered. Usually the ratio of pull-out to

rated torque determines how far the speed can be increased above base speed before this

third range is entered. Therefore the machine must commonly be designed with compa-

rably high pull-out torque. In contrast, with switched stator windings �eld weakening

is omitted and the machine can be optimized for normal operation.
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4. Machine and drive design aspects

4.1. Basic concepts

4.1.1. Radial ux

Di�erent topologies of rotating electrical machines are usually distinguished according

to the direction of their active ux. In particular these are radial, axial, and transversal

ux machines. Even other topologies exist, like for instance homopolar ux machines,

which usually have an insu�cient power density for high performance drives. Almost

all machines are today still of the inner rotor radial ux design. This technology is

very well established in design, analysis, and production. PM motors of this type main-

tain approximately the same torque density and the same outer dimensions as classical

machines. Therefore this chapter will focus on this topology as it allows replacing

an existing drive by a PM motor drive without entirely reconstructing the mechanical

structure. An example of the cross section of such a PM machine has been presented

in �gure 2.6. Exchanging the positions of rotor and stator an outer rotor radial ux

structure is obtained.

Synchronous machines require a rotor with constant magnetization and a stator

carrying windings fed with alternating currents. In classical machines the rotor �eld is

generated by a �eld winding while it is provided by magnets in PM motors. This ux

passes the airgap, encircles the stator windings and passes the airgap again back to the

rotor, thereby providing the magnet ux linkage 	m. As the permeability of the magnet

material is almost like that of air, the reluctance along this path is comparably high

resulting in a low inductance Ld. Therefore a PM motor usually has a saliency inverse

to that of a wound �eld synchronous machine.

Since the rotor features no winding and the main ux is constant in the rotor it

can be expected that the rotor losses of a PM machine are quite low. Consequently

rotor cooling is uncritical. Besides the stator cooling is fairly simple in an inner rotor

radial ux concept due to the large outer surface. An entirely encapsulated design is

thus feasible without major heat dissipation di�culties. Furthermore the mechanical
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Figure 4.1.: Axial ux machine with two rotor and one stator disks. The rear disk is

shown with increased distance for better overview.

structure, rotor suspension, and electrical connection are simple. This work has been

constrained to this inner rotor radial ux topology as it permits easy replacement of

existing motors and moreover existing production facilities can be utilized, at least for

the stator.

4.1.2. Axial ux

If a completely new drive system shall be designed other topologies should also be con-

sidered, for instance the axial ux design. Its basic structure is sketched in �gure 4.1.

The airgap lies in a plane perpendicular to the shaft. Hence a �xed airgap diameter

cannot be de�ned as in radial ux machines. Each pole face is no longer rectangular

but a ring segment. From these geometrical facts it becomes apparent that a slotted

stator is di�cult to realize as, with the required constant slot width, the tooth width

would increase from the inner to the outer radius. An airgap winding seems more ap-

propriate. This results in a high reluctance implying low inductances. That in turn

requires high magnetization current components in asynchronous motors or high �eld

currents in synchronous motors. Furthermore the arrangement of suitable rotor wind-

ings is di�cult. This is probably why not much attention has previously been paid to

axial ux machines before the introduction of high energy permanent magnets. With

permanent magnetization �eld currents are not required implying that low inductances

are pragmatic. Furthermore the required pole face shape can easily be realized. It can

be seen that less iron is necessary to conduct the ux than in radial �eld constructions.

Hence a higher power density can be achieved. This is especially the case if both sides of

a stator disk can be used to produce torque as in �gure 4.1 and in [12, 86, 87]. Similarly

an iron-free rotor can also produce torque on both sides [88, 89]. Even more disks can

be stacked [12, 90]. An especially interesting solution seems to be the torus machine

described in [91, 90].

Usually axial ux machines have a large diameter in comparison to their length.

Therefore they are often called pancake or disk-type motors. They are particularly
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Figure 4.2.: Segment of a transversal ux machine and its main ux path. Here the

simple, single sided version is shown.

advantageous if high torque and relatively low speed are desired. Consequently large

pole pair numbers are rather common. Typical applications include elevator machines

mounted to the wall of the shaft and hub motors [92, 93]. In [88] di�erent topologies of

axial ux machines are compared to the radial ux structure.

An interesting solution is obtained when using several stator disks in combination

with switched stator windings. It is not necessary to subdivide the windings of one

stator into several parts. Instead the windings of several stators can be switched into

di�erent con�gurations [12]. With two stator disks four con�gurations are possible like

with two winding parts (see �gure 3.1). This shall, however, not be further considered

in this work.

4.1.3. Transversal ux

Another alternative for new drive designs is the transversal ux machine. Its basic

structure is sketched in �gure 4.2. The direction of the torque producing force lies in

both, radial and axial ux machines, in the plane in which the ux path is closed. In

contrast this force direction is perpendicular to the ux closing plane in transversal ux

machines. As in the case of the axial ux type the transversal ux machine can be

regarded as pancake or disk-type motor. This topology is comparably new and has been

further developed mainly by Weh [94, 95, 96].

Due to its circular structure with a simple ring coil no end-windings exist. Therefore

the winding losses can be kept relatively low and a high current loading is possible

resulting in a high torque density. The structure sketched in �gure 4.2 constitutes a

single phase machine with many poles. This usually results in strong cogging and ripple

torque. Several phases can easily be obtained when stacking more than one disk. To

increase the power density a second winding can be placed on the inside of the magnet

carrying rotor. The ux is then closed by iron stator yokes opposite to each U-shaped
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stator element. Also a ux concentration design is possible with a three dimensional

ux path [94]. Numerous realization alternatives exist.

The complex structure with many separate pieces makes the production of these types

of machines di�cult. Existing production facilities cannot be utilized. Furthermore these

machines have typically a high leakage inductance and a low power factor. Consequently

an inverter with higher current rating is required to achieve the same output power.

Similarly to axial ux machines, transversal ux machines are also suitable for high

torque at relatively low speed. Consequently the area of applications are also compara-

ble. A comparison of DC, asynchronous, and the three described types of PM motors

is presented in [97] with special focus on electric road-vehicle propulsion. There it was

found that the transversal ux machine has clearly the highest power density. In Ger-

many a project is presently being conducted which aims at its implementation in a

direct drive for traction application [8]. However, the transversal ux topology will not

be further considered in this thesis.

4.2. Rotor concepts

As mentioned before only radial ux topologies shall be considered. In this section

di�erent magnet arrangements are looked upon as well as the possibility of exchanging

the positions of rotor and stator.

4.2.1. Surface magnets

An often used, although not optimal, approach to the design of PM machines is to start

from a classical asynchronous or synchronous motor design and replace the rotor by a

permanently magnetized variant. This leads immediately to a cylindrical iron core with

surface mounted magnets as shown in �gure 4.3. Alternatively the pole gaps can also be

�lled with iron yielding a surface inset magnet design shown on the right hand side of

�gure 4.3. Bearing in mind that the permeability of the magnets is close to that of air it

becomes evident that both versions have the same reluctance along the ux path of the

direct axis. In contrary the reluctance along the quadrature axis is lower for the surface

inset type. Consequently the surface mounted rotor is practically non-salient (Ld=Lq)

while a saliency is obtained from the surface inset type. This saliency is inverse to that

of wound �eld synchronous machines (Ld<Lq). On the pole edges of a surface inset

PM rotor a leakage of magnet ux will occur. Therefore the airgap is ux slightly lower

than that of a surface mounted rotor with the same magnets and the same airgap length.

If the saliency of the basic design is not as desired, internal ux barriers can be used to

decrease the reluctance in any direction (see also section 4.3).
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Figure 4.3.: Basic cross sections of surface magnet rotors (4 poles).

The high remanence ux density of rare-earth magnet materials allows today the

construction of high performance surface magnet motors. With ferrites it was not pos-

sible to achieve a su�ciently high airgap ux density and thus the torque density of

the machine was lower. Hence ux concentration designs with internal magnets were

popular.

A general problem of surface magnets is to retain them on the rotor at high speed

as the centrifugal forces can become immense. In most cases a banding will be required.

Basically a nonmagnetic stainless steel cylinder can be used but both space and time

harmonics induce eddy currents. The time harmonics can be kept low by a high inverter

switching frequency. Besides a shielding of the magnets is obtained diminishing the

eddy current losses in them (see also chapter 8). The space harmonics can however

yield major losses in such steel sleeves [98]. In particular the slot-harmonics are critical.

Consequently this solution should only be used in combination with an airgap winding.

A bene�cial alternative is banding with high tensile strength �bres. Typical materials

are for instance glass�bre, carbon �bre, aramid, and Kevlartm; mostly plastic bonded.

These �bres can o�er higher tensile strength than steel. Furthermore no eddy currents

are induced as they are not conductive. Their handling is however more complex. Be-

sides the surface on which they are applied must be very smooth. This can easily be

achieved for the surface inset design. For surface mounted magnets however, nonmag-

netic �llers are required in the pole gaps. As the torque producing alignment forces

act upon the magnets their transfer to the rotor core must also be considered. In that

respect the surface inset design is clearly advantageous. Halfway inset magnets should

also be considered. An inconvenience of plastic bonded materials is that their thermal

conductivity is low restricting the cooling of the rotor surface. This should however not

be necessary as the machine can be constructed to have very low rotor losses.

73



4. Machine and drive design aspects

As rectangular magnets are signi�cantly cheaper per volume than arc-shaped pieces

it is recommendable to subdivide a pole into many rectangular pieces both in tangential

and axial direction. Besides the cost reduction the eddy current losses in the magnets are

also signi�cantly reduced as shown in chapter 8. Moreover, the axial subdivision enables

the skewing of the rotor in steps which can be bene�cial for supressing torque ripple

as shown in section 4.5. Due to the increased amount of pieces of magnetized material

the production expenses may increase. For large machines it is, however, impossible to

produce magnet pieces large enough to form a pole unless the number of pole pairs is

very high.

A signi�cant advantage of surface magnet rotors is that almost no leakage of magnet

ux occurs as no iron bridges exist which must be saturated. Consequently the required

amount of magnet material is comparably low resulting in low costs. However, this

bene�t might be neutralized if arc-shaped magnets are needed. Furthermore the banding

can be expensive, both in material and production aspects. Nevertheless it was decided

to focus on surface magnets in this thesis. Although only this arrangement was tested

most results are applicable to other magnet placements as well.

Since the main ux in the rotor is constant in a synchronous machine a solid steel

rotor core is principally possible. However, time and space harmonics can cause eddy

current losses. The time harmonic losses in a solid steel rotor can be kept low by a

high inverter switching frequency like in the case of a steel retaining sleeve. On the

other hand the slot space harmonics prohibit the use of solid steel for the rotor core of

a surface inset design as the eddy current losses in the pole gap can become intolerably

high. Moreover the rotor core can easily be made laminated with existing production

facilities. Especially for larger machines a laminated rotor is recommendable as the

stator core must be laminated anyway. Rotor and stator sheets can thus be punched

together.

4.2.2. Internal magnets

Alternatively to placing of the magnets on the rotor surface they can be inserted in

slots inside the rotor. This allows numerous di�erent constructions with or without ux

concentration. Figure 4.4 shows three basic arrangements of internal magnets. Version

a) with surface buried magnets is quite similar to the surface inset magnet type. The

major di�erence is that the iron bridges between and over the magnets lead to a leakage

of magnet ux which does not pass the airgap. Consequently their width must be

chosen as narrow as possible. These bridges will then saturate without too much loss

of magnet ux. On the other hand they must be wide enough to ensure mechanical

stability. Furthermore, for the radial magnet type a nonmagnetic shaft is necessary to

avoid signi�cant short circuiting of magnet ux. This is not required for the two other
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Figure 4.4.: Basic cross sections of internal magnet rotors (4 poles): a) surface buried,

b) radial, and c) V-arranged magnets (black areas are the magnets).

versions. Since the main �eld is constant in the rotor the shaft can actually be utilized

to conduct ux as in the internal magnet example presented in chapter 9.

All the rotor designs presented in �gure 4.4 possess a remarkable saliency with Ld<Lq

in spite of their smooth rotor surfaces. This is because the direct axis ux passes the

low permeability magnets while the quadrature axis ux path in the rotor lies entirely in

iron. To achieve other inductance relations internal ux barriers can be used, i.e. empty

slots. A disadvantage of the radial magnet type is that the angular pole width cannot

be chosen freely without additional measures. However, numerous other arrangements

of internal magnets have been suggested by several authors, e.g. in [74, 63]. The design

variations seem almost unlimited and for each application another preferable solution

can be found. For instance a cage winding can advantageously be placed over radial or V-

arranged magnets to get a line-start PM motor [34], thereby also protecting the magnets

against transient demagnetization �elds during the start. Furthermore harmonic �elds

are shielded o� implying practically no eddy current losses in the magnets. Another

possibility is to provide paths for the opposing ux in �eld weakening mode so that it does

not penetrate the magnets, thereby protecting them against irreversible demagnetization

[74, 75].

With a slotted stator a laminated rotor is required to avoid excessive surface losses.

Besides the well established punching technology of electrical sheet steel allows rather

complex slot structures for magnets and ux barriers.

4.2.3. Mechanical stability and banding

In cast rotor asynchronous motors the aluminum cage keeps the rotor lamination com-

pressed. For cage-free PM motors another solution is required. Basically the same

methods can be utilized as in copper-bar cage or wound rotor asynchronous motors or

in synchronous machines with �eld windings. Particularly interesting for PM machines
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Figure 4.5.: End-plates for compressing the rotor lamination.

seems the compression of the rotor stack by shaft-�xed end-plates as sketched in �g-

ure 4.5. Evidently nonmagnetic end-plates are compulsory for internal magnet rotors

while only a minor axial leakage of the magnet ux will occur for surface magnets if

magnetic material is used.

A general problem of high performance PM machines are the centrifugal forces. With

surface magnets almost always a banding is required to retain the magnets on the rotor.

Only for machines running at very low speed gluing may be su�cient, for instance in

directly driven wind power generators with a large diameter and many poles. For a

banding applied onto the rotor surface ribbon-shaped �bre materials are most suitable.

The occurring tension in the banding Ft can be determined to be

Ft =
1

2
mm!

2
mechRr (4.1)

where mm is the total mass of all magnets and Rr the outer rotor radius. The material

manufacturers usually give the tensile strength per width, which means tension per

axial length in the actual case. Furthermore the strength is proportional to the thickness,

i.e. the number of layers for a ribbon banding. Introducing a material dependent constant

kb, which can be obtained from data sheets of the banding material, results in the

maximum tension per axial length

Ft

L

����
max

= kbhb (4.2)

where L is the axial bore length and hb the banding thickness (height). This yields the

minimum banding thickness:

hb �
mm!

2
mechmaxRr

2kbL
: (4.3)

This theoretical limit is hardly ever su�cient. Often the innermost portions must be

regarded as a smoothing layer because most �bre materials are sensitive to edges. The

rotor surface should thus be made as smooth as practical. Likewise the outermost por-

tions are not absolutely reliable as they can easily get damaged. Moreover the pretension

must be taken into consideration and margins are of course always necessary. Another

di�culty is how to �x the ends of the ribbon which also might require additional thick-

ness. In most cases ribbon-type banding material will lead to discrete thickness steps
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as described in section 4.9 for the test machine. When applying a banding over the

magnets it is important that a good �tting of the magnets onto the rotor surface is

provided. Otherwise the brittle magnets can be cracked by the banding pressure.

At �rst sight it might seem that the centrifugal force problem is not present for

internal magnet rotors. However, the magnets must then be retained by iron bridges

which must be kept small to avoid excessive magnet ux leakage. In small machines with

normal top speed this is usually no problem. The centrifugal forces increase quadratically

with the speed and in addition linear with the radius which can yield hazardous forces

for large machines with comparatively high top speed, e.g. traction propulsion motors.

For instance a circumferential speed of 100m/s can be reached. Comparing this to the

inherent limit of 200m/s for a standard lamination shows clearly that the potential for

retaining the magnets by small iron bridges is fairly limited.

For surface buried magnets the magnet covering portions of the lamination can be

regarded as kind of a banding. The tensile strength of the lamination is yet much lower

than that of a solid steel can or even a �bre banding. The centrifugal force problem is

even more pronounced for radial and V-arranged magnets, b) and c) in �gure 4.4, as

the comparatively large iron segments over the magnets must also be retained by the

bridges. Additionally the torque transfer to the shaft must be considered. Calculations

on this topic are complex and lie beyond the scope of this thesis. Mechanical �nite

element analysis might be required. In line-start PM motors the cage provides extra

mechanical stability. An advantage of internal magnets is that, embedded in slots, the

risk of cracking magnets is practically eliminated.

It may be concluded that for large machines with high circumferential speed surface

magnets with a �bre banding or surface buried magnet designs are advisable. This has

been one of the reasons why surface magnets were chosen in this work.

4.2.4. Outer rotor

In contrast to asynchronous motors the rotor core of surface magnet motors is poorly

utilized as no rotor slots are present that would force the main ux deeper into the

rotor. Hence the ux density in the rotor is rather low. Consequently hollow rotors are

common to reduce the inertia of servo motors. However, that does not change the outer

dimensions of the machine. An attractive alternative can thus be the outer rotor surface

magnet machine sketched in �gure 4.6.

As the ux in the rotor is constant a hollow cylinder of solid magnetic steel can be

used as rotor core. This can be comparatively thin as no rotor slots exist. However,

surface inset magnets and a slotted stator should not be combined to avoid unneces-

sary eddy current losses in a solid rotor core. The dimensions of the rotor core can be
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Figure 4.6.: Cross section of a four pole outer rotor surface magnet machine.
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Figure 4.7.: Bell rotor with ironless stator.

optimized to conduct the ux if a greater thickness is not required for mechanical sta-

bility. A banding of the surface mounted magnets is not required because the magnets

are pressed against the cylinder by the centrifugal forces. The solid rotor core allows a

signi�cantly higher speed than a laminated rotor with the same dimensions due to its

higher tensile strength.

Evidently the airgap diameter is remarkably larger than that of an inner rotor motor

with the same outer dimensions. Consequently a signi�cantly higher torque density can

be achieved with an outer rotor PM machine. Some drawbacks are however also present.

For instance the bearing arrangement can be di�cult and resonant frequencies must be

considered carefully as the hollow structure is not as rigid as a classical inner rotor. Also

the mechanical robustness of the stator might be di�cult to ensure because a lamination
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concept is compulsory and often the central shaft cannot be made of solid steel either.

This usually calls for many poles implying a relatively thin stator back which in turn

gives space for cooling ducts [33]. Furthermore electrical connection and cooling of an

inner stator are not as simple. Especially cooling can be problematic as most losses of a

PM motor occur in the stator. An appealing solution of a large outer rotor PM machine

was presented in [5].

Of course the outer rotor structure can also be combinedwith an airgap winding. This

can be developed further to an ironless stator as sketched in �gure 4.7. Consequently

the main ux is constant in all iron parts implying negligible iron losses.

4.3. Choice of machine parameters

4.3.1. Airgap ux and number of stator winding turns

For designing the stator geometry methods can be utilized that are well established

from e.g. asynchronous motor design. This has therefore not been studied in the present

work. The focus is rather on the permanent magnet rotor design and on special demands

for utilizing the switched stator winding technique. Furthermore a slotted stator is

assumed. The airgap ux density is then limited by the saturation of the stator core. In

particular the peak ux density is limited by the width of the teeth while the stator back

determines the maximum total ux. Besides the allowable saturation level is dependent

on the application. Generally the ux density is lower in high e�ciency machines and

higher in machines designed for maximum torque density. The peak airgap ux density

lies typically in the range 0,7{1,1T. It should be noted that this is the total ux density,

i.e. the sum of rotor and stator uxes. This means that the rotor ux can be chosen higher

if the armature reaction is smaller implying higher alignment torque. To achieve a great

reluctance torque contribution however, the stator reaction must be large. Expressing

these relations in terms of the machine parameters introduced in section 2.4 gives that

a large 	m and small inductances Ld;q are required to obtain mainly alignment torque.

This is usually desirable for operation below base speed as high inductances lower the

power factor cos(').

When the maximumairgap ux density is set the number of stator winding turns can

be determined. For this purpose the fundamental airgap ux density wave is considered.

It has a prede�ned amplitude B̂g(1) (0,7{1,1T). The rms voltage induced in a stator

phase is

Uph =
!	sp
2
=

!kw1Nw�p
2

(4.4)

where 	s is the stator ux linkage, � the airgap ux, Nw the number of stator winding

turns, and kw1 a reduction factor which takes into account the winding distribution ku1,
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the winding pitch kst1, and skew ksk1 factors:

kw1 = ku1kst1ksk1 : (4.5)

As shown in [99, 100] the distribution factor can be calculated as

ku1 =
sin

�
q�s

2

�

q sin

�
�s

2

� =
1

2q sin

 
�

6q

! (4.6)

where q is the number of slots per pole and phase and �s is the electrical angle between

two slots, i.e.

�s =
�

3q
(4.7)

for three phases. The pitch factor is

kst1 = cos

�
"p

2

�
(4.8)

if the winding pitch is shortened by an electrical angle of "p [99, 100, 101]. For a full-

pitch winding kst1 is thus unity. The determination of the skew factor is considered in

section 4.5. For the fundamental wave the ux is

� = 2RgLB̂g(1) : (4.9)

As is common in electrical machine design the number of conductors per slot Ns

(Nw=qNs) is introduced giving

Uph =
p
2!qNskw1RgLB̂g(1) : (4.10)

Since the machine is rated for base speed the number of conductors per slot can be

determined. At the rated point, i.e. base speed in Y -series connection,

Ns =
Unp

6!nqkw1RgLB̂g(1)

(4.11)

is obtained where Un is the rated line-to-line voltage. Due to the fact that the winding

must be designed for Y -series con�guration a low number of conductors per slot is

required in most cases which might complicate the production due to the requirement

of many parallel wires. Furthermore the base speed can only be chosen in discrete steps

as Ns must be a natural number.

In the next step the airgap ux density from the magnets is de�ned. Its fundamental

amplitude B̂mg(1) must be selected somewhat lower than B̂g(1). As a guideline for the

initial design step 70% of B̂g(1) (0,5{0,8T) may be used if the machine is supposed to

operate in �eld weakening since relative high inductances are required implying high

stator reaction. If the machine shall however be optimized for operation below base

speed, 90% of B̂g(1) (0,6{1,0T) might be a suitable start value as low inductances and

low armature reaction are preferable which will be illustrated in section 4.3.3.

80



4.3. Choice of machine parameters

��
� 
�!
�+
��
�
��
�
.�
��

+�
�
�
��

� 
�
�
.

��

�

� ��

���

"���

Figure 4.8.: Magnet ux density distribution in the airgap.

4.3.2. Magnet height and width

For surface magnets the ux density distribution along the airgap is a quasi-squarewave

as shown in �gure 4.8. Di�erent methods exist to achieve a more sinusoidal ux distribu-

tion, for instance progressive airgaps or magnet steps (see section 4.7). The fundamental

amplitude of the squarewave with the amplitude Bmg is

B̂mg(1) = Bmg �
4

�
sin(�m) (4.12)

where �m is the so called magnet angle, i.e. the angle between the pole center and the

pole edge in electrical radians as indicated in �gure 4.8. Note that in the practical range

of �m (50�{90�) B̂mg(1) is greater than Bmg.

In [46, 102, 103] it is shown that the magnet height hm is proportional to the e�ective

airgap length ge:

hm =
�rm

Br

Bmg

� 1

ge (4.13)

where �rm is the relative permeability of the magnets,

�rm =
Br

�0Hc

(4.14)

which is typically �rm�1;05 for rare-earth materials. Neglecting the reluctance of the

iron path yields the e�ective airgap length

ge = kc (g + hb) (4.15)

where kc is the Carter factor taking the stator slotting into account, g the physical

airgap, and hb the earlier introduced thickness of a nonmagnetic banding. According to

[104] is

kc =
�s

�s � gm
(4.16)
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with

 =
4

�

0
B@ o

2gm
arctan

 
o

2gm

!
� ln

vuut1 +

 
o

2gm

!2
1
CA (4.17)

and the magnetic airgap length

gm = g + hb : (4.18)

Furthermore �s is the slot pitch and o the width of the slot opening. For given values of

B̂mg(1), �m, and the magnetic airgap length gm the magnet height hm can be determined

from equations (4.12) to (4.18):

hm =
�rmkcgm

Br

B̂mg(1)

� 4
�
sin(�m)� 1

: (4.19)

However, to determine the magnetic airgap the required inductance must also be con-

sidered. Furthermore the airgap must be large enough to accommodate an appropriate

banding.

From equation 4.12 it seems as if �m=90� should be preferable. For BLDC machines

this is actually required to achieve a constant torque (see section 2.3.2). However, for

synchronous PM machines a lower harmonic content is desirable. Besides an increase

over 70� only yields a slight increase of the fundamental ux density. On the other hand

an angle below 50� requires a squarewave with a higher amplitude than the fundamental.

This would result in disadvantageous saturation of stator teeth. Moreover it can be

di�cult to achieve a su�cient airgap ux density. Consequently, a sensible choice of the

magnet angle lies in the range 50�<�m<70� for synchronous PM motors. In [103] it

was shown that also the maximum torque per magnet material is achieved in this range.

In addition the required amount of banding is proportional to the amount of magnet

material (see eq. (4.3)).

With switched stator windings another crucial factor comes into the picture. In

section 3.7 it has been pointed out that a third harmonic in the induced voltages must

be eliminated to avoid signi�cant circulating currents in delta connections [31]. The

pitch factor for the harmonic of order n is [99, 100]

kst n = sin

�
n
� � "p

2

�
: (4.20)

Regarding only odd harmonics yields

kst n = � cos

�
n
"p

2

�
: (4.21)

Even harmonics are usually absent due to symmetric pole placement. Hence, a pitch

shortening of "p=
�
3
=60� eliminates the third harmonic and its odd multiples in the
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Table 4.1.: Winding distribution factor of fundamental and third harmonic for 1{6 slots

per pole and phase.

q 1 2 3 4 5 6

ku1 1,000 0,966 0,960 0,958 0,957 0,956

ku(n=3) 1,000 0,707 0,667 0,653 0,647 0,644

induced voltage. However, regarding the fundamental shows that this leads also to a

substantial loss of ux linkage and thereby torque:

kst(n=3)

�
"p=

�

3

�
= 0 kst1

�
"p=

�

3

�
=

p
3

2
= 0;866 : (4.22)

For traction and other vehicle propulsion a high torque density of the motor is important.

Therefore a full-pitch winding is essential ("p=0). The winding distribution factor for

the harmonic of order n is

kun =
sin

�
nq

�s

2

�

q sin

�
n
�s

2

� =
sin

�
n
�

6

�

q sin

 
n
�

6q

! : (4.23)

Table 4.1 displays this factor for the fundamental and the third harmonic for values of

q up to six slots per pole and phase. For even more slots the di�erences are negligible

approaching 3=� for the fundamental and 2=� for the third harmonic. From this it is

evident that the third harmonic must be avoided in the airgap ux density distribution

in order to achieve a su�cient suppression of the third harmonic voltages induced in

full-pitch windings.

The Fourier analysis of the ux density distribution shown in �gure 4.8 is

Bmg(�) =
4Bmg

�

1X
n=1;3;5;:::

 
sin(n�m)

n
sin(n�)

!
(4.24)

where � is the angular position in the airgap in electrical radians. The amplitude of the

third harmonic is thus

B̂mg(n=3) =
4Bmg

3�
sin(3�m) (4.25)

implying that the third harmonic and its multiples of the magnet ux can be suppressed

by choosing

�m =
�

3
= 60� : (4.26)

As this angle lies in the range mentioned above its selection is strongly recommended. It

must however be remembered that also the armature reaction can yield a third harmonic

voltage.
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4.3.3. Airgap length and inductances

In this section a non-salient rotor is assumed for simplicity and thus only the direct

axis is regarded. In a non-salient machine (Ld=Lq) the torque is produced by the

interaction of the magnet ux with the stator quadrature axis current as can be seen

from equation 2.11. This means that the armature reaction does not contribute to the

torque. It increases however the airgap ux density as rotor and stator ux are displaced

by 90 electrical degrees as shown in section 2.6. This results in saturation of the stator

core if the magnet ux is not chosen low enough. The e�ect of this saturation is a larger

reluctance of the ux path yielding a lower magnet ux density and thus lower 	m.

Finally this results in lower torque. High inductances cause furthermore a reduction

of base speed due to the voltage drop over them as has been shown in section 2.7.1.

Consequently Ld should be chosen rather low to obtain maximum performance up to

base speed. The major disadvantage is the increase of the current harmonics due the

low inductance. To compensate, a high inverter switching frequency is required.

It has frequently been shown by several authors [105, 52, 106, 68, 67, 69] that Ld must

be chosen smaller than given by the optimum �eld weakening condition, equation (2.82).

Otherwise it is not possible to obtain the full output power at any speed as illustrated

in �gure 4.9 where

lr =
Ld

Lopt

(4.27)

with

Lopt =
	m

Imax

(4.28)

obtained from equation (2.82). Consequently only

Ld � Lopt (4.29)

will be considered in the following. The theoretical limits for base speed and power are

Pel max =
3

2
UmaxImax (4.30)

and

!base max =
Umax

	m

(4.31)

respectively. These limits are approached for Ld! 0 as can be seen from evaluation of

equations (2.11) and (2.72) for a non-salient machine (Ld=Lq, Id=0). In order to avoid

a loss of output power Ld should be chosen remarkably lower than Lopt. Otherwise, at

elevated temperature, the decreased Br of the magnets can result in Ld being actually

larger than Lopt. This clearly reduces the �eld weakening performance. Consequently

�eld weakening designs are sensitive to parameter variations as for instance caused by

temperature drifts. The situation becomes less critical for �eld weakening if maximum

power density is not the goal of the design. It should thereby be noted that above base

84



4.3. Choice of machine parameters

ω
0,0

0,2

0,4

0,6

0,8

1,0

  = 1,0
  = 0,8
  = 1,2
  = 0,33
l
l
l

lbase
speed

1,0 2,0 3,00,0

r

r

r

r

ω

P

base max

P
el

el max

Figure 4.9.: Output power versus speed characteristics of non-salient PM motors with

di�erent ratios of Ld to its value for optimum �eld weakening.

speed the curves of �gure 4.9 also represent the power factor cos(') and that the �eld

weakening range is in�nite for Ld�Lopt.

For a machine with switched stator windings the design aims at maximizing the

output power at base speed. As pointed out the torque is independent of the inductances

for non-salient machines. The base speed however rises with decreasing inductance.

Therefore Ld and Lq should be chosen as low as possible to achieve maximum output

power at base speed. The di�culty lies in the current regulation as a low inductance

leads to high switching frequency harmonics. Consequently �nding a good compromise

is the major issue of the machine design. Thereby the reduction of the inductance due to

the winding con�guration must be taken into account (see table 3.1). Using an inverter

capable of a higher switching frequency should also be considered.

When the number of stator winding turns has been determined from equation (4.11)

the desired inductance can be obtained by adjusting the airgap length. However, this

means that also the magnet thickness must be modi�ed (4.13) to maintain the magnet

ux density. That in turn inuences the direct axis inductance and thereby also the

stator reaction which again inuences the selection of the magnet ux density. Thus the

design of a PM machine is an iterative process. After the desired machine parameters

are determined, �nite element methods should be utilized to verify the accomplishment

of these properties.

Another aspect which must be paid attention to is irreversible demagnetization of

the magnets. At elevated temperature the demagnetization limitHD; BD (see �gure 2.1)

is close to BD=0 and can even become positive. This can be seen in �gure 2.3 for a

high temperature NdFeB material implying that most types are even more sensitive. In

a non-salient machine the displacement between stator and rotor ux is kept at �=90�.
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Figure 4.10.: Flux density distribution in the airgap of a non-salient PM motor at

90� load angle.

This yields an airgap ux density distribution as sketched in �gure 4.10. To protect the

magnets the ux density must be larger than BD at all points in the magnet. Assuming

sinusoidal distribution of the stator ux

Bmmin = Bmg � B̂sg sin(�m) > BD (4.32)

is thus demanded where B̂sg is the peak of the stator airgap ux density. Hence

Bmmin =

(
Bmg + B̂sg cos(�+�m) for �+�m < �

Bmg � B̂sg for �+�m � �

)
> BD (4.33)

is generally valid, i.e. also for salient rotors as only the magnet portions are to be

regarded.

These boundaries must be observed when choosing stator and rotor ux densities.

Thereby the highest operation temperature must be assumed for the determination

of BD. Furthermore margins should be included to protect the magnets even under

transient conditions, like for instance temporary short circuits caused by inverter com-

mutation errors. In case of a three phase short circuit the stator currents will adjust

so that the magnet ux is cancelled since zero voltage demands zero ux if leakage and

stator resistance are neglected. In [46] it was pointed out that a su�ciently high ratio

of leakage Lal to magnetizing inductance Lm protects the magnets in case of a short

circuit:
Lal

Lm

� 8 sin(�m)

�

 
1� BD(hm+ge)

Brhm

! : (4.34)

With internal magnets the situation is rather complex as for instance saturation ef-

fects of iron bridges must be taken into account. An accurate examination, taking ux

redistribution into consideration, requires �nite element analysis.
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The primary conclusion is that a low inductance is preferable for inverter-fed PM mo-

tor drives not employing �eld weakening. This is strengthened also in the following sec-

tion where the saliency, i.e. both inductances Ld and Lq, are considered. Consequently

the machine should be designed with a large airgap and thick magnets. The compromise

which has to be made is that this increases the costs and that a minimum inductance is

necessary for the current controllability.

4.3.4. Saliency

One of the most important decisions to be made during the design process of PM motors

is if the rotor should have a salient pole characteristic or not. Thereby it should be

remembered that the inverter ratings and motor size may be inuenced substantially.

To minimize the inverter rating the motor should operate at a fundamental power factor

close to unity at the point of continuous maximum power, i.e. at base speed in a system

with switched stator windings where �eld weakening is not used.

For traction and electric road-vehicle propulsion the drive requirements are slightly

di�erent to other applications. Often the space and weight limitations are the most

di�cult problems to overcome. In the traction case for instance, the motor dimensions

are chosen with respect to the available space in the bogie. The motor should therefore

provide maximum power and torque density and thus be operated in a maximum torque

per current mode. The advantage is that, in a �rst estimation, the losses of the machine

are minimized but this does not necessarily mean a maximization of the power factor.

However, often a larger inverter can be accepted and then the maximization of the

power factor is no longer the goal. Therefore a salient pole motor employing both, the

alignment and the reluctance torque, is expected to be the best choice. This case has

been investigated thoroughly by Morimoto et.al. [52]. Regarded here are the classical

(Ld>Lq) and inverse saliencies (Ld<Lq), the latter of which is common in PMmachines,

as well as non-salient constructions. Some rotor examples that can be used to realize

this are sketched in �gure 4.11. Note that types c), g), and h) require a nonmagnetic

shaft.

In the preceding section it has been shown for the non-salient case that a minimization

of Ld yields a maximization of the output power and consequently the power factor

at base speed. Using a salient-pole rotor the peak torque can be increased due to a

reluctance contribution. However, the maximum power is not increased as the base

speed decreases (see section 2.7.1). This e�ect is illustrated in �gure 4.12 where the dots

indicate the points of rated torque and power for both cases. In drives where a mechanical

gear is used to match the motor to the load this di�erence can be compensated by

adjusting the gear ratio. If however �eld weakening is to be used a salient rotor with

Lq>Ld is preferable. The maximum speed is independent of Lq (see equation (2.84)).
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Figure 4.11.: Rotor cross section examples with di�erent saliency ratios. The black

areas are magnets. Examples e) and f) use axial lamination and c) and

h) have internal ux barriers.

This means that modifying the gear ratio to obtain the same performance at base speed

results in a lower maximum speed for the non-salient machine.

To avoid unnecessary losses it is still interesting to keep the power factor as high as

possible. It can be determined from

cos(') =
P

S
=

!mechTel
3

2
UmaxImax

(4.35)

where the factor 3/2 appears due to the de�nition of Umax and Imax in the dq plane.

Inserting (2.11) and (2.13) yields

cos(') =
! [	mIq + (Ld � Lq) IdIq]

UmaxImax

: (4.36)

At the rated point, i.e. at base speed

cos(')n =
	mIqn + (Ld � Lq) IdnIqn

Imax

q
L2
qI

2
qn + (LdIdn +	m)

2
(4.37)

is obtained using equation (2.74). Idn and Idn are given by equations (2.61) and (2.59)

respectively. It has been found that this rated power factor is only dependent on the

ratios of the dq inductances to the inductance Lopt given by the optimum �eld weakening

condition, equation (2.82). A proof for this statement is presented in appendix A.1.

Figure 4.13 shows equi-lines of the power factor which is achieved for realistic ranges of

the inductances if maximum torque per current control is employed.
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Figure 4.12.: Comparison of tractive e�ort curves of a PM motor with non-salient rotor

(dashed lines) and salient rotor with Lq=3Ld (solid lines).
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Figure 4.13.: Power factor equi-lines at base speed for maximum torque per current

control.

89



4. Machine and drive design aspects

���

�����

��

�
�

�����

��

��

��

�

Figure 4.14.: Phasor diagram of salient pole PM motor at unity power factor

(cos(')=1).

From �gure 4.13 and equation (4.37) is is obvious that the power factor approaches

unity when both inductances, Ld and Lq approach zero. Consequently low inductances

should be chosen. This is however contradictory to the current control which requires

high inductances to limit the current harmonics. Often a minimum inductance is thus

demanded. If external coils are prohibited the average machine inductance Ls must be

su�ciently high. Thereby it has been assumed that a random PWM technique is used

and thus the switching frequency harmonics are distributed evenly over both machine

axis. From equation (3.9) it can be seen that the equi-lines of Ls are straight lines

perpendicular to the Lq=Ld line in �gure 4.13. This indicates that a non-salient rotor

is a sensible choice from this point of view. The power factor is then

cos(')n =
	mq

L2
sI

2
max +	2

m

(4.38)

as Id=0. Obviously a unity power factor cannot be reached with maximum torque per

current control. However, that might be possible if another control method is used which

maximizes the power factor. Since positive Iq is required for motor operation, Id must

be negative to reach an unity power factor implying that a rotor with a Lq>Ld saliency

should be used. This mode of operation is illustrated in �gure 4.14.

Also interesting is the dependence of the rated torque on the saliency. To inspect

this the quotient of the torque of the salient machine to the torque of the non-salient

counterpart may be looked upon. This means that both have the same dirext axis

inductance but Lq is varied. This relative torque tr can with equation (2.11) be written

as

tr =
Tn salient

Tnnon�salient
=

	mIqn + (Ld � Lq) IdnIqn

	mImax

(4.39)

assuming once more maximum torque per current control. In appendix A.2 it is proven

that this quotient depends only on the ratio of the di�erence between Ld and Lq to the
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Figure 4.15.: Maximum torque ratio (salient to non-salient) equi-lines using maximum

torque per current control.

inductance Lopt. Consequently the relative torque equi-lines shown in �gure 4.15 are

straight lines parallel to the Lq=Ld line. Correlating �gures 4.13 and 4.15 to each other

shows that a non-salient machine with minimal inductances provides the highest output

power in relation to the inverter rating.

When introducing a signi�cant saliency with Lq>Ld to increase the machines torque

density, saturation e�ects must be taken into consideration. The relatively high quadra-

ture axis inductance leads to a high armature reaction which gives rise to saturation,

especially in the stator. This in turn reduces both, magnetization 	m and inductance

Lq. While the �rst reduces the alignment torque, the latter decreases the reluctance

contribution. Consequently the theoretically predicted torque is not achievable. Fur-

thermore the maximum torque per current control becomes erroneous due to the altered

parameters. Besides, geometrical and mechanical factors limit the achievable saliency

ratio.

For the drive system with switched stator windings another aspect is very important.

In section 3.7 it has been pointed out that third harmonic induced voltages must be

avoided to diminish circulating currents in the delta connections. In section 4.3.2 it

was furthermore shown that full-pitch windings should be used and thus the airgap ux

should not contain a third harmonic wave. Considering the rotor ux this can be achieved

by choosing the appropriate magnet width (4.26). However, the armature reaction can
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Figure 4.16.: Idealised qualitative distribution of airgap ux densities and reluctance

in a salient pole PM motor (surface inset magnets) at 90� load angle.

Here shown over one pole pair with a magnet angle of �m=60�.

also cause a third harmonic ux wave in the airgap. Even if the winding is distributed

sinusoidally harmonic waves can occur due to variations of the reluctance. Considering a

rotor with surface inset magnets (see �gure 4.3) it is evident that the reluctance is lower

in the pole gap resulting in a higher ux density. Figure 4.16 illustrates the contributions

of stator reaction and magnet ux to the total airgap ux density wave which is rotating

synchronously with the rotor. The load angle is 90� in this �gure. Analysing these

idealised curves leads to the following proportionalities for the third harmonic waves:

B̂mg(3) / sin (3�m) (4.40)

for the rotor ux and

B̂sg(3) / cos (3�m) (4.41)

for the stator ux. Both third harmonic waves are �xed to the rotor. Obviously it is

impossible to suppress both components simultaneously. On the contrary, minimizing

the contribution from the magnets leads to a maximization of the stator component.
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To avoid a third harmonic wave of the stator ux it is thus necessary to suppress the

third harmonic of the reluctance wave. This may be possible with speci�c rotor designs

but is di�cult to achieve with a normal surface magnet construction unless a non-salient,

pure surface mounted magnet rotor is chosen. For a non-salient rotor a signi�cant third

harmonic does not occur in the stator reaction due to the constant reluctance. Selecting

furthermore �m=60�, to suppress the third harmonic of the magnet ux, will reduce

the circulating currents in a delta con�guration to an acceptable, maybe negligible level.

Therefore delta connected windings should not be combined with salient pole PM rotors

of normal construction. Consequently a non-salient rotor is the appropriate choice for a

drive with switched stator windings.

4.3.5. Minimum magnet and banding thicknesses

In those cases where relatively high inductances are desired a short magnetic airgap is

required. Assuming surface magnets the question is then if the airgap is su�cient to

accommodate the banding and also leave an appropriate clearance. The latter is often

prede�ned by mechanical considerations and production aspects and thus the clearance g

can be assumed to be given. Assuming further that the magnet and banding materials

are chosen means that the magnet properties such as remanenceBr, relative permeability

�rm, mass density �m, and the banding constant kb are given. Furthermore at that stage

it is usually known which rotor radius Rr, magnet angle �m, and magnet ux density

Bmg are to be used. Then the minimum banding thickness and magnet height can be

determined as functions of the maximum mechanical angular velocity !mech max. With

the banding thickness increases also the e�ective airgap length and thereby the required

magnet height which in turn requires a thicker banding. A solution exists however if the

required magnet ux density is not too high.

The total magnet mass is

mm = 4�mhmLRr�m (4.42)

with �m in radians if hm�Rr. Inserting into equation (4.3) yields

hb = 2�mhmR
2
r�m

!2
mech max

kb
: (4.43)

Subsituting hb in (4.15) and subsequently inserting into (4.13) leads to the minimum

magnet height hmmin when solving for hm:

hmmin =
kc�rm

Br

Bmg

� 2�rmkc�mR2
r�m

!2
mech max

kb
� 1

g : (4.44)
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With this the minimum banding thickness hb min is obtained from (4.43) after simpli�-

cation:

hb min =
g 

Br

Bmg

� 1

!
� kb

2�rmkc�mR2
r�m!

2
mech max

� 1

: (4.45)

For accuracy it should be mentioned that the airgap length also inuences Carter's

factor kc. To implement this e�ect with equations (4.16) and (4.17) would lead to

expressions which are no longer solvable analytically for hm and hb. Iterative methods

would be required. However, the inuence is very low and was thus neglected. Similar

expressions were presented in [13].

The obtained values are theoretical limits. Margins must be included which is prefer-

ably done by diminishing the banding tensile strength kb. Besides the derived thicknesses

result in a relatively short magnetic airgap length, implying too high inductances for

most cases. However, for high speed machines the derived boundaries are relevant.

4.4. Number of pole pairs

A central question during the design of an inverter-fed, variable speed drive system is the

selection of the number of pole pairs p. While appropriate choices are well established for

asynchronous motor drives the situation is di�erent for PM machines and in particular

when switched stator windings with several coils per phase are used. One aspect is

the maximum fundamental frequency which increases proportional to the number of

pole pairs. The drawback of many poles is thus that the iron losses increase unless a

lamination material is used which, although more expensive, is more suitable for such

high frequencies. Besides it is a well known e�ect that the power factor of asynchronous

motors decreases with increasing pole number due to the required magnetization current

component which in turn gives rise to increased winding losses. Low pole numbers on

the other hand lead to large end-windings. Furthermore high stator backs are required

to conduct the ux which reduces the torque density of the machine. Consequently a

compromise is sought for asynchronous machines which leads typically to two or three

pole pairs in traction applications. For high speed machines one pole pair is common

and for large drives higher pole numbers are used.

On the other hand, magnetizing the rotor from the stator winding is not required in

synchronous permanent magnet or wound �eld motors. This enables the use of higher

pole pair numbers without sacri�cing the power factor because the machine inductances

can and should be low as shown in the preceding sections. Hence, for PM motors higher

pole pair numbers are recommended than for their asynchronous counterparts. The

restriction is foremost the augmentation of iron losses due to the increased frequency. For

example, changing the number of pole pairs from two to four requires twice the frequency
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Figure 4.17.: Typical arrangement of two winding parts per phase in a two pole pair

machine. One phase shown with one slot per pole and phase.

which in turn raises the iron losses by a factor four in a �rst, rough estimation. On the

other hand the winding loss would be somewhat reduced due to the smaller end-windings

provided that the frequency is not that high that skin e�ects become signi�cant.

The situation changes however remarkably when adapting the machine design. Often

the outer motor dimensions are limited, especially in road-vehicle and traction propul-

sion. Although direct drives have gained attention a gear is today still common between

motor and wheel. In the latter case it is relevant to focus on the shaft power, e.g. the

motor speed can be diminished if the torque is enlarged equally. This often leads to a

lower ratio and thus higher e�ciency of the gear. The stator back height is approxi-

mately inversely proportional to the number of pole pairs as the ux per pole is reduced

by this rate provided that the ux density is kept constant. Consequently the airgap

diameter can be increased remarkably with increasing pole number if the outer radius

is �xed. This yields higher torque for the same dimensions. Moreover the length of

the end-windings is reduced what allows an increase of the core length resulting in an

even higher torque. A torque increase of 50 percent seems possible when the pole pair

number is doubled (see chapter 9). For the same output power this means that the

speed can be reduced to 2/3. As the pole number is doubled this requires an increase

of the stator frequency by 1/3 only. Hence the frequency increase and thus the iron

loss increase are not as drastic as it appeared in the �rst estimation. Consequently it

can be advantageous to choose a higher number of pole pairs than what is common in

asynchronous motor drives (see also [107, 108]).

In a drive with switched stator windings another practical aspect becomes essential.

This is particularly the question of how the seperate winding parts in the stator can

be arranged in a bene�cial pattern. Common solutions feature one coil per pole pair.
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This is sketched in �gure 4.17 for a machine with two pole pairs. These coils are then

parallel or series connected. Such an arrangement is of course convenient for switched

windings. The main di�erence is that all coil ends are connected at the terminal instead

of inter-connecting the coils in the overhangs. Obviously such bene�cial arrangements

are always possible when the number of pole pairs equals the number of winding parts

per phase. However, two parts per phase are also convenient in a four pole pair machine

where two coils per phase are coupled internally. Hence

p = nw (4.46)

should be chosen where w is the number of winding parts per phase (n2IIN). For the

drives that are studied in this thesis having two parts per phase (w=2) two or four pole

pairs (p=2; 4) are thus suitable. Consequently only these two solutions are deliberated

further. Six or even more pole pairs would result in too high frequencies for classical

traction propulsion drives with gear which typically require a top speed in the range

3000{6000rpm. Furthermore the number of slots per pole and phase might become very

low. The result can be a signi�cant performance loss if one slot pitch skew is used (see

section 4.5). Even unwanted fractional slot pitch windings might become necessary.

4.5. Cogging torque and torque ripple

4.5.1. Origins and suppression of cogging and torque ripple

In this section sinusoidally impressed currents are assumed implying no torque ripple

caused by current harmonics. The major contribution to torque ripple is caused by

the stator slotting. Torque pulsations due to phase belt harmonic waves are usually

remarkably smaller. The term cogging torque leads sometimes to confusions. Here the

torque ripple which occurs at no-load, i.e. without stator currents, is regarded as cog-

ging torque. In many PM motors it is quite prominent. Sometimes the rotor cannot be

revolved by hand and it appears to be mechanically locked. It is therefore also called

detent torque. The minimization of torque pulsations is often quite important as exces-

sive vibrations, mechanical wear, and especially acoustical noise can arise. Furthermore

the motor control can be nearly impossible at a speed close to stand-still which is also

crucial for vehicle propulsion.

In PM motors with surface magnets the airgap ux wave of the magnets is almost

rectangular (see �gure 4.8). This usually causes a high torque ripple. Several investi-

gations on cogging torque in PM motors have been carried out and suggestions for the

reduction have been made. Besides skewing, the primary method is to adjust the angu-

lar magnet width �m with respect to the stator slots as proposed for example in [109].

Also a rotational shift of one pair of magnet poles with respect to the other can reduce
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the cogging torque ripple in a two pole pair machine [109]. An appropriate combination

can in addition reduce the commutation torque pulsation [110]. Most investigations

are however limited to the non-salient surface mounted PM motor or consider only the

interaction of the magnet ux with the stator teeth.

Di�erent interactions between rotor and stator contribute to the slot-harmonic torque

pulsation in surface inset PM motors, in particular:

a) reluctance force between magnet ux and stator teeth;

b) electromagnetic force between rotor ux and slot space stator mmf harmonics;

c) reluctance force between rotor saliency and slot space stator mmf harmonics.

Furthermore local saturation e�ects in the tooth tips are not necessarily negligible.

In non-salient surface mounted motors the contribution c) is avoided. Contribution

a) constitutes the cogging torque. As presented earlier [109, 110] this can be strongly

reduced by varying the angular magnet width �m. However, for a machine with switched

stator windings the magnet width cannot be varied signi�cantly as equation (4.26) must

be ful�lled to minimize circulating currents. Furthermore a minimization of the load

dependent torque ripple components b) and c) is not obtained if �m is optimized to

suppress cogging torque. These contributions were, however, found to be signi�cant as

shown below and in [14].

Hence the contributions to the ripple torque caused by b) and c) must be reduced

as well. The most appropriate and well established method for this purpose is the

introduction of skew. As shown e.g. in [111] skewing either stator or rotor gives the same

e�ect. The optimal amount of skew in PM machines is one slot pitch as it e�ciently

reduces the e�ects of slot-harmonics. It is highly e�ective as it minimizes all three

contributions. Consequently skew is strongly recommended. Its realization is disussed

later.

To reduce torque ripple a large airgap length is naturally bene�cial as all slotting

e�ects level out due to the two-dimensional �eld distribution in the airgap. In particular

this means that the reluctance variation seen from the rotor is smaller which diminishes

the cogging torque. Also the armature reaction slot harmonics are lower on the rotor

surface implying less ripple torque from contributions b) and c). Moreover the total

stator ux is diminished which further reduces the latter components. In addition the

phase belt torque pulsations are also reduced.

To avoid torque ripple caused by the stator slotting an airgap winding is evidently

the most e�ective solution although the phase belt pulsations remain. Another method

for torque ripple reduction is the modi�cation of the current waveform so that the

additionally imposed torque cancels the pulsation as far as possible [112, 113]. This

results in special requirements on the inverter and its control which may create conicts

with other demands. Moreover is it probably di�cult to achieve a su�cient suppression
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4. Machine and drive design aspects

for all load conditions as the contributions b) and c) are dependent on the stator currents.

Also the e�ect of saturation can add to this complication.

Concluding it may be stated that a large airgap length and a non-salient rotor should

be used to minimize torque ripple. This coincides convenientlywith the results of sections

4.3.3 and 4.3.4. Furthermore one slot pitch skew should be implemented if the number

of slots per pole and phase is two or more.

4.5.2. Examinations using �nite element method

The torque ripple of an unskewed machine can be investigated using two-dimensional

�nite element (FE) analysis. The geometrical discretisation must be rather �ne for this

purpose especially in the airgap [114]. The torque can be computed either by means of

Maxwell stress integration or by the energy method using a virtual displacement. To

obtain the total torque ripple in steady state operation the rotor must be turned together

with the stator current vector. This can conveniently be achieved by revolving the rotor

geometrically and the stator ux by a corresponding time step of the instantaneous

values of the currents. In this way both, the e�ects of the slotting as well as those

of the winding distribution are taken into consideration. More convenient is of course

time-stepping FE analysis. To obtain both, slotting and phase belt generated torque

ripple a rotation is required over as many slots as are used per pole and phase, provided

that fractional slot pitch is excluded. Naturally several rotational steps per slot pitch

are necessary.

For the test motor presented in section 4.9 the torque ripple was investigated accord-

ing to the description above. During these investigations an adaptive mesh method was

used and saturation was taken into account. The torque was calculated by means of

Maxwell stress integration. Only �ve steps per slot pitch were used which is insu�cient

to determine the exact ripple amplitude but shows clearly the tendency. Since the min-

imization was the goal this was considered as adequate. For this machine it was found

that the torque ripple caused by the slotting is much stronger than that caused by the

phase belt. The intensity of this pulsation was found to be very high. The ripple shown

in �gure 4.18 was obtained when the rotor was revolved by one slot pitch. Di�erent

values for the angular magnet width �m were considered. Figure 4.19 displays the mean

value and the maximum deviation of this torque ripple as a function of �m. It can be

seen from the �gure that the ratio of maximum deviation to mean value of the torque

lies in the range of 30 percent which is too high for many applications. A su�cient

reduction could not be achieved by a variation of the angular magnet width.

Finite element analysis without stator currents were also carried out to investigate

the amount of cogging torque, component a). The dependence on the angular magnet

width was evident. However, in the worst case a peak of 12,5Nm was achieved which is

98



4.5. Cogging torque and torque ripple

��E��(�;

��E�	(�;

��E�J(	;

��E��(�;

�

����������� ��#�"-���"���� �'

��
�:
�
�
#


�
'

�

	�

���

�	�

���

�	�

���

�	�

�(	 �(� �(	 �(� J(	

Figure 4.18.: Torque ripple obtained from FE analyses for the test motor without skew

at full load when rotating one slot pitch.
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Figure 4.19.: Torque ripple and mean torque of the test motor without skew as a

function of the angular magnet width as obtained from FE analyses.
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fairly little in comparison to the total torque pulsation (75{100Nm). It must be noted

that this machine has a rather short airgap implying a high armature reaction which

leads to major contributions from the components b) and c). An appropriate motor for

the switched winding concept has however a large airgap, as pointed out before, and

thus signi�antlly lower total torque ripple.

From �gure 4.18 it is also evident that the computation of the torque production of

surface inset PM motors using �nite element methods is critical. If only one position is

analysed the error can be quite large. This is due to the fact that the ripple curves are

shifted in phase for di�erent values of the angular magnet width and thus no position

gives de�nitely the correct mean torque. Consequently the torque should be computed

at di�erent positions in order to obtain the mean value.

4.5.3. Skewed stator

Skew of the rotor bars is a common method to reduce torque ripple in asynchronous

machines. A continuous rotor skew is however di�cult to realize in PM machines.

Instead stator skew may be used. This complicates however the stator production,

especially the automatic insertion of the windings. It is however used in, for instance,

commercial PM servo motors. In traction motor production manual winding insertion is

common which makes stator skew uncomplicated for random windings. Form windings

in contrast are always di�cult to produce for a skewed stator. Besides most present

production lines are not prepared for twisting the stator stack.

One slot pitch skew of the stator e�ciently eliminates all slot-harmonic e�ects if

three dimensional �eld distributions at the bore ends are neglected. The disadvantage

of skew is a reduction of the magnet ux linkage implying a torque decrease. The factor

representing this reduction is [100, 31, 115]:

ksk1 =
sin

�
"sk

2

�
"sk

2

(4.47)

where "sk is the skew angle by which the slots are twisted in electrical radians related

to the fundamental airgap ux wave as sketched in �gure 4.20. Since the rotor of

the considered type of PM machines is not slotted only one stator slot pitch skew is

interesting. Therefore is

"sk = p
2�

Q
=

�

3q
(4.48)
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Figure 4.20.: Continuous skew by one slot pitch.

where Q is the total number of slots. This gives the skew reduction factor for the

fundamental which is only dependent on the number of slots per pole and phase:

ksk1 =

sin

 
�

6q

!
�

6q

: (4.49)

Table 4.2 presents this factor for practical values of q.

4.5.4. Step skewed rotor

As mentioned stator skew can be problematic. The same e�ect can be achieved by

skewing the rotor one stator slot pitch [111]. Skewing the magnets continuously is

evidently almost impossible. However, in most cases it is necessary to subdivide the

pole in several magnet pieces in axial direction. It is then quite simple to implement

a stepwise skew, especially if the rotor core is laminated. The magnets remain aligned

with the axis. Figure 4.21 shows this for the example of 4 skew steps. To obtain a skew

corresponding to one slot pitch (4.48) each part must be twisted by the angular skew

step

"m =
"sk

s
(4.50)

if s steps are used. Note that the shift between the �rst and the last magnet is not a

full slot pitch. The skew line in �gure 4.21 elucidates this.

As with continuous skew a ux linkage reduction occurs. From �gure 4.22 it can

immediately be seen that this factor can be written as

ksk =
E

sE0

=

�����
sX

n=1

~En

�����
sE0

=
1

s

�����
sX

n=1

ejn"m

����� = 1

s

�������
e
j
�
3q � 1

e
j
�
3qs � 1

������� (4.51)

in complex form. In trigonometric from it can be derived by integration of the funda-

mental ux wave over one slot pitch, shifted by an angle according to the step skew;
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Figure 4.21.: Step skew of surface magnets by one slot pitch. Shown for 4 skew steps

(s=4).

summing up over all skew steps; and relating that to the unskewed wave:

ksk1 =

1

s

sX
n=1

�Z
0

sin (�� "mn) d�

�Z
0

sin(�)d�

: (4.52)

In this "mn is the angle by which the step n is shifted from the centre line:

"mn = "m

�
n� 1 + s

2

�
: (4.53)

Solving the integrals in (4.52), inserting (4.53) and subsequently (4.50) and (4.48) yields

ksk1 =
1

s

sX
n=1

cos

 
�
2n� s� 1

6qs

!
: (4.54)

For s2IIN and q2IIN, i.e. no fractional slot pitch, this can be written more conveniently

as

ksk1 =

sin

 
�

6q

!

s � sin
 

�

6qs

! : (4.55)

This factor reminds of the distribution factor, equation (4.6) which is natural as both

represent the summation of shifted sinus functions. Scrutinizing this reduction factor
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Figure 4.22.: Vectorial addition of induced voltages with step skewed rotor. Here

shown for 4 skew steps.

Table 4.2.: Skew reduction factor for one slot pitch skew, 1{6 slots per pole and phase,

continuous skew, and 1{8 steps skew.

q 1 2 3 4 5 6

continuous skew 0,9549 0,9886 0,9949 0,9971 0,9982 0,9987

s=1 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000

s=2 0,9659 0,9914 0,9962 0,9979 0,9986 0,9990

s=3 0,9598 0,9899 0,9955 0,9975 0,9984 0,9989

ksk1 step s=4 0,9577 0,9893 0,9952 0,9973 0,9983 0,9988

skew s=5 0,9576 0,9891 0,9951 0,9973 0,9982 0,9988

s=6 0,9561 0,9889 0,9951 0,9972 0,9982 0,9988

s=7 0,9558 0,9888 0,9950 0,9972 0,9982 0,9988

s=8 0,9556 0,9888 0,9950 0,9972 0,9982 0,9988

shows that it is always larger than that for continuous skew, equation (4.49). This

means that the torque loss is smaller with step skew than with continuous skew. With

increasing step numbers the di�erence reduces approaching (4.49).

Table 4.2 lists the skew reduction factors for one slot pitch skew. It can be seen that

the loss due to skew is only one percent or less if two or more slots per pole and phase

are used which is anyway required for synchronous PM machines. For q� 3 it can be

considered to be negligible. The bene�ts are so prominent that one stator slot pitch

skew is de�nitely recommended, independent of the type of implementation chosen.

The remaining question is, how e�cient step skew is in reducing the torque ripple.

The result was presented in [14, 19]. In this section only the slot-harmonic torque ripple

is regarded. For simpli�cation the slot-harmonic thus is referred to as fundamental and

the harmonics of the slot-harmonics are referred to as harmonics respectively. For the

example of four skew steps (�gure 4.21, s=4) the rotor can be seen as four separate rotor

parts with a quarter of the core length each. Then the �rst and third row of magnets

cancel their fundamentals and odd harmonics of the pulsation. The same applies for the

second and forth row. Likewise cancel the �rst and second row their second harmonic as

well as the third and forth row do. Finally remaining are thus only the forth harmonic

and its multiples.
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The analysis is a little more complex for an arbitrary number of skew steps. An

arbitrary ripple torque can be written as a Fourier series,

T0� =
1X

nc=1

Tn� sin [nc (!t+ 'n)] (4.56)

for an unskewed rotor where Tn� is the amplitude and 'n the phase shift of the harmonic

of order nc. For a rotor with s skew steps the torque ripple of a single part is thus

Tm� =
1

s

1X
nc=1

Tn� sin

�
nc

�
!t+ 'n +m

2�

s

��
(4.57)

for part number m. The total ripple torque is then obtained by summing up over all

steps:

Tsk� =
s�1X
m=0

1

s

1X
nc=1

Tn� sin

�
nc

�
!t+ 'n +m

2�

s

��
: (4.58)

After rewriting the sinus function the step sum can partly be resolved:

Tsk� =
1

s

s�1X
m=0

1X
nc=1

Tn�

�
sin [nc (!t+ 'n)] � cos

�
mnc

2�

s

�
+ : : :

: : :+ cos [nc (!t+ 'n)] � sin
�
mnc

2�

s

��

=
1

s

1X
nc=1

Tn�

(
sin [nc (!t+ 'n)] �

s�1X
m=0

cos

�
mnc

2�

s

�
+ : : :

: : :+ cos [nc (!t+ 'n)] �
s�1X
m=0

sin

�
mnc

2�

s

�)
:

(4.59)

It can be seen that

sin

�
mnc

2�

s

�
= 0 (4.60)

and
s�1X
m=0

cos

�
mnc

2�

s

�
=

(
s for nc = ns

0 otherwise
(4.61)

as m, n, and s are natural numbers. Inserting into (4.59) yields

Tsk� =

8>><
>>:

1X
nc=0

Tn� sin [nc (!t+ 'n)] = T0� for nc = ns

0 otherwise

: (4.62)

This means that for an arbitrary shape of the torque ripple curve and equidistant step

skew with an arbitrary number of steps s only the harmonic of order s and its multiples

are remaining, all others are cancelled [14]. Table 4.3 illustrates that (see also [19]). The

amplitudes of the remaining components are unchanged. This analysis is also correct for

s=1 (no skew) where the original ripple is obtained and for s!1 (continuous skew)

where all slot-harmonics are cancelled. Already skewing the magnets only in a few steps

is thus quite e�ective in suppressing torque ripple.
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4.6. Airgap windings

Table 4.3.: Remaining torque ripple harmonics (order nc) with step skewed rotor

(s steps).

nc 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

s=1 � � � � � � � � � � � � � � � � � � �
s=2 � � � � � � � � �
s=3 � � � � � �
s=4 � � � �
s=5 � � �
s=6 � � �
s=7 � �
s=8 � �

4.6. Airgap windings

Alternatively to placing the winding into slots in the stator core it may be attached to

the inside of a hollow cylindric stator core. Then it lies in the magnetic airgap. This

requires of course a very long airgap to accommodate the winding resulting in very low

inductances. This is however bene�cial for PM machines with switched stator windings

as shown in sections 4.3.3 and 4.3.4. But, when changing the winding con�gurations

the inductances can become too small for the current control. An airgap winding is

however realizable in PM machines as the rotor magnetization is not provided by the

stator. The long e�ective airgap makes such a PM motor also less prone to irreversible

demagnetization of the magnets.

The advantages of airgap windings are evident. Since no slots exist all associated

torque ripple contributions are avoided which also means that no cogging torque can

occur. The machine will thus run very smoothly and quietly. Naturally no skew is

required. The phase belt torque ripple remains but is very small due to the low armature

reaction. The absence of slot-harmonic �elds minimizes also the rotor surface loss. This

is particularly interesting for surface magnets since eddy currents can occur in them (see

also chapter 8). Furthermore all e�ects associated with tooth saturation are omitted.

Even tooth iron losses and tooth vibration noise are eliminated.

Also the drawbacks of airgap windings are considerable. The forces act upon the

winding, not the core, and thus the mechanical arrangement can be problematical, es-

pecially in large machines. In most cases the winding must be embedded in resin or

another plastic material. The teeth in a slotted stator contribute signi�cantly to the

heat transfer from the winding to the ambient. The winding cooling is more di�cult

with airgap windings. This is of major relevance as the stator winding is the main

source of losses, especially in a PM machine. Another di�erence is that, in contrary
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Figure 4.23.: Surface magnets (black areas) with reduced ux density harmonics.

to a slotted type machine, the �eld entirely penetrates the winding. This results in a

signi�cant increase of eddy current losses in the conductors themself. There litz wire

is often required [116, 117]. Naturally this increases the material and production costs.

Moreover, to achieve a su�ciently high ux density for a machine with high torque

density a relatively large amount of magnet material will be required due to the large

e�ective airgap. Usually a signi�cantly lower ux density must be accepted which makes

airgap windings of foremost interest for high speed machines. Since this thesis focuses

on traction propulsion airgap windings are not further considered.

4.7. Magnet steps for reduced harmonics

A reduction of current or voltage harmonics and of torque ripple can of course also be

achieved by reducing the harmonics of the airgap ux wave and of the permeance wave.

In classical synchronous machines with salient poles it is a common technique to bevel

the edges of the pole plates in order to smoothen the permeance wave. Similar e�ects can

be achieved with surface mounted magnets as sketched in �gure 4.23. While interesting

for servo motors this seems impractical for large machines.

In larger machines several magnet pieces per pole are usually required. In most

cases a division is necessary both in axial and circumferential direction. These di�erent

pieces can be selected with di�erent thickness to obtain a more sinusoidal ux density

wave. This concept was presented in [15]. Figure 4.24 shows a traditional surface inset

magnet rotor and the design with magnets steps of di�erent thickness. In �gure 4.25 the

resulting airgap ux density waves are illustrated. Besides the ux density wave also the

permeance wave is smoothed. In this section only the surface inset type is regarded and

not the non-salient surface mounted type. The idea is nevertheless possible for the latter

too but an edge free surface is very di�cult to obtain with surface mounted magnets in

steps. This is however required if a banding is applied over the magnets. Furthermore,

thicker magnets on the pole edges would be required due to the larger airgap. This would

result in a larger amount of required magnet material. The inuence on the permeance
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�� )�

Figure 4.24.: Cross sections of two pole rotors with surface inset magnets a) and with

inset magnet steps b) shown for three steps.
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Figure 4.25.: Airgap ux density from the magnets. Solid line for normal surface inset

magnets and dashed line for three inset magnet steps.

wave can naturally not be observed for the surface mounted design either as the rotor

core remains non-salient.

For a given number of magnet steps s there are 2s parameters which can be selected:

s di�erent angular magnet widths �mm and s di�erent airgap ux densities Bmg m.

These parameters are illustrated in �gure 4.26 where �mm is half the angular width in

electrical degree and Bmg m the airgap ux density of step m. The conditions for their

determination are:

a) the amplitude of the fundamental ux density wave,

b) the suppression of harmonic ux density components.

Condition a) gives one equation and thus 2s-1 equations derived from condition b) are

required. This implies that 2s-1 harmonics can be suppressed.
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Figure 4.26.: Airgap ux density of s magnet steps with angular width �mm.

From the Fourier analysis of the magnet ux density of a single step,

Bg(�) =
4Bmg

�

1X
n=1;3;5

 
sin (n�m)

n
sin (n�)

!
(4.63)

with the harmonic order n (only odd harmonics), the airgap ux density of s steps can

be written as

Bg(�) =
4

�

sX
m=1

2
4(Bmg m �Bmg m+1)

1X
n=1;3;5

 
sin (n�mm)

n
sin (n�)

!35 (4.64)

with Bmg s+1=0 of course. This means that the fundamental is

B̂mg(1) =
4

�

sX
m=1

(Bmg m �Bmg m+1) sin (�mm) (4.65)

and the harmonics are

B̂mg(n) =
4

�

sX
m=1

�
Bmg m �Bmg m+1

n
sin (n�mm)

�
: (4.66)

First the angular step widths shall be determined. Normalising on B̂mg(1)=1 and

using condition a) equation (4.65) yields

1 =
4

�

sX
m=1

(Bmg m �Bmg m+1) sin (�mm) : (4.67)

Accordingly, considering condition b) equation (4.66) becomes

0 =
sX

m=1

�
Bmg m �Bmg m+1

n
sin (n�mm)

�
(4.68)

for n2f3; 5; 7 : : : 4s�1g. Therefore (4.68) represents 2s-1 equations implying that all

odd harmonics from order 3 to 4s-1 are suppressed. This justi�es that the s di�erent

�mm can be determined from

0 = sin (~n�mm) (4.69)
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which must represent s equations of (4.68). This must be those for the highest suppressed

harmonics (2s+1� ~n�4s�1) as shown below. As �mm<�mm+1 equation (4.69) yields

�mm = m
�

~n
: (4.70)

The geometrically obvious condition �mm<90� can only be ful�lled for ~n�2s+1 which

justi�es the assumption made for the range of equation (4.69). Furthermore is it evident

that physical solutions with Bmg m>0 can only be obtained for ~n=2s+1. Hence is

�mm = m
�

2s+ 1
= m

180�

2s+ 1
: (4.71)

Inserting into (4.67) and (4.68) gives

1 =
4

�

sX
m=1

�
(Bmg m �Bmg m+1) sin

�
m�

2s+ 1

��
(4.72)

for the fundamental and

0 =
sX

m=1

�
Bmg m �Bmg m+1

n
sin

�
nm�

2s+ 1

��
(4.73)

for the harmonics. The range of (4.73) is now 3�n�2s�1 because these are the re-

maining versions of equation (4.68). Therefore (4.73) represents s-1 equations which

must be used together with (4.72) to determine the s di�erent values of Bmg m.

Now the airgap ux densities of the magnet steps can be determined. For the original

design without di�erent steps (s=1) equation (4.71) gives �m 1=60
� which was also shown

in section 4.3.2. Inserting into equation (4.72) yields

Bmg 1js=1 =
�B̂mg(1)

4 sin(60�)
: (4.74)

For s=2 the angular magnet widths become �m 1=36
� and �m 2=72

�. Then equations

(4.72) and (4.73) can easily be solved for Bmm resulting in

Bmg 1js=2 =
�B̂mg(1)

4
�

sin

�
�

5

�
+ sin

�
2�

5

�
�
sin

�
�

5

��2
+

�
sin

�
2�

5

��2 (4.75)

and

Bmg 2js=2 =
�B̂mg(1)

4
�

sin

�
2�

5

�
�
sin

�
�

5

��2
+

�
sin

�
2�

5

��2 : (4.76)

For s=3 the system of equations is still analytically solvable without di�culties but the

expressions become fairly large:

Bmg 1js=3 =
�B̂mg(1)

4
� c

2
1 � c22 � c23 � c1c2 � c1c3 � c2c3

c31 � c32 � c33 � 3c1c2c3
; (4.77)
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Table 4.4.: Derived angular magnet widths and airgap ux densities from the magnets

related to the fundamental ux density for a rotor with magnet steps.

�mm Bmg m=B̂mg(1) �mm Bmg m=B̂mg(1)

s=1 60,0� 0,9069 s=5 16,4� 0,9932

s=2 36,0� 0,9669 32,7� 0,9172

72,0� 0,5976 49,1� 0,7583

s=3 25,7� 0,9832 65,5� 0,5425

51,4� 0,7884 81,8� 0,2827

77,1� 0,4375 s=6 13,8� 0,9951

s=4 20,0� 0,9898 27,7� 0,9373

40,0� 0,8704 41,5� 0,8250

60,0� 0,6461 55,4� 0,6647

80,0� 0,3438 69,2� 0,4659

83,1� 0,2399

Table 4.5.: Remaining harmonics (order n) for di�erent numbers of magnet steps s.

n 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33

s=1 � � � � � � � � � � �
s=2 � � � � � � �
s=3 � � � � �
s=4 � � �
s=5 � � �
s=6 � � �

Bmg 2js=3 =
�B̂mg(1)

4
� �c

2
2 � c23 � c1c2 � c1c3

c31 � c32 � c33 � 3c1c2c3
; (4.78)

Bmg 3js=3 =
�B̂mg(1)

4
� �c23 � c1c2

c31 � c32 � c33 � 3c1c2c3
(4.79)

with

cn = sin

�
n
�

7

�
: (4.80)

For more than three steps the analytic solution seems no longer a reasonable method

and instead numerical computation is recommended. Due to the periodic nature of the

equation system suitable start values for the iteration are required. These can naturally

be found from

Bmg m = B̂mg(1) cos

�
�mm + �mm+1

2

�
: (4.81)

Tables 4.4 and 4.5 show the resulting values of �mm, Bmg m and the remaining harmonics

respectively for up to six magnet steps.
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As an alternative to the suppression of all harmonics one can keep the third harmonic

and suppress only harmonics of order 5 and higher. This results in a lower saturation

level for the fundamental, especially in the stator teeth. The bene�t is a higher maximum

torque and lower losses. In this case equation (4.68) is valid for 5�n�4s+1 and thus

(4.71) becomes

�mmj+3rd = (m+ 1)
�

2s + 3
= (m+ 1)

180�

2s+ 3
: (4.82)

The di�erent Bmg m can then be computed in the same way as above. The results have

been presented in [15]. With switched windings however, a third harmonic cannot be

tolerated as described in section 3.7. Consequently keeping the third harmonic is not

considered in this work.

To get the absolute values of the airgap ux density for each magnet step the values

from table 4.4 must be multiplied with the attempted amplitude of the fundamental

airgap ux density wave B̂mg(1). The corresponding magnet thicknesses can then be

calculated according to equation (4.13).

For a higher number of steps this results in fairly thin magnets at the pole edges.

Then the problem arises that, especially at one pole edge, the opposing stator ux is close

to its maximumwhich can lead to an irreversible demagnetization of those thin magnets.

However, with a su�ciently long magnetic airgap this should not cause major problems.

A general �gure for the minimummagnet thickness cannot be given because it depends

on many aspects such as the used magnet material, the maximumallowable temperature,

the geometrical design, and of course the required robustness of the machine. The idea

of this section is thus limited to two or three magnet steps in most cases.

To evaluate the e�ect of the suggested method the test motor motor described in

section 4.9 was taken as an example making only small modi�cations. Assuming no

skew this motor has signi�cant torque ripple caused by both cogging torque and phase

belt torque ripple. The fundamental airgap ux density of the rotor was selected to

B̂mg(1)=0,8T. Furthermore a magnetic airgap length of gm=3mm was selected. This

leaves su�cient space for the required banding. For these presumptions three di�erent

rotors were designed according to the presented design principles. The obtained ge-

ometries are shown in �gure 4.27. Investigated was the traditional surface inset type

as well as rotors with two and three inset magnet steps, i.e. s=1; 2; 3. However, only

suppressed third harmonic was considered. More steps were not considered because the

results would give too thin magnets at the pole edges. The angular magnet widths �mm

and the step ux densities Bmg m were �rst determined as described above.

The resulting rotor geometries were then examined by means of FE analyses without

stator currents. The obtained airgap ux density distribution was examined by a Fourier

analysis. The results are presented in �gure 4.28. Comparing this to table 4.5 it can be

seen that the suppression of ux density space harmonics is rather e�ective and fairly

well corresponding to the theory. In these investigations the stator slotting has been
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Figure 4.27.: Geometries of motor example for one to three magnet steps. One pole

shown.

taken into consideration which can be seen in the higher order harmonics. Moreover

saturation e�ects have been taken into account. This can be observed from the fact that

the fundamental is a little lower than attempted. In [15] the same analysis is presented

for the case where the third harmonic is not suppressed.

Another aspect can be seen when comparing the required amount of magnet material

shown in table 4.6. The magnet weight is reduced slightly by introducing the magnet

steps. However, a more signi�cant reduction is obtained when the third harmonic is not

suppressed, which has been shown in [15].

The inuence on the torque ripple was also investigated by FE analyses for the same

examples. For this the technique described in section 4.5.2 was used. To get the cogging

torque as well as the phase belt torque ripple a total rotation angle of 30� mechanical

(p=2) was used, corresponding to one phase pitch (1/3 pole), i.e. 4 slot pitches. For

simplicity a load angle of �=90� was used although this does not give the maximum

torque because the contribution from the reluctance torque is not utilized. The results

are shown in �gure 4.29, where the solid line represents the traditional design with one

magnet step. The signi�cance of both, the phase belt and the slot torque ripple can be

seen. Table 4.7 presents the obtained values of mean torque and torque ripple amplitude.

To examine the phase belt torque ripple the slot caused contribution was excluded by

means of a running average over one slot pitch. The slot torque ripple at full load itself

Table 4.6.: Required magnet material for the motor examples with magnet steps.

s mm

1 5,32 kg

2 5,14 kg

3 5,12 kg
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Figure 4.28.: Harmonic analyses of the airgap ux density obtained from �nite element

investigations for the 3 rotors with magnet steps of di�erent thicknesses.

was then calculated by subtraction. These analyses were also made for the case when

the third harmonic is not suppressed and the �ndings have been presented in [15].

The reduction of the total torque ripple is not very signi�cant. Separating the dif-

ferent sources by their frequency it can be seen that the phase belt torque ripple can

be reduced remarkably. This can be deduced from the suppression of the corresponding

harmonics in the rotor ux density wave. It is obvious that the permeance wave also

inuences the phase belt torque ripple. However, from equation (4.13) it is evident that

the permeance wave cannot be sinusoidal at the same time as the ux density. Therefore

the reluctance torque ripple contribution, which is caused by the interaction of the ar-

mature reaction and the rotor saliency, is not minimized. Moreover it is obvious that a

reduction of the slot torque ripple cannot be achieved in the described manner. Actually
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Figure 4.29.: Torque ripple obtained from FE analyses for the motor example with one

to three magnet steps.

Table 4.7.: From �nite element analyses obtained values of mean and ripple torque;

given are absolute amplitude and percentage of mean value.

s=1 s=2 s=3

mean torque 342 Nm 100% 346 Nm 100% 350 Nm 100%

total torque
ripple amplitude

23,1 Nm 6,8% 22,3 Nm 6,4% 20,7 Nm 5,9%

phase belt torque
ripple amplitude

17,6 Nm 5,2% 8,6 Nm 2,5% 6,4 Nm 1,8%

slot torque
ripple amplitude

6,8 Nm 2,0% 13,8 Nm 4,0% 15,2 Nm 4,3%

an increase was observed which might be caused by the additional edges of the rotor

core.

In conclusion, using magnets of di�erent thickness steps is a possibility to reduce

the space harmonics of the airgap ux density in surface magnet motors. For a given

number of steps s it is possible to suppress 2s-1 harmonics. A signi�cant reduction of

the total torque ripple was however not achieved. The gain due to the introduction of

magnet steps is probably too little to justify the additional complications in the machine

production. Yet it might be interesting for certain applications.
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4.8. Parameter calculation

4.8.1. Analytic parameter estimation

Since machine design is usually an iterative process simple analytic determination meth-

ods for the machine parameters are important. In particular it is interesting to calculate

the three parameters Ld, Lq, and 	m for a given motor design. The determination of

the stator winding resistance is well established and shall thus not be regarded here.

The magnet ux linkage 	m can be determined by equating (4.4) and (4.10) for no-load,

i.e. 	s=	m and Bg=Bmg:

	m = 2qNskw1RgLB̂mg(1) : (4.83)

B̂mg(1), Ns, and kw1 are determined according to section 4.3.

The next step is to determine the magnetizing inductances. For this purpose a non-

salient surface mounted magnet rotor is �rst assumed. The inductance Ls=Ld=Lq can

then be derived from

Ls =
	s

Is
=

kw1Nw�

Is
(4.84)

where 	s, � are only produced by the stator current Is, i.e. in absence of the magnet

ux. The stator ux is obtained by integration over the area A assuming a sinusoidally

distributed ux density B̂sg:

� =

ZZ
B dA =

L

p

�Z
0

B̂sg sin(�)Rg d� =
2LRg

p
B̂sg : (4.85)

Assuming iron with in�nite permeability Ampere's law can be used at the pole centres,

where the peak of the ux densities occur, giving

NwIs = 2gdH (4.86)

because one pole pair is regarded. In this expression gd is the e�ective airgap length in

the d direction, i.e.

gd = ge +
hm

�rm
: (4.87)

Equation (4.86) yields

B̂sg =
�0NwIs

2gd
(4.88)

which gives

Ls = �0kw1N
2
w

LRg

pgd
(4.89)

when inserting into (4.85) and subsequently into (4.84). For series connected pole pairs

(Nw=pqNs)

Ls = �0kw1pq
2N2

s

LRg

gd
(4.90)
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is obtained. Comparable expressions have been presented in [46, 31, 100]. For the com-

plete synchronous inductance the leakage components must be added. This expression

is well suited for non-salient surface mounted magnet machines because the magnets

permeability is close to that of air.

For a salient pole rotor with surface inset magnets a rough estimation can also be

made using equation (4.90). For the direct axis equation (4.90) remains unchanged

and for the quadrature axis gd must be replaced by the e�ective airgap length in the

q direction,

gq = ge : (4.91)

For typical values of the angular magnet width, this gives however a remarkable over-

estimation of Lq as a signi�cant part of the total ux passes besides the iron bridge

between the magnets where the reluctance is higher. Likewise an under-estimation of

Ld is obtained. This under-estimation is not as signi�cant as the over-estimation of Lq

because the ux which enters the pole gap is relatively small in the calculation of Ld

due to the sinusoidal distribution of the mmf.

To compute more accurate values for surface inset rotors the integration of the ux

density (4.85) must be performed piecewise taking the reluctance step into considera-

tion. For a sinusoidally distributed mmf aligned with the direct axis the ux density

distribution is as sketched idealized in �gure 4.30a). At the pole edges the ux density is

stepped up in inverse proportion to the reluctance, i.e. by a factor gd=gq. Consequently

the ux becomes

� = 2
LRg

p

0
B@

�mZ
0

B̂sg cos(�) d�+

�=2Z
�m

B̂sg

gd

gq
cos(�) d�

1
CA (4.92)

according to (4.85). Solving the integrals gives

� = 2
LRgB̂sg

p

"
sin(�m) +

gd

gq
(1� sin(�m))

#
: (4.93)

Comparing this to equation (4.85) it becomes evident that the d axis inductance is now

Ld = Ls

"
sin(�m) +

gd

gq
(1 � sin(�m))

#
(4.94)

with Ls from (4.90). For an mmf aligned with the quadrature axis the ux density

distribution is as sketched idealized in �gure 4.30b). Therefore the ux becomes now

� = 2
LRg

p

0
B@

�mZ
0

B̂sg sin(�) d�+

�=2Z
�m

B̂sg

gd

gq
sin(�) d�

1
CA (4.95)

yielding

� = 2
LRgB̂sg

p

"
1 +

 
gd

gq
� 1

!
cos(�m)

#
: (4.96)
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Figure 4.30.: Idealized stator ux density distribution in the airgap for a surface inset

magnet rotor; a) ux in d direction, b) ux in q direction.

Consequently is

Lq = Ls

"
1 +

 
gd

gq
� 1

!
cos(�m)

#
: (4.97)

Note that (4.94) and (4.97) do not include leakage components. Suggestions for their

prediction and other methods of how to take saliency into account have been presented

for instance in [46, 31, 100].

An example with surface inset magnets shall be considered to show the di�erence

between these expressions and the simple estimation mentioned above. For this �m=60
�

and gd=3gq have been selected as the test motor had approximately these properties.

In other words the magnets are twice as thick as the magnetic airgap. The calculated

relative inductances are listed in table 4.8. The signi�cant over-estimation of Lq and

under-estimation of Ld by the �rst approach are evident. In particular the saliency ratio

and thereby also the reluctance torque contribution are over-estimated.

Note that the machine parameters were derived for Y -series connected windings

which is the start con�guration. For the other connections the parameters can be de-

termined as described earlier (see e.g. table 3.1).

Table 4.8.: Comparison of simple estimation and advanced analytic calculation of the

inductances of a surface inset magnet motor example with �m=60
� and

gd=3gq.

Ld Lq Lq=Ld

simple estimation Ls 3 Ls 3

advanced calculation 1,27 Ls 2 Ls 1,6

117



4. Machine and drive design aspects

4.8.2. Parameter assessment using �nite element method

The analytical methods described in the preceding section take neither saturation into

account nor the actual �eld distribution. Both can be included in �nite element (FE)

analysis. Here only two-dimensional FE shall be considered as it gives very good results

for radial ux machines combined with easy handling, relatively low computational

e�ort, and simple result interpretation. Furthermore time-stepping is excluded here.

For almost all purposes it is su�cient to use only one pole and appropriate boundary

conditions for the FE analysis.

The easiest method to determine the magnet ux linkage becomes directly evident

when regarding equation (4.83). Performing a static FE computation without stator

currents provides the magnet ux distribution. In section 2.9 the modelling of the mag-

nets was described. In the post-processor it is usually possible to analyse the ux density

along a line. Placing this analysis line in the airgap and evaluating the perpendicular

ux density allows the determination of B̂mg(1) by means of Fourier analysis which is

available in most post-processors as well. Then 	m can be calculated from (4.83). This

method takes ux leakage in the rotor into account as well as saturation of the iron path

and e�ects described by Carter's factor in the analytic calculations. However, stator

leakage and end-winding e�ects are disregarded. While the latter cannot be included in

two-dimensional FE analyses harmonic analysis methods are possible which take stator

leakage into account. It was however found that for geometries considered in this work

the described method was su�cient. With airgap windings on the contrary, a more

advanced technique might be advisable.

To determine the inductances harmonic FE analyses are recommended. This is done

by impressing alternating currents into the stator as though the windings were star

connected with two coils parallel, i.e.

Ia = �2Ib = �2Ic (4.98)

without a phase shift. This gives an alternating instead of a rotating �eld. These

currents are placed in the slots according to the winding arrangement so that the stator

�eld is aligned with either the direct or the quadrature axis. It must be remebered that

the total current in a slot Islot is

Islot = NsI : (4.99)

Using linear iron and excluding eddy currents in laminations and windings an arbitrary

current amplitude and frequency can be chosen. For simplicity Ia=1A and 1Hz are

recommended. Furthermore the magnet ux is omitted. Even if the stator resistance

is negligible the material in the slots must be given appropriate properties to make an

analysis of the induced voltage possible. Figure 4.31 shows for example how the sources

must be placed if Ld shall be determined. Note the orientation of the phases. Since the

currents in phases B and C are negative, all slots on one side of the pole centre carry

current in the same direction.
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Figure 4.31.: Principal arrangement of one pole for �nite element analyses. Here shown

for a machine with surface inset magnets, two pole pairs, and 48 slots.

In the post-processor the voltage per axial length induced in a domain can be ac-

quired. If the analysis is correct the phase shift of the voltages induced in the slots

should be close to 90�. The sum of the voltages in all slots of phase A, taking the ori-

entation into account, can be determined as
P

A Uslot=l. Then the total induced voltage

in phase A is

Ua =
X
A

Uslot

l
� LNs � 2p : (4.100)

From this the inductances are calculated as

Ld; q =
Ua

2�fIa
: (4.101)

The correct scaling of the dq quantities is taken into consideration by the excitation

with currents in all three phases and measurement of the induced voltage in one phase.

With the geometry shown in �gure 4.31 Ld is obtained. In order to determine Lq the

rotor must be rotated by 90 electrical degrees (45�mechanical in �gure 4.31) so that the

quadrature axis is facing the alternating ux. By the described method the slot leakage

inductance is taken into account but not the end-winding inductance. The latter must

be added to the values obtained from the described methods (see also (2.46), (2.47)).

Finally it should be mentioned that the inuence of skew on the inductances was not

taken into account by the described method. The e�ect is a smoothing of the reluctance

wave at the pole edges and should thus have very little inuence on the inductances, at

least for the number of slots per pole range considered here.
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4.8.3. Saturation e�ects

So far the machine parameters have been assumed to be constant. In reality however,

temperature and saturation have signi�cant inuence. The temperature drift of the mag-

net ux linkage can easily be seen in �gure 2.3. More di�cult is taking saturation e�ects

into account. In rotors with surface magnets saturation does not become signi�cant. In

contrast the teeth and the back of the stator can get saturated rather signi�cantly when

the stator ux is added to the magnet ux. Then the reluctance increases implying a

decrease of the inductances Ld and Lq and also of the magnet ux linkage 	m. Analytic

estimation methods exist but a better prediction can be achieved from �nite element

analysis. Therefore this section focuses on the latter.

With most FE software packages the most convenient way is to perform a two-step

method [118, 34]. First a static analysis is performed with all sources present to obtain

the saturation pattern in the iron. The acquired permeability pattern is saved and used

in a second FE analysis which is performed as described in the preceding section. It is

necessary to keep the geometry and usually also the mesh identical to be able to import

the permeabilities. With this method the inuence of saturation can be observed on

both, magnet ux linkage 	m and inductances Ld, Lq.

Generally it can be expected that 	m, Ld, and Lq decrease with increasing Iq as, due

to the displacement between stator and rotor ux, saturation occurs mainly in the stator

back and in the teeth facing the total ux density peak. Due to symmetry the sign of

Iq should not have any inuence. With the stator ux along the direct axis however,

a completely di�erent situation is obtained due to the ux bias from the magnets. A

positive Id increases the d axis ux and thus saturates the iron while a negative Id

reduces the ux density. The inuence of a neagtive Id on the motor parameters should

thus be negligible. Yet, if a notable saturation exists already at no-load a slight increase

of the values may be observed.

The signi�cance of the parameter drift due to saturation depends on the particular

machine design. Machines with high airgap ux density are naturally more prone to

saturation than those with large airgap, low inductances, and thus low armature reac-

tion. In the following section results are presented from an analysis of the test machine

using the methods described. It has a comparably short airgap and thus the saturation

inuence is very pronounced. The predicted tendencies are clearly visible and similar

results have been presented in [7]. This shows the importance of analysing these aspects.
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4.9. The test machine

4.9.1. Concept and stator design

A test machine was built to enable experimental investigations of the switched stator

winding concept. The focus of the tests was mainly the examination of the torque inter-

ruptions (see section 3.4) rather than the machine performance. An optimization of the

motor was therefore not the primary goal of the design. Since the project concentrated

on traction propulsion a comparably large test object was desired. On the other hand it

was important to keep both, material and production costs low. Consequently as many

standard components as possible were used. ABB Motors Oy, Vaasa, Finland kindly

supported the project by manufacturing the prototype.

As described in section 4.1, only the inner rotor, radial ux design was considered for

the test machine. This advantageously coincided with the desire for a cheap prototype as

the well established asynchronous motor production facilities could be utilized to a large

extent. Consequently the design process started from a standard asynchronous motor.

The size was set to a shaft height of 225mm. In this size two pole pairs are frequently

used which was also suitable for the test machine as pointed out in section 4.4. This

led directly to the layout of the stator core which was chosen to be identical to that of

the standard asynchronous motor. This simpli�ed the construction signi�cantly as the

lamination could be taken from the series production. Only the axial stack length was

slightly altered to allow a convenient rotor construction (see below). The data set by

these selections were

� shaft height hsh=225mm,

� outer stator radius Rso=180,5mm,

� inner stator radius Rsi=117,5mm,

� axial stack length L=200mm,

� fundamental ux density wave amplitude B̂sg(1)=0,86T,

� lamination material DK70, 0,5mm,

� number of pole pairs p=2,

� number of coils per phase 2,

� number of stator slots Q=48,

� number of slots per pole and phase q=4,

and the slot shape was standard. The slots were semi-closed implying a random winding.

According to the available power inverter [119] and other laboratory conditions,

nominal voltage and speed were chosen as Un=325V and nn=1350rpm (!n=2� �45Hz)
respectively. With B̂g(1) equal to the original asynchronous machine (0,86T) the number

of conductors per slot was calculated according to equation (4.11). Due to the fact

that the machine must be rated for Y -series connection (see chapter 3) a relatively low
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Figure 4.32.: Winding arrangement of the test machine.

value of Ns is obtained. Since it must be an integer number minor inaccuracies in its

computation have no inuence. Therefore kw1 can be set to unity and Rg�Rsi for a

slotted stator. Rounding up the values gave:

� number of conductors per slot Ns=6,

� rated voltage Un=325V,

� rated current In=90A,

� rated speed nn=1350rpm,

� rated electrical angular frequency !n=283rad/s.

Naturally several parallel wires were necessary. The rated current was set to 90A as this

was the limitation imposed by the inverter. The thermal current capability of the stator

was about 20% higher.

The arrangement of the winding must provide ideal symmetry to allow parallel con-

nections of the coils of each phase. Otherwise circulating currents would occur as

described in section 3.7 and in [17]. For the prototype the arrangement sketched in

�gure 4.32 was selected. Figures 4.33 and 4.34 show alternatives. The latter yields min-

imum end-winding size but the analysis is somewhat more complex as the two coils of

one phase are magnetically coupled which is not the case for the other two versions.
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Figure 4.33.: Alternative winding arrangement for the test machine.

��A

��A
��A

��5

��A

��5

��5

��5

��5

��5

��A
��A

Figure 4.34.: Alternative winding arrangement for the test machine minimizing the

end-winding size.
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4.9.2. Rotor design

In section 4.2 it was pointed out that this work concentrates on surface magnets. Con-

sequently this structure was also chosen for the test machine. In particular surface inset

magnets (�gure 4.3) were selected to create a saliency and thereby provide a reluctance

torque contribution. Also the bene�ts of surface inset magnets for the application of

the required banding were appreciated. The negative e�ect, described in section 4.3.4,

of saliency on the circulating currents in delta connected coils was not fully recognized

at the time of the motor construction.

Since a high power density is important in motors for traction and road-vehicle drives,

relatively high operation temperatures must be expected. Therefore a high temperature

grade NdFeB magnet material was selected. SmCo was considered to be uneconomical

for larger machines. The magnets were provided by Outokumpu Magnets, Pori, Fin-

land (today Neorem Magnets). Their demagnetization curves have been presented in

�gure 2.3. As manufacturing a few arc-shaped magnets was not economical, a large

number of small bar-shaped pieces was used. In particular magnets from a large pro-

duction series were selected. Their dimensions were 12,4mm�4,2mm�50mm with the

magnetization perpendicular to the largest surface. Since these measures were quite

small compared to the rotor dimensions a su�cient exibility was achieved without ar-

duous machining of the magnetized and brittle material. However, concessions in the

rotor design were necessary. Most important the magnet height hm=4,2mm was prede-

termined. Yet, varying the magnetic airgap length allowed the adjustment of the ux

density from the magnets Bmg. The drawback of this approach was that the induc-

tances could not be selected freely. They were remarkably higher then desired according

to section 4.3.3. Corresponding to the length of the magnet pieces the core length was

shortened from the original 205mm to 200mm implying a subdivision into four magnet

pieces in axial direction, i.e. lm=50mm and nmz=4. Consequently a skew in four steps

was also implemented. To achieve approximately Bmg=0,7T a magnetic airgap length

of gm=2mmwas chosen resulting in an outer rotor radius of Rr=115,5mm and an airgap

radius of Rg=116,5mm. This left enough clearance to accommodate the banding.

The number of magnet pieces in circumferential direction along one pole-arc can be

determined as

nmx =
2�m (Rr � hm)

pbm
(4.102)

where bm is the width of a magnet piece, i.e. bm=12,4mm. Note that �m must be inserted

in electrical radians. With (4.26) nmx=9,4 is obtained. Selected was nmx=10 resulting

in a somewhat increased magnet angle of approximately �m=64
�. The total number of

magnet pieces was thus 160 (2pnmxnmz). With the mass density of �m=7500kg/m
3 a

total magnet mass of

mm = 2pnmxbmnmz lmhm�m = 3;1kg (4.103)

was required.
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For the banding a glass-�bre ribbon impregnated with epoxy was selected because

its handling and properties were well known from fastening the end-windings of asyn-

chronous machines with wound rotors. The thickness of this ribbon was 0,3mm with a

tensile strength of 180N per millimeter width. This gives a banding material constant

of kb=6 �108N=m2
. The attempted top speed of the machine was set to 4000rpm. From

equation (4.3) the minimum banding thickness was then determined as hb � 0;26mm.

Theoretically one layer would thus have been su�cient. However, as described in sec-

tion 4.2.3 more layers are required for various reasons. For the experiment machine

three layers were chosen (hb�1mm). First it was intended to grind the whole rotor after

the magnets had been glued. This would have given a perfectly smooth surface which

would have been bene�cial for the banding. Besides, the magnet height and thereby the

magnet ux would consequently have been reduced by approximately 5%. When grind-

ing magnet material a large amount of liquid is necessary to wash o� the magnetized

dust. Furthermore this dust is inammable and di�cult to extinguish. Moreover it is

precarious for the respiratory organs. Consequently that grinding was skipped in the

production of the test machine. This in turn resulted in an increase of the magnet ux

density by 5%, i.e. Bmg=0,73T.

The rotor core was made of the same lamination as the stator. The sheets were

punched with a kind of polygon under the magnet poles to achieve at surfaces for their

mounting. Furthermore key recesses with di�erent positions were placed on the shaft

bore to realize the step skew. The laminations were then compressed using end-plates

of steel. After the assembly of the rotor core the magnets were piecewise glued in place

and afterwards the banding was applied. Since the magnets are then embedded in epoxy

and covered by a resin banding they should be e�ciently sealed which in turn should

avoid oxidation problems. Summarizing the rotor data are:

� airgap radius Rg=116,5mm,

� outer rotor radius Rr=115,5mm,

� inner rotor radius, shaft radius Rri=37,5mm,

� number of pole pairs p=2,

� magnetic airgap length gm=2mm,

� axial stack length L=200mm,

� lamination material DK70, 0,5mm,

� magnet ux density Bmg=0,73T,

� magnet material NdFeB, Neorem490a,

� mass density of magnets �m=7500kg/m
3,

� length of magnet pieces lm=50mm,

� width of magnet pieces bm=12,4mm,

� magnet heigth hm=4,2mm,

� magnet angle �m=64
�,

� number of magnets pieces in axial direction nmz=4,

� number of magnets pieces per pole in circumferen- nmx=10,

tial direction
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� total number of magnet pieces 160,

� total magnet mass mm=3,1kg,

� top speed !mech max=419rad/s,

(4000rpm),

� banding material strength (glass-�bre) kb=6 � 108N=m2
,

� number of banding layers 3,

� banding thickness hb�1mm,

� skew one slot pitch,

� number of skew steps s=4,

� angular shift between skew steps "m=1,875
�.

Figure 4.35 shows the cross-sectional geometry of the machine in its original proportions.

Frame, rotor suspension, cooling, fan, and other mechanical properties were for simplicity

chosen identical to the standard asynchronous motor implying a sealed construction. On

the fan side a shaft extension with 10mm diameter was mounted for the connection of a

rotor position sensor.

The amount of magnet ux leakage was evaluated by means of a static �nite element

analysis without stator currents. Figure 4.36 shows the �eld lines around one pole edge.

Each line represents one percent of the ux of one pole. From this result it can be

approximated that 4% of the magnet ux is lost at the pole edges, 2% on each side.

4.9.3. Encountered construction di�culties

In this section a few manufacturing problems are mentioned which are speci�c for the

PM machine production. When the �rst rotor core was manufactured it showed that

the surfaces where the magnets should be placed were not smooth enough. This was

probably caused by an insu�cient angular alignment of the sheets as the key recess

had a little play. On the second produced rotor core the surfaces for the magnets were

machined after the stack was assembled.

Gluing the magnets in place was not only labour intensive but also caused signi�cant

di�culties. While the �rst pieces could easily be placed onto the rotor the following

pieces were problematic due to the repelling forces. The magnets tended to ip and

great care was required so that all pieces have the correct orientaton of magnetization.

Due to the repelling forces it was also necessary to wait for the hardening of the glue

before placing the adjacent piece. Most problematic was of course the last magnet of a

pole as this had to be inserted in a remaining slot. If the tolerances are too tight or the

pieces already mounted are not su�ciently close together the remaining slot might prove

to be too narrow. The acting forces are quite high and the saftey measures mentioned

in section 2.2 must be obeyed. A clean working environment is furthermore required as

the magnets will attract steel cuttings and it might later be di�cult to remove small
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Figure 4.35.: Cross section of the test machine, proportionally scaled. One pole shown.

particles. Furthermore the magnets should not be exposed unnecessarily to air or other

oxidants.

After all magnets were glued in place the banding was applied starting from one

end-plate; going axially all over the rotor with a feed of 1/3 of the ribbon width to

obtain three layers; and ending on the other end-plate (see �gure 4.5). Afterwards the

resin was hardened at elevated temperature. Here the chosen temperature was lower

than usual for this material to avoid destruction of the magnets (see section 2.2). In the

particular case 150�C was used. The hardening duration was of course increased. When

handling the magnetized rotor great care is required again as metallic pieces attracted

by the magnets can damage the banding.

Maybe the most problematic construction step was inserting the rotor into the stator.

The magnetic forces pull the rotor axially into the stator core. Furthermore eccentricity
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Figure 4.36.: Field lines of the magnet ux at one pole edge, 1% ux per line.

yields radial forces. From �nite element analysis it was found that radial forces up to

several kilo-Newton could occur in the test machine. Since both, axial and radial forces

are quite strong a rigid �xture should be used for the insertion. With surface magnets

this is particularly important as banding and magnets can be damaged if the rotor hits

the stator core. For protection a plastic sleeve or several strips may be placed on the

rotor surface which are removed after the rotor is in place. It was intended to do so in the

test machine production but when preparing the rotor for insertion it was prematurely

pulled into the stator. Since the three layers of banding provided a signi�cant margin

it was considered tolerable at least for test purposes if some minor damage occurred to

the outer banding layer. This production step would be less critical with an internal

magnet design which does not require the sensitive banding on the rotor surface.

Most of the speci�c manufacturing di�culties are obviously caused by the permanent

magnetization of the rotor. It would thus be bene�cial to magnetize the rotor as late as

possible. For some machine designs this might be possible as a �nal step using the stator

winding. In most cases however, this will be impossible without damaging or intolerably

aging the winding. With a specially designed rig it seems however possible to magnetize

the complete rotor [120]. This makes mounting the magnets easy but the complication

of inserting the magnetized rotor into the stator remains. In [121] the magnetization of

a complete outer rotor is considered.

The stator production raised no remarkable di�culties as it was almost identical to

the standard asynchronous motor. Only the low number of conductors per slot made

the end-windings somewhat larger since many parallel wires were required resulting in
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an increased bending radius. Also providing all twelve coil-ends at the terminal was

uncomplicated because a suitable terminal box was readily available from two-speed

motors.

4.9.4. Theoretical performance

To compute the theoretical performance according to sections 2.6, 2.7, and chapter 3

the machine parameters of the lowest speed con�guration 	m0, Ld0, and Lq0 must be

determined �rst. This was done analytically and by using �nite element analysis as de-

scribed in section 4.8. As described in section 4.9.2 the magnet ux density, Bmg=0,73T

obtained by the analytical method, was a little higher than attempted. The reduction

factors were found to be:

� winding distribution factor, (4.6) ku1=0,9577,

� winding pitch factor, (4.8) kst1=1,0000,

� skew factor, (4.55) ksk1=0,9973,

� total reduction factor, (4.5) kw1=0,9551.

The magnet ux linkage was then calculated according to (4.83) using (4.12) giving

	m0=0,780Vs. From a �nite element analysis a slightly lower magnet ux density was

obtained, Bmg=0,728T yielding 	m0=0,778Vs. Since end-plates of standard steel were

used an axial leakage also occurs in them. The amount of this leakage was estimated

by a �nite element analysis. Figure 4.37 shows the �eld lines at the stack end around

the airgap. Each line represents one percent of the ux of one pole. From this result it

can be approximated that 2% of the magnet ux is lost at the pole edges, 1% on each

side. Hence 	m0 must be reduced by this factor resulting in 0,764Vs and 0,762Vs for

the analytically and numerically obtained values respectively. Axial leakage occurs also

at each skew step. For the given geometry this is however negligible in comparison to

the leakage at the end-plates.

The inductances were calculated analytically as described in section 4.8. Ld0=6,5mH

and Lq0=9,8mH was obtained from equations (4.94) and (4.97) respectively. The end-

winding inductance was estimated to 0,3mH. Suggestions for this estimation are for in-

stance given in [115, 100]. Adding this component yielded Ld0=6,8mH and Lq0=10,1mH.

The inductances were furthermore computed by �nite element analysis as described in

section 4.8.2, thereby taking saturation and slot leakage into account. Figures 4.38

and 4.39 show the obtained inductances as functions of the stator currents Id and Iq.

Note that the maximum current was
p
2 � 90A�130A. The values at zero stator current

are Ld0=5,7mH and Lq0=9,3mH. Adding also here the same end-winding contribution

yielded Ld0=6,0mH and Lq0=9,6mH. Hence similar inductances were obtained from

analytical and �nite element calculations. The latter were however always lower. For

the performance calculations below the machine parameters which were obtained from

FE analyses are used:
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Figure 4.37.: Field lines of the magnet ux at the rotor end-plates, 1% ux per line.

� magnet ux linkage 	m0=0,762Vs (0,764Vs),

� direct axis inductance Ld0=6,0mH (6,8mH),

� quadrature axis inductance Lq0=9,6mH (10,1mH).

The analytically obtained values are shown in parenthesis.

In section 2.6 it was demonstrated that the direct axis current should always be neg-

ative for a machine with Lq>Ld which is the case in the test machine. From �gure 4.38

it can thus be concluded that the inuence of Id on the inductances is negligible. In

contrast the saturation inuence of the quadrature axis current on both inductances Ld

and Lq is very signi�cant as depicted in �gure 4.39. With rated current in q direction

Ld0 drops by 43% and Lq0 by 65% implying that the saliency practically disappeares.

Even more important is that also the magnet ux decreases like Ld0 due to saturation.

It can thus be concluded that the armature reaction in this machine is too high. It was

mentioned earlier that lower inductances are desired but were not achievable without

lowering the magnet ux because the magnet height was predetermined. In a machine

with thicker magnets and longer airgap the inductances and the armature reaction would

be lower. Consequently saturation e�ects would be less pronounced.

With these machine parameters the torque and power versus speed characteristics

were computed as described in sections 2.6.1 and 2.7.2 for operation below and above

base speed respectively. This gave the performance in Y -series connection. The be-

haviour in the other con�gurations was then obtained using the relations presented in

table 3.1. The resulting torque and power versus speed curves are shown in �gures 4.40

and 4.41 respectively. It should be noted that saturation e�ects were not taken into

account although they are not negligible in reality. Evidently the high inductances led

to an e�cient �eld weakening capability since the optimum �eld weakening condition,

equation (2.82), is approximately ful�lled. Naturally this machine is not really suitable

for the switched winding concept as the Y -series connection can provide the maximum
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Figure 4.38.: Inductances of the test machine in Y -series connection as a function of

the dirext axis current as obtained from FE analyses.
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Figure 4.39.: Inductances of the test machine in Y -series connection as a function of

the quadrature axis current as obtained from FE analyses.
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output over the whole speed range. It was nevertheless possible to examine that concept

with this machine. The following theoretical data were determined at base speed:

� direct axis current for maximum torque Idn=-51A,

� quadrature axis current for maximum torque Iqn=117A,

� load angle for maximum torque �=114�,

� maximum torque Tn=335Nm,

� �rst base speed nbase=1040rpm,

� output power at �rst base speed Pel base=36,5kW.

It is obvious that base speed and thus also base power are signi�cantly lower than

the rated values. Consequently the performance without �eld weakening is comparably

poor in this con�guration. Furthermore it is seen from the signi�cant direct axis current

component (�>90�) that the reluctance torque contribution is remarkable. In reality

the torque is much lower due to saturation which was also found from �nite element

analysis.

Although a gain could not be achieved by switching the winding into di�erent con-

�gurations it was possible and was also used to investigate the switching principles. In

particular major attention was paid to the performance during the transition from one

con�guration to another. The test machine data are summarized in table 4.9 at the end

of this section.

To achieve a better performance at base speed, lower inductances should have been

used as pointed out in section 4.3.3. A reasonable choice may be to triple the airgap

length, gm=6mm. To maintain the magnet ux the magnet height must also be increased

correspondingly, hm=12mm. As a �rst approximation 	m0 would remain unchanged

while the inductances Ld0 and Lq0 would be reduced by a factor 1/3. The predicted

torque and power versus speed curves of this altered design are shown in �gures 4.42

and 4.43 respectively. Evidently switched stator windings would be required if this

altered machine should be used for vehicle propulsion.

The comparison of this low inductance version to the actual test machine shows a

signi�cantly improved theoretical performance at base speed although the peak torque

is lower:

� direct axis current for maximum torque Idn=-23A,

� quadrature axis current for maximum torque Iqn=125A,

� load angle for maximum torque �=100�,

� maximum torque Tn=303Nm,

� �rst base speed nbase=1520rpm,

� output power at �rst base speed Pel base=48,1kW.

The reduction of peak torque is due to the lower armature reaction and the thereby

reduced reluctance contribution. Moreover this leads to diminished saturation e�ects so

that the di�erence in torque would in reality be much smaller. If �eld weakening shall
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Figure 4.40.: Theoretical tractive e�ort curves of the test motor for all four winding

con�gurations.
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Figure 4.41.: Theoretical output power curves of the test motor for all four winding

con�gurations.
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Figure 4.42.: Theoretical tractive e�ort curves of the test motor with triple airgap

length.
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Figure 4.43.: Theoretical output power curves of the test motor with triple airgap

length.
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be avoided this altered design is clearly preferable because much higher output power

and higher power factor (�0;95) can be reached. When changing to the con�gurations

for higher speed the situation improves further.

Besides achieving lower inductances the saliency should also have been avoided as

pointed out in section 4.3.4. Consequently surface mounted magnets should have been

used. Then the theoretical performance data with triple airgap length would then be

approximately:

� direct axis current for maximum torque Idn=0A,

� quadrature axis current for maximum torque Iqn=127A,

� load angle for maximum torque �=90�,

� maximum torque Tn=297Nm,

� �rst base speed nbase=1570rpm,

� output power at �rst base speed Pel base=48,8kW.

This shows that the non-salient machine has almost the same performance as the salient

version for this example with low inductances. In contrast the bene�ts with respect to

circulating currents are quite pronounced.

Table 4.9.: Experiment motor data.

property symbol value

shaft height hsh 225 mm

outer stator radius Rso 180,5 mm

inner stator radius Rsi 117,5 mm

axial stack length L 200 mm

fundamental ux density wave amplitude B̂sg(1) 0,86 T

lamination material Sura-DK70

lamination thickness 0,5 mm

number of pole pairs p 2

number of coils per phase 2

number of stator slots Q 48

number of slots per pole and phase q 4

number of conductors per slot Ns 6

rated voltage Un 325 V

rated current In 90 A

rated output power Pn 50 kW

rated speed nn 1350 rpm

rated electrical angular frequency !n 283 rad/s

airgap radius Rg 116,5 mm

outer rotor radius Rr 115,5 mm

inner rotor radius, shaft radius Rri 37,5mm

magnetic airgap length gm 2 mm

(continued)
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Table 4.9.: (continued)

property symbol value

magnet ux density Bmg 0,73 T

magnet material NdFeB Neorem490a

mass density of magnets �m 7500 kg/m3

length of magnet pieces lm 50 mm

width of magnet pieces bm 12,4 mm

magnet heigth hm 4,2 mm

magnet angle �m 64�

number of magnet pieces in axial direction nmz 4

number of magnet pieces per pole in cir- nmx 10

cumferential direction

total number of magnet pieces 160

total magnet mass mm 3,1 kg

top speed !mech max 419 rad/s,

4000 rpm

banding material glass-�bre resin

banding material strength kb 6 � 108 N/m2

number of banding layers 3

banding thickness hb 1 mm

rotor skew 1 slot pitch

number of skew steps s 4

angle between skew steps "m 1,875�

magnet ux linkage in Y -series� 	m0 0,762 Vs

direct axis inductance in Y -series� Ld0 6,0 mH

quadrature axis inductance in Y -series� Lq0 9,6 mH

direct axis current for max. torque� Idn -51 A

quadrature axis current for max. torque� Iqn 117 A

load angle for max. torque� � 114�

maximum torque� Tn 335 Nm

�rst base speed� nbase 1040 rpm

output power at �rst base speed� Pel base 36,5 kW
�These properties are theoretical values obtained when neglecting saturation.

4.10. Suitable power inverters

The selection of the electronic power inverter is mainly an orientation at the state of

the art. Basically the same inverters can be used as for concurrent asynchronous motor

drives. In contrast to these drives a seperate inverter is required for each PM motor.

Therefore the studied power range of the inverter is the same as that of the motor, i.e. up
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to approximately 200kVA. For this range today voltage source inverters (VSI) are com-

mon. These are characterized by a constant DC-link voltage, forced commutation, and

hard switching. The phase currents are then controlled by PWM methods as described

in section 2.6.2.

It has been shown that a machine with low inductances is recommended if �eld

weakening is not utilized. Switching the stator windings into di�erent con�gurations

reduces the e�ective inductances further (see table 3.1), e.g. by a factor 1/12 for two coils

per phase. This evidently requires switching frequencies which are considerably higher

than those used today for larger drive systems. The inverter must thus be equipped

with IGBTs which is anyway the actual trend even for several 100kVA. Su�ciently high

switching frequencies are also possible although not yet common. Since the development

aims at higher frequencies there is probably no limitation to their availability in the

future. The approach of silicon carbide semiconductors is expected to enhance this

tendency further. However, as is known very hard switching can yield problems for the

insulation system of the machine, especially if the cables between inverter and motor

are too long.

In the experiments the switching frequency was limited to 2kHz for reasons explained

in section 5.2. For the highest speed con�guration, �-parallel this was however hardly

su�cient resulting in high current harmonics. Furthermore the machine inductances

should be signi�cantly lower, e.g. by a factor 1/3 as pointed out in the preceding section.

This would require a corresponding increase of the switching frequency. Therefore an

inverter frequency of 10kHz seems appropriate. Although this value is related to this

particular example, it gives an indication to what level of switching frequency that is

necessary for a PM motor drive with switched stator windings. However, this is de�nitely

realizable [119].

Also the requirement of a seperate inverter for each motor coincides with the devel-

opment in the �eld of traction propulsion. It was earlier common to operate four motors

on one inverter while today one inverter per bogie, i.e. two motors is typical. In the

future one inverter per motor is likely to become common.

4.11. Conclusions and future work

In this thesis only the inner rotor radial ux PM machine was deliberated. This choice

was made mainly due to practical reasons. However, other topologies o�er interest-

ing possibilities and should be examined as well, namely outer rotor, axial ux, and

transversal ux machines. This chapter concentrates furthermore on rotors with sur-

face magnets. In this case most design and analysis steps that have been described in

this chapter can be performed analytically. For a real product however, the internal
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magnet design should be considered as it is expected to simplify the motor production.

For machines with high circumferential speed on the other hand, it will be di�cult to

ensure mechanical stability without some banding. Then the best solution is probably

the surface magnet type.

To obtain optimal performance in combination with switched stator windings the

motor design should aim at low inductances implying a large airgap length and thick

magnets. This is however limited by the available inverter switching frequency and the

resulting current harmonics. It should be examined how a good compromise can be

found. A comparably fast inverter is however required in any case.

To avoid excessive circulating currents in delta con�gurations a magnet angle of

�m=60
� must be chosen, implying a covering of 2/3 of the pole surface. For the same

reason a non-salient surface mounted magnet rotor is strongly recommended. The pole

pair number should be chosen equal to the number of winding parts per phase, or a

multiple of that, because this enables convenient arrangement of the stator windings.

Cogging torque and torque ripple can be very prominent in PM machines. Some

contributions can be avoided by choosing a non-salient rotor. Nevertheless a skew of

one stator slot pitch is encouraged, at least if more than one slot per pole and phase is

used. The most feasible implementation is step skew of the magnets. Already very few

steps are quite e�cient in suppressing slot-harmonic e�ects.

Analytic and �nite element methods have been suggested for the determination of

the machine parameters. These methods should be veri�ed and re�ned in the future.

Especially further investigations concerning the inuence of saturation are desired. Sub-

sequently these e�ects should also be included in the performance computation methods.

A 50kW surface inset magnet machine was produced for test purposes. This machine

was not optimized for the switched winding concept but was suitable for the experimental

investigations of the switching performance. The construction process revealed a number

of complications caused by the permanent magnetization of the rotor. Some work is

required in this �eld before the large scale series production of PM motors of this power

range can be launched.

Besides the mentioned aspects the design and the analysis of PMmachines leavemany

unanswered questions and numerous possibilities for further research work, especially if

non-traditional topologies are introduced. Such investigations are performed all over the

world by numerous departments but even more research is encouraged.
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5.1. Introduction

In this chapter the construction of the experimental setup is described. The test machine

was already described in section 4.9 and thus it is not the topic of this chapter. Since a

complete drive system with switched stator windings is rather complex only some central

aspects are treated. The reader who has practically worked with a similar setup will

probably appreciate the limitations in describing the complete details. Some additions

can be found in appendix B. Besides the setup some tests are included in this chapter.

The performance of the winding recon�gurations is however excluded and will be looked

upon in the following chapters as it constitutes the central aspect of this thesis. Some

minor hints on the experimental work were already described in the preceding chapter.

5.2. The experimental setup

5.2.1. IGBT inverter and PWM generation

The IGBT inverter, which was used for the experiments, was already available at the

department. It had been built by Hans-Peter Nee in 1989 and was published in [119].

Although it was equipped with �rst generation IGBTs it has the capability of switching

frequencies up to 20kHz at a rating of 50kVA. The DC link voltage was limited to 500V.

Even today these data can be regarded as rather unique. To achieve a su�ciently fast

switching the diodes incorporated in the IGBT modules were disabled by series diodes

and replaced by external fast recovery diodes. Furthermore advanced gate driver circuits

were required. The details are described in [122]. The original modulator allowed only

constant frequency operation and was thus not suitable for the present project. The

transfer of the signals to the gate drivers was realized with glass-�bre connections. This

made the setup rather disturbance insensitive.
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The inverter has 6 TTL inputs, one for each valve. This enables deactivating of

all IGBTs implying that the motor phases are practically oating. This possibility was

found to be bene�cial for the winding recon�guration tests. The inverter had been �tted

with several protection circuits, especially over-current protections. Even sudden short

circuits could be handled without inverter damage. The DC link was fed from a rotating

converter consisting of a mains connected asynchronous motor and a DC generator with

controllable excitation. This allowed the free choice of the DC link voltage between 50V

and the mentioned upper boundary of 500V. Furthermore braking operation of the PM

drive system was possible as the power ow can easily revert in the rotating converter

for feedback to the grid. Due to its robustness and exibility this inverter has been very

suitable for numerous experimental investigations.

The maximum line-to-line voltage in six-step mode is

Uss max =

s
3

2
� 4
�
� Udc

2
= 0;78 � Udc (5.1)

where Udc is the DC link voltage [57]. In sinusoidal PWM mode the boundary is lower:

Usin max =

s
3

2
� Udc

2
= 0;61 � Udc : (5.2)

The inverter data can thus be summarized as:

� rated power Sinv=50kVA,

� rated line current In=90A,

� maximum DC link voltage Udc max=500V,

� maximum line-to-line voltage in six-step mode Uss max=390V,

� maximum line-to-line voltage with sinusoidal PWM Usin max=305V,

� maximum switching frequency fsw max=20kHz.

To achieve the full output power it was necessary to increase the output voltage some-

what over the boundary for pure sinusoidal operation (U=320V).

The rotating converter supplying the DC link was rated 500V, 150A, and 75kW

which is why it imposed no additional limitations. A di�culty occurred however at fast

transients of the load. The �eld current controller of the DC generator was not able to

react fast enough and major oscillations of the DC link voltage occurred. This caused

problems especially when starting the PM motor with full torque but also during the

winding recon�gurations when the power ow was shortly interrupted. The severity of

this complication was reduced by loading the DC generator permanently with a bias

current through resistors. Furthermore a short current ramp (100ms) was used when

starting from stand-still.

The IGBT inverter was originally constructed for the supply of asynchronous motors

with imposed voltage. For the control principle described in section 2.6 a position de-

pendent current control was however necessary. To measure the actual phase currents
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Figure 5.1.: Circuit diagram of the contactor setup.

two 200A LEMtm modules were used. Their signals were sampled and the PWM gen-

eration was performed by a software in the digital signal processor (DSP). The inverter

legs were then simply controlled from the DSP via TTL signals. The PWM method

used was the delta controller described in section 2.6.2. A small hysteresis was however

added. As will be described in section 5.2.5 the switching frequency was limited by the

DSP to 2kHz. For the concept with switched stator windings this was somewhat too

low (see section 4.10) but the current harmonics became slightly too high only in the

highest speed �-series con�guration. With a PWM generation realized by hardware, as

depicted in �gure 2.20, a much higher switching frequency would have been possible,

probably around the maximum for the inverter, i.e. 20kHz.

5.2.2. Contactor winding switches

The simplest choice for the windings switches are electro-mechanical switches, i.e. contac-

tors. For the experiments standard industrial contactors were selected for convenience.

Such contactors usually feature three power contacts and some help contacts for lower

current. A useful arrangement is thus as shown in �gure 5.1 (compare to �gure 3.5).

Consequently �ve standard contactors are needed. The help contacts were utilized to

exclude erroneous connections which constitute a short circuit, i.e. simultaneous closing

of Y and � or series and parallel contactors. In order to avoid uncontrolled recti�cation

the help contacts were arranged to give, in case of an error, the con�guration with lower

induced voltage. For simplicity a coil rating of 230V AC was selected. The contactors

were actuated from the DSP via relays. For this purpose a relays board was built with

an 8-bit TTL input and eight relays. This is briey described in appendix B.2.
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Table 5.1.: Required and selected contactor ratings.

contactor maximum required selected selected

current rating (approx.) class rating

Y In=90A 60A AC-3 115A

� In=
p
3=52A 35A AC-3 65A

series In=90A 60A AC-1 80A

parallel In=2=45A 30A AC-1 40A

Evidently not all contactors need to be rated for the full current because the maxi-

mum current is a factor 1p
3
lower in the delta and 1/2 in the parallel contactors. Fur-

thermore all switching is done current-free, as described in section 3.4, which is why the

contact rating can be even lower. From standard contactor data sheets1 it was found

that the conducting capability is, for the regarded current range, typically 30%{50%

higher than their rating which is useful when breaking inductive current, for instance

during switching of mains connected asynchronous motors. For the experimental setup

it was however decided to use contactors with full current breaking capacity for the Y

and � connections since current-free switching could not be ensured during the control

software development and also to provide more exibility. Besides these contactors were

used in other experiments without controlled phase currents. From �gure 3.1 it can

be seen that each recon�guration includes a change between star and delta while the

series-parallel connection is only altered in the second switching. Therefore a rating of

the series and parallel contactors for conduction only seemed appropriate. In section 4.9

it was pointed out that the winding of the test motor was actually designed for a higher

current than the rating used during this project. To avoid unnecessary limitations the

contactors were thus correspondingly over-rated. Table 5.1 displays the required and

selected contactor ratings where the classes AC-1 and AC-3 stand for current carrying

and current breaking capability respectively.

Since these contactors are additional equipment when comparing to normal drives,

their dimensions and weight are of signi�cant relevance, especially in all types of vehicle

applications. Figure 5.2 depicts these properties for the experiment setup. The deviating

dimensions of the Y contactor were due to the requirement of a di�erent contactor

type. Comparing to the size and weight of the machine with a shaft height of 225mm

this appears quite acceptable, in particular when bearing in mind that much smaller

contactors would have been su�cient. Furthermore should it be noted that the current

rating of a subway drive is typically only slightly higher than that of the test machine.

The higher power is achieved by a remarkably higher voltage. With special customized

contactors it would moreover be possible to combine all series and parallel contacts and

all star and delta contacts in one unit each, thereby reducing size and weight further. In

that case however, it would no longer be possible to completely open the circuit. Hence

1From Telemecanique data sheets
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Figure 5.2.: Dimensions of the experiment contactor set.

it is recommended to separate the Y and � contactors. An integration of the winding

switches in an extended terminal box on the motor seems feasible.

According to data sheets the selected contactors have a closing delay of maximum

50ms and an opening delay of maximum 30ms including arcing time. Hence a torque in-

terruption of up to 0,1 second was expected because subsequent switching was necessary

as has been described in section 3.4. Since the contactor coils are driven with alternating

current the exact delays were dependent on the phase instant of the coil voltage when

the switching was performed. This could however not be controlled and thus remarkable

uctuations of the contactor delays occurred. It was of course necessary to adjust the

waiting periods of the control software for the worst case, i.e. the longest delay. A more

uniform delay can be expected if contactors with DC coils are employed.

5.2.3. Thyristor winding switches

In section 3.5.2 it was pointed out that drastically shorter torque interruptions can be

expected when using semi-conductor winding switches. Furthermore such switches are

required for the investigations that will be presented in chapter 7. Consequently a cor-

responding switch equipment was constructed. This was mainly done in the master's

thesis carried out by Erik Norberg in 1997 [85]. In this work the details of the com-

plete thyristor switch gear have been described. Here only some central aspects will be

reviewed.

A particularly interesting solution was the use of thyristors as they combine high

current rating with low conduction losses and low costs. Moreover switching occurs only

occasionally and all switching is performed at zero current which allows simple control

of the thyristor switches. Forced commutation circuits are not required. Each switch in

�gure 3.5 must be replaced by a pair of anti-parallel thyristors leading to 28 thyristors

corresponding to 14 standard modules. To enable the asymmetric switching, which will
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Figure 5.3.: Typical outline of standard thyristor modules.

be described in chapter 7, each thyristor pair must be separately controllable from the

DSP. For convenience 14 TTL signals were used. These signals were provided from the

second port of the daughter board described in appendix B.1.

Complete semi-conductor AC switches are commercially available incorporating two

anti-parallel thyristors and a control circuit. These modules are designed for mains

connected application and use the voltage of the main circuit for supplying the gate

drivers. Evidently this is not possible in an inverter-fed, variable speed drive. Instead

an independent supply is required for the gate and control circuits.

Common modules incorporating two thyristors are often outlined as depicted in �g-

ure 5.3. By inter-connecting K1 and A2 they conveniently form a thyristor switch. This

in turn allows an advantageous arrangement of the whole switch equipment as shown

in �gure 5.4. All connections can be made using copper bars and only one crossing

exists which preferably is mounted elevated with a small distance. Furthermore all

gate connectors lie at the outer edge making their connection simple. Figure 5.5 shows

the circuit diagram of thyristor switches and motor windings clarifying the labelling of

�gure 5.4. The suggested placing of the thyristor modules allows not only convenient

connection but also provides a quite uniform loss distribution over the heatsink in all

four con�gurations.

When combining thyristors with fast IGBT inverters careful consideration must be

given to self-triggering of the thyristors which can occur due to the high voltage deriva-

tives, dU=dt. In the test setup an RC circuit was connected directly over each thyristor

pair to limit this derivative, thereby also utilizing the cable inductance between inverter

and thyristors. High pulse PE capacitors and inductance free resistors were used for this

purpose. Suitable values were found from PSpicetm simulations [85].

As described in the preceding section it would be possible to use thyristor modules

with lower current rating for the delta and parallel switches. However, for convenience

it is advisable to chose the same modules for all switches. The thyristors used in the

setup2 had the following data:

� peak o�-state and reverse voltage 2000V,

� maximum rms on-state current 220A,

2Manufacturer eupec; type TT122N
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Figure 5.5.: Con�guration of thyristor switches and motor windings.
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Table 5.2.: Losses in thyristor switches.

con�guration conducting modules loss contributions total losses

Y -series 2�Y+3�series 2 � Psw(In) + 3 � Psw(In) 490W

�-series 3��+3�series 3 � Psw(
Inp
3
) + 3 � Psw(

Inp
3
) 318W

Y -parallel 2�Y+6�parallel 2 � Psw(In) + 6 � Psw(
In
2
) 466W

�-parallel 3��+6�parallel 3 � Psw(
Inp
3
) + 6 � Psw(

In
2
p
3
) 309W

� maximum average on-state current 120A,

� critical rate of o�-state voltage rise 1000V/�s,

� threshold voltage vth0=1,0V,

� internal resistance rth=2,15m
,

� gate trigger current max. 200mA,

� holding current max. 300mA,

� latching current max. 1200mA.

With these data the total losses in the switches at rated current were computed according

to equation (3.7) taking the di�erent current levels in the switches into account. The

results are presented in table 5.2. From the data sheets a little higher values were

obtained [85]. These losses cause no major cooling problem if forced ventilation is

employed.

An interesting aspect is to compare these additional losses to the loss reduction which

can be expected by using a permanent magnet instead of an asynchronous machine. The

asynchronous motor, on which the test machine design was based, had a rotor winding

loss of approximately 1200W at rated load. This loss is omitted in a PM rotor without

cage. The thyristor losses are not negligible in comparison to this gain but are yet

relatively small. For a traction drive the relation is remarkably better as the higher

power is mainly achieved by a higher voltage and only a slightly higher current rating.

Therefore the rotor losses of an asynchronous motor are much higher than those of the

test machine while the thyristor losses increase insigni�cantly.

The trigger facilities for the thyristors needed special attention as several trigger

problems were discovered during the erection of the setup. Pulse transformers were used

for the gate drivers. Their galvanic division allows the use of only a single power supply

for steering all 28 thyristors. A single pulse transformer with double secondary winding

was used for each thyristor pair. First pulses with rather high frequency were used.

This gave, however, trigger problems for inductive loads and for parallel circuits. With

inductive load the anode current does not rise fast enough to reach the latching level of

the thyristor during a gate pulse. In parallel circuits on the other hand, the problem is

that the thyristors are not absolutely identical and one circuit opens slightly faster than

the other. Then the voltage over the other thyristor is comparably low and the current

in that branch rises even slower so that latching level is not reached during a gate pulse.
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Figure 5.6.: Gate driver circuit for thyristor switches.

Figure 5.7.: Photos of the thyristor switch gear, front and backside.

During the next gate pulse the situation is even worse because one thyristor is already

latched. In the worst case this could lead to current ow in only one of the parallel coils.

The described problems were solved by reducing the pulse frequency which led to

longer gate pulses making it easier for the anode current to reach its latching level. The

most secure solution is, however, to use DC gate signals. This has been validated by

experiments with batteries on the gates. To avoid a separate power supply for each

of the 28 thyristor gate drivers it may be possible to use the pulse transformers in an

operation mode similar to a switched mode power supply with high switching frequency.

This has however not been tested because the lengthened gate pulses gave su�ciently

good trigger performance. Figure 5.6 shows the principle gate drive circuit. The task

of the network on the secondary side of the pulse transformer is to form the gate pulses

appropriately. In [85] the details are described.
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For convenience the laboratory prototype of the thyristor switch rig was not mini-

mized in size. However, the dimensions of approximately 40cm�35cm�18cm including

drivers, power supply, and cooling are fairly acceptable. Figure 5.7 shows photos of the

thyristor block including fans and control board on the backside. In [85] it has also been

shown that the cooling was well over-dimensioned. Consequently the complete thyristor

switch equipment could be made even more compact. Also an integration on the motor

may be considered where a common ventilation can be utilized.

5.2.4. Shaft mounted position sensor

In section 2.6.3 di�erent types of encoders for the angular rotor position were described.

For the experiments an optical absolute encoder was selected as it combined low price

with very simple usage in combination with the DSP system. The required +5V supply

was directly provided by the DSP. The chosen encoder3 had a resolution of 10bit cor-

responding to a discretization of the position in steps of approximately 1/3 mechanical

degree. The output was of the open-collector type. With pull-up resistors in the digital

input of the DSP (see also appendix B.1) the position could directly be sampled with-

out any additional hardware. With this arrangement the data on the connection cable

can be considered as current signals with relatively low interference sensitivity alike the

current sampling with LEMtm modules. This was further enhanced by using shielded

data cables.

The critical aspect of such absolute encoders is often the output frequency limit

as was mentioned in section 2.6.3. Naturally this boundary is �rst reached by the least

signi�cant bit. Therefore these position sensors commonly use the Gray code as it halves

the frequency of the least signi�cant bit. Consequently the maximum rotor speed is:

!mech max = 4�
fenc max

2nbit
(5.3)

where fenc max is the frequency limit and nbit is the number of encoder bits. In the exper-

iments these data were fenc max=25kHz and nbit=10 giving nmax=3000rpm. Operation

is also possible above this limit but the least signi�cant bits must then be regarded as

noise containing no information. This corresponds to a reduced resolution but at high

speed the resolution is not as important.

The sensor was attached to the shaft extension on the fan side of the motor by a

exible membrane coupler without torsional play. The conversion from Gray-code to

binary values was performed by a subroutine in the DSP. The rotor position sensor data

are summarized by the following:

3Manufacturer: Leine&Linde, Str�angn�as, Sweden
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� encoder type optical, absolute,

� resolution 0,35� mechanical,

� coding nbit=10 (Gray code),

� supply 5V DC,

� outputs open-collector,

� maximum output frequency fenc max=25kHz,

� maximum speed without data loss nmax=3000rpm.

First it was necessary to adjust the angular position of the encoder on the motor

shaft. For this purpose a DC current was impressed with the stator windings in Y -

series con�guration. From the transformation and torque equations, (2.1) and (2.11),

it can be seen that a free rotor will move to the stable equilibrium of zero electrical

degrees for Ia=Idc and Ib=Ic=�Idc=2. It should be noted that this corresponds to 0

and 180 mechanical degrees in case of a motor with two pole pairs. Using the DSP

for sampling the position, the encoder was then adjusted to give a zero reading. This

needed to be done repeatedly with di�erent start positions of the rotor to diminish the

inuence of friction and cogging torque. Note that this method fails for a machine with

a major reluctance torque contribution and Lq>Ld as the total torque can change its

direction around zero load angle implying that a stable position exists at some other

angle than zero electrical degrees (compare to �gure 2.13). The adjustment was later

veri�ed by impressing the stator currents in d direction only using the DSP and inverter

and observing no rotor movement. Although this method of adjustment is acceptable

for experiments it is not advisable for a commercial product. A faster and more elegant

way would be a software solution. For this purpose the DSP could impress DC currents

and, after the rotor has assumed its new position, read the sensor output. This would

yield the angular shift between rotor d axis and position encoder. The obtained value

can be stored and subtracted each time the rotor position is read. The major bene�t is

that no mechanical adjustments are required.

5.2.5. The digital signal processor control system

Throughout the experimental investigations a DSP system, called Tiger 404, was used.

This system was based on a 32bit oating point DSP processor, TMS320C40 from Texas

Instruments. Furthermore a data acquisition board, which was delivered together with

the DSP, was used for the current sampling. Both cards were mounted in an IBM-

compatible personal computer (PC) to provide a programming environment and a user

interface. Such a system is a convenient solution for laboratory tests. For real systems

however, cheaper and specialized solutions are preferred using �xed point DSPs.

4Manufacturer: DSP Research Inc., Sunnyvale, USA
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The data acquisition board has both analogue and digital in- and outputs. The ana-

logue ports used a common bidirectional 12bit digital-analogue (DA) converter. While

a direct connection between these two cards permitted practically a real time communi-

cation with the analogue ports, the communication between DSP and data acquisition

board was performed via the PC bus if a digital port was addressed. Due to the interrupt

handling of the PC the timing was unpredictable and too slow for the PWM genera-

tion. For the current sampling with LEMtm modules the analogue ports were directly

used. For their handling a direct memory access (DMA) co-processor was present which

enabled the storing of the sampled data directly to the DSP memory.

To overcome the delay problem of the digital ports a daughter board to the DSP

was built for the master's thesis of Michael Brokemper [60]. This board provided a fast

8bit digital output. However, there was still a shortage of a fast digital input for the

position sensor. Hence another daughter board was constructed with digital in- and

outputs. This new board provides two 16bit outputs and two separate 16bit inputs. It

was directly plugged onto the DSP bus in the PC. Further information concerning these

digital ports is provided in appendix B.1. Today PC hosted DSP systems are available

which have the data acquisition possibility integrated on the DSP board which omits

communication problems.

One output of the daughter board was used to control the IGBT inverter and the

contactors. Six bits were utilized to control all inverter valves independently and four

bits were used to activate the contactors for the winding switching. Of the remaining

six bits one was utilized to trigger a storage oscilloscope taking snapshots of the winding

recon�guration itself. When semi-conductor switches were used instead of contactors,

fourteen bits of the second daughter board output were employed to steer each thyristor

pair independently. One of the digital inputs was used to read the position from the

optical absolute encoder.

To enable manoeuvring the contactors from the DSP a board was developed contain-

ing eight relays. Those are driven from the digital output using opto-couplers. In this

way a double galvanic division between contactors and PC was obtained. In combination

with suppressor blocks on the contactor coils this e�ciently avoided that voltage spikes

from the contactor coils disturbed the digital equipment. The design of this board is

briey presented in appendix B.2. On the inverter side the glass-�bre communication

(see section 5.2.1) omitted interference between power and digital circuits.

As pointed out in the following section the PWM frequency was limited to 2kHz.

On the other hand a fundamental frequency of up to 133Hz (4000rpm) was required.

This produced the problem that the PWM generated disturbances in the current signals

could not be suppressed by a �lter because a �lter with su�cient attenuation at the

PWM frequency has a substantial phase shift at the maximum fundamental frequency.

This shift would have given a signi�cant error of the load angle which usually cannot be
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tolerated. With a higher inverter switching frequency this di�culty would not have been

as pronounced. However, with the used PWM implementation the current sampling was

performed close to the center of the inverter pulses, thereby yielding also a �lter e�ect

but without an inherent phase shift [60]. During the experiments this was found to be

su�cient.

5.2.6. Control software

As described above a digital signal processor hosted by a PC was used for the motor

control and thus two programs were needed. The DSP program performed the basic

machine control according to section 2.6 and conducted all winding switching processes.

This means that the complete control system sketched in �gures 2.15 and 2.26 was im-

plemented in form of DSP software including the PWM generation and the Gray-code

conversion of the sampled rotor position. Besides sampled data were stored for later

evaluation. The PC program was needed as user interface and for the permanent stor-

age of measured values on hard disk. A �eld weakening algorithm was not included.

The DSP and PC programs were very much dependent on each other as will be pointed

out below. For both the programming language \C" was used. All initialization, sam-

pling routines, communication between PC and DSP, data storage, etc. needed to be

programmed. This was of course very cumbersome but only a few important aspects

are reported here. Today PC hosted DSP systems are available which are provided with

extensive user-interfaces. They allow simple initialization in menu-orientated environ-

ments. Furthermore data display and storage facilities are normally also provided.

Particular attention was required for the initialization process. Thereby it was im-

portant to synchronize the timing of PC and DSP by hand-shake protocols. The start-up

sequence of PC, DSP, DMA co-processor, and data acquisition is depicted in �gure 5.8.

Neither was a routine to start a program on the DSP from the PC system provided.

Hence, for each version of the DSP program a specially developed PC program was

needed as the DSP could not operate in stand-alone mode.

Once appropriately initialized the DMA co-processor performed the current sampling

continuously as illustrated in �gure 5.9. The values in the DMA were thus updated

every 3�s corresponding to 333kHz. Since this frequency was drastically higher than

the actual sampling frequency of the DSP program (4kHz), the read data were regarded

as instantaneous current values. The performance of the digital ports of the daughter

board (see appendix B.1) was very much like a DMA procedure which is why the obtained

position was also considered as instantaneous value. Some confusion was caused by the

12bit DA conversion with di�erential input as the 12th bit became the sign bit. To

enable processing by the DSP this bit must be shifted to the highest signi�cant bit in an

integer variable (32nd bit) while the bits 12 to 31 must be �lled with zero. Subsequently
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PC DSP

download program to DSP

start PC program

PC program starts DSP

wait for DSP to initialize DMA co-

processor

initialize timer and interrupts

initialize and start DMA co-processor

for current sampling

tell PC that DMA co-processor is run-

ning

initialize data acquisition board for

current sampling

wait for PC to initialize the current

sampling

setup user interface and enable user

interrupt (emergency stop)

tell DSP to start motor control

run main program start current sampling

enable timer interrupts and start cur-

rent and position sampling

run main motor control program

Figure 5.8.: DSP system start-up sequence.

these integer values were converted to oating point variables taking the transfer ratio

of the LEM modules and the DA converter into account.

A timer controlled interrupt routine was required for two reasons; the sampling of

currents and position must be equidistant, and the time information is necessary for the

speed computation by position derivation. Principally it would also be required for the

integration part of the PI controller but, since a good speed control was unimportant for

the transient tests, only a simpli�ed implementation was chosen. The DSP incorporated

two timers of which one was used to repeatedly trigger an interrupt routine. It was

necessary to enhance the processing speed of this routine by modifying its assembler

code because the routine generated by the compiler was too slow for a su�ciently high

switching frequency. In this context it is important to avoid trigonometric functions in
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Figure 5.9.: Real time current sampling using the DMA co-processor.
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the interrupt routine as they are rather computational intensive. In contrast multipli-

cations are carried out by the DSP in a single clock cycle. To leave su�cient time for

other processes the switching frequency had to be limited to 2kHz.

Most processor time was consumed by the PWM generation. If it would have been

implemented in hardware (see �gure 2.20) a much higher switching frequency would have

been possible and, in addition, the DSP would have been free for more advanced control

tasks. For the tests performed during the present project however, the computation

power was satisfactory. Only a higher inverter frequency would have been desired. For

the current control the delta controller described in section 2.6.2 was used but with a

small additional hysteresis. In the interrupt routine the conversion of the rotor position

from Gray to binary code was also performed. Subsequently the speed was computed.

Thereby were both, actual position and speed of the rotor provided for the main program.

It has been important to �lter the speed signal due to the quantization noise of the

position encoder. Especially at low speed the position di�erence between two samples

gives sequences like f0;1;0;0;0;1;0;0;0;1;0;. . . g. Therefore an exponential average �lter

was used to obtain the rotor speed:

!mech(k+1) = !mech(k) + Csf �
 
�mech(k+1) � �mech(k)

Tsamp

� !mech(k)

!
(5.4)

where k is the sample number, Tsamp is the sampling period, and Csf is a �lter constant

(0<Csf<1). Naturally this �lter introduces a delay which is, however, unimportant

because the speed dynamics of the present system are quite slow. Furthermore it must

be taken into account that the rotor position �mech jumps by �2� once each revolution.

This has no inuence on the dq transformation ((2.1), (2.2)) because the position occurs

only in trigonometric functions. On the other hand these jumps would falsify the speed

computation signi�cantly. Besides there occasionally occurred erroneous position sam-

ples. Both problems were overcome by simply ignoring samples which lay unrealistically

far apart from the previous.

The performance of the winding switching was also controlled by the DSP program.

Di�erent versions were developed employing di�erent recon�guration procedures for

both, contactor and thyristor winding switches. These procedures will be described

in detail in the following two chapters (see also section 3.8). Depending on the goal of

the particular test the recon�guration process was either initiated at a prede�ned speed

or, when accelerating with full torque, by the switch point detection method described

in section 3.8 which is based on the increasing current error. The latter was found to

perform quite promisingly in adapting the switch speed suitably to the DC link voltage.

Thereby it was important to initiate a switching only if the error occurred continuously

to avoid triggering by measurement noise. This method was however never tested with

low currents where problems can be expected. Since optimum control was not the scope

of the project the parameters of the PI speed controller were not modi�ed when changing

the winding con�guration.
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For safety reasons, especially during the software development, an emergency stop

function via the PC keyboard was added. In this situation the PC program sends a stop

command to the DSP which then opens all winding switches and inverter valves. Field

weakening was not used in the experiments and thus no over-voltage occurred. On the

DSP side it was important to check for the arrival of a stop command frequently, even

while the control is waiting e.g. for the contactor delays. Therefore simple waiting loops

could not be employed. Besides the emergency stop, over-current and maximum speed

protections were also included.

When a winding switching was initiated, a trigger pulse was sent to a storage os-

cilloscope to record phase and coil currents. However, values like speed, dq currents,

etc. were only available inside the DSP. To enable their evaluation too they were stored

in the memory of the DSP board and transferred to the PC immediately after the motor

control had terminated. A continuous transfer during the operation interfered with the

emergency stop handling and was thus discarded.

Summarizing, the DSP program consisted of four parts:

� initialization and start-up,

� timer controlled interrupt routine for sampling and speed computation,

� main part controlling motor, inverter, winding switches, etc.,

� shut down of the drive system and transfer of stored data to the PC.

The main part was realized in form of nested loops. The advantage of this was that

di�erent tasks could be performed at di�erent repetition rates. For instance the current

control was executed more often than the handling of the winding switching. The main

part incorporated the following components:

� speed control (PI controller with anti-windup),

� limitation avoiding over-currents,

� computation of current commands,

� transformation from dq current commands to three phase current commands,

� PWM current control (generation of the inverter control pulses),

� detection of the switch point (back transformation from measured three phase

currents to Iq required),

� performance of the winding recon�guration,

� handling of the emergency stop,

� protection against over-current and excessive speed,

� storage of sampled data.

After the initialization procedure the PC was mostly idle. It basically waited for the

test to be completed or that a stop command was given by the user. When the motor

control had terminated the sampled data were transferred from the DSP memory and

permanently stored on the PC hard disk. Furthermore, the current sampling of the data

acquisition board was also terminated by the PC program.
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5.3. Experiment rigs for the test machine and for a

smaller 2{pole motor

The major focus of the experiments was the investigation of the drive performance during

the recon�guration of the stator windings. Consequently a setup suitable for transient

tests was required. Especially with the background of traction applications a high inertia

seemed appropriate. Hence an existing ywheel was selected which had approximately

a 20 times higher moment of inertia than the rotor of the test machine. Furthermore an

asynchronous motor (2 pole pairs, 30kW, 200mm shaft height) was coupled to the shaft

to enable generation tests. Their goal, which will be described in section 5.4, was the

assessment of the PM motor parameters. In �gure 5.10 this arrangement is sketched. A

sturdy and heavy frame was compulsory due to the comparably large machine sizes and

the considerable amount of rotational energy.

Figure 5.11 shows a photo of the setup with the ywheel and PM motor to the left,

the IGBT power inverter in the middle, and switching and measurement equipment to

the right. Both types of winding switches can be seen, the contactor array and the

thyristor block. The computer (DSP/PC) was placed behind the windows on the right

hand side together with other control equipment.

Before the test machine construction was completed another existing PM motor was

used for the software development and for some preliminary tests. This machine had

one pole pair, a power rating of 4kW, and of course only one winding part per phase.

Consequently only star-delta switching was possible. This was however su�cient for

major parts of the software development and for some examinations of the contactor

behavior. In particular the tuned recon�guration procedure described in section 6.4

was tested with this motor. The relevant machine data are presented in appendix B.3.

Instead of a ywheel the same asynchronous motor was utilized as load inertia which

was used as a prime mover for the generation experiments with the test machine (see

above). This inertia was quite considerable in comparison to the 2-pole PM motor as

the asynchronous motor was much larger.
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Figure 5.10.: Principle mechanical setup of the motor test bench.
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Figure 5.11.: Photo of the experimental setup.

In the following only a few experimental veri�cations will be briey reviewed. In

section 5.4 the experimental determination of the machine parameters will then be de-

scribed. Section 5.5 will deal with measurements of circulating currents. The perfor-

mance of the winding switchings is considered in separate chapters (6 and 7) as they are

the central aspect of this thesis. Before delivery, the test machine had been rotated at

the production site up to a speed of 1500rpm. Therefore all experiments were conducted

below this boundary to assure avoiding a breakdown of the possibly damaged banding

(see section 4.9.3). For this purpose the DC link voltage of the inverter was lowered. At

the end of the project however, a high-speed test was carried out. Thereby the motor

was accelerated to 4000rpm, corresponding to a circumferential speed of 50m/s, without

any problems.

With the described setup absolute torque measurements were not possible. This

would have required a larger load machine and a suitable torque transducer. Since this

equipment was not readily available and due to time limitations such tests were not

performed. It is however advisable for future investigations on this machine to evaluate

its steady-state performance and e�ciency. The relative torque measurements presented

in the following were performed using the existing setup. This relative torque was derived

from the acceleration rate with the relatively high inertia. In a �rst estimate the torque

is inverse-proportional to the time required for accelerating from stand-still to a given

speed. Therefore the machine was accelerated in motor operation to a prede�ned speed

(700rpm) and then the control changed to regenerative braking operation until stand-

still was reached again. Such tests were performed for all four winding con�gurations

with three di�erent current levels and six di�erent load angles each. A few combinations
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Figure 5.12.: Measured relative torque of the test motor in all four winding con�gura-

tions at �=90� and rated current (90A).

were however skipped due to too low torque. The fastest acceleration and deceleration

rates were obtained at a load angle of 120� with full current in Y -series con�guration. In

this case the acceleration and braking durations were 3,3s and 2,9s respectively. These

values were selected as reference and the other tests were related to them. The results

are presented in �gures 5.12 and 5.13. Basically the obtained torque dependencies of

winding con�guration, load angle, and current were as expected. The torque relations

between the di�erent con�gurations, which are shown in �gure 5.12, correspond fairly

well to the theoretical ratios derived in section 3.2. The maximum torque for each test

was obtained at di�erent load angles between 100� and 120�. Generally the braking

torque was higher than the motoring torque which is partly due to friction and other

losses. Furthermore it was seen during these experiments that the losses at the inverter

switching frequency are remarkable for the con�gurations featuring low inductances,

especially for �-parallel.

5.4. Motor data assessment

In this section the experimental determination of PM motor parameters is investigated.

These are namely the stator winding resistance Rs, the magnet ux linkage 	m, and the

inductances of the direct and quadrature axis, Ld and Lq. The corresponding measure-

ments were performed on the test machine.

157



5. Experimental investigations

���

��

��

��

��

�
� �� �� �� ��� �	�

�
��
��
*
�
��
�:
�
�
#M

'

������� ����#K'

���

��

��

��

��

�
� �� �� �� ��� �	�

�
��
��
*
�
��
�:
�
�
#M

'

������� ����#K'

�5.��. �5.��.

���

��

��

��

��

�
� �� �� �� ��� �	�

�
��
��
*
�
��
�:
�
�
#M

'

������� ����#K'

�5!������

���

��

��

��

��

�
� �� �� �� ��� �	�

�
��
��
*
�
��
�:
�
�
#M

'

������� ����#K'

�5!������

�""�������
)��$�� 

��� ��� ���

Figure 5.13.: Measured relative torque of the test motor as a function of load angle

and current.
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5.4.1. Winding resistance and magnet ux linkage

The winding resistance can easily be determined by impressing a constant current, here

done by using a switched mode power supply, and measuring the voltage directly on the

motor terminals. For this purpose a su�ciently high current must be chosen to achieve

a voltage which can be measured with good accuracy. In this way the resistances of

all six stator coils were determined separately at four di�erent current levels each. The

di�erences were very small (<1%), i.e. in the range of the measurement inaccuracy. The

obtained average value per coil was:

� resistance per stator winding part Rs0=21;5m
.

The magnet ux linkage 	m can easily be determined from no-load generation tests

as, without stator currents, the voltage on the motor terminals is equal to the internal

voltage E. In this case the stator ux linkage is equal to the magnet ux linkage, 	s=	m

as can be seen from equations (2.6) and (2.7). Inserting into equation (4.4) and solving

for 	m yields

	m =
p
2
Uph(1)

!
: (5.5)

Thereby only the fundamental voltage component must be considered as the dq model is

only valid for the fundamental. Consequently, to experimentally determine the magnet

ux linkage the test machine was rotated at 500, 1000, and 1500rpm using the asyn-

chronous motor as prime mover. The frequency of the generated voltage was measured

in order to adjust the speed5. Using an oscilloscope with integrated frequency analyzer6

the generated voltages of all six coils were recorded. Table 5.3 presents the measured

fundamental voltages. The di�erences between the coils are rather small and thus the

average of these results is considered as measured value:

� magnet ux linkage per coil 	m1=0,353Vs,

� magnet ux linkage in Y -series connection 	m0=0,706Vs.

This value is 7,3% lower than that calculated theoretically in section 4.9.4 which was

	m0=0,762Vs. In this prediction three-dimensional leakage e�ects on the skew steps had

not been taken into account. This leakage should however be well below one percent of

the total ux. Consequently it does not explain the obtained discrepancy.

Figure 5.14 shows an example of the measured no-load voltage waveforms of both

winding parts of the same phase. Scrutinizing these curves some unexpected asymmetries

can be observed. It is seen that the amplitudes of subsequent periods are not equal. On

the contrary an amplitude modulation with half the fundamental frequency is observed.

When comparing the tops marked with b) in �gure 5.14 to those marked with c) it

becomes furthermore evident that this modulation is shifted by 360� of the fundamental

5Fluke 87, true rms multimeter
6LeCroy, quad 200MHz oscilloscope, 100MS/s
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Table 5.3.: rms values of the fundamental no-load voltage and the resulting magnet

ux linkage per coil measured at di�erent speeds.

n [rpm] 500 1000 1500

Ua1(1) [V] 26,17 51,80 78,25

Ua2(1) [V] 26,21 51,89 78,31

Ub1(1) [V] 26,11 51,61 78,02

Ub2(1) [V] 26,30 52,06 78,69

Uc1(1) [V] 25,98 51,34 77,80

Uc2(1) [V] 26,40 52,23 79,07

average [V] 26,19 51,82 78,36

	m1 [Vs] 0,354 0,350 0,353

between the two coils of one phase. Otherwise the curve-forms are identical. This

indicates an inequality of the rotor poles because the two coils of one phase are arranged

displaced by 360 electrical degrees (see �gure 4.32). Such a pole inequality could be

caused by a dynamic rotor eccentricity. However, a di�erence in the magnetization of

the poles seems to be more likely. At the notches markedwith a) in �gure 5.14 the voltage

derivative changes sign for a short moment. This means that an opposing ux density is

prevalent. Therefore it is likely that at least one magnet piece has been mounted with an

erroneous orientation. In a �rst estimation one false oriented magnet cancels the ux of

another correctly oriented piece implying that the ux from two magnets is lost. For the

test machine with a total of 160 magnets this corresponds to a reduction of the magnet

ux linkage by 1,25%. However, this estimation is rather crude and the reduction might

be larger, especially due to three-dimensional e�ects. Although more than one magnet

might have been mounted with an erroneous orientation, this only explains a part of the

discrepancy of 7,3% between predicted and measured 	m.

In section 2.2 it was pointed out that NdFeB magnets are quite sensitive to corrosion.

Before the assembly of the rotor the magnets were stored at the motor production site

for more than one year without protection against exposure to air and moisture. This

may have led to a non-negligible reduction of their total magnetization. Comparative

measurements were carried out on ten remaining magnet pieces using an iron circuit and

a Hall sensor. Although a determination of the absolute value of the magnetization was

not possible in this way, it was found that the deviation between the pieces was signi�cant

(�6% from average). This might have been caused by di�erent oxidation degrees due

to di�erent placing in the package, i.e. internal or surface units. This indicates that the

corrosion of the magnets before their mounting may account for a noticeable reduction

of the magnet ux linkage.

Figure 5.15 shows the frequency spectrum of the no-load voltage. The largest har-

monic has been the one of order 3 with an amplitude of more than 5% of the fundamental.
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Figure 5.15.: Measured frequency spectrum of the generated no-load voltage.
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This component occurred because the magnet angle was increased over the optimum of

60� which was derived in section 4.3.2. An angle of 64� was chosen to simplify the ma-

chine construction as was described in section 4.9.2. This component must be regarded

as signi�cant for the generation of circulating currents in delta con�guration as pointed

out in section 3.7. Measurement results will be presented later. The presence of the har-

monics of orders 5 and 7 was expected due to the quasi-squarewave distribution of the

magnet ux density. These should however not cause any complication as the machine

is operated with impressed line currents. Also for the harmonic of order 9 the source

was the increased magnet angle. In contrast to the third harmonic the generated cir-

culating current should be small since the amplitude is less than 1/3 and the reactance

is 3 times higher. Clearly observable is also the sub-harmonic of order 1/2 which has

been caused by the unequal magnetization of the rotor poles described earlier. From this

sub-harmonic circulating currents in parallel windings must be expected as was pointed

out in section 3.7. The harmonics of orders 3
2
, 5
2
, . . . are related to the above mentioned

sub-harmonic.

5.4.2. Inductances from DC step response tests

The experimental determination of the machine inductances is an important issue. While

this is usually simple for non-salient machines, the separation in direct and quadrature

axis inductances can be di�cult for salient pole PM motors. Di�erent measurement

methods have been suggested by various authors, e.g. in [118, 123, 124, 125, 34]. Prin-

cipally the same methods can be applied as for wound �eld synchronous machines.

Particularly interesting seem thereby DC step response tests with locked rotor as the

required measurement setup is quite simple [126, 127]. Therefore this method is further

studied as will be described in the following.

At stand-still the two axis (dq) equivalent circuit of �gure 2.10 is simpli�ed to that

shown in �gure 5.16 as ! is zero. Consequently a response of the form

is(t) = Ie

�
1 � e

� t
T1

�
(5.6)

is obtained when applying a step voltage to the current-free machine. In this expression

is is the instantaneous value of the stator current, Ie the current (DC) which is reached

after all transients have decayed, and

T1 = RsLd;q (5.7)

is the corresponding time constant. Consequently the machine inductances can be de-

termined from a DC step response test if the resistance is known.

The most suitable setup for this purpose is shown in �gure 5.17 as this provides a

realistic �eld distribution in the machine during the transients. In contrast is it not
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Figure 5.16.: Two axis (dq) equivalent circuit at stand-still.

advisable to connect two phases in parallel because this parallel circuit could act as

a damper winding. The external resistance Rext in �gure 5.17 represents the internal

resistance of the DC source as well as those of cables, switch, and connections. Usually it

is impossible to reduce this external resistance so far that it is negligible in comparison to

the stator resistance of a larger machine. Therefore it must be taken into account when

computing the inductance from a measured time constant. However, the assumption is

made that external inductances are negligible. This can be achieved by an appropriate

selection of the DC source and a setup with minimized cable length. Furthermore the

DC voltage UDC must be rather low as, after the transients cease, the �nal current is

only governed by Rext and the stator resistance:

Ie =
UDC

2Rs +Rext

: (5.8)

Comparing �gure 5.17 to �gure 2.12 shows that the inductance obtained in this

con�guration Lmeas is

Lmeas = Laa + Lbb � 2Lab : (5.9)

Inserting of equations (2.28), (2.29), and (2.31) yields

Lmeas = 3Laa0 + 2Lal + Lg

�
cos(2�) + cos

�
2�+

2�

3

�
+ cos

�
2�� 2�

3

��
(5.10)

when assuming series connected coils for simplicity (na=nb=nc=1). Due to the con-

nection:

ia = �ib ; ic = 0 : (5.11)

Inserting this into equation (2.1) and solving for � with either Id or Iq zero gives the

rotor positions where the applied stator ux is aligned with the quadrature or direct

axes respectively:

� =
�

3
for Id = 0 ; (5.12)

� = ��
6

for Iq = 0 : (5.13)

In these cases equation (5.10) is simpli�ed to

Lmeas(Iq=0) = 3Laa0 + 2Lal � 3Lg ; (5.14)

Lmeas(Id=0) = 3Laa0 + 2Lal + 3Lg (5.15)
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Figure 5.17.: Basic setup for DC step response tests.

which yields

Ld =
1

2
Lmeas(Iq=0) ; (5.16)

Lq =
1

2
Lmeas(Id=0) (5.17)

when comparing to equations (2.46) and (2.47).

The performance of such DC step response tests is comparably simple. Several

aspects must however be considered. In particular the applied voltage should be of

suitable magnitude as it determines the current range. Too high current yields saturation

in the machine and thereby a varying inductance during the step response. This evidently

falsi�es the determination of the time constant and thereby of the inductance. Too low

current on the other hand can result in only a minor loop branch of the hysteresis loop

of the iron cores yielding an underestimation of the permeability and thereby a false

inductance value (see for instance the Preisach [128, 129] or the Jiles and Atherton [130,

131] hysteresis models). First the voltage is applied with free rotor until it comes to rest.

After that the rotor is positioned with its direct axis aligned with the stator �eld. The

step response test can then easily be performed for the determination of Ld. Locking

of the rotor is not even required as no torque is produced. To avoid saturation it is

however advisable to apply the voltage, and thereby also the current, in the opposite

direction for the step response test. Although no torque is produced in this situation

either a rotor locking is recommended because the equilibrium is instable. After the

test the rotor is revolved by 90 electrical degrees to prepare for the test in quadrature

direction. For this purpose a graded scale and a pointer on the shaft may for instance be

utilized. A strong rotor �xture is required for the following step response test with the

stator �eld along the quadrature axis since a torque will be produced and only a slight

movement induces a voltage in the stator winding which deteriorates the measurement

accuracy remarkably. During both tests voltage and current must be recorded for later

evaluation.
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With current im and voltage um recorded all interesting components of the equiva-

lent circuit can be determined as suggested in [127], provided that the stator winding

resistance Rs is known. The �rst step is the determination of the external resistance by

means of a linear curve-�t of the function

um(im) = UDC �Rext im (5.18)

with UDC and Rext as variables. The second step is an exponential curve-�t according

to equation (5.6),

im(t) = Ie

�
1 � e

� t
T1

�
(5.19)

with Ie and T1 as variables. Corresponding to equation (5.7), respecting (5.16) and

(5.17), the machine inductances are �nally computed from

Ld;q =
1

2
� T1

2Rs +Rext

: (5.20)

Naturally the step response tests must be evaluated separately for both axes.

The described method was applied to the test machine. The DC source selected

for the measurements was a large NiCd accumulator with three series connected cells

providing approximately 3,6V. This resulted in Ie�30A. From �gure 4.39 it can be

seen that with this current in q direction the saturation e�ects were not too signi�cant.

With positive d current however, the saturation inuence was no longer negligible as

can be seen from �gure 4.38. It would have been advisable to apply a negative d cur-

rent instead. Voltage um and current im were recorded using the already mentioned

LeCroy oscilloscope and a contact-free current probe7. The sampled data were analyzed

afterwards on a PC using MathCADtm as this software provides convenient curve �t-

ting facilities. All curve-�ts showed very good agreement with the sampled data. The

sampling was started a short while before the voltage step was applied. This enabled

extracting an o�set of the current probes by averaging the samples before the step was

applied. These tests were only performed with Y -series connected coils. The results of

these investigations were:

� direct axis inductance in Y -series Ld0=5,6mH,

� quadrature axis inductance in Y -series Lq0=10,1mH

with very good repeatability. Comparing these results to the values which were ob-

tained from �nite element analyses (Ld0=6,0mH, Lq0=9,6mH (see section 4.9.4)) shows

a satisfactory agreement.

It should be noted that this method is not applicable to all PM machines. Espe-

cially if the rotor damping is not negligible more elaborate equivalent circuits must be

employed [127] which complicates the procedure and might make the results more un-

certain. This is de�nitely necessary when a rotor cage, a conductive retaining sleeve, or

7Tektronix current probe A6303 with ampli�er AM503
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a solid rotor core exist. However, even the eddy currents in the magnets might in some

cases be considerable as will be described in chapter 8. Another di�culty can be cogging

torque as the suggested rotor positioning may be impossible. Also locking the rotor for

the q axis test can cause complications. Fortunately these e�ects were insigni�cant in

the test motor. Moreover the stable zero torque position might deviate from the direct

axis which was pointed out in section 5.2.4.

5.4.3. Inductances from loaded generation tests

Another method which was used to determine the machine inductances were steady-state

generation tests. The used procedure was similar to that described in [34]. However

there, motor operation tests were utilized and a sensitivity analysis showed that the

error of the inductance values was large in comparison to the measurement errors. In

order to reduce this sensitivity, generation tests were chosen in the present work as they

provide a remarkable freedom in the selection of the power factor which can be bene�cial

as will be seen later. An interesting alternative was presented in [123] which also allows

the examination of the load dependence. In [132] a method is presented which also

allows the assessment of parameters for machines with damper windings in the rotor.

The drawback is that several di�erent tests are required, some of them quite di�cult to

perform.

Keeping the references of current and voltage used for motor operation, the phasor

diagram of �gure 2.11 can be redrawn for operation in generator mode as shown in

�gure 5.18. For better overview the voltage drop over the stator resistance has been

excluded. The voltage equation for the direct axis (2.8) can be rewritten as

Ud = Us sin(�) = RsId � !LqIq (5.21)

for steady-state (d/dt=0). Solving for the q axis inductance yields

Lq =
RsId �

p
2Uph sin(�)

2�fIq
(5.22)

where rms phase voltage Uph and frequency f are introduced as these quantities are

easily measured. Likewise equation (2.9) can be rewritten as

Uq = Us cos(�) = RsIq + !LdId + !	m (5.23)

which gives the d axis inductance:

Ld =

p
2Uph cos(�)� 2�f	m �RsIq

2�fId
: (5.24)

Since rotor position encoder and current sampling were already available a direct mea-

surement of the currents in the dq frame was possible using the DSP system to perform
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Figure 5.18.: Phasor diagram of PM machine in generation operation with inductive-

resistive load.

the transformation according to equation (2.1). An average over several samples was

used to reduce measurement and quantization noise. The remaining unknown is then

the angle �. The idea might occur to carry out the measurement on only one set of

stator winding parts and use the remaining set to measure the no-load voltage !	m.

This is however impossible with a winding arrangement according to �gures 4.32 to 4.34

as loading only one winding part per phase would result in an asymmetric armature �eld

featuring only one pole pair. Instead, if ' is known, � can be calculated from

� = '� 6 (Is;!	m) = '� arctan

 
Id

Iq

!
� �

2
(5.25)

which is obvious when inspecting �gure 5.18. ' in turn can be determined by measuring

the power factor cos('). Thereby the quadrant of the angle must be considered leading

to

' = � � arccos

�
P

S

�
(5.26)

for the actual case. Hence, provided that Rs and 	m are known from previous tests the

machine inductances can be determined experimentally by measuring f , Uph, Id, Iq, P ,

and S.

The method of measuring Id and Iq has already been mentioned. Uph, P , and S were

obtained from a 3-phase digital power meter8. For these tests the speed was adjusted

by steering the rotating converter which fed the asynchronous motor and thereby con-

trolling the frequency of the generated PM motor voltage to be 35Hz. The experiment

was carried out for all four winding con�gurations and with three di�erent types of

load: resistive (R), inductive (L), and with both components (RL). A current range of

7{33A was used implying that saturation e�ects were not too pronounced. In table 5.4

the measured data are presented together with the inductance values calculated using

equations (5.22), (5.24), (5.25), and (5.26). The measured current and power values are

8Yokogawa 2533, digital power meter
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Table 5.4.: Measurement data and resulting machine inductances related to Y -series

connection as obtained from loaded generation tests.

winding load Uph Id Iq P S Ld0 Lq0

con�guration [V] [A] [A] [W] [VA] [mH] [mH]

R 97,1 -31,2 -35,8 -9570 -9570 7,3 11,6

Y -series L 66,2 -42,6 -0,1 -433 -5820 6,6 390,1

RL 86,1 -25,6 -15,2 -4110 -5350 7,1 12,5

R 61,1 -9,1 -28,6 -3850 -3850 10,5 12,6

�-series L 51,4 -33,7 -1,0 -272 -3660 6,9 50,9

RL 57,7 -15,0 -12,9 -1858 -2421 8,2 14,4

R 53,1 -6,2 -25,1 -2903 -2908 10,3 10,0

Y -parallel L 46,5 -30,6 -1,0 -226 -3022 7,1 56,5

RL 50,8 -12,8 -11,8 -1444 -1880 8,9 14,7

R 31,0 -1,7 -14,7 -974 -976 32,9 8,3

�-parallel L 29,6 -19,5 -0,8 -96 -1236 8,5 109,7

RL 30,5 -7,1 -7,6 -526 -673 14,1 24,2

negative because their de�nition was that for motor operation. The inductances have

been related to Y -series connection to enable direct comparison of the results.

When inspecting the obtained inductance values it becomes evident that accuracy

and sensitivity considerations are obligatory. The calculation of the load angle � us-

ing equations (5.25) and (5.26) cannot provide an accuracy better than a few degrees.

This implies a quite high relative error for small load angles, i.e. for low active load.

Consequently, looking upon the direct axis voltage equation (5.21) and comparing to

the situation depicted in �gure 5.18 shows clearly that this equation is very uncertain

for small values of � respectively P . Hence tests with high active load give the best

results for the quadrature axis inductance Lq. Therefore only the measurements with

pure resistive load are contemplated and marked in bold in table 5.4. Another source

for errors lies in the current sampling. This was dimensioned for a peak current of

250A and consequently the resolution was insu�cient for currents below a few amperes.

From equation (5.22) it is then directly evident that tests with low Iq cannot provide a

reasonable value for Lq.

Considering the determination of the direct axis inductance the situation is di�erent.

Due to the cosine equation (5.23) is less sensitive to inaccuracies of the load angle �.

The least sensitivity is here obtained for small �. As was the case in the determination

of Lq, tests with low direct axis current Id cannot provide useful values for Ld (see

equation (5.24)). Another problem which occurs is that the magnet ux linkage 	m is

not constant. With rising current it reduces due to saturation. Thereby a negative Id is
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5.5. Circulating currents

Table 5.5.: Machine inductances obtained from FE analyses and from di�erent exper-

iments.

determination method Ld0 [mH] Lq0 [mH]

�nite element analysis 6,0 9,6

DC step response tests 5,6 10,1

loaded generation tests 6,6 11,6

less critical than any value of Iq as described in section 4.9.4. This can give remarkably

erroneous results. Consequently, the best values of Ld are obtained from tests with high

negative direct axis and low quadrature axis currents, i.e. from those with pure inductive

load.

Another principal inaccuracy was introduced by the method of voltage, current, and

power measurements. These values were obtained from the power meter which provides

rms quantities. The dq model in contrast consideres only the fundamental components.

Hence an FFT analyzer should have been used for these measurements.

Generally, the measurements with star-series connected windings are expected to pro-

vide the best results as load angle and current levels lie in suitable ranges. Furthermore

no circulating currents can inuence the results. The test with Y -series connection and

resistive load was thus considered to give the most realistic value of Lq. Likewise was

that with Y -series connection and inductive load contemplated for Ld. Consequently

the machine inductances obtained from loaded generation tests were:

� direct axis inductance in Y -series Ld0=6,6mH,

� quadrature axis inductance in Y -series Lq0=11,6mH.

Although the accuracy of these results was relatively poor, a fair agreement was achieved

with the values found by �nite element analyses (see section 4.9.4) and with those

obtained from the DC step response test described in the preceding section. Table 5.5

lists these data for comparison. The development of re�ned methods is recommended

but was beyond the scope of this project. A method, which is interesting to evaluate due

to its simple performance, is the single phase AC test carried out at stand-still [125].

5.5. Circulating currents

In section 3.7 it was already pointed out that circulating currents can be problematic

for the switched stator winding concept. The causes for such circulating currents were

described too. In chapter 4 it was then described which motor design measures must

be taken to minimize these circulating currents. However, when the test machine was

constructed the severity of this problem was not fully recognized and consessions to a
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simpli�ed production led to a machine having poor properties in this respect. In this

section experimental results will be presented which emphazise the importance of taking

the circulating current problem into account when designing a PM motor for operation

with di�erent stator winding con�gurations. These �ndings have also been presented

in [17].

5.5.1. In parallel windings

Circulating currents in parallel windings can occur especially caused by di�erences in

their induced voltages as was mentioned in section 3.7. Such di�erences can for instance

originate from non-identical windings, rotor eccentricity, or unequal magnetization of the

poles. As was described in section 5.4.1 the latter was clearly present in the test machine.

Since the di�erent pole alternately passes the two coils of one phase a circulating current

of half the stator frequency is expected. To examine this, no-load tests were performed

in Y -parallel winding con�guration. For this purpose the test machine was rotated at

di�erent speeds driven by the asynchronous motor. The circulating currents were then

directly measured using the already mentioned current probes and oscilloscope with

incorporated FFT analyzer.

A speed dependency was not observable due to the fact that these currents are mainly

inductive. Figure 5.19 shows the measured frequency spectrum of the circulating no-

load currents in parallel windings related to the rated current In. These currents were

identical in the three phases except at fundamental frequency. This indicates clearly that

the half frequency currents and their odd multiples (see �gure 5.19) are caused by the

non-identical poles of the test machine. Besides, minor di�erences of the coils produced

negligible circulating currents of fundamental frequency. The fairly large harmonic of

order 1,5 can be explained by a modulation of the inductance due to the salient-pole

rotor design with surface inset magnets (see �gure 4.35). The inductance varies with

twice the stator frequency what yields, in combination with the half frequency voltage,

a current component of the harmonic order 1,5. As was described in section 5.4.1 the

pole inequality was caused by a mistake in the manufacturing of the motor. The half

frequency circulating currents and their odd multiples should thus be much smaller,

probably negligible, for a properly made machine.

Also full-load tests were performed in Y -parallel winding con�guration. These actu-

ally were not performed at steady-state operation due to the lack of a suitable load (see

section 5.3). Instead a few cycles were recorded during a full torque acceleration with

the relatively high inertia of the ywheel. From these experiments it was seen that the

fundamental current is not absolutely evenly distributed on both coils of one phase. The

observed deviation from ideal was only 3% of the phase current in the worst case and

might partly be due to measurement errors. A possible cause for this di�erence can be

static rotor eccentricity. This would yield a di�erent inductance for the two coils of one
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Figure 5.19.: Measured frequency spectrum of no-load circulating currents related to

rated current in parallel windings of the test motor.

phase due to their arrangement on opposing sides of the rotor (see �gure 4.32) which

would in turn explain the current di�erence. On the other hand it was not possible to

identify any of the circulating current components which were observed in the no-load

tests.

Hence, circulating currents in parallel windings may be neglected if the motor is

constructed with su�ciently good symmetry and small eccentricity.

5.5.2. In delta windings

The circulating current which can be expected in delta connected windings has the

harmonic order three and odd multiples as was described in section 3.7. In order to

examine these circulating currents no-load tests were performed in �-series winding

con�guration. In �gure 5.20 the measured frequency spectrum of this circulating current

is shown related to the nominal current In for three di�erent frequencies. Also here

the speed dependency was insigni�cant due to the fact that these currents are mainly

inductive in a larger machine. Obviously the third harmonic is predominant. This

circulating current was caused by a corresponding harmonic in the wave shape of the

permanent magnet ux caused by the increase of the magnet angle �m to 64� instead

of the ideal 60� which was described in section 4.9.2. The no-load circulating third

harmonic current would thus be signi�cantly lower with an ideal magnet angle.

Furthermore this circulating current was examined at full load, as before for parallel

windings, with sinuoidally controlled phase currents. Figure 5.21 shows the spectra of
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Figure 5.20.: Measured frequency spectrum of the no-load circulating current related

to rated current in the test motor with �-series connected windings.
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Figure 5.21.: Measured frequency spectra of the full load phase and coil currents re-

lated to rated current in the test motor with �-series connected windings.

measured phase and coil currents. A much larger third harmonic component in the

coil current was discovered compared to no-load. The fundamental current amplitudes

correspond very well (factor
p
3) and thus the third harmonic in the coils was evidently

a circulating current. In addition it is seen from the recorded coil current presented in

�gure 5.22 that the phase shift between fundamental and circulating current yields an

ampli�cation of the current peak. This in turn can give rise to unnecessary saturation.
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Figure 5.22.: Measured full load coil current waveform in the test motor with �-series

connected windings.

The discovered circulating current, being 30% of fundamental, must be regarded as

inacceptable. Obviously it is also dependent on the fundamental current. The cause for

this high third harmonic is the ux produced by the armature which evidently contains

a major third harmonic component. In section 4.3.4 it was described that this prob-

lem would have been overcome by choosing a non-salient rotor construction, i.e. surface

mounted instead of surface inset magnets. The measured quantities emphasize the im-

portance of this aspect.

5.6. Future work

An important range of tests, which has not been performed, is the evaluation of the

steady-state performance of the PM machine. In particular torque density and e�ciency

are of major interest when considering traction and road-vehicle propulsion. Such tests

should naturally be carried out for all winding con�gurations. During this work such

tests could not be performed due to practical limitations which were described in sec-

tion 5.3. For these experiments the PWM current control should be improved, especially

by aiming at a considerably higher switching frequency. Particularly interesting seems

thereby an analogue implementation of the PWM current control. Furthermore the

losses occurring in the thyristor switches should be measured at steady-state operation

to enable a proper comparison to classical drives with a �xed winding con�guration.

It was found that the experimental motor parameter assessment is critical, especially

the determination of the inductances Ld and Lq. Further research is recommended in
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this �eld. Thereby other methods than those described in section 5.4 should also be

contemplated. The di�erent principles should then be compared by measurements on

various machines.

A �eld weakening algorithm was not implemented as the focus was on switched stator

windings throughout the present project. Since the test machine is capable of operating

over a wide �eld weakening range this should also be tested. Additional equipment is

not necessary, only a further development of the control software.

In order to verify that circulating currents are really negligible with a suitably con-

structed rotor, another rotor should be manufactured with surface mountedmagnets and

a magnet angle of �m=60
�. A direct comparison would be possible when performing the

measurements which were described in the preceding section on the same machine with

this modi�ed rotor.

Of course the experimental investigations suggested here are only some of those that

could be carried out in the future, even without acquiring new equipment.
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procedure

6.1. Method of recon�guration

The winding recon�gurations looked upon in this chapter have the procedure depicted

in �gure 3.4 in common. The di�erence lies in the type of switches used and partly also

in the switching sequence. In chapter 3 it was pointed out that the minimization of the

torque interrupt duration is important, especially for vehicle propulsion applications. In

this chapter it will be shown how long these interruptions actually last.

Besides the minimization of the switch-over duration current-free switching is desired.

Furthermore short circuits must be avoided at any time during the transition. Conse-

quently an appropriate sequence of the winding recon�gurations is crucial, especially

when contactors with an uncertain delay are used. The basic principle of the switching

was already described in section 3.4. The main idea was thereby to reduce all currents

to zero before the recon�guration, in order to perform the switching itself current-free.

This procedure was illustrated in �gure 3.4. When a switching shall be performed the

torque command is simply set to zero implying that all current commands become zero

as well. This causes the PWM current controllers to reduce the phase currents to zero as

fast as possible, thereby reducing also the torque to zero. When the sampled phase cur-

rents are zero all inverter values are deactivated and then the switching of the windings

is performed. The complete deactivation of the inverter was found to be necessary to

avoid uncontrolled behaviour of the current controllers when the circuit is open. When

the new connection is assured the torque command is enabled again and the inverter

reactivated. The PWM current controllers will then increase the phase currents as fast

as possible implying the reestablishment of the torque.
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6.2. Simulation results

Time-stepping computer simulations were carried out in order to gain a better under-

standing of the behaviour of the drive system before the implementation in the test

setup. In section 2.8 the simulation environment and the models used were described.

The contactors were assumed to behave ideally except an inherent delay according to the

speci�cation in the data sheets. The dead-time, period III in �gure 3.4, was set to 50ms

for all recon�gurations. It should be noted that this is a rather crude simpli�cation as

the contactors of di�erent size featured di�erent delays. Moreover, only switching of the

Y and � contactors was required for the �rst and third recon�guration while the series

respectively parallel connection could remain in place. For the second recon�guration

in contrast all contactors need to be manoeuvred as becomes evident from �gure 3.1. In

reality this led to an increased dead-time due to the subsequent switching depicted later

in �gure 6.6. In the simulations imperfections which led to circulating currents could

not be included. Consequently both machine and inverter were completely current-free

during these dead-times. Therefore these dead-times could be lengthened or shortened

without inuencing the performance before and afterwards, provided that they were not

so long that the speed reduction became too signi�cant. Therefore period III was always

50ms in the simulations and must be adapted afterwards depending on the recon�gu-

ration and the type of switches used. The following dead-times were considered to be

realistic:

� �rst and third recon�guration with contactors 50ms,

� second recon�guration with contactors 80ms,

� any recon�guration with thyristors 2ms.

Basically the delay of thyristor switches should be negligible in comparison to the other

transients, e.g. reducing the currents. A delay of 2ms was however assumed because it

is not sure that all thyristors are blocked when the sampled data of the phase currents

are zero the �rst time as measurement errors and circulating currents can interfere.

Suboscillation current control was used in the simulations without a representation

of the sampling thus corresponding to an analogue ramp comparison PWM current

control. The fact that another PWM current control was used in the experiments was

considered to be of negligible inuence for the examination of the winding switching

performance. For simplicity the maximum torque per current algorithm, which was

described in section 2.6.1, was not used. Instead the direct axis current command was

simply set to zero implying a load angle of �=90� and consequently a somewhat reduced

torque. To achieve an acceleration with full current at all times the speed command

was set far beyond the speed limit. Otherwise the complete control system depicted

in �gure 2.15 was included. Also the switch point detection, which was described in

section 3.8, was used implying an operation above the boundary for sinusoidal PWM,

close to six-step mode, when the winding recon�gurations were initiated. To hold the

total computation e�ort in reasonable limits a considerably smaller inertia was assumed
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Figure 6.1.: Simulation result of torque and dq currents during an acceleration through

all four winding con�gurations.

in the simulations compared to that used in the experiments. This led to a faster

acceleration and thus earlier occurrence of the winding recon�gurations.

Figure 6.1 shows torque and dq currents obtained from the simulations during an

acceleration through all four winding con�gurations. The currents depicted in this �gure

are those which occur in the half motor model which was described in section 2.4.

Therefore they are reduced when the winding connection is changed. In contrast, the

dq currents seen by the control, i.e. from the sampled phase currents, remain unchanged

as they are impressed at rated magnitude. In the �gure the winding switchings can

clearly be seen where currents and torque are zero.

The torque developed at stand still is 290Nm which is less than that analytically

predicted and presented in �gure 4.40. This was caused by the fact that an optimum

load angle was assumed in these calculations while �=90� was used in the simulation.

With increasing speed the simulation reveals furthermore a decreasing torque which

evidently was caused by a further reduction of the load angle as can be seen from the

dropping Iq and rising Id. The reference values of these currents were constant but this

angular error was due to the inherent delay of the suboscillation PWM control which

was described in section 2.6.2. This delay is dependent on the inductance and thus the

torque loss is less signi�cant in the higher speed con�gurations. The bendings of the

curves which occur right before the winding switchings indicate that the voltage of the
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6. Winding recon�gurations with usual procedure

inverter is no longer su�cient resulting in an increased current error. This e�ect was

utilized to trigger the winding switchings.

Figures 6.2 to 6.4 show enlargements of the curves of �gure 6.1 during the winding

recon�gurations. Right before the switchings a ripple can be observed in both, torque

and currents which is due to the operation close to six-step mode. As described in the

beginning of this section the dead-time was equal for all switch-overs. The durations for

reducing and increasing the currents are on the other hand dependent on the inductance

seen from the inverter. Consequently, the total torque interruption is shorter for the

higher speed recon�gurations. Another e�ect can be seen when reestablishing the torque

after the second recon�guration, �gure 6.3. This period is longer than �rst expected.

Besides an oscillation can be observed. Both e�ects can be explained by an insu�cient

voltage margin for a fast current rise which in turn is due to the fact that the base

speed of the Y -parallel connection is only slightly higher than that of the preceding

�-series connection (see �gure 4.40). A �rst estimate shows that this voltage margin

corresponds to a factor 2p
3
, i.e. approximately 15%. In the other two recon�gurations,

where only a Y to � switching is performed, this margin is considerably larger. A

�rst approximation gives 73% (
p
3). The available voltage margin explains also why the

reestablishment of currents and torque after the recon�guration is not signi�cantly faster

than the corresponding reduction before. To reduce the currents the inverter voltage

can be opposed to the internal voltage of the machine. In contrast it must almost

be aligned to regain a positive quadrature axis current implying a much lower current

driving potential.

In the experiments only the phase currents can be measured directly and without

major disturbances. Consequently �gure 6.5 shows an example of one phase current

during the �rst recon�guration, Y -series to �-series, together with its command value as

obtained from a simulation. Before the recon�guration starts the actual current cannot

follow its reference accurately because the voltage is insu�cient. Also the mentioned

phase lag can be seen. In contrast, this deviation is very small when the new winding

connection is established. Periods II and IV (see �gure 3.4), when the currents are

reduced respectively increased, are clearly visible as well by the fact that the phase

current cannot follow the step of its command value.

According to the de�nition set in section 3.4 the sum of periods II, III, and IV is

considered as total torque interrupt duration, i.e. the duration from the instant when

the current command is set to zero until the phase currents have reached their reference

values in the new winding con�guration. From simulation results torque interruptions

are derived according to table 6.1. Thereby the di�erences in the dead-times de�ned in

the beginning of this section were taken into account. It was furthermore found that the

exact fall and rise times of the currents were dependent, to a minor degree, also on the

phase instant when they occurred.
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Figure 6.2.: Simulation result of torque and dq currents during the Y -series to �-series

recon�guration of the test machine at �=90�.
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Figure 6.3.: Simulation result of torque and dq currents during the �-series to

Y -parallel recon�guration of the test machine at �=90�.
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Figure 6.4.: Simulation result of torque and dq currents during the Y -parallel to

�-parallel recon�guration of the test machine at �=90�.
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Figure 6.5.: Simulation result of one phase current and its reference value during the

Y -series to �-series recon�guration.

The simulations showed a well controlled behaviour of the drive system during the

transition from one to another winding con�guration. Furthermore it became evident

that the major part of the torque interrupt duration is caused by the contactor delays.

In contrast, reducing and increasing the currents can be performed relatively fast. If

the contactors are substituted by semi-conductor switches the situation changes signif-

icantly. Then the interrupt duration is mostly determined by the fall and rise times of

the currents. This means that a machine with low inductances allows shorter torque

interruptions. Generally a major improvement in this respect can be achieved by using

thyristor switches instead of contactors. Braking operation was also briey simulated

but not examined deeper.

Table 6.1.: Torque interrupt durations predicted from simulation results.

period [ms]

type of switches recon�guration II III IV total [ms]

Y -ser.!�-ser. 6,3 50 4,9 61

contactors �-ser.!Y -par. 1,6 80 7,5 89

Y -par.!�-par. 1,2 50 1,6 53

Y -ser.!�-ser. 6,3 2 4,9 13

thyristors �-ser.!Y -par. 1,6 2 7,5 11

Y -par.!�-par. 1,2 2 1,6 5
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6.3. Torque interrupt durations with contactors

6.3. Torque interrupt durations with contactors

6.3.1. Recon�guration sequence

As mentioned before, the phase currents are �rst reduced to zero. Then the inverter

is deactivated and the coil currents of the presently closed contactors are interrupted.

These will then break the circuit with some lag as was described in section 5.2.2. A

delay was introduced between opening the Y respectively � contactor and opening

the series respectively parallel contactor to ensure that the larger contactors break a

possibly remaining current (see also section 5.2.2). After the control waited a certain

period for the previous winding con�guration to be disconnected the contactors for

the new con�guration are activated. They will establish the new winding connection

with a further lag. Figure 6.6 illustrates this timing. The roman numerals indicate

the time intervals which were introduced in �gure 3.4. This subsequent switching of the

contactors avoids short circuits on both, the motor and the inverter side. During the �rst

and third recon�guration the series respectively parallel contactors remained of course

closed. In these cases the waiting times between the deactivation of the Y -contactor

and the activation of the �-contactor can consequently be somewhat shorter.

The described recon�guration procedures were implemented in the DSP control soft-

ware and tested. In order to enable adjusting the described timing it was necessary to

experimentally extract the exact instants when the contactors opened respectively closed

the circuit. This was achieved by recording the voltages indicated in �gure 6.7 together

with the phase and coil currents using the before mentioned four-channel digital stor-

age oscilloscope. Di�erential voltage probes were of course required. When all inverter

valves are o� these measured voltages are those generated by the motor. The states of

the series and parallel contactors can be observed on the phase voltage. The line-to-line

voltage shows the states of the Y and � contactors provided that either a series or
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Figure 6.6.: Timing of a normal winding recon�guration with contactors.
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Figure 6.7.: Currents and voltages recorded in the switching experiments with normal

procedure.

parallel connection is in place. This condition caused however no limitation as the latter

were only switched when both, Y and � contactors were open. To suppress unrealistic

voltage samples when the circuit is open 220
 resistors were connected parallel to the

voltage probes. Due to their relatively high resistance they did not interfer otherwise.

The control was adjusted so that the torque interrupt duration was minimized but still

maintaining su�cient margins to avoid short circuits.

6.3.2. Experimental results

Experiments on the test machine with ywheel load were conducted with the described

switching procedure. The system was thereby accelerated through all four winding con-

�gurations with full current. For simplicity also these tests were performed with a load

angle of �=90�. In �gure 6.8 an oscilloscope plot of the �rst winding recon�guration

(Y -series to �-series) is presented. The upper part shows line-to-line and phase voltages

and the phase and coil currents are presented in the lower part. While the inverter is

active the PWM pattern can be seen. In contrast it is inactive during period III and

the generated voltages can be seen instead. In the �gure it is indicated how the actual

switch instants of the contactors were extracted from the recorded voltages. After the

recon�guration the third harmonic in the coil current can once more be seen. Unfor-

tunately currents and voltages were not measured in the same phase as indicated in

�gure 6.7. This explains why during period IV �gure 6.8 shows zero voltage although

the currents are increasing.

Regarding the recorded voltages another e�ect becomes evident in periods II and

IV. The DC link voltage was 200V during these tests. Consequently the amplitude of

the PWM voltage should also be 200V. However, a quite signi�cant modulation (�50V)
can be observed which was caused by the instability of the rotating converter supplying

the DC link that was described in section 5.2.1. It could not be excluded that these
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Figure 6.8.: Oscilloscope plots of voltages, phase, and coil currents during a Y -series

to �-series recon�guration with contactors.

uctuations interferred with the switching performance, especially when reducing and

increasing the currents. After the second recon�guration, when the voltage margin is

small, such inuences were occasionally observed but caused no further complications.

After the other two recon�gurations the voltage margin was su�cient to enable the

PWM current control to compensate for the oscillations of the DC link voltage.

Figures 6.9 to 6.11 show the recorded phase and coil currents during all three winding

recon�gurations. Generally the performance was as expected. In particular a smooth

transition from one to another winding connection was achieved with current-free switch-

ing of the contactors. A remarkable inuence of circulating currents on the recon�gura-

tion procedure was not observed.

When scrutinizing the test results, the torque interrupt durations listed in table 6.2

were found. It should be noted that period II was in reality a little longer because

the inverter was not immediately deactivated when the currents reached zero as was

explained in section 6.2. This explains also why period III is not equal in the �rst and

third switch-overs. Furthermore it should be noted that regaining full current in the

Y -parallel connection takes signi�cant longer than listed in the table. After the �rst
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Figure 6.9.: Measured phase and coil currents during the Y -series to �-series recon-

�guration of the test machine at �=90� using contactors.
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Figure 6.10.: Measured phase and coil currents during the �-series to Y -parallel re-

con�guration of the test machine at �=90� using contactors.
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Figure 6.11.: Measured phase and coil currents during the Y -parallel to �-parallel

recon�guration of the test machine at �=90� using contactors.
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Table 6.2.: Measured torque interrupt durations with contactors.

period [ms]

recon�guration II III IV total [ms]

Y -ser.!�-ser. 4,9 48,0 4,2 57

�-ser.!Y -par. 3,3 71,4 3,9 79

Y -par.!�-par. 1,7 50,6 1,4 54

current peak the phase current does not exactly follow its reference value due to the

insu�cient voltage margin. This e�ect is ampli�ed by the dropping DC link voltage.

The notch in the �rst negative current peak after the reconnection in �gure 6.10 clearly

indicates this.

Comparing the values in table 6.2 to those obtained from the simulations (table 6.1) a

fair aggreement is found. Principally it can be seen that the contactors had a somewhat

shorter delay than expected. The fall and rise times of the currents were inuenced

by the uctuations of the DC link voltage and also by circulating currents. Several

runs of the tests showed variations in the durations of periods II and IV depending

on the phase instants of the recon�gurations but also inuenced by slight variations in

the speed when the recon�guration was performed. These variations were caused by

measurement noise which a�ected the switch point detection described in section 3.8.

The reverse switchings, which occur during braking, were only briey tested but showed

very similar behaviour to the presented recon�gurations with practically identical torque

interruptions.

6.4. Tuned recon�gurations with contactors

6.4.1. Principle of tuning

As was described earlier, the contactor delays, period III, cause the longest contribution

to the total torque interrupt durations, up to 95%. This relation would be even worse

for the machine with reduced inductances which was suggested in section 4.9.4. Con-

sequently the reduction of period III is an important goal. In order to achieve this a

tuned version of the winding recon�guraton procedure was developed. It is based on the

idea of utilizing the contactor delays, i.e. the coil current of the contactor is interrupted

a short while before the current reduction starts. If adjusted correctly the currents will

be zero when the circuit is opened. The same can be done for the activation of the new

connection. This switching sequence is illustrated in �gure 6.12.
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Figure 6.12.: Timing of the tuned Y to � recon�guration with contactors.

6.4.2. Experimental veri�cation

The corresponding experiments were conducted before the test machine was available.

Instead the 2-pole machine mentioned in section 5.3 (appendix B.3) was used which only

allowed star and delta connections. Therefore these investigations were constricted to

the basic Y to � switching. The described tuning can of course not be driven to the

limits as the contactor delays are inuenced by several factors like ageing, temperature,

dirt, etc.. Furthermore varying delays were obtained due to the use of contactors with

AC coils as was mentioned in section 5.2.2.

Figures 6.13 and 6.14 show examples of the measured phase current and potential,

i.e. the voltage between motor phase and DC link midpoint, as they occurred during

the winding recon�guration of the 2-pole motor with normal and tuned sequences re-

spectively. Examining these test results reveals a reduction of the total torque interrupt

duration from 46ms to 25ms due to tuning. This means that period III was reduced by

21ms. Since the same contactors were used the same reduction should have been possi-

ble for the winding switchings of the test machine. Using the data from the preceding

section this yields the estimated durations listed in table 6.3. This was, however, not

tested due to time limitations. A further improvement may be possible when contactors

with DC coils are employed. However, period III remains in any case considerably longer

than periods II and IV.

Table 6.3.: Estimated torque interrupt durations based on experiments with contactors

and tuned recon�guration sequence.

recon�guration interrupt [ms]

Y -ser.!�-ser. 36

�-ser.!Y -par. 58

Y -par.!�-par. 33
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Figure 6.13.: Measured phase current and potential during the winding recon�guration

of the 2-pole motor with normal procedure.
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Figure 6.14.: Measured phase current and potential during the winding recon�guration

of the 2-pole motor with tuned procedure.
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6. Winding recon�gurations with usual procedure

6.5. Torque interrupt durations with thyristor switches

6.5.1. Procedure and possible inuence of circulating currents

With semi-conductor switches a drastic shortening of period III can be expected in

comparison to contactors. In general the procedure is the same as with contactors.

The major di�erence is that period III is drastically shortened as semi-conductors react

practically instantly to switching commands. For thyristor switches however a zero

crossing of the current must occur to switch them o�. This fortunately coincides with

the current-free switching procedure depicted in �gure 3.4.

When a winding recon�guration is initiated the gate pulses to the thyristors are

immediately terminated and the current commands are set to zero. When the currents

reach zero the thyristors block and thereby disconnect the machine windings which

can be detected in the sampled phase currents. After a short delay the thyristor gate

pulses for the new winding con�guration are activated and the current commands are

reestablished simultaneously. To ensure that the thyristors of the preceding con�guration

are really o� it is necessary to maintain a short current-free dead-time. Caused by

circulating currents, it might otherwise be possible that the current in one thyristor

has not reached zero although the phase currents are zero. Then the thyristor is still

conducting and activating the thyristors for the new winding con�guration would result

in a short circuit.

From experiments it was found that a dead-time of 1ms was su�cient for the setup

with the test machine. Due to the PWM current ripple, zero crossings are obtained

easily which in turn block the thyristors. Minor variations of this dead-time occurred

due to the method of zero-current detection used in the control software (see section 6.2).

6.5.2. Experimental results

Like before with contactors, experiments were conducted with thyristor switches using

the test machine loaded by the ywheel and the described switching procedure. Once

more the system was accelerated through all four winding con�gurations with full current

and a load angle of �=90�. Figures 6.15 to 6.17 show the recorded phase and coil currents

during all three winding recon�gurations. Note that the time scale is di�erent to that

of �gures 6.9 to 6.11. Principally the performance was equal to that with contactors

except for the drastical shortening of period III. Furthermore the duration of this period

was no longer dependent on the type of recon�guration as the thyristors are switched

simultaneously in all cases, thereby avoiding the sequentual switching during the second

reconnection. Problems due to circulating currents were not observed with the chosen

dead-time of 1ms.
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Figure 6.15.: Measured phase and coil currents during the Y -series to �-series recon-

�guration of the test machine at �=90� using thyristor switches.
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Figure 6.16.: Measured phase and coil currents during the �-series to Y -parallel re-

con�guration of the test machine at �=90� using thyristor switches.
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Figure 6.17.: Measured phase and coil currents during the Y -parallel to �-parallel

recon�guration of the test machine at �=90� using thyristor switches.
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6. Winding recon�gurations with usual procedure

Table 6.4.: Measured torque interrupt durations with thyristor switches.

period [ms]

recon�guration II III IV total [ms]

Y -ser.!�-ser. 4,1 1,1 3,9 9,1

�-ser.!Y -par. 1,7 1,2 3,4 6,3

Y -par.!�-par. 1,3 1,0 1,3 3,6

Comparing �gures 6.9 through 6.11 and 6.15 through 6.17 evidently shows the gain

in torque interrupt duration which is now only a fraction of the period. In table 6.4

the torque interrupt durations with thyristor switches are listed. Theoretically periods

II and IV should be identical to those in the experiments with contactors. However, as

mentioned earlier, these were inuenced by variations of the switch speed and also by the

phase instant when these periods occur. It is no longer period III which determines the

total torque interruption but rather the fall and rise times of the currents, i.e. periods

II and IV. Consequently the duration of the torque interruption is dependent on the

e�ective inductance rather than which switches need to be actuated. Comparing these

measurements to the simulation results, which were presented in table 6.1, shows that

the recon�guration was actually faster than predicted.

In section 4.9.4 it was suggested to improve the test machine by reducing the induc-

tances to 1/3 of those of the actual motor. In a �rst estimation the fall and rise times

of the currents should then be reduced by the same factor. Evidently this would have

a remarkable inuence on the torque interrupt durations with thyristors as periods II

and IV would be signi�cantly shortened. In contrast, with contactors a remarkable gain

would not be achieved as the contribution of these periods is comparably small.

6.6. Conclusions

In this chapter the performance of the winding switching of the test machine was ex-

amined both by simulations as well as by experiments. The procedure was in all cases

corresponding identically to �gure 3.4. The type of switches used was the main di�er-

ence. The focus of these investigations was the occurring torque interruption. The results

are summarized in table 6.5. Generally a slightly faster switch-over was achieved in the

measurements than what was predicted from simulations. An approximate prognosis is

however possible.

If contactors are used the torque interrupt durations can be reduced to a level which

is acceptable for many drive systems. However, for sensitive applications these interrup-

tions can be too long. Especially in road-vehicle propulsion notable jerks can arise. An
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Table 6.5.: Torque interrupt durations as obtained from simulations and measurements

with contactors and thyristor switches.

Y -ser. ! �-ser. ! Y -par. ! �-par.

[ms] [ms] [ms]

simulated 61 89 53

contactors measured 57 79 54

tuned� 36 58 33

simulated 13 11 5

thyristors measured 9,1 6,3 3,6

improved motor� 3,8 2,9 1,8
� estimated values

enhanced tuning may be possible if contactors featuring DC coils are chosen. If, in con-

trast, thyristor switches are used the zero torque durations are drastically reduced. The

remaining interrupt interval can be less than 10% of the corresponding one with contac-

tors. Then it is usually only a fraction of the fundamental period. Hence, with thyristor

switches the remaining total torque interruption is insigni�cant for most applications.

Consequently semi-conductor switches appear to be a sensible choice for vehicle drives.

In concepts with several motors, for example trains, switching at di�erent instants can

reduce the severity even further.

A machine optimized for operation below base speed would have a signi�cantly lower

inductance than the test motor. Consequently also the interruptions would be notably

shorter. The last row of table 6.5 gives an estimation for the suggested machine with

triple airgap length. These remaining interruptions should usually not be noticeable.
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7. Asymmetric winding recon�gurations

avoiding torque interruptions

7.1. Introduction

In chapter 6 it was demonstrated that the torque interrupt durations of inverter-fed

PM motors with switched stator windings can be diminished su�ciently for practically

all larger drive systems. However, usually thyristor switches will be required. If semi-

conductor switches are anyway to be used, a new winding recon�guration method can

be employed which avoids the torque to become zero at any time. This idea will be

described, analyzed, and experimentally veri�ed in this chapter. It has been presented

before in [84, 18, 20].

The suggested method is based on temporary operation of the machine with asym-

metric winding con�gurations. This means that the motor is operated in an inadequate

mode with bad performance. However, this can be done temporarily to avoid zero torque.

Such intermediate asymmetric operation was suggested earlier in [133, 134, 135]. Here

a description is given how the transition from one to the other con�guration can be

performed in a controlled and smooth way. Although the method is applicable to all

types of three phase machines an inverter-fed PM synchronous motor with controlled

phase currents is assumed for the analysis. In particular modelling, calculations, and

experimental veri�cation were performed on the test machine. For the analytic calcula-

tions the motor parameters obtained from �nite element analysis were assumed. They

were presented in section 4.9.4 (page 130). Although the investigations were constricted

to PM machines the idea is also interesting for inverter-fed asynchronous motors. In

that case the major bene�t is probably that the magnetization of the rotor is not lost

during the winding switching as the armature is not current-free at any time.

A drawback of the described method is that it cannot be performed using contactors

because of their delay. This is due to the necessity to know exactly when the circuit is

opened and when another switch can be closed. Therefore semi-conductor switches are

193



7. Asymmetric winding recon�gurations avoiding torque interruptions

�

)
"

6 66 666 6H

Figure 7.1.: Y -series to Y -parallel switching with intermediate asymmetric con�gura-

tions.

required. Throughout this chapter thyristor switches are assumed, in particular as their

property to stop conducting at the instant when the currents become zero is utilized.

Since asymmetric winding con�gurations are used the two axis model is no longer

applicable. Instead the three phase model, which was presented in section 2.5, must

be applied for the analysis of the transition from one to another winding con�guration.

In the following the two basic recon�gurations, series to parallel and star to delta, are

studied �rst. Later reverse and combined switching will be considered.

7.2. Series to parallel recon�guration

7.2.1. Principle and analysis

First the series to parallel switching is regarded because it is simpler than the others. For

simplicity it is furthermore assumed that the three phases are star connected. The delta

connection will be treated later. In the beginning the series thyristors are conducting.

When a switch-over to parallel connection shall be done the gate signals to the series

thyristors of one phase are interrupted implying that the current will be blocked after

it reaches zero. Then the parallel thyristors of the same phase can be activated with

a short delay. In this way the switch-over from series to parallel connection of a single

phase is practically performed at a zero crossing of its current. Assuming that phase a

was switched �rst, the gate signals of the series thyristor pair of phase c are terminated

at this instant. Now the motor operates with two phases in series and one phase in

parallel connection until the next phase current (phase c) reaches zero after 1/6 period.

Then this phase is switched to parallel con�guration in the same way as the �rst. After

another 1/6 period the last phase is recon�gured in the same manner and the machine

operates in normal Y-parallel connection. Figure 7.1 illustrates the described procedure.

The roman numerals are used to indicate the di�erent periods in the following analysis.
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Under the assumptions that �rst the inverter cannot deliver more than rated current

for the Y -series connected motor and that second the voltage is su�cient, the resulting

currents are shown in �gure 7.2. The indices a, b, and c indicate the phase while the

index 1 stands for the current in a single coil. Note that no modi�cation of the inverter

control is needed, i.e. the phase currents are controlled sinusoidally at all times without

any change. From these currents the torque can be computed using equation (2.45).

Figure 7.3 shows the resulting torque (50Nm/div. for rated current) when considering

the test motor and assuming a load angle of �=90�. Both contributions, alignment and

reluctance torque, are presented. This analysis shows a very smooth transition from

the series to the parallel connection without any torque dip or even interruption. The

complete recon�guration process takes 1/3 of the stator period. During the asymmetric

phase the load angle is falsi�ed resulting in a temporary negative reluctance torque

component. This would not occur for the recommended non-salient machine.

To achievemaximumtorque from the test machine the reluctance contribution should

be utilized implying a load angle greater than 90�. Therefore the analysis of the described

asymmetric switching method was repeated with �=120�. In section 4.9.4 it was calcu-

lated that the optimum angle is �=114� for the test machine in Y -series connection but

120� was chosen in the following for simplicity and a better overview. The correspond-

ing currents and the resulting torque are presented in �gures 7.4 and 7.5 respectively.

Evidently the transition is as smooth as when the reluctance torque was not utilized.

The alignment torque peak right after the �rst reconnection reveals once more that the

load angle is falsi�ed during the asymmetric phase. To obtain maximum torque after

the recon�guration the load angle should be adapted (reduced) which has however not

been included in this analysis.

So far it has been assumed that enough voltage is available to enable impressing

the currents at all instants. If the switching has been initiated when the voltage of the

inverter was no longer su�cient it is not possible to exceed this voltage at any instant

during the asymmetric phase. In order to check if this condition is ful�lled the line

to line voltage curve-forms were computed from the equations which were presented in

section 2.5.2. The results are plotted in �gures 7.6 and 7.7 normalized to the amplitude

before the reconnection. Note that these plots show line to line voltages while equations

(2.41) to (2.43) give the coil voltages. As can be seen, the voltages never reach the

peak value which they had before the switching. Consequently it should be possible to

impress the presumed currents during the asymmetric phase. In a �rst estimation it is

expected that the voltage amplitude after the recon�guration is half of the value before.

This is true for the induced voltage but not for the voltage drop on the reactance as the

inductances are reduced by a factor 1/4. Hence the voltage is less than 1/2 after the

switching.

The described method is principally not constrained to the star connection. For delta

connected phases the corresponding procedure looks basically the same as is illustrated
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Figure 7.2.: Phase and coil currents during asymmetric Y -series to Y -parallel switch-

ing at �=90�.
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Figure 7.3.: Theoretical torque during asymmetric Y -series to Y -parallel switching of

the test machine at �=90�.

in �gure 7.8. Under the assumption that the delta con�guration is made such that the

coils of phase a are connected between the inverter phases a and c, the currents during

the successive switching will be as shown in �gure 7.9. Thereby a load angle of �=90�

has been assumed for simplicity. It is obvious that the detection of the moment when

the series thyristor blocks and the parallel switches can be activated can no longer be

derived from the sampled phase currents as simple as before. However, a zero crossing of

the di�erence of the phase currents ia and ib indicates that the coil current ia1 has come

to zero and thereby blocked the series thyristor of phase a. Since this detection is not

as certain as a direct sampling a su�cient dead-time is important before activating the

parallel thyristor switches. To sample the coil instead of the phase currents is usually not

practical. Figure 7.10 shows the torque which is analytically predicted with the currents
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Figure 7.4.: Phase and coil currents during asymmetric Y -series to Y -parallel switch-

ing at �=120�.
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Figure 7.5.: Theoretical torque during asymmetric Y -series to Y -parallel switching of

the test machine at �=120�.

of �gure 7.9. As was to be expected, the transition from series to parallel con�guration

is as smooth as before only at a reduced torque level. Also here the calculation of

the voltages showed that it should be possible to impress the presumed currents at all

instants.

For an even smoother transition from series to parallel winding connection it is

recommended to reduce the phase currents slowly before the switching and increase

them again during the intermediate asymmetric periods. This means reducing the torque

smoothly before the switching to the level which is expected afterwards. The result would

be an almost constant torque during the recon�guration.
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7. Asymmetric winding recon�gurations avoiding torque interruptions
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Figure 7.6.: Line to line voltages during asymmetric Y -series to Y -parallel switching

at �=90�.
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Figure 7.7.: Line to line voltages during asymmetric Y -series to Y -parallel switching

at �=120�.
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Figure 7.8.: �-series to �-parallel switching with intermediate asymmetric con�gura-

tions.
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7.2. Series to parallel recon�guration
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Figure 7.9.: Phase and coil currents during asymmetric�-series to �-parallel switching

at �=90�.
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Figure 7.10.: Theoretical torque during asymmetric �-series to �-parallel switching of

the test machine at �=90�.

7.2.2. Experimental veri�cation

The suggested concept was tested using the test machine described in section 4.9 and the

control system of chapter 5 including the thyristor switches described in section 5.2.3.

The experiments were conducted with a constant load angle of �=90�. The phase current

control was not modi�ed. During the recon�gurations the three phase currents ia, ib,

ic and the three coil currents ia1, ib1, ic1 were measured using the earlier mentioned

digital storage oscilloscope and current probes. Since it was not possible to record all six

currents simultaneously two runs were performed of each test, one to record the phase

currents and one to record the coil currents. Minor inconsistencies between sampled

phase and coil currents could thus not be completely excluded. Figures 7.11 and 7.12
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Figure 7.11.: Measured phase currents during asymmetric Y -series to Y -parallel

switching.
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Figure 7.12.: Measured coil currents during asymmetric Y -series to Y -parallel switch-

ing.

display the measured phase and coil currents respectively with the periods marked by

roman numerals according to �gure 7.1. A good agreement with the theoretical curves

of �gure 7.2 can be observed. To ensure a safe recon�guration of one phase without a

short circuit a dead-time of 2{3ms was introduced before activating the thyristors for the

new con�guration. This was necessary to account for measurement errors in the current

sampling, noise, inverter frequency harmonics etc. as was described in section 6.5. The

delay can clearly be seen in �gures 7.11 and 7.12 at each zero crossing. It probably

can be reduced to some extent, especially if a higher switching frequency is available.

Furthermore this delay caused notches in the curve-forms of the other currents which

are, however, insigni�cant.

Unfortunately, suitable equipment was not available for measuring the transient

torque during the winding recon�guration. Instead �nite element analyses were per-
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Figure 7.13.: Torque during asymmetric Y -series to Y -parallel switching of the test

machine at �=90� as obtained from �nite element analyses.
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Figure 7.14.: Measured coil currents during asymmetric �-series to �-parallel switch-

ing.

formed in a time stepping manner with the coil currents shown in �gure 7.2. The

resulting torque curve is presented in �gure 7.13 and shows good agreement to the an-

alytically obtained (�gure 7.3), except an additional torque ripple caused by the stator

slotting. Therefore it may be assumed that the torque actually produced by the mo-

tor corresponds rather well to the analytically predicted. Consequently, the suggested

successive Y -series to Y -parallel switching method is bene�cially applicable.

Also the series to parallel switching with delta connected phases was tested. In this

case the circulating third harmonic current caused considerable complications. Due to

this circulating current the zero crossing of the coil current occurred with a delay imply-

ing that the thyristors for the parallel connection could not be activated in time. When

the parallel con�guration of phase a was �nally established ic1 has already had its zero

crossing. Therefore the switching sequence needed to be modi�ed. Instead of switching

201



7. Asymmetric winding recon�gurations avoiding torque interruptions
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Figure 7.15.: Switch arrangement for asymmetric Y to � recon�guration.

phase c after 1/6 period, phase b was switched after 1/3 period. Then phase c was

reconnected last after another 1/3 period. With this modi�ed procedure the successive

�-series to �-parallel recon�guration was successfully performed. Figure 7.14 displays

the recorded coil currents. Although the phase currents were controlled sinusoidally

imperfections arose during the asymmetric phase. These are however not unexpected as

an ideal distribution of the currents on the phases is unrealistic in an unbalanced delta

connection. However, the performance would probably have been much better if the

machine had been optimized for the switched winding concept, i.e. if a non-salient rotor

had been chosen which would have minimized the circulating current as was described

in section 4.3.4 (see also equation (4.26)). In spite of the di�culties it may be concluded

that also during an asymmetric �-series to �-parallel winding switching a continuous

torque can be achieved.

7.3. Star to delta recon�guration

7.3.1. Principle and analysis

A successive recon�guration from star to delta connected motor phases with interme-

diate asymmetric con�gurations is a little more complicated than the series to parallel

switching but is also possible. To clarify the procedure the switch labels depicted in

�gure 7.15 will be used. Naturally each switch represents two anti-parallel thyristors.

In general the assumptions for the following analysis are the same as those made in the

preceding section.

At the start of the recon�guration the thyristor switches Y 1 and Y 2 are conduct-

ing. When a switch-over to delta connection shall be performed the gate signals to the

thyristors Y 1 are interrupted implying that the current will be blocked after it reaches

zero. Then the thyristor switch �1 can be activated after a short dead-time. In this way

the switch-over of the motor phase a from star to delta connection was practically done

at a zero crossing of the phase current. Now the machine operates in an asymmetric
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Figure 7.16.: Y to � switching with intermediate asymmetric con�gurations.

con�guration with one coil between two phases (�1 conducting) and the other two coils

in series also between two phases (Y 2 conducting). Therefore the currents ia and ia1

are equal. The currents in the machine phases b and c are the same but with opposite

direction and are equal to ic. Consequently the currents can no longer be impressed

independently in all coils. However, the line currents are still controlled as if no change

was made. After 1/6 of a period the current through Y 2 will reach zero so that these

thyristors block. Then the thyristor switches �2 and �3 are activated and the delta

connection is completed. Figure 7.16 illustrates the described procedure. As before the

roman numerals are used to indicate the di�erent periods in the following analysis.

When the delta con�guration is completed normal operation is not instantly possible

because the current in the motor phase a is too high while the other two coils are

current-free. Furthermore the relationship has changed between the currents in the three

inverter phases and the stator ux angle in the machine due to the Y {� recon�guration.

The control is now 30 electrical degrees ahead of the rotor with the chosen version of

the delta connection. The easiest correction is to freeze the control for 1/12 period

until the rotor is in correct relationship to the phase currents again. After that the

currents in the stator coils have also reached the appropriate values and the system can

continue with normal control in delta con�guration. Figure 7.17 shows the currents in

the stator coils and �gure 7.18 shows the corresponding phase currents. Thereby a load

angle of �=90� was assumed. Period III has been subdivided into period III� when

the control angle is adjusted and period III� when normal operation is regained after

the recon�guration. Regarding the phase currents (�gure 7.17) it becomes evident that

the control of the suggested asymmetric winding recon�guration is easily implemented

although coil current waveforms seem complicated.

From the coil currents shown in �gure 7.18 the torque can be computed as before.

The result is shown in �gure 7.19. It can be seen again that a continuous torque can be

achieved and that the control angle is falsi�ed during periods II and III�. If the machine

had no saliency a torque dip would occur as can be seen when regarding the alignment

torque component solely.

The analysis was repeated with a load angle of �=120�, i.e. close to the maximum

torque. The corresponding currents are identical to those presented in �gures 7.17 and

7.18 but advanced by 30 electrical degrees with respect to the rotor. They are thus
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7. Asymmetric winding recon�gurations avoiding torque interruptions

0,00 0,33 0,67 1,00 1,33 1,67 2,00
θ/π

-1

0

0

0

1

cu
rr

en
t

a

I II III
α

a

b

c

β

i

i i
i

i

i 1

1

1

b

c

1

11

Figure 7.17.: Coil currents during asymmetricY -series to �-series switching at �=90�.
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Figure 7.18.: Phase currents during asymmetric Y -series to �-series switching at

�=90�.

not displayed again. Figure 7.20 shows the resulting torque for this case. Evidently

the occurring torque dip is more signi�cant than when the reluctance torque was not

utilized as this torque component can no longer compensate the dip of the alignment

contribution. However, torque is provided at all instants and the severity of the dip

could be reduced by a temporary current increase. The transition can be performed

even smoother using a compensation control scheme similar to the one described in the

previous section.

Also for these asymmetric recon�gurations the line to line voltage curve-forms were

computed in the same manner as before and are presented in �gures 7.21 and 7.22. As

these voltages never reach the peak value which they had before the switching it should

also here be possible to impress the required currents even if the recon�guration was

initiated when the voltage limit was reached.
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Figure 7.19.: Theoretical torque during asymmetric Y -series to �-series switching of

the test machine at �=90�.
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Figure 7.20.: Theoretical torque during asymmetric Y -series to �-series switching of

the test machine at �=120�.

No step of the switch-over or the analysis was dependent on the inter-connection of

the coils of one phase. Consequently the procedure can equally be applied for parallel as

for series connected windings. Therefore also in �gure 7.16, where the winding recon�g-

uration sequence was displayed, only one coil per phase was shown. The only di�erence

is that the coil currents presented in �gure 7.17 are halved in parallel windings while the

phase currents remain unchanged as shown in �gure 7.18. This yields of course also a

diminished torque which is presented in �gure 7.23. An inuence of circulating currents

in the parallel windings is excluded as only the total phase current has signi�cance for

the star to delta switching.
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Figure 7.21.: Line to line voltages during asymmetric Y -series to �-series switching

at �=90�.
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Figure 7.22.: Line to line voltages during asymmetric Y -series to �-series switching

at �=120�.

7.3.2. Experimental veri�cation

The suggested successive recon�guration principle was also tested on the existing labo-

ratory setup. Also in these experiments a constant load angle of �=90� was adjusted.

The phase currents were controlled according to �gure 7.18. In order to achieve the

correct waiting duration during period III� the current reference values were frozen at 0

and �
q

3
2
In until Id derived from the sampled currents and rotor position reached zero

and thereby indicated that the load angle was adjusted appropriately. Great care must

be taken that the control does not lock in this DC mode as that would result in a strong

pulsating torque. In the tests the coupling between motor and ywheel (�105mm) was

destroyed when this happened caused by a small programming error.
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Figure 7.23.: Theoretical torque during asymmetric Y -parallel to �-parallel switching

of the test machine at �=90�.
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Figure 7.24.: Torque during asymmetric Y -series to �-series switching of the test ma-

chine at �=90� as obtained from �nite element analyses.

Also for this recon�guration procedure the torque curve was calculated by means

of �nite element analysis assuming the currents presented in �gure 7.17. The obtained

torque curve is shown in �gure 7.24 and contains once more the slotting torque ripple

but otherwise shows good agreement to that from analytical expressions (�gure 7.19).

Consequently the experiments focused also this time on the currents in the machine

windings.

Figures 7.25 and 7.26 show the measured phase and coil currents respectively with

the di�erent recon�guration periods marked by roman numerals according to �gures

7.16 to 7.18. Also here a short dead time was introduced before the thyristors for the

new con�guration were activated as described before. A fairly good agreement with the

theoretical curves of �gures 7.17 and 7.18 can be observed. An apparent di�erence oc-

207



7. Asymmetric winding recon�gurations avoiding torque interruptions

-0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
time [10ms/div.]

-150

-100

-50

0

50

100

150

cu
rr

en
t [

50
A

/d
iv

.] i

i

i a

b

c

I II III

α β

Figure 7.25.: Measured phase currents during asymmetric Y -series to �-series switch-

ing.
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Figure 7.26.: Measured coil currents during asymmetricY -series to �-series switching.
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Figure 7.27.: Measured coil currents during asymmetric Y -parallel to �-parallel

switching.
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Figure 7.28.: Y -parallel to Y -series switching with intermediate asymmetric con�gu-

rations.

curs when the delta con�guration is established (period III). These deviations from the

theoretical curves are mainly caused by the circulating third harmonic current. Con-

sequently, the suggested successive star to delta switching method is also bene�cially

applicable.

The same test was also performed with parallel connected phase windings. Since

the phase currents were controlled identically to the series connected case no di�erence

was observable in them except a larger switching frequency ripple due to the lower

inductance. Likewise the coil currents were almost identical but of half magnitude.

Their records are presented in �gure 7.27. Only the dead-time in ia1 is more clearly

visible. Hence, also the asymmetric Y -parallel to �-parallel switching procedure is

useful to provide continuous torque during the winding reconnection.

7.4. Reverse and combined recon�gurations

7.4.1. Parallel to series

In the previous sections the two basic recon�gurations, which occur when accelerating

motors, were examined. However, braking (regenerative) operation is also required in

many drive systems. The reverse recon�gurations (parallel to series and � to Y ) are

thus also of major interest. The procedure described in section 7.2 and illustrated in

�gure 7.1 can easily be reversed. The resulting recon�guration sequence is depicted

in �gure 7.28. The corresponding phase and coil currents are shown in �gure 7.29 for

�={90�. They are identical to �gure 7.2 but mirrored and inverted due to the phase

shift of 180� from �=90� to �={90�. Figure 7.30 shows the analytically predicted torque.

Naturally also the direction of torque is inverted.

Circulating currents in the parallel windings might cause a blocking of the thyristors

at an instant that is not identical with the zero crossing of the phase current. In that case

a short circuit can be avoided by elongating the dead-time introduced before activating
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Figure 7.29.: Phase and coil currents during asymmetricY -parallel to Y -series switch-

ing at �={90�.
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Figure 7.30.: Theoretical torque during asymmetric Y -parallel to Y -series switching

of the test machine at �={90�.

the thyristors for the new con�guration. In section 5.5 it was shown that these circulating

currents were practically negligible in the test machine and thus no such di�culties were

observed in the experimental investigations. The recorded coil currents during this

asymmetric recon�guration are displayed in �gure 7.31. Thereby the phase currents

were controlled sinusoidally as before and are thus not shown again. Evidently the

Y -parallel to Y -series recon�guration during braking can be performed as smoothly as

the corresponding one in motoring mode thereby providing continuous torque.

Like for star connection also the �-series to �-parallel recon�guration should be re-

versible. Consequently �gures 7.32 and 7.33 depict the winding recon�guration sequence

and the corresponding currents during the switch-over from �-parallel to �-series. The

torque computed when assuming these currents is presented in �gure 7.34. In sec-
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Figure 7.31.: Measured coil currents during asymmetric Y -parallel to Y -series switch-

ing.
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Figure 7.32.: �-parallel to �-series switching with intermediate asymmetric con�gu-

rations.

tion 7.2.2 it was described that the circulating third harmonic current in the delta

connection caused di�culties for the successive series to parallel switching. The same

problem was observed during the reverse recon�guration. As before, the solution was to

switch the phases after 1/3 period instead of the ideal 1/6 period shown in the theoreti-

cal curves. Also this was tested successfully. The recorded coil currents are presented in

�gure 7.35. The described modi�cation of the reconnection procedure would probably

not be necessary with an improved machine featuring almost no circulating third har-

monic current (see section 4.3.4). It can be concluded that the asymmetric parallel to

series recon�guration method can be bene�cially applied.

7.4.2. Delta to star

Like the parallel to series switching, delta to star switchings are also important for

braking operation. This is however more complex. It is not possible to reverse the

procedure described in section 7.3 and illustrated in �gure 7.16. Independent of which �

switch blocks �rst, closing any of the Y switches results in a short circuit of the inverter,

a short circuit of the motor, or an anti-parallel connection of two motor windings which

also corresponds to a short circuit. Hence, the winding which is �rst disconnected from
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Figure 7.33.: Phase and coil currents during asymmetric �-parallel to �-series switch-

ing at �={90�.
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Figure 7.34.: Theoretical torque during asymmetric �-parallel to �-series switching of

the test machine at �={90�.
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Figure 7.35.: Measured coil currents during asymmetric �-parallel to �-series switch-

ing.
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Figure 7.36.: � to Y switching with intermediate asymmetric con�gurations. The

shaded winding is temporarily inactive.

the delta con�guration must remain inactive until the current in the next winding reaches

zero and blocks the respective � thyristors. Then one of the Y switches can be activated

and con�guration II in �gure 7.16 is established. Finally the current in the remaining

delta connected winding comes to zero and the star con�guration can be completed.

The described procedure is sketched in �gure 7.36. In contrast to the other suggested

asymmetric recon�guration methods one machine windings remains inactive during 1/6

period when switching from delta to star connection (period II in �gure 7.36).

Another aspect is when to adjust the load angle to compensate for the shift introduced

by the delta-star recon�guration. If the delta connection is arranged as was shown in

�gure 7.15 the stator current vector must now be advanced with respect to the rotor to

regain the correct load angle. To enable this a voltage margin is of course required. In

braking operation however, the machine operates close to base speed after the winding

switching implying a small voltage margin. Therefore it is advisable to advance the phase

currents before the recon�guration is performed because then a su�cient voltage margin

is available. During the asymmetric periods II and III the phase currents are however

controlled sinusoidally as usual. The corresponding currents are shown in �gure 7.37

for a load angle of �={90�. The roman numerals refer again to the con�gurations

depicted in �gure 7.36. The short interval marked in period I of �gure 7.37 indicates

the described adjustment of the phase angle. It should be noted that the exact instant

when this adjustment is made can be selected freely. An arbitrary instant was chosen

for the analytic analysis.

When assuming a series connection of the phase windings, the coil currents depicted

in �gure 7.38 are obtained as explained in the following. After adjusting the load angle

suitably for star connection the gate pulses for the thyristor switch �3 are interrupted.

These thyristors open the circuit when ic1 comes to zero. At this instant the gate

pulses of the switch �2 are interrupted. Then ic1 is zero during period II while ia1 is

governed by its phase current ia. When ib1 comes to zero and the thyristors �2 block, the

switch Y 2 can be activated thereby forming the connection of period III in �gure 7.37.

Simultaneously the gate signals for the remaining delta switch �1 are terminated. Now

ib1 is equal to ic1 but with opposite direction and both are governed by ic while ia1 is

still determined by ia. When the latter reaches zero �1 blocks and Y 1 can be activated
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Figure 7.37.: Phase currents during asymmetric � to Y switching at �={90�.
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Figure 7.38.: Coil currents during asymmetric �-series to Y -series switching at

�={90�.

with a short delay. Thereby the star connection is established and normal operation is

reached.

Under the assumption that the currents depicted in �gures 7.37 and 7.38 can be

impressed the torque was computed for the test machine. Figure 7.39 presents the

resulting curves. After the phase adjustment the torque is diminished due to the reduced

load angle. Note that it is not necessary to advance the control angle that early. Instead

it could be adjusted right before, or actually during, the asymmetric period to avoid a

torque dip.

In order to verify that the suggested recon�guration principle is realistic it was tested

with the same setup as before. The recorded phase and coil currents are shown in

�gures 7.40 and 7.41 respectively. A rather good agreement was found apart from the
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Figure 7.39.: Theoretical torque during asymmetric �-series to Y -series switching of

the test machine at �={90�.

circulating third harmonic in the delta connection. This caused however no di�culty

as period II serves automatically as dead-time ensuring that the thyristor switch �3

is open before Y 2 is closed. When �3 is open (period II) a circulating current can

no longer occur. Between the two measurement �gures minor inconsistencies can be

observed in the instants of the phase adjustment and the transitions between the di�erent

winding connection periods. These di�erences were caused by the fact that the curves

were obtained from two separate tests as was described in section 7.2.2. Evidently the

suggested successive �-series to Y -series is also bene�cially applicable.

Like in the case of star to delta switching the described procedure was independent

of the inter-connection of the two phase windings of the machine. Therefore the same

principle can be applied for both series and parallel con�guration. In the latter case the

coil currents shown in �gure 7.38 are halved while the phase currents remain unchanged

as presented in �gure 7.37. This also yields a reduction of the torque which was computed

as shown in �gure 7.42 for a load angle of �={90�. Also this was tested with the phase

currents controlled as before. The recorded coil currents are presented in �gure 7.43.

Comparing them to those depicted in �gures 7.38 and 7.41 shows that the behaviour is

practically identical only with half magnitude and a higher switching frequency ripple.

It can be concluded that, although the procedure is a little more complex, a continuous

torque can be achieved during asymmetric� to Y recon�gurations in braking operation.

So far the direction in which the delta con�guration is made has been regarded as

prede�ned. However, the 30� shift can also be achieved in the other direction if the motor

phase a is connected between the inverter phases a and b instead of a and c which was

assumed before. For series{parallel reconnections this has of course no inuence. In

contrast the phase adjustment of the stator current vector must be modi�ed in star{

delta recon�gurations. After a star to delta switching the phase current vector is no

longer ahead of the rotor but lags by 30� instead. To advance the currents faster than
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Figure 7.40.: Measured phase currents during asymmetric �-series to Y -series switch-

ing at �={90�.
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Figure 7.41.: Measured coil currents during asymmetric �-series to Y -series switching

at �={90�.

the rotor should however not be a problem as a major voltage margin is available after

a star to delta switching. On the other hand, when a delta to star recon�guration is

performed in braking operation it is no longer necessary to advance the current vector.

Therefore the adjustment of the control angle can be performed at any time before or

after the asymmetric periods because the current vector only needs to be frozen until

the rotor has revolved 30 electrical degrees which in turn requires no additional voltage.

Consequently this way of creating a delta connection of the machine phases should also

be deliberated in future investigations.
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Figure 7.42.: Theoretical torque during asymmetric �-parallel to Y -parallel switching

of the test machine at �={90�.
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Figure 7.43.: Measured coil currents during asymmetric �-parallel to Y -parallel

switching at �={90�.

7.4.3. Delta series to star parallel and reverse

Until now, series{parallel and star{delta switchings have been regarded separately. How-

ever, when a machine with two winding parts per phase shall be used in all four di�erent

con�gurations the connection sequence is as was shown in �gure 3.1. Obviously simul-

taneous delta to star and series to parallel switching is required besides the already

regarded recon�gurations. An alternative would be to omit either the �-series or the

Y -parallel con�guration. This can be done as both have fairly similar properties as

was also shown in �gure 3.3 and table 3.1. Then the combined recon�gurations are not

necessary. Successive �-series to Y -parallel and reverse switchings are however possible

as will be shown in the following.
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Figure 7.44.: �-series to Y -parallel switching with intermediate asymmetric con�gu-

rations. The shaded windings are temporarily inactive.
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Figure 7.45.: Measured coil currents during asymmetric �-series to Y -parallel switch-

ing at �=90�.

Looking �rst upon the �-series to Y -parallel switching, which occurs during accel-

eration, the solution is to switch a machine phase not only from delta to star when a

zero crossing occurs but simultaneously change from series to parallel connection. Con-

sequently, after the control angle is adjusted the gate pulses are terminated to both,

the thyristor switch �3 (see �gure 7.15) and the series switch of phase c. When ic1

reaches zero the corresponding thyristors open the circuit and phase c is temporarily

inactive. When ib1 reaches zero and both �2 and the series switch of phase b block, the

star connection of phases b and c can be immediately be established in parallel con�g-

uration. Likewise phase a is recon�gured �nally. Figure 7.44 illustrates the described

procedure. It is basically identical to the earlier described procedure of delta to star

switching (section 7.4.2, �gure 7.36) except that with each switching also a series to par-

allel recon�guration is performed. Thereby the phase currents are controlled sinusoidally

as before.

The suggested successive �-series to Y -parallel recon�guration has been successfully

implemented in the test system. The test was performed during acceleration with a load

angle of �=90�. Figure 7.45 presents the measured currents in the machine windings.

Comparing these curves to those in �gure 7.41 shows that they are inverted due to
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Figure 7.46.: Y -parallel to �-series switching with intermediate asymmetric con�gu-

rations.
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Figure 7.47.: Measured coil currents during asymmetric Y -parallel to �-series switch-

ing at �={90�.

motoring operation. After the reconnection the coil currents have of course half the

magnitude which they had after the �-series to Y -series switching. A further di�erence

can be seen in ia1 during phase III where an indentation occurs which is not expected at

�rst hand. However, in chapter 6 it was already pointed out that the voltage margin after

this winding reconnection is rather small. Therefore it was not possible to achieve the

attempted phase currents during phase III which in turn caused the above mentioned

indentation of the winding currents. Nevertheless continuous torque can be achieved

although a dip must be expected. This can be diminished by switching before base

speed is reached.

In braking mode the reverse winding reconnection is required, i.e. Y -parallel to

�-series. The procedure for this can be derived from the star to delta recon�guration

method described in section 7.3 using the same idea of simultaneous parallel to series

switching. This leads to the switching sequence depicted in �gure 7.46. Naturally the

phase currents are controlled sinusoidally as before also during period III� where the

stator current vector is frozen to adjust the load angle.
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7. Asymmetric winding recon�gurations avoiding torque interruptions

Also this recon�guration procedure was implemented and tested at a load angle

of �={90�, i.e. in regenerative operation. The recorded winding currents are plotted in

�gure 7.47. Comparing this to the Y -series to �-series switching presented in �gure 7.26

the same current curve-forms are found except that they are inverted and of half the

magnitude they were before the switch-over. Consequently during a successiveY -parallel

to �-series switching continuous torque can also be achieved.

Y -series to �-parallel or reverse switching was not considered as changing directly

from the lowest to the highest speed con�guration seems unreasonable. Nevertheless it

should also be possible using the concept described in this section.

7.5. Conclusions and future work

In this chapter a method has been suggested on how to perform winding recon�gurations

of inverter-fed three phase machines so that torque interruptions are completely omitted.

The principle is based on temporary operation of the machine with its windings in

asymmetric con�gurations. This enables at least two of the three armature phases to be

energized at any instant. In particular it has been shown how the transition from one

con�guration to another can be performed in a smooth and controlled way if thyristor

winding switches are used. A drawback is that semi-conductor switches are required for

this method yielding additional losses. If they are used anyway no additional hardware

is required. The procedure can be used for all types of AC motors but the focus has

been on permanent magnet motors as these are the central topic of this work.

The proposed principles have been analyzed analytically and validated in experi-

ments. The focus has thereby been on the two basic switchings, series to parallel and

star to delta. However, also combinations of these and reverse recon�gurations are

considered. In particular were all switch-overs marked by solid arrows in �gure 7.48

performed with promising results. Those marked with dashed arrows were considered

to be of no practical signi�cance and were thus not examined.

The presented concept is not limited to the described recon�guration sequences.

Numerous other possibilities exist and should be examined in the future. For instance

the delta connection can be established in the opposite direction to the one chosen in

the present project (see section 7.4.2). Also the instant when the load angle is adjusted

can be chosen di�erently. If other semi-conductors than thyristors are utilized even the

commutation of the current from one to another con�guration at a non-zero instant may

be deliberated.

In some of the delta connections the circulating third harmonic current prohibited

the desired reconnection sequence. In particular the �-series to �-parallel and reverse
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Figure 7.48.: Possible and tested asymmetric recon�gurations with two winding parts

per phase. The numbers indicate the con�guration sequence with in-

creasing speed.

switchings needed to be modi�ed slightly to enable a controlled reconnection as was

described in sections 7.2.2 and 7.4.1. It would be desirable to test if this problem is

absent if a non-salient rotor is used which does not give rise to a remarkable third

harmonic circulating current (see section 4.3.4).

Furthermore it would be advisable to repeat the tests with a transducer which can

record the transient torque during the recon�gurations. In this context it would also be

interesting to try the suggested procedure for a smooth reconnection without torque vari-

ations. For this purpose the torque should be reduced before the switching starts and a

compensation algorithm should compensate the torque transients during the asymmetric

phase.

Moreover it is encouraged to test the suggested successive winding recon�gurations

on other types of AC machines. Particularly interesting seems to be the inverter-fed

asynchronous motor where the magnetization can be maintained during the recon�gura-

tion. Even for a mains connected machine bene�ts may be expected although an equally

smooth transition is not possible without controlled phase currents.

It can be concluded that successive winding switching with intermediate asymmetric

con�gurations is an appropriate means to entirely omit torque interruptions.
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8. Eddy current losses in the magnets

8.1. Introduction

The rotor losses in permanent magnet synchronous machines are commonly considered

to be negligible because the main ux is constant in the rotor. However, with inverter

supply time harmonic �elds can become signi�cant. Especially with switched stator

windings this e�ect can be very pronounced as, in the high speed con�gurations, the

voltage applied to a phase winding is increased in comparison to the start con�guration

(see �gure 3.1). Furthermore slot harmonics of the armature reaction can give rise to

non-negligible harmonic �elds in the rotor. These harmonic �elds cause losses in the

lamination, the magnets, and in a possibly existing squirrel cage. Since the presence of

the latter was excluded in this thesis it shall not be deliberated in this chapter either.

The harmonic eddy current and hysteresis losses in the lamination can be calculated

as in the case of asynchronous machines but it must be recognized that the absence

of a rotor winding allows the deeper penetration of the harmonic �elds into the rotor.

Suggestions for the computation of such iron losses have for instance been presented

in [136, 137, 138].

An area with many unanswered questions is however the losses occurring in the

magnets. Although these losses are usually comparatively low they can cause serious

problems due to the temperature sensitivity of the magnet material. This sensitivity

is particularly pronounced for NdFeB magnets as was described in section 2.2. Fur-

thermore a plastic bonded �bre banding is often applied to retain surface magnets (see

section 4.2.3) which reduces the cooling possibility. The temperature rise in the magnets

can thus be unexpectedly high and consequently the computation of the magnet losses

is an interesting issue. This chapter is intended to give a small contribution to this

problem. Space harmonic �elds caused by the stator slotting are relatively small on the

magnet surface if the airgap length is large. Therefore the study is constrained to time

harmonics. Special attention is paid to surface magnets although parts of the studies

are also applicable for internal magnets.
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8. Eddy current losses in the magnets

The time harmonics �elds create a pulsation of the armature reaction caused by

harmonic currents. Consequently they have the same pole pitch as the main ux but

are pulsating with the inverter switching frequency. Other time harmonics are not taken

into consideration because sinusoidal current control is assumed. Since this alternating

ux penetrates the magnets it causes losses in them. Hysteresis losses do not occur in

the magnets due to their linear demagnetization curve. On the other hand eddy current

losses are present due to the conductivity of the magnet material. While these losses are

negligible for ferrite and plastic bonded rare earth magnets they can cause problems for

sintered rare earth magnets. The methods presented in the following should be regarded

as initial suggestions which need to be developed further.

The investigations presented in this chapter were mainly carried out at the Technical

University of Graz, Austria in collaboration with Professor K�oer.

8.2. An analytic calculation method

In this section a suggestion is presented of how to calculate the eddy current losses in the

magnets analytically. A similarmethod was presented by Polinder and Hoejimakers [139]

but there the magnet dimensions in axial direction were not taken into account. It is

assumed that the airgap ux density is known and that fairly many magnet pieces per

pole are used as for instance in the test machine described in section 4.9. Furthermore

the calculation of the total magnet losses concentrates on a motor which is fed from a

pulse width modulated inverter with a switching frequency which is much higher than

the maximum fundamental frequency.

8.2.1. Loss per magnet

Figure 8.1 shows the principle cross section of a two-pole surface mounted PM motor.

The angle �mmech denotes half the arc angle that covers the magnets within one pole.

This mechanical angle is related to the electrical magnet angle �m by

�m =
�mmech

p
: (8.1)

It is assumed that the axial length of a magnet piece is larger than its width, i.e. lm>bm.

Figure 8.2 shows a single magnet piece where the y axis corresponds to the radial and

the z axis to the axial direction.

In order to calculate the losses occurring in a magnet piece the eddy currents need to

be determined. Basically this can be achieved from the second of Maxwell's equations,I
C

~E d~s = �
Z
A
C

Z
d

dt
~B d ~A (8.2)
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Figure 8.1.: Cross section of a 2-pole surface mounted magnet rotor with several mag-

net pieces per pole.
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Figure 8.2.: Cross section of one magnet piece with possible integration path.

where E is the electric �eld strength, s a distance along the integration path, and C

is a closed path encircling the area AC. A number of simpli�cations are required to

enable solving this expression analytically. For a large number of magnet pieces it

can be assumed that the ux density vector ~B is constant over one magnet in both

magnitude and direction. However, for high frequencies �eld displacement occurs as

will be described later. Furthermore it is assumed that the ux density is constant in

radial direction (y direction). Moreover the simplifying assumption is made that the

eddy currents ow along the path C depicted in �gure 8.2, i.e. on a rectangular path

with constant distance d from the edges. This of course, gives just a crude picture of

the real current paths but allows to solve both sides of equation (8.2). Introducing the

locations xC and zC as illustrated in �gure 8.2 the length lC of the path C is

lC = 4 (xC + zC) (8.3)

while the encircled area AC is

AC = 4xCzC : (8.4)
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Furthermore the current density J is introduced using the resistivity of the magnet

material %m:
~E = %m ~J : (8.5)

With the assumptions made, equation (8.2) can then be written as

%mJC lC = �AC

dB

dt
: (8.6)

where JC is the current density at the location of the path C. Solving for JC and

inserting equations (8.3) and (8.4) yields

JC = � 1

%m
� xCzC

xC + zC
� dB
dt

: (8.7)

Substituting the locations

xC =
bm

2
� d (8.8)

and

zC =
lm

2
� d (8.9)

according to �gure 8.2 gives

JC = � 1

2%m
� (bm � 2d) (lm � 2d)

bm + lm � 4d
� dB
dt

: (8.10)

From the power density, pm = %mJ
2, the total instantaneous eddy current losses are

calculated by

Pm1 =

Z
Vm

%mJ
2 dV = hm%m

Z
A
C

J2 dA = hm%m

bm=2Z
0

J2
C lC dd (8.11)

for a single magnet piece. Thereby the assumption is made that the ux density, and

thus also the current density, are constant over the magnet thickness, i.e. independent

of the location in y direction. Inserting (8.10) into (8.11) yields

Pm1 =
hm

2%m

 
dB

dt

!2

�
bm=2Z
0

(bm � 2d)
2
(lm � 2d)

2

bm + lm � 4d
dd : (8.12)

Solving the integral leads to

Pm1 =
kgm

2%m

 
dB

dt

!2

(8.13)

where the magnet geometry factor kmg has been introduced as

kgm;1 =
hm

128

"
(lm�bm)4 ln

lm+bm

lm�bm
� 2lmbm

�
l2m+b

2
m�4lmbm

�#
: (8.14)

Here the index 1 has been added since di�erent versions will follow later.
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Figure 8.3.: Cross section of one magnet piece with alternative integration path.

For longer magnets with a higher lm to bm ratio the assumed current path is evidently

not suitable. If the magnet length is at least twice its width (lm>2bm) an alternative

integration path C may be chosen as shown in �gure 8.3 where the distance from the

short edges is twice the distance from the long edges. While xC remains unchanged zC

becomes

zC =
lm

2
� 2d : (8.15)

Inserting this into equation (8.7) yields

JC = � 1

2%m
� (bm � 2d) (lm � 4d)

bm + lm � 6d
� dB
dt

: (8.16)

When performing the integration for the total eddy current loss corresponding to equa-

tion (8.12) it must be taken into account that the width of a volume element along C is

in x direction twice as large as in z direction. Consequently

Pm1 = 4hm%m

bm=2Z
0

J2
C (2xC + zC) dd (8.17)

where the integral is de�ned for one quadrant. Inserting equations (8.16), (8.8), and

(8.15) into (8.17) gives

Pm1 =
hm

2%m

 
dB

dt

!2

�
bm=2Z
0

(bm�2d)2 (lm�4d)2 (lm+2bm�8d)2

(lm+bm�6d)2
dd (8.18)

what leads to equation (8.13) as before but with a di�erent magnet geometry factor:

kgm;2 =
hm

2916

"
2 (lm�2bm)4 ln

lm+bm

lm�2bm
� 3bm

2l4m�13bml3m�54b2ml2m�52b3mlm+68b4m
lm+bm

#
:

(8.19)

The inuence of the axial boundaries may be neglected for magnet pieces which are

very long in relation to their width, i.e. lm�bm. This simpli�cation was made in [139].

Comparing the results obtained in that paper to equation (8.13), the magnet geometry

factor

kgm;3 =
hmb

3
mlm

12
(8.20)
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can be extracted. Dividing the derived magnet geometry factors by the volume of a

magnet piece Vm (=hmbmlm) gives the loss density and it can be seen that

kmg;1

Vm
<

kmg;2

Vm
<

kmg;3

Vm
: (8.21)

Scrutinizing equations (8.14), (8.19), and (8.20) shows that the di�erence can be quite

signi�cant for short magnet pieces. Therefore the magnet geometry factor kgm should

be chosen appropriately in dependence on the ratio lm=bm. It should be noted that the

derived expressions give instantaneous loss values.

8.2.2. Losses in all magnets of a machine

The total eddy current losses in the magnets are calculated by summation over all

magnets using the loss per piece expressions derived in the preceding section. For that

purpose the ux density distribution must be taken into account. The pulse width

modulation of the inverter causes harmonic currents which give rise to time harmonic

�elds in the machine. These have the same pole pitch as the fundamental �eld but with

a signi�cantly higher frequency. Hence they appear as pulsation of the main ux. Since

the main ux is constant in the rotor it causes no losses in the magnets. Consequently

the time harmonic �elds can be regarded separately from the main ux. The airgap ux

density of these harmonics Bh can be written as

Bh = B̂h cos (���h) cos (2�fswt) (8.22)

where � is the angular position in the airgap and fsw the inverter switching frequency

as was de�ned earlier. �h corresponds to the load angle � but relates to the harmonic

armature reaction instead of the fundamental. It gives the angular position of the peak

of the stator mmf in relation to the direct axis in electrical degrees. Expression (8.22)

represents only the most signi�cant harmonic. In addition multiples of the switching

frequency will occur. Lower frequency harmonics are neglected as a sinusoidal current

control is assumed.

First the situation will be regarded when the harmonic ux is aligned with the direct

axis, i.e. �h=0. Equation (8.13) gives the instantaneous eddy current loss in one magnet.

To obtain the power loss the time average (indicated by overline) is regarded:

Pm1;d =
kgm

%m

 
dB

dt

!2

d

=
2�2f2swB̂

2
hkgm

%m
cos(�)2 (8.23)

where the index d stands for the direct axis. Hence, to obtain the total losses the sum

of cos(�m)
2 must be determined over all magnets where �m is the angular position of

the m-th magnet. This sum can be written asX
m

cos(�m)
2 = 2pnmz

X
n

cos(�n)
2 (8.24)
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where m numbers all magnets in the machine while n counts only along one pole-arc.

Besides nmz is the number of magnet pieces in axial direction as was de�ned earlier in

chapter 4. Likewise nmx is the number of magnets per pole-arc (see equation (4.102)).

For convenience n in expression (8.24) may then be de�ned as

n 2
�
�nmx�1

2
; �nmx�1

2
+ 1 ; � � � ; nmx�1

2

�
(8.25)

what leads to the angular magnet positions:

�n =
2�m

nmx

n : (8.26)

Hence the total eddy current losses in the magnets Pmd are derived as

Pmd = 2pnmz

X
n

Pm1;d(�n) = 4�2pnmzf
2
swB̂

2
h

kgm

%m

X
n

cos

�
2�m

nmx

n

�2
(8.27)

using equations (8.13), (8.23), (8.24), and (8.26). The sum can be resolved analytically

using (8.25) but that yields a too extensive expression. For a su�ciently large number

of magnet pieces it is instead advisable to estimate the sum by an integration:

X
n

cos(�n)
2 � nmx

�m

�mZ
0

cos(�)2 d� =
nmx

2
+

nmx

4�m

sin(2�m) (8.28)

which provides good accuracy for nmx�4. If the entire pole is covered with magnets

(�m=90
�) the result is accurate otherwise an under-estimation is obtained. Inserting

(8.28) into (8.27) gives the total magnet losses for a time harmonic ux applied along

the direct axis:

Pmd = 4�2pnmznmxf
2
swB̂

2
h

kgm

%m

 
1

2
+
sin(2�m)

4�m

!
: (8.29)

Considering now a harmonic ux along the quadrature axis, i.e. �h=90
�, the loss per

magnet Pm1;q becomes

Pm1;q =
kgm

%m

 
dB

dt

!2

q

=
2�2f2swB̂

2
hkgm

%m
sin(�)2 (8.30)

instead of equation (8.23). Hence

Pmq = 4�2pnmzf
2
swB̂

2
h

kgm

%m

X
n

sin

�
2�m

nmx

n

�2
: (8.31)

Using the same estimation method as above

Pmq = 4�2pnmznmxf
2
swB̂

2
h

kgm

%m

 
1

2
� sin(2�m)

4�m

!
(8.32)
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is achieved. While the result is once more accurate for �m=90
�, an over-estimation is

obtained otherwise. Naturally these losses are equal for a harmonic ux applied in d

or q direction if �m=90
�. This becomes evident when comparing equations (8.29) and

(8.32) as the right hand term in the parenthesis is zero. Furthermore it can be seen that

Pmq is lower than Pmd for the same B̂h as was to expect since the peak ux faces the

pole gap when applied along the quadrature axis.

For a random pulse width modulation method, like hysteresis current control, the

time harmonic ux can be assumed to be equally distributed over all directions. In this

case an estimation of the total magnet loss Pm can be found by

Pm =
Pmd + Pmq

2
: (8.33)

For a rotor with complete magnet covering (�m=90
�) it is evident that

Pm = 2�2pnmznmxf
2
swB̂

2
h

kgm

%m
(8.34)

because the ux density is the same in all directions (no saliency) and the trigonometric

terms in equations (8.29) and (8.32) are zero. A surface mounted magnet rotor is also

for (�m<90�) non-salient. Then the trigonometric terms in equations (8.29) and (8.32)

cancel each other and the same result is obtained as for (�m=90
�). Observe that the

dependency of �m is incorporated in nmx (nmx/�m, see equation (4.102)). Consequently

equation (8.34) is valid for surface mounted magnet rotors independent of �m.

For a surface inset magnet rotor it is not necessarily given that the ux density is

independent on the direction (salient rotor). However, at the location of the magnets

the saliency does not, in a �rst estimation, inuence the �eld because it faces the high

reluctance of the magnets. Furthermore an inverter with a constant voltage DC link can

be regarded as a voltage source for the switching frequency independent of the modu-

lation method. Then the ux density is also for a salient rotor direction independent

and equation (8.34) is obtained if the voltage drops over stator resistance and leakage

reactance are neglected. This estimation is, however, rather crude because the stator

leakage can be quite signi�cant since the ux concentrates into the low reluctance path

between the magnets. Consequently the magnet losses for ux in q direction will be

considerably over-estimated when applying equation (8.34) for a surface inset magnet

rotor.

8.2.3. Field displacement e�ects

For high switching frequencies the assumption that the ux penetrates the magnets

uniformly is no longer valid. The induced eddy currents in the magnets will rather have

a partly shielding e�ect forcing a larger portion of the armature reaction to leak over the
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8.2. An analytic calculation method

magnet surface. Hence the eddy current losses in the magnets are lower than calculated

in the preceding section. In order to check if this e�ect must be taken into account the

penetration depth � may be regarded [140]:

� =

s
2

��!
=

s
%m

�fsw�rm�0
(8.35)

where � is the conductivity. If the magnet thickness hm is small compared to � the

magnet losses may be determined as derived in the foregoing section. If on the other

hand the magnet thickness is large in comparison to � the ux density decreases with

the depth y as

B(y) = Bhge
�y

� (8.36)

where Bhg is the harmonic ux density at the magnet surface. Since the magnet losses

are proportional to the square of the ux density (see equations (8.29), (8.32), and

(8.34)) the following integral may be looked upon:

hmZ
0

B(y)2 = B2
hg

�

2

�
1 � e�

2hm
�

�
(8.37)

where equation (8.36) was used. Hence

hme =
�

2

�
1� e�

2hm
�

�
(8.38)

can be seen as equivalent magnet thickness for the loss calculation at high frequency.

Examining equation (8.38) shows that hme�hm for ��hm while hme<hm otherwise.

This equivalent magnet thickness might be useful for the estimation of the magnet

losses if hm and � are not of completely di�erent magnitude and other simpli�cations

become applicable.

Another e�ect which can be relevant at high frequencies is �eld displacement. Ac-

cording to [140] the ux density distribution can be written as

B̂(x) = B̂0

vuuuuuut
cosh

�
2x

�

�
+ cos

�
2x

�

�

cosh

 
bm

�

!
+ cos

 
bm

�

! (8.39)

if x=0 is the center of the magnet. Figure 8.4 illustrates this displacement for the case

bm=2�. The lowest ux density, occurring in the middle, is in this case reduced by

23%. This �eld displacement also has an inuence on the eddy current losses in the

magnets and may be necessary to take into consideration if hm and � are of comparable

magnitude.

Calculating the magnet losses in the described way with B̂h as obtained from a �nite

element analysis shows that these losses can be as high as several hundred watts or even
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Figure 8.4.: Field displacement for bm=2�.

in the kilowatt range in the test machine. They are mainly dependent on the DC link

voltage, the switching frequency, and the winding con�guration. The magnet geometry

factor was thereby chosen according to equation (8.14) due to the length to width ratio

of lm=bm�4. Losses of the computed magnitude may be detrimental for the magnets

and they should be studied carefully. This problem was also pointed out by Scho�eld

et.al. in [141] where also several hundred watts of magnet losses were computed for a

comparable PM machine using �nite element methods.

With all the assumptions and simpli�cations made, the suggested analytic calcula-

tion methods can only be considered as a �rst estimate. They might however serve to

check if the occurring magnet losses are of critical magnitude. The derived expressions

are principally a further development of Polinder's theory, which has been presented

in [139], but taking the axial subdivision of the magnets into account. A comparison

to measurements is desired. This would also allow to give guidelines when to use which

magnet geometry factor. In section 8.4 it will be shown that such tests are rather di�cult

to carry out. Therefore an experimental veri�cation is presently lacking.

8.3. Computation using two dimensional �nite element

analysis

In this section a suggestion is presented on how to calculate the eddy current losses

in the magnets using two dimensional �nite element analysis (2DFE). In this type

of computation modelling the subdivision of the magnets in the plane of the analysis,

i.e. the subdivision along the periphery, is evident [142]. In contrast a subdivision in

axial direction cannot as easily be taken into consideration. The focus of this section is

thus on how to model the e�ects of the the axial magnet length in 2DFE analysis by

modifying the resistivity of the magnet material.
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8.3. Computation using two dimensional �nite element analysis

8.3.1. Eddy currents and modi�ed magnet resistivity

Neglecting the axial subdivision of the magnets can lead to a signi�cant over-estimation

of the eddy current losses in the magnets, as was found in section 8.2.1. Eddy currents are

usually determined in 2DFE analysis by assigning the corresponding geometry domain a

zero current conductor (source) implying that the total current over the whole conductor

is zero (
R
J dA=0). Depending on the used software it is important to designate a

separate source for each magnet piece. Otherwise the total current in one magnet piece

is not zero. Instead the current ows forward in one magnet and back through another,

similar to the situation in a cage winding.

Two dimensional �nite element analysis assumes an in�nite length in axial direc-

tion. Although it is a good approximation for the �eld computation of most radial ux

machines to neglect axial e�ects, this is not valid for the magnets due to their length

to width ratio which is typically signi�cantly lower than 10 (lm=bm�10). Neglecting

the e�ects associated with the axial length of the magnets in the �nite element analysis

means treating them as if they were equipped with short circuiting metal plates at their

ends. This in turn leads to a signi�cant over-estimation of the occurring eddy currents,

especially for short magnet pieces (see also [6]).

In order to take the axial magnet subdivision into account it may be assumed that

the eddy currents ow along the path C depicted in �gure 8.2 as was proposed for the

analytic calculation method. It is evident that the resistance for a current path close to

the edge is higher than at the center. However, also the current driving ux encircled

by C is larger. Due to the constant resistivity the resistance of this path is proportional

to its length which was given by equation (8.3). Applying this to an in�nitesimal current

channel of width dd leads to a path resistance of

RC = %m
lC

hm dd
: (8.40)

As explained above the magnet appears short circuited at the ends in a 2DFE analysis

and only currents in z direction can occur. Consequently the length of a current channel

lfe in 2DFE analysis is

lfe = 2lm (8.41)

resulting in a path resistance Rfe of

Rfe = %fe
2lm

hm dd
: (8.42)

where %fe is the resistivity in the �nite element analysis. In order to model the di�erence

between RC and Rfe the resistivity can be modi�ed in the 2DFE analysis. This means

projecting the path resistance RC on the resistance Rfe ((8.40)=(8.42)). Solving for %fe

yields

%fe = %m
2lm

hm dd
: (8.43)
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Figure 8.5.: Cross section of one magnet piece perpendicular to the machine axis sub-

divided into elements of di�erent resistivity.

Inserting equations (8.3), (8.8), and (8.9) gives

%fe = %m

 
1 +

bm�4d
lm

!
(8.44)

for 0�d<bm=2.

In the foregoing a resistivity has been derived which is dependent on the distance from

the magnet edge. In most �nite element programs however, it is not possible to apply

this position dependent resistivity. Instead the magnet must be divided into several

domains as illustrated in �gure 8.5. Naturally the domain resistivity is symmetrical to

the y axis. Therefore the magnet may be divided into 2ne elements. The selection of

ne is dependent on the ratio hm=bm and should take the calculation complexity, i.e. the

number of elements required, into account. The distance of element number n from the

magnet edge dn is then

dn = bd

�
n� 1

2

�
= bm

2n�1
ne

(8.45)

where bd is the width of each element as shown in �gure 8.5 and 1�n�ne. Consequently

the resistivity of element number n, %fe;n is derived by inserting (8.45) into (8.44):

%fe;n = %m

"
1 +

bm

lm

�
1 � 2n�1

ne

�#
: (8.46)

An estimation of the current distribution in the magnets can be obtained at z=0

from a 2DFE analysis when the domain resistivities are set according to equation (8.46)

and each magnet is de�ned to be a zero current conductor. Note that all domains of one

magnet must be included in a single source de�nition.

8.3.2. Magnet loss calculation from �nite element analysis result

From a 2DFE analysis the eddy currents in the magnets can be obtained as described

above. From these currents the losses in the magnets can then be calculated. The loss
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in one magnet is

Pm1 =
neX
n=1

I2nRn =
%m

hmbd

neX
n=1

I2nln (8.47)

where In is the current in the channel n, obtained from the 2DFE analysis, and Rn is

the total resistance of this channel. Furthermore the channel length ln is obtained from

(8.3) when inserting (8.8), (8.9), and (8.45):

ln = 2

�
lm + bm

�
1� 2n�1

ne

��
: (8.48)

Although the losses in one magnet can be calculated using equations (8.47) and (8.48)

this method is not convenient with most available FE post-processors. Often utilities

are provided to obtain the losses per length in a domain (P=l)n and even to sum selected

domains automatically. This feature can be utilized when rearranging the expressions.

Using equation (8.48) the domain resistivity (8.46) can be rewritten as

%fe;n = %m
ln

2lm
: (8.49)

Solving for %mln and inserting into equation (8.47) yields

Pm1 =
2lm

hmbd

neX
n=1

I2n%fe;n : (8.50)

Substituting furthermore the current In by the current density Jn in the domain n,

In = Jnbdhm (8.51)

and using the loss per length
P

l
= J2%mhmbd (8.52)

gives

Pm1 = 2lm

neX
n=1

�
P

l

�
n

: (8.53)

The factor 2 is due to the fact that the sum covers only half the magnet width as can be

seen when comparing to �gure 8.5. Hence the total losses in a magnet can be determined

by summing the losses per length in all domains of a magnet utilizing the corresponding

FE post-processor feature and then multiplying by the magnet length:

Pm1 = lm
X

all magnet

domains

�
P

l

�
: (8.54)

Likewise can the losses of all the magnets easily be summed up to obtain the total

magnet loss in the machine.
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Figure 8.6.: Time harmonic �eld distribution in the test machine at 500Hz (left hand

side) and at 5000Hz (right hand side).

In order to compute the magnet losses a harmonic analysis is performed with alter-

nating currents impressed in the stator winding as was done for the determination of

the machine inductances which was described in section 4.8.2. This alternating current

represents only the harmonics and does not include the fundamental �eld. Likewise

should no currents be included which model the �eld of the magnets (see section 2.9).

Hence this computation takes only time harmonic �elds, no space harmonics into ac-

count alike the analytic calculation. On the other hand this �nite element method takes

the distribution of the current density in a magnet into account as well as an asymmetry

with respect to the y axis. This means that �eld displacement e�ects are included.

Figure 8.6 shows the time harmonic �eld distribution obtained for the test machine

at two di�erent frequencies. From these �eld plots it can be seen that at 500Hz the �eld

has almost the same pattern as the main ux while at 5kHz major �eld displacement

e�ects can clearly be observed. This means that the eddy current losses in the magnets

do not increase quadratically with the frequency as is expected at �rst hand because

the ux penetrating the magnets is reduced. Furthermore, at high frequency the losses

concentrate on the pole edges. In section 3.6 it was stated that for low switching frequen-

cies the total inductance determines the current harmonics (3.8) while at high switching

frequencies only the leakage inductance is to be considered (3.10). Regarding �gure 8.6

this is now understandable. Hence such a �nite element analysis may also be employed

to determine the inductance which is e�ective at the inverter switching frequency.

The described method was applied to the test machine as well as to the 6-pole motor

described in appendix B.4. The latter featured a surface mounted magnet rotor with

complete magnet covering, implying no saliency. Characteristic for this machine was

that quite many magnet pieces were used in comparison to the machine size. For the
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Table 8.1.: Total magnet losses in the 6-pole motor as obtained from 2DFE analysis at

a harmonic current of 1A.

Pm [W]

f [Hz] d axis q axis

200 0,309 0,315

500 1,53 1,54

1000 3,55 3,49

2000 5,38 5,22

5000 7,11 7,14

10000 10,2 11,2

Table 8.2.: Total magnet losses in the test motor as obtained from 2DFE analysis for

di�erent harmonic currents.

Pm [W]

f [Hz] I=1A I=5A I=25A

d axis q axis d axis q axis d axis q axis

200 0,0898 0,0214 2,25 0,536 56,2 13,4

500 0,430 0,0371 10,8 0,929 269 23,2

1000 0,971 0,0455 24,3 1,14 607 28,4

2000 1,67 0,0636 41,6 1,59 1040 39,8

5000 3,93 0,168 98,2 4,21 2450 105

10000 8,23 0,500 206 12,5 5150 312

analysis a frequency range was used which is today realistic for the inverter switching

frequency in a permanent magnet motor drive (200Hz-10kHz). For the prototype motor

also di�erent currents, implying di�erent �eld strengths, were investigated. The results

are presented in tables 8.1 and 8.2 for the 6-pole and for the test motor respectively.

As expected no recognizable di�erence in the magnet losses was observed between the

direct and quadrature axis for the 6-pole machine due to the complete magnet covering

without any saliency. In contrast the di�erence is very signi�cant in the prototype motor

due to the magnet covering of 2/3 and its saliency. When applying the �eld along the

quadrature axis the ux density is highest in the center of the stator pole where it does

not face any magnets. Furthermore the ux concentrates between the magnets where

the reluctance is lower. This e�ect gets especially pronounced at high frequency, when

the eddy currents in the magnets yield a �eld displacement and the ux passes over

them along the airgap towards the low reluctance path of the q axis. This means that

only a small amount of the total ux penetrates the magnets resulting in remarkably

lower losses in them.
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Principally a quadratic increase of eddy current losses with the frequency is expected.

However, it is was found that the eddy current losses in the magnets increase with

the frequency at a lower rate. For both machines a quadratic dependency could be

observed below 500Hz. At higher frequencies the increase was approximately linear in

the prototype motor. In the 6-pole motor it was even less than proportional. This e�ect

was evidently caused by �eld displacement. The dependency on the harmonic current,

respectively the magnetic �eld strength, was however quadratic in the prototype motor

as was expected.

A remarkable di�erence was observed when comparing the computed losses to those

which were obtained without the representation of the axial magnet length using the

suggested model with modi�ed resistivity. This shows the relevance of taking the ax-

ial magnet subdivision into account. The suggested method of representing the axial

magnet boundaries has, however, not been experimentally veri�ed. In contrary to the

analytic calculations presented in section 8.2 the �nite element method takes �eld dis-

placement e�ects into account. However, eddy currents in the lamination were neglected.

Nevertheless, losses in the same range were obtained from both, �nite element and ana-

lytic methods at low frequencies (�500Hz). A three dimensional �nite element (3DFE)

analysis on the other hand could take the magnet piece length directly into account

without a modi�ed resistivity model. Such analyses are thus recommendable but could

also be employed to validate the method described in this document. Time stepping

�nite element methods could also take the space harmonics into consideration.

It was found that in the test machine (see section 4.9) the magnet losses can be as

high as several 100 watts or even in the kilowatt range. Similar values were also found

from the analytic calculation methods presented in section 8.2 and it was mentioned

that such losses must be carefully studied when designing such a PM motor drive sys-

tem. It should be noted that the presented results might be rather inaccurate due to

the simpli�cations and assumptions made. Furthermore an experimental veri�cation is

lacking. The suggested method may however serve as an indication for the severity of

the magnet loss problem and the consequent requirement of further examinations.

8.4. Attempts of experimental veri�cation

Several assumptions and simpli�cations were made for both, the analytic calculation

method suggested in section 8.2 and the representation of the axial magnet length in

2DFE analysis suggested in section 8.3. In order to check the validity of the computation

methods it is necessary to measure the actual magnet losses. Some attempts for such

measurements were made but many uncertainties remained as will be described in the

following.
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Figure 8.7.: Two-axis equivalent circuit at stand-still including magnet loss resistances.

8.4.1. Tests on a six pole surface magnet motor

First some experiments that were performed on the 6-pole PM motor in Graz will be

looked upon. The machine properties are briey presented in appendix B.4. For instance

in [139] it was suggested to include a magnet loss resistance parallel to the magnetizing

inductance in the two-axis equivalent circuit as shown in �gure 8.7. Lmd and Lmq are

the magnetizing components of the inductances Ld and Lq while Lal is the leakage com-

ponent. Furthermore Rmd and Rmq are the resistances modelling the magnet losses. In

order to verify this model Polinder carried out loss measurements over a wide frequency

range [139]. To examine the applicability to the present machines similar measurements

were performed in this study.

The windings of the machine were connected in Y -parallel con�guration. An al-

ternating current was fed to two phases with the third phase open implying a pure

alternating �eld. As a source an electronic function generator was used because no

other available source was capable of operating over the desired frequency range. The

available power from this generator was of course very low; too low to achieve a realistic

�eld strength. Due to its high output resistance compared to the machine impedance

the generator behaved as a current source rather than a voltage source over the major

part of the used frequency range. The DC o�set was adjusted to zero before each mea-

surement. Furthermore current and voltage were checked for their sinusoidality using an

oscilloscope. The total machine losses were then determined by a measurement of the

active power fed to the motor. This loss measurement can be di�cult due to the large

frequency range and the relatively low power factor (cos(')). However, a digital power

analyzer1 allowed high accuracy also under these conditions. The used coaxial shunt

was speci�ed with a phase error of below 0,1� up to 100kHz. The test setup is sketched

in �gure 8.8.

Before the tests the rotor was positioned using a DC current as was described in

section 5.4.2. This current was applied in either the same windings or in the third phase

to obtain an armature ux alined with the d or q axis respectively. With the stator

ux in q direction the machine produces a pulsating torque (alternating ux). For low

frequencies this leads to an oscillation of the rotor if it is not locked mechanically. Such

a rotor movement induces a voltage in the stator winding which falsi�es the results. Fur-

1Norma AC/DC Power Analyzer D5235
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Figure 8.8.: Setup for magnet loss tests with alternating �eld.

thermore mechanical power is produced which was clearly audiable. This power appears

as loss in the measurement. Consequently a sti� rotor �xture is required. Unfortunately

this was not achieved during all experiments.

A frequency range from 10Hz to 10kHz was chosen similar to the tests presented

in [139]. In this paper the magnet loss resistances

Rmd =
9%m�

2RrLN
2
s

2lmp2b2m (p�m�sin(p�m))
(8.55)

and

Rmq =
9%m�

2RrLN
2
s

2lmp2b2m (p�m+sin(p�m))
(8.56)

were derived for the direct and quadrature axes respectively. From these the total

machine impedance which should be measured in d direction, Zdm can be determined in

complex notation by

Zdm = Rdm + j!Ldm = 2

 
Rs + j!Lal +

j!LmdRmd

Rmd+j!Lmd

!
(8.57)

for the setup according to �gure 8.8. Rdm and Ldm represent of course the resistive and

inductive components of this impedance. The corresponding impedance in q direction

Zqm is simply obtained by replacing the indices d by q in equation (8.57).

Figure 8.9 shows a comparison of these theoretically obtained resistances and induc-

tances with the measured values as a function of the frequency. As expected, practically

no di�erence between direct and quadrature axis was observable. The agreement be-

tween predicted and measured values must however be considered as insu�cient. One

source for the discrepancy can be that both, eddy currents and hysteresis losses in the

laminations were neglected. Another source of error was probably the mechanical power

produced due to the inadequate rotor �xture. Another major source of errors might

have been the uncertainty of the motor paraments as pointed out in appendix B.4. The

theory presented in [139] should thus be used with care.

Besides the test described in the preceding, an attempt was made to measure the

eddy current losses in the magnets directly in a simpli�ed manner. The method applied
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Figure 8.9.: Measured and calculated resistance and inductance frequency dependen-

cies in the 6-pole motor in the setup of �gure 8.8.

was based on the assumption that all eddy current losses are negligible for the used

frequency range except those in the magnets. The measurements were carried out with

the same setup (�gure 8.8). In order to obtain observable eddy current losses in the

magnets but at the same time limit �eld displacement e�ects a frequency range from

100Hz to 1kHz was chosen. Applying a constant voltage to frequency ratio yields a

constant airgap ux density as can be seen when solving equation (4.10) for B̂g:

B̂g =
Uph

f
� 1

2
p
2�qNskw1RgL

: (8.58)

Thereby the voltages over the stator winding resistance and leakage inductance are

neglected. The winding factor for the fundamental is used as the pole pitch of the time

harmonic ux is equal to that of the fundamental. The tests were performed with the

same setup as before except that the voltage was applied on a single phase only. The

used power meter provided directly the values of voltage, current, and active power

owing into the machine. The latter represents the total losses as no mechanical power

is produced due to the locked rotor.

From the measured total losses Pmeas the ohmic losses are subtracted �rst to obtain

the sum of iron and magnet losses Pfe+Pm:

Pfe + Pm = Pmeas �RsI
2 : (8.59)

These are then separated into hysteresis and eddy current losses. For this purpose

the frequency dependence is utilized as described for instance in [137]. For a constant

ux density, the hysteresis losses increase linear with the frequency while eddy current

losses increase with the frequency squared. Therefore, by a quadratic curve-�t over the

frequency,

Pfe + Pm = Chysf + Cecf
2 (8.60)
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8. Eddy current losses in the magnets

the loss constants for the hysteresis losses Chys and the eddy current losses Cec can be

determined. For the 6-pole machine the constants

� hysteresis loss constant Chys=3;28 � 10�7Ws,

� eddy current loss constant Cec=9;67 � 10�10Ws2

were obtained from the measured data. This test was only performed with the ux

along the direct axis because this machine with complete magnet covering should have

direction independent magnet losses. Furthermore the risk of producing mechanical

power is avoided.

With the described method it is however not possible to separate the eddy current

losses in the lamination from the losses in the magnets. The assumption that the eddy

current losses in the magnets are predominant is, if at all, only applicable for speci�c

machine designs as can clearly be seen from the measurements presented in the following

section. Since a couple of critical assumptions are made and several uncertainties exist,

the result must be regarded as quite uncertain. Furthermore a mistake occurred during

the tests. As described above the AC source provided an almost frequency independent

current due to the relatively high internal resistance. This means an approximately

constant voltage to frequency ratio since the machine represents a mainly inductive

load. However, this ratio actually dropped by 10% in the tests. This in turn means that

the curve �tting method for the separation of hysteresis and eddy current losses was

inadequate due to the inconstant ux density. Moreover the ux level was very low due

to the low voltage available from the electronic function generator. In the next section

experiments on the test machine are presented where the voltage to frequency ratio was

really kept constant and higher ux density levels were achieved.

8.4.2. Tests on the four pole test machine

The tests described preceding section were repeated in Stockholm on the test machine.

The setup was the same as shown in �gure 8.8 but a di�erent power meter was used2.

Furthermore a powerful electronic AC voltage source3 was available which provided a

sinusoidal voltage with low harmonics due to linear ampli�cation technology. Since this

ampli�er has been able to deliver rather high voltages a series connection of the machine

windings was chosen. Moreover a �xture was available to properly lock the rotor even

with the ux applied along the quadrature axis.

Corresponding to �gure 8.9, �gure 8.10 shows the measurement results in compar-

ison to the theoretically obtained resistances and inductances. Although a reasonable

agreement was obtained for the theoretical and experimental inductances values at low

frequencies, the discrepancy of the resistances in general and of the inductances at high

2Yokogawa 2533 Power Meter
3Elgar Model 1751B
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Figure 8.10.: Measured and calculated resistance and inductance frequency dependen-

cies in the test machine as obtained from the magnet loss test.

frequencies was quite discouraging. It should however be noted that the measurement

data include also iron losses which were neglected in the analytical calculation. This

assumption was probably not appropriate for the present case.

Also the measurements over a shorter frequency range were repeated and the obtained

loss values were separated into eddy current and hysteresis losses as described in the

preceding section. The measured data are presented in table 8.3 where also the eddy

current loss values obtained from the curve-�t method are listed. In this case the eddy

current loss constants,

� d axis eddy current loss constant (test motor) Cec=1;02 � 10�2Ws2,

� q axis eddy current loss constant (test motor) Cec=1;33 � 10�2Ws2

were obtained for the direct and quadrature axes respectively. In these tests the ux

density was kept constant for both directions. Due to the incomplete magnet covering in

this machine (�m�60�) the eddy current losses with ux along the quadrature axis were

expected to be remarkably lower than those with ux along the quadrature axis, pro-

vided that the assumption that the eddy current losses in the magnets are much higher

than in the lamination is valid. Even if a part of the active power fed to the machine was

converted to mechanical power the obtained values indicate that this assumption is not

valid. Besides, the inuence of the eddy currents in both, the lamination and the mag-

nets, on the �eld distribution might have falsi�ed the tests. Consequently the described

experimental methods must be considered to be inappropriate for the determination of

the eddy current losses in the magnets.

Although the presented results are rather inaccurate a rough extrapolation can be

made to estimate the eddy current losses in the test machine at full DC link voltage

(500V) and the used inverter switching frequency of 2kHz. At 1kHz and 60V the aver-

age loss of direct and quadrature axis was 11,7W. When extrapolating to the switching
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8. Eddy current losses in the magnets

Table 8.3.: Data from magnet loss measurements on the test machine.

ux in d direction

f U I P Pec

[Hz] [V] [A] [W] [W]

100 6 0,872 0,42 0,10

200 12 0,882 1,00 0,41

300 18 0,891 1,83 0,92

400 24 0,900 2,86 1,63

500 30 0,909 4,09 2,54

600 36 0,919 5,50 3,66

700 42 0,928 7,10 4,98

800 48 0,937 8,80 6,51

900 54 0,946 10,70 8,24

1000 60 0,956 12,80 10,17

ux in q direction

f U I P Pec

[Hz] [V] [A] [W] [W]

100 6 0,550 0,35 0,13

200 12 0,561 1,03 0,53

300 18 0,574 2,01 1,20

400 24 0,587 3,26 2,13

500 30 0,601 4,77 3,33

600 36 0,616 6,50 4,79

700 42 0,629 8,40 6,52

800 48 0,644 10,60 8,51

900 54 0,658 12,90 10,77

1000 60 0,672 15,40 13,30

frequency the loss increases by a factor 4 due to the quadratic dependency on the fre-

quency, i.e. Pec=46,8W at 2kHz and 120V. This voltage was applied over two Y -series

connected phases. When applying the same in �-parallel connection the voltage over

one coil is increased by a factor 2
p
3. With a DC link voltage of 500V the line-to-line

output voltage at switching frequency is 390V (0;78 � 500V, see equation (5.1)) since

a quasi-squarewave is applied. The total voltage factor is thus 2
p
3 � 390V=120V�11.

Since the ux density is proportional to the voltage (8.58) and the eddy current losses are

proportional to the ux density squared (8.34), these losses are also proportional to the

voltage squared. This results in an extrapolated total eddy current loss of approximately

5,5kW (46;8W�112).

Even if this extrapolation gives a signi�cant over-estimation of the eddy current losses

and if a major proportion is located in the lamination, it can be concluded that the losses

in the magnets of the test machine can easily reach a few hundred watts. This may

lead to a signi�cant heating of the magnets and subsequently to their demagnetization,

especially if a thermally insolating �bre banding is applied over the magnets as is the

case in the test motor. Consequently the eddy current losses in the magnets must be

studied carefully before the implementation of such a PM motor drive system.

8.4.3. DC step response tests

In this section another attempt for the experimental determination of the magnet losses

is described which is based on a DC step response test. Basically the conductivity of

the magnets in a PM machine should have an e�ect similar to a damper winding in the
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Figure 8.11.: Two-axis equivalent circuit at stand-still including damper circuit repre-

senting the magnets.

rotor of a normal wound �eld synchronous machine. Since the resistivity of the magnet

material is high in comparison that of a damper winding the damping can be expected to

be remarkably smaller. Furthermore each pole is usually subdivided into several magnet

pieces which also diminishes the presence of loss producing eddy currents in the magnets

as was pointed out in section 8.2. Consequently the damping e�ect of the magnets is

small compared to a damper winding. However, it might be detectable and thereby give

an indication of the level of magnet losses.

The idea dealt with in this section is thus to treat the magnets as if they were a

damper winding and use an equivalent circuit that is common for traditional synchronous

machines. Hence an experimentalmethod for the determination of synchronous machines

parameters may be employed. The used equivalent circuits can be more or less elaborate.

Fairly complex models have for instance been considered by Canay [126]. A slightly more

elaborate representation than that shown in �gure 8.7 is required for the idea examined

in this section. In particular, also the inductances Ldd and Ldq are included in the

damper circuit as shown in �gure 8.11.

The probably simplest method for the experimental assessment of synchronous ma-

chine parameters are locked rotor step response tests which were described, for instance,

by Ritter [127]. For a permanent magnet machine at stand still the suggested equivalent

circuits can be simpli�ed as shown in �gure 8.11. Therefore these tests can be seen as

an extension of those presented in section 5.4.2. Applying a DC voltage step to the

machine will result in a current response of the form

i(t) = I0 � I1e
� t
T1 � I2e

� t
T2 : (8.61)

If the current constants I0, I1, I2 and the time constants T1, T2 can be extracted from an

experimentally recorded step response, the equivalent circuit parameters can be deter-

mined as described in [127], provided that Rs and Lal are known. The voltage drop on

external resistances, like the inner resistance of the voltage source, can be isolated if also

the voltage over the machine terminals is recorded. This is usually required since the

external resistance can have a major inuence on the step response as was also pointed
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Figure 8.12.: Measured current and voltage step response in magnet loss tests.

out in section 5.4.2. In order to extract the constants digital recording of the current

is advisable to enable the utilization of advanced numerical curve �tting methods. The

currents in the damper circuits paths, idd and idq must be expected to be small in com-

parison to the magnetizing currents, imd and imq due to the comparatively high resistivity

of the magnet material and their subdivision into small pieces. Consequently di�culties

can be expected in separating the two exponential components in equation (8.61) from

measured data.

Experiments were carried out in order to examine the applicability of the described

method to PM machines. In particular the mentioned 6-pole motor (appendix B.4) was

used as test object. The setup was practically identical to �gure 5.17 in section 5.4.2.

The DC voltage was supplied from lead batteries4. As mentioned earlier a rugged rotor

locking is required for measurements with the stator ux in the q direction due to the

occurring torque. This is not necessary with the ux in the d direction. For the current

measurement a LEMtm module was used. Current and voltage (im and um in �gure 5.17)

were recorded simultaneously using a digital storage oscilloscope. Afterwards these data

were evaluated on a personal computer using a mathematics software package.

To reduce high frequency measurement and quantization noise the signals were �l-

tered by averaging over 10 samples every 10th sampling instant. It was found that the

measured data contained a remarkable o�set, especially in the current samples. In order

to extract this o�set the data recording was started before the voltage was applied. The

o�set can then easily be determined by averaging the samples before this instant. Fig-

ure 8.12 shows the measured voltage and current curves after �ltering and substraction

of the computed o�sets. After that the no-load voltage of the batteries (6,43V) and the

e�ective external resistance (94m
) were computed by means of a linear curve-�t (least

46V, 160Ah, traction block
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Figure 8.13.: Measured and �tted curves for the determniation of the external resis-

tance.
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Figure 8.14.: Measured current step response and single exponential (5.6) curve-�t.

mean squares) of the function um versus im as suggested in [127]. Figure 8.13 presents

the measured and �tted curves. A quite good agreement is observed.

The next step is a curve-�t of equation (8.61) to the measured current im from

which the current current constants I0, I1, I2 and the time constants T1, T2 shall be

determined as described in [127]. This curve-�t was performed using a least mean square

method provided by MathCADtm. It was found that the two exponential functions of

equation (8.61) could not be separated for the measured curve forms. The experiment

was repeated with di�erent conditions, i.e. di�erent voltage and rotor position, but it

was never possible to extract two exponential components. The result of the curve-�t

was strongly dependent on the guess values of the constants. Excluding non-physical
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results and using iterative curve �tting led always to the time constants T1 and T2

being equal. In contrast gave a curve-�t with a single exponential function very certain

results. Figure 8.14 shows the measured and curve �tted current step response if a single

exponential function (5.6) is used. The deviation is exceptionally small which indicates

that extracting a double exponential function is practically impossible. Hence it can be

concluded that the damper circuit currents, idd and idq are too small in comparison to

the magnetizing current to allow the determination of the damper circuit components

with reasonable certainty from DC step response tests. In conclusion this step response

method is quite useful for the assessment of the main inductances Ld and Lq, which was

described in section 5.4.2, but not to determine magnet loss parameters.

8.5. Discussion, conclusions, and future work

In this chapter some initial investigations on the eddy current losses occurring in the

magnets have been presented. The study was limited to time harmonic �elds. First

an analytic calculation method was suggested in section 8.2.1 which takes the axial

length of the magnet pieces into account. Thereby a number of simpli�cations and

assumptions were required in order to enable an analytic treatment. Depending on the

length to width ratio of the magnets di�erent geometry factors were derived. Thereafter,

in section 8.2.2 a principle was proposed on how the total magnet losses in the machine

can be computed. This method was restricted to surface magnets while the expressions

for the loss per magnet derived in section 8.2.1 are applicable also for other geometries

provided that the harmonic ux density at the location of the magnet is known. These

analytic methods should be re�ned and further developed. Furthermore space harmonics

should be taken into consideration as well. Of major importance would be to compare

the computed loss values with measurements. This has not been done as an experimental

method giving satisfying results has not been achieved in the present work.

From the derived analytic loss expressions it can however be concluded that subdi-

viding a pole into a large number of magnet pieces is an e�cient means to reduce the

eddy current losses in the magnets and thereby diminishing the risk for their damage. It

was found that not only the subdivision along the circumference is useful but that also

a sectioning in axial direction can yield a signi�cant loss reduction.

In section 8.3 a method was described on how the axial magnet length may be taken

into account in two-dimensional �nite element analysis. For this purpose a modi�ed

resistivity, depending on the location in the magnet, has been suggested. A validation

of this principle has however not been possible within the present study. In contrast to

the analytic method the computation of the total magnet losses is not limited to surface

magnets. Although the suggested method is based on some assumptions and simpli�-
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cations this 2DFE analysis can probably give an approximate �gure of the occurring

magnet loss magnitude.

A signi�cant accuracy improvement can be expected if three-dimensional �nite el-

ement methods are employed. Then the axial size of the magnets can directly be in-

cluded without using a modi�ed resistivity. If the element discretization is su�cient and

if the geometrical representation is accurate enough rather accurate results should be

obtained. It is advisable to test this in the future. Another step would be to employ

time-stepping three-dimensional �nite element analysis. Thereby not only the inuence

of the time harmonics, but also of the space harmonics could be investigated. However,

the computation requirements would today exceed the possibilities of many research

and development institutions. Nevertheless should such analyses be deliberated in the

future.

Some attempts for the experimental determination of the magnet losses were de-

scribed in section 8.4. It was pointed out that this is a quite di�cult task and further

research is strongly encouraged. Thereby tests which are used for traditional synchronous

machines should be scrutinized to see if they can be applied for this purpose. In [132]

examinations are presented which use a set of di�erent tests for the parameter assess-

ment of PM machines including a damper circuit. Possibly can similar procedures be

utilized to achieve information about the magnet losses. Generally the development of

suitable tests should be the scope of future investigations.

Although the magnet loss calculation methods suggested in this chapter can only be

regarded as a �rst estimation they evidently show that these losses are not negligible.

For the test machine the occurence of losses in the range of several hundred watts seem

realistic which might be detrimental for the magnets due to the rising temperature.

Therefore also a thermal model should be developed to enable the calculation of the

temperature in the magnets. This may be similar to that used for the thermal analysis

of squirrel cages in asynchronous machines or similar to that used for the determination

of the temperature rise of damper windings in wound �eld synchronous machines.

The eddy current losses in the magnets might also have a useful side. In sensorless

control the detection of the rotor position at stand-still is usually di�cult, especially for

non-salient rotors. It is however important for many applications. In this chapter it was

shown that the magnet losses are dependent on the position in which an alternating �eld

is applied. This e�ect constitutes a resistance saliency which may be utilized to detect

the direction of the direct axis in a machine without inductance saliency.

In conclusion it may be stated that numerous open questions exist in the �eld of

eddy current losses in the magnets and that further investigations are required.
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9. Permanent magnet motors for

traction applications

9.1. Introduction

Today permanent magnet motors are considered as an interesting solution for numerous

applications. For electric road vehicles they are often considered as the state of the

art [7]. Even for ship and traction propulsion they have been deliberated [4, 5, 11, 8].

An often considered concept is the direct drive with motors featuring high torque at

low speed. As before, this chapter will however be restricted to the idea of replacing an

existing induction machine by a permanent magnet motor implying that the traditional

inner rotor, radial ux topology is maintained.

So far various aspects of permanent magnet motor drives were discussed. The focus

was on replacing �eld weakening by switched stator windings (see chapter 3). Since the

background throughout these studies was the application in vehicle propulsion a smooth

transition from one to another winding con�guration was investigated thoroughly be-

cause torque interruptions can cause jerks implying discomfort. In this chapter the

feasibility of using a PM motor drive with switched stator windings in traction appli-

cations shall be studied. In particular a subway drive will be considered as the power

range of these motors appears to be suitable for PM machines. The intention of this

chapter is not to present an optimized motor or a stringent comparison to concurrent

drives but rather to point out some prospects concerning the possibilities, the potential,

the advantages, and the drawbacks for the mentioned application. An accurate analysis

will thus not be presented here. Some general thoughts are also presented in [16].

The state of the art in the �eld of propulsion in traction is today an inverter-fed

3-phase asynchronous motor. The advantages of these drives are well known. Among

the greatest advantages are the possibilities of obtaining a large constant power speed

range and the operation of several machines on a single inverter allowing slightly di�erent

slip. In comparison to asynchronous motors permanent magnet motors are expected to

provide higher torque density and higher e�ciency. Although �eld weakening may also
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be deliberated, switched stator windings are assumed in the following. In chapters 6

and 7 it was shown that the torque interruption can be diminished su�ciently or even

be completely omitted implying that noticeable jerks are avoided.

In section 4.1 it was pointed out that disk-type machines may have signi�cant ad-

vantages, but the present studies were restricted to the traditional radial ux machine

with inner rotor. However, many of the conclusions are applicable to other topologies

as well. First a state of the art asynchronous motor drive will briey be presented from

which afterwards two initial PM motor designs will be derived. Later some thoughts

concerning the winding switches will be presented.

9.2. A modern induction motor subway drive

In modern subway drives 3-phase asynchronous motors are common. These are nowadays

fed from an IGBT inverter [143, 144]. Such multiple-unit trains have many driven

axles resulting in a comparably low power per motor. A typical machine may have the

following data:

� rated output power 125kW,

� rated torque Tn=600Nm,

� rated line-to-line voltage Un=465V,

� rated current In=210A,

� base speed nbase=1800rpm,

� top speed 4000rpm,

� number of pole pairs p=2,

� shaft height hsh=250mm,

� outer stator radius Rso=205mm,

� inner stator radius Rsi=130mm,

� inner rotor radius Rri=75mm,

� core length L=230mm,

� number of stator slots Q=48,

� number of slots per pole and phase q=4,

� number of rotor slots 58,

� number of conductors per slot Ns=8,

� number of parallel circuits 2,

� type of stator winding form winding,

� approximate stator losses 5,5kW,

� approximate rotor losses 2,5kW.

Today a completely enclosed design is sometimes employed with surface cooling by a

shaft mounted fan; a concept which is well known from standard motors. These motors

are mounted in the bogie and coupled to the wheel axle by a single stage gearbox. Usually
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one inverter per bogie is used implying that two motors are connected to a common

inverter. Due to the limited space available a high torque density of the machine is

important in traction applications. To achieve this a rather high ux density is required.

The peak of the fundamental airgap ux density wave lies typically around 1T or even

higher.

Due to the size, the rating, and the method of cooling the described subway drive is

an interesting study object for the application of permanent magnet machines in traction

propulsion. For a PM machine the sealed design is almost compulsory in order to avoid

metallic particles from fastening in the machine. As the rotor losses in PM motors are

comparably low the surface cooling of the stator is assumed to be su�cient. A separate

inverter for each motor is required which, however, coincides with the actual trend (see

e.g. [145]). In the following it is assumed that the described asynchronous motor shall be

replaced by a PM motor. Consequently it should have similar electrical and mechanical

properties, in particular the same dimensions.

9.3. Permanent magnet traction motor proposals

9.3.1. A four pole surface magnet design

In this section an initial PM motor design suggestion will be presented based on the

idea of simply replacing the rotor in the asynchronous motor by a permanent magnet

rotor. Hence it is assumed that the stator geometry and the number of pole pairs remain

unchanged. Two pole pairs are also suitable for the switched winding concept with two

coils per phase as was described in section 3.3. Since the studies throughout this thesis

concentrated on surface magnets this topology is also considered in this section for the

traction motor. Furthermore switched windings are assumed omitting �eld weakening

operation. In sections 4.3.4 and 5.5 it was shown that a non-salient rotor must be chosen

to diminish circulating currents in the delta con�gurations. Consequently a rotor with

surface mounted magnets is chosen.

In section 4.3.3 it was explained that a rather large e�ective airgap length should

be used in order to keep the armature reaction low. With a non-salient PM rotor the

armature reaction gives no torque contribution and is neither needed for the magnetiza-

tion of the machine. On the other hand the magnet ux should be quite high to achieve

a machine with high torque density. To provide a su�cient clearance for the required

banding an airgap length of 3mm was chosen implying that rather thick magnets are

necessary. Furthermore the magnet angle must be chosen according to equation (4.26),

section 4.3.2 (�m=60
�) to avoid third harmonic circulating currents. Besides, the mag-

nets should be subdivided into several identical rectangular pieces. A possible motor
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Figure 9.1.: Four pole traction motor proposal. (One pole shown.)

design might thus be the one presented in �gure 9.1. In the axial direction the pole can

be subdivided into �ve magnets (lm=46mm) which can be utilized to implement a step

skew as described in section 4.5.4. In vehicle propulsion with a surface magnet motor

skew is usually required to diminish torque ripple. Otherwise signi�cant discomfort can

occur due to vibrations and noise. The data of the proposed rotor are thus:

� outer rotor radius excluding banding Rr=127mm,

� magnetic airgap length gm=3mm,

� core length L=230mm,

� angular magnet width �m=60
�,

� magnet height hm=15mm,

� width of magnet pieces bm=19,5mm,

� length of magnet pieces lm=46mm,

� total magnet mass mm=12kg,

� skew 5 steps.

To enable a uniform attachment of the banding it is usually necessary to place non-

magnetic �llers between the magnet poles. The �ller material must furthermore be

non-conductive because otherwise signi�cant eddy currents would be induced by both,

space and time harmonic �elds.

Assuming the same magnet material as for the test machine (see �gure 2.3) the airgap

ux density spectrum from the magnets shown in �gure 9.2 was computed by means of

a �nite element analysis. It was found that the third harmonic and its odd multiples

are practically non-existent. Since the rotor core is ideally round a third harmonic does

not occur in the armature reaction either. Consequently also the total ux is free of

this harmonic which was also con�rmed by a �nite element analysis. Hence the problem
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Figure 9.2.: Spectrum of the magnet ux density in the airgap of the four pole traction

motor proposal.

with circulating currents in delta con�gurations should not occur in this machine. The

amplitude of the magnet ux fundamental was:

� airgap ux density from the magnets B̂mg(1)=0,83T.

A much higher ux density is not possible with surface magnets of the given grade and

a magnet angle of 60� because the ux density over the magnets comes close to the

remanence of the magnet material. Using a magnet material with higher remanence

would increase this ux density but at the same time the allowable temperature would

be lower (see section 2.2).

For a full pitch winding with the given properties the following reduction factors were

determined:

� winding distribution factor, (4.6) ku1=0,958,

� winding pitch factor, (4.8) kst1=1,000,

� skew factor, (4.55) ksk1=0,997,

� total reduction factor, (4.5) kw1=0,955.

With the relatively large e�ective airgap length the armature reaction should not con-

tribute signi�cantly to the total airgap ux density. Assuming thus B̂g(1)=0,9T equa-

tion (4.11) yields after rounding:

� number of conductors per slot Ns=5.

Using this value the following machine parameters were obtained for Y -series connection

from �nite element analysis as was described in section 4.8.2:

� magnet ux linkage 	m0=0,935Vs,

� direct axis inductance Ld0=1,96mH,

� quadrature axis inductance Lq0=1,95mH.
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Figure 9.3.: Theoretical tractive e�ort curves of the proposed 4-pole motor (In=190A).

As a higher power factor can be expected for the permanent magnet motor in comparison

to the asynchronous machine, the current rating can usually be reduced by for instance

by 10% if the voltage rating is preset. The advantage of this reduction are lower costs

and size of the power inverter and lower copper losses in the stator. For the considered

example this means:

� rated line-to-line voltage Un=465V,

� rated current In=190A.

With these values and the computed machine parameters the torque versus speed char-

acteristics were computed as was described in section 4.9.4 for the test machine. The

resulting curves are shown in �gure 9.3. The relatively large �eld weakening range of

the start con�guration indicates that even lower inductances would be preferable as was

shown in section 4.3.3. However, that would require even thicker magnets which seems

impractical. Regarding the rated torque for the start con�guration a theoretical value

of 750Nm was calculated. From a �nite element analysis a few percent lower torque was

obtained, probably caused by saturation in the stator core. Although the current rating

was reduced by 10% the achieved torque is 20% higher than that of the asynchronous

motor with the same dimensions. The base speed is however somewhat lower. At base

speed the following performance data can be expected:

� base speed nbase=1690rpm,

� rated torque Tn=730Nm,

� output power 130kW.

It should be noted that the maximum power of 150kW is reached in �eld weakening

operation.

Temporary overload is commonly used in traction applications to increase the accel-

eration. For this purpose the current is increased over its rated value. The presented
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9.3. Permanent magnet traction motor proposals

motor is expected to have a signi�cant overload capability as the airgap ux density is

only about 0,9T at rated current and the armature reaction is relatively low. There-

fore major saturation e�ects should not occur implying an almost linear torque increase

over a comparably large current range. For instance, when applying double current

(380A) a torque of more than 1400Nm was computed by a �nite element analysis. Even

at this current the ux density in the magnets remains so high that no risk for their

demagnetization arises because the armature reaction is comparably low.

The proposed permanent magnet machine may be an interesting substitute for the

regarded asynchronous motor. A rather high torque capability can be expected but the

power factor at base speed will only be in the same range as that of the asynchronous

machine. However, an increased e�ciency can be expected due to low rotor losses.

9.3.2. A high torque density eight pole motor

In section 4.4 it was pointed out that it may be an interesting solution to replace the

typical four pole (p=2) machine by one with eight poles (p=4). In section 3.3 it was

furthermore shown why six poles cannot usually be chosen if the switched winding

concept is to be employed. The bene�t of an increased pole pair number is that the

total ux per pole is reduced for the same airgap ux density. Therefore the stator back

height can be reduced resulting in a larger airgap diameter if the outer dimensions are

given. Moreover the end-windings are shorter and thus a longer active core length can

be achieved. Consequently a remarkably higher torque per volume can be expected.

In the following a rough design of an eight pole PM machine will be presented which

has the same outer dimensions as the considered asynchronous motor and is suitable for

switched stator windings with two coils per phase.

As a �rst approach the height of the stator back can be reduced by a factor 1/2 if

the pole pair number is doubled as the ux per pole and axial length is approximately

halved. If it is assumed that the total current per slot and the current density shall

remain unchanged, the cross sectional area of the slots above the wedge must be kept

constant. Maintaining furthermore the slot to tooth width ratio an initial stator core

design is obtained. For the considered example this leads to

� number of pole pairs p=4,

� outer stator radius Rso=205mm,

� inner stator radius Rsi=155mm,

� number of stator slots Q=48,

� number of slots per pole and phase q=2,

� type of stator winding form winding.

To achieve a maximum torque per volume ratio an even higher magnet ux density

is desired than in the machine presented in the previous section. If the same high
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Figure 9.4.: Eight pole traction motor proposal. One pole is shown. The black areas

are magnets; the shaded areas are air-�lled slots.

temperature NdFeB magnet material shall be employed and the magnet angle shall be

kept constant at �m=60
�, a signi�cantly higher ux density cannot be reached with

surface magnets. Instead an internal magnet, ux concentration design is required, for

instance the V-arrangement depicted in �gure 4.4. With this structure the magnet

angle can still be adjusted to the desired value by modifying the angle of the V. This

is not directly possible with the radial magnet arrangement shown in the same �gure.

Radial magnets require usually also a nonmagnetic shaft. However, combining them

with another magnet close to the shaft allows an e�cient ux concentration without this

requirement. On the contrary the shaft can be utilized to partly conduct the magnet

ux as this �eld is constant. A similar concept has been suggested in [146]. From

these ideas the design presented in �gure 9.4 was derived by means of a brief trial and

error approach in �nite element analysis. The dark areas represent the magnets and

the shaded areas are ux barriers, i.e. empty slots. The tangential slot above the radial

magnets forces the magnet ux to concentrate in the pole center and thereby diminish

the third harmonic in the airgap ux density. The e�ect is similar to a reduced magnet

angle. Figures 9.5 and 9.6 present the �eld lines of the magnet ux and its ux density

spectrum in the airgap. In �gure 9.6 a small residual third harmonic can be seen. This

may be suppressed further by minor adjustments of the ux barrier. Furthermore a quite

high fundamental ux density (>1T) is observed. The large radial slot in the center is

introduced to reduce the quadrature axis inductance and thereby reduce the saliency

(see section 4.3.4).

The proposed design is of course far from fully developed. Numerous adjustments

are possible and should be deliberated. Special attention should also be paid to the

mechanical stability, for instance to examine if the narrow iron bridges between the

magnets and ux barriers provide su�cient strength to retain the large iron portion

between the magnets and furthermore to transfer torque to the shaft. In the proposed

design all bridges were simply set to 1,5mm. If this is insu�cient the magnets must
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Figure 9.5.: Field lines of the magnet ux in the proposed eight pole traction motor.
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Figure 9.6.: Spectrum of the magnet ux density in the airgap of the eight pole traction

motor proposal.

also be enlarged as more ux is required to saturate the widened iron bridges. Another

possibility can be to insert nonmagnetic bars into the ux barrier slots which are fastened

at the end plates of the rotor to provide additional mechanical stability. It should

however be noted that the top speed of this motor will be lower than that of the original

machine as a remarkable torque increase is achieved.

The increase of the airgap diameter due to the change from two to four pole pairs has

been roughly estimated above. In the following the reduction of the winding overhang

will be considered which leads to an increased core length for a constant frame size of

the machine. Since a form winding is assumed the principle shape of the end-winding is

as illustrated in �gure 9.7 (see also [147, 100]). The length of the winding overhang Lew

is thus

Lew = lst + hew + �x tan(�ew) + (2Rew+bw)
1�sin(�ew)

cos(�ew)
(9.1)
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Figure 9.7.: End-winding dimensions (form winding).

where lst is the straight portion extending the stator core; hew is the axial length of the

arc where the conductor is bent into the plane of the drawing and returns towards the

stator core; �x is half the winding pitch; �ew is the angle between an end-winding strand

and the plane perpendicular to the shaft; Rew is the radius with which the end windings

are bent; and bw is the width of a conductor. Besides �sm in �gure 9.7 is the slot pitch

measured between the centers of the slots. Naturally lst remains unchanged when altering

the number of pole pairs. Also hew can be assumed to be equal in both cases as the

thickness of the conductor will be almost the same. Due to the increased airgap diameter

and the fact that the tooth to slot ratio was kept constant, �sm increases approximately

proportional to bw. This in turn means that �ew is not altered considerably which is

why it is assumed to be 40�as in the original machine. Moreover, a realistic relation for

the bending radius Rew may for instance be

Rew = 2bw : (9.2)

With these assumptions the di�erence of the winding overhangs of the four and eight

pole machines can be determined from equation (9.1):

�Lew = ��x tan(�ew) + 5�bw
1�sin(�ew)

cos(�ew)
: (9.3)

Introducing the radius at the slot centers Rsc leads to the following value for the half

winding pitch:

�x =
1

2
� 2�Rsc

2p
=

�Rsc

2p
: (9.4)

For the considered examples the following values were valid:

� slot center radius of the two pole pair motor Rsc2=147mm,

� slot center radius of the four pole pair motor Rsc4=170mm,

� di�erence of winding pitch ��x=
�
2

�
Rsc4

4
�Rsc2

2

�
={48mm,

� di�erence of conductor width �bw=1,5mm.
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Inserting these values into equation (9.3) yields �Lew={37mm. As this space is saved

at both ends of the machine it appears realistic that the core length can be increased

by 70mm giving L=300mm. Then a subdivision of the magnets in 6 axial segments is

reasonable. The implementation of step skew is, however, complicated as the magnets

cannot be inserted axially in a step skewed rotor core. Instead each segment must

be assembled separately and stacked afterwards. It might also be bene�cial to insert

relatively thin nonmagnetic layers between the skew steps in order to diminish the axial

leakage [148]. The resulting data are summarized as follows:

� outer rotor radius Rr=153mm,

� magnetic airgap length gm=2mm,

� core length L=300mm,

� thickness of radial magnets 12mm,

� thickness of tangential magnets 8mm,

� width of radial magnets 59mm,

� width of tangential magnets 51mm,

� length of magnet pieces lm=50mm,

� airgap ux density from the magnets B̂mg(1)=1,068T,

� total magnet mass mm=20kg,

� skew 6 steps.

The reduction factors and the number of conductors per slot were calculated as before

for the four pole motor assuming the same voltage and current rating:

� winding distribution factor, (4.6) ku1=0,966,

� winding pitch factor, (4.8) kst1=1,000,

� skew factor, (4.55) ksk1=0,9889,

� total reduction factor, (4.5) kw1=0,955,

� number of conductors per slot Ns=4.

With this the following machine parameters were obtained for Y -series connection from

�nite element analysis:

� magnet ux linkage 	m0=0,754Vs,

� direct axis inductance Ld0=1,14mH,

� quadrature axis inductance Lq0=1,57mH.

Using these data the tractive e�ort curves presented in �gure 9.8 were calculated ana-

lytically. Using �nite element analysis a slightly lower torque was computed but then

the load angle was adjusted to �=90� implying that the reluctance contribution was not

utilized. From this analysis it was also found that a small, but not negligible, third har-

monic exists in the airgap ux density distribution also at full load. Small adjustments

of the ux barriers may suppress this harmonic further. The performance data predicted

at base speed are
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Figure 9.8.: Theoretical tractive e�ort curves of the proposed 8-pole motor (In=190A).

� base speed nbase=1110rpm,

� rated torque Tn=1200Nm,

� output power 140kW.

It should also here be noted that the maximum power of 150kW is reached in �eld

weakening operation. Although the frame size and power rating remained practically

unchanged a remarkably higher torque was achieved in comparison to the four pole

machine. Therefore the ratio of the gear coupling the motor to the wheel axle is reduced

which usually increases its e�ciency. Consequently the top speed of the machine is also

decreased.

Considering the winding arrangement it must be noted that each phase consists now

of four coils. Always two of these coils must be grouped to form one winding part.

Thereby the two coils lying on opposite sides of the rotor should be grouped in order to

reduce circulating currents or similar e�ects which are caused by possible asymmetries,

e.g. eccentricity (see also section 3.7).

Although the design and analysis of this motor was comparably inaccurate and might

also be somewhat optimistic, it shows that a drastic torque increase can be achieved

when replacing an existing four pole asynchronous motor by an eight pole permanent

magnet motor with ux concentration topology. For a stringent comparison the proposed

machines should be developed further and also other concepts should be deliberated.

Then other aspects must also be taken into consideration, e.g. mechanical stability,

losses, temperature rise, the position sensor, e�ects on the inverter, required additional

equipment, manufacturing possibilities, robustness, costs, etc.. Even the implementation

of a permanent magnet motor drive utilizing �eld weakening instead of switched stator

windings should be considered.
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9.4. Winding switches

9.4.1. Type of switches

In section 3.5 some general thoughts about the choice of the winding switches were

described. The possible solutions were grouped in electro-mechanical and semi-conductor

switches. The major parameters that inuence the choice of the group from which to

select the switches are maintenance requirement, additional losses, torque interruption,

size, robustness, and costs. The latter was not taken into account in the presented

studies.

Electro-mechanical switches, i.e. some type of contactors, have almost negligible

losses but a relatively high maintenance demand. In section 5.2.2 it was shown that, with

a suitable choice of commercially available contactors or customized units, the complete

winding switch set can be constructed quite compact in comparison to the considered

motors. Thereby it should be taken into consideration that in some traction drives

higher voltages are used than assumed in the previous sections which leads to a lower

current rating and thus the switch equipment should not in these cases be much larger

than in the test setup (see �gure 5.2). Furthermore the described current free switching

(chapter 6) allows a reduction of the contactor size and also increases their lifetime.

Besides the maintenance requirement, the major drawback of contactors is probably the

occurring torque interruptions. These interruptions were examined in chapter 6 and it

was found that they were as long as 80ms in the test setup. Larger contactors might yield

even longer delays. Although the severity of the torque dip can be reduced in traction

applications by switching di�erent motors at di�erent instants, a notable jerk can arise

which is usually not tolerated in modern high-quality drives. In [11] it was suggested

that mechanical switches should be integrated in the motor which are operated by a cam

shaft. The torque interruptions were very long in that case (1s) which assumably caused

no problems for the regarded mine transportation drive but would be unacceptable for

passenger trains.

If semi-conductor switches are considered a pair of anti-parallel thyristors seems to

be a sensible choice as they are comparably cheap, robust, have relatively low losses,

and additional measures to switch them o� are unnecessary as zero current switching

is employed anyway. The major disadvantage of semi-conductor switches in comparison

to contactors is that additional losses are introduced. These losses will be considered

in the next section. Besides the low maintenance demand the greatest advantage of

such switches is that their delay is of no relevance for the winding recon�gurations. In

chapter 6 and in [16, 17] it was shown that with thyristor switches the torque interrupt

duration can be diminished so far that noticeable jerks should be omitted. Even a

complete avoidance of these interruptions is possible as was demonstrated in chapter 7

and in [18, 85]. The thyristor modules required for a subway drive are not much larger
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than those used in the test setup. Besides a commercial product can be constructed more

compact than the laboratory version. On the other hand, higher losses must be expected

as shown in the following section. However, the heat sink was well over-dimensioned in

the test setup. Therefore the complete switch equipment should be smaller or of the

same size as that used in the experiments (see section 5.2.3). Its dimensions are rather

small in comparison to the considered traction motor. Consequently thyristors appear

to be the most suitable selection for the winding switches in the regarded drive system,

especially because noticeable jerks can be avoided.

9.4.2. Losses in the switches

If thyristor switches are used the losses in them must be considered and related to the

gain in e�ciency which is expected when replacing the asynchronous by a permanent

magnet motor. The principle of the loss calculation was derived in section 3.5.2. For

the test setup losses up to 500W were found in section 5.2.3 for the worst case which

is the Y -series connection. Suitable thyristor modules for the application in a subway

drive have for instance the following parameters1:

� maximum rms on-state current 410A,

� maximum average on-state current 250A,

� threshold voltage vth0=0,8V,

� internal resistance rth=0,7m
.

Using equation (3.7) the maximum losses at rated current (190A) are obtained as:

� worst case thyristor losses (Y -series connection) 810W.

In a permanent magnet motor of the regarded size the rotor losses should not exceed

a few hundred watts. Comparing this to the rotor losses of the original asynchronous

motor, a reduction of the rotor losses by approximately 2kW can be estimated. For the

same current the stator losses should remain almost unchanged. A minor increase might

be caused by larger current harmonics. On the other hand the current can usually be

reduced as was pointed out before. Hence a total loss decrease of 2kW seems realistic

when replacing the asynchronous by a permanent magnet motor. Comparing this to the

thyristor losses it is seen that a signi�cant reduction of the total losses is still achieved.

This relation is of course better for a system with higher voltage. The prospect of

silicon carbide semi-conductors will change the situation remarkably as the losses in

such switches can be expected to be considerably lower.

1Manufacturer eupec; type TT250N
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Figure 9.9.: Placement of the winding switches in the car a) or in the bogie b).

9.4.3. Placement of switches

When comparing the regarded concept of a permanent magnet motor with switched sta-

tor windings to a normal asynchronous motor drive the winding switches are additional

equipment. Hence their placement must be considered and it will be seen that this is an

important aspect. Typically such equipment is mounted under the car in multiple-unit

trains. However, for the considered motor with 2 winding parts per phase 12 connec-

tion cables are required between switches and motor, one for each coil end. In contrast

only 3 cables are required between inverter and switches. Consequently a placement

of the switches in the bogie close to the motor is favorable. This reduces not only the

total cable length but above all makes the installation simpler as connecting 24 identical

power cables for two motors between the car and the bogie is a quite di�cult task. On

the other hand, only 6 of these cables are necessary if the switches are located in the

bogie as �gure 9.9 enlightens. Then the wiring is identical to that of an asynchronous

motor drive except that an additional signal cable is required to control the switches.

The connection of the position sensor is not considered as extended wiring as in asyn-

chronous motor drives speed sensors are used instead and as sensorless control might be

employed.

When mounting switches in the bogie they must be constructed carefully and tests

should be made to see if they are capable of withstanding the mechanical stresses. In

particular severe shocks can occur with acceleration rates well above 10g. Besides vibra-

tions can cause problems if mechanical resonance frequencies are excited. A placement

of the switches on the motor, e.g. in an extended terminal box, is probably the preferable

solution because the motor is usually semi-suspended.

In section 9.3 the current rating of the permanent magnet machine was reduced in

comparison to the original asynchronous motor. Instead of the current rating the axial
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Figure 9.10.: Integration of the winding switches with the motor.

length of the machine may be reduced somewhat. When the whole machine design is

optimized, enough space may be gained to locate the winding switches axially behind the

fan as sketched in �gure 9.10. In the thereby created electronics box even the position

sensor might be placed provided that electro-magnetic interference can be avoided. The

proposed arrangement is similar to an integral-motor [149], except that the integrated

power electronics are here the windings switches instead of a power inverter.

9.5. Cooling

A forced ventilation through the machine is often used in traction applications. If

this should be realized with a permanent magnet motor, advanced air �lters would be

required as metallic dust from wheels, brakes, rails, etc. can cause considerable problems

when fastened to the PM rotor. Especially in combination with a �bre banding on the

rotor surface a rather clean environment is demanded. On the other hand, the losses in a

PM rotor are quite low in comparison to an asynchronous squirrel cage rotor. Therefore

a surface cooling of the stator by a shaft mounted fan, as known from standard induction

machines, is usually su�cient. This provides a completely sealed design which e�ciently

protects the PM rotor from environmental impacts. Such a closed concept with cooling

via the stator surface is today even utilized in asynchronous motor traction drives.

Consequently it should easily be realizable for a PM machine which has considerably

lower rotor losses.

If semi-conductor winding switches are integrated with the motor a combination of

the cooling is advisable. If the heat sink for these switches is placed behind the fan,

a common airow can be utilized as sketched in �gure 9.10. The cooling air is then

sucked through this heat sink, passes an opening in the center towards the fan, and is

then blown around the stator which is equipped with �ns on the outside. According to

the loss estimation of the preceding section, the sum of the PM machine and the semi-

conductor losses is lower than those of the asynchronous motor. Therefore a fan of the
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same size or even smaller is adequate for the cooling of both, PM motor and thyristor

switches.

In normal asynchronous motors it is common to add ventilation �ns to the short

circuit rings of the rotor to improve the heat transfer from inside the machine to the

surface. Naturally similar �ns can be mounted on the end-plates of a permanent magnet

rotor. However, the rotor losses may be so small that these �ns can be omitted which

reduces the total friction losses.

Another very important aspect is the bearing temperature. The bearing wear is

particularly high if the inner ring is heated from the rotor via the shaft and if major

temperature di�erences to the outer ring occur. Due to the low rotor losses this problem

should be remarkably diminished in a permanent magnet motor.

9.6. Conclusions and future work

This chapter briey studied the application of permanent magnet motors with switched

stator windings in a subway drive. Thereby it was assumed that the concurrent asyn-

chronous machine shall be replaced by a PM motor without major changes of the me-

chanical system. Therefore an inner rotor, radial ux machine was assumed with the

same outer dimensions as the asynchronous motor. Two initial PM machine designs

were proposed. Some �rst analyses showed an increased torque capability in compari-

son to the original motor. Although these designs were far from fully developed they

showed an interesting potential. Consequently further developments are advisable with

enhanced analyses taking also other aspects than those mentioned in this chapter into

consideration.

In order to avoid noticeable jerks semi-conductor switches should be chosen. Their

losses are lower than the gain expected due to the replacement of the asynchronous by a

PM machine. To omit excessive wiring di�culties the winding switches must be placed

as close to the motor as possible, i.e. in the bogie. An interesting solution might thereby

be the integration of the switches with the motor.

Future investigations should aim at a further development and optimization of the

proposed machine designs. However, also �eld weakening should be deliberated instead

of switched stator windings. Various problems which were examined in this thesis would

be overcome. On the other hand complications can arise above base speed which are

associated to the permanent magnetization. These complications were described in

chapter 3.

Independent of the method which is used for increasing the speed above its base value,

thorough examinations should be carried out which compare the permanent magnet
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motor drive to a state of the art asynchronous motor drive. Thereby numerous aspects

must be taken into account which were not considered in this work. In particular the

installation and life-cycle costs must be related to the gain of e�ciency. Thereby a

typical drive cycle should be regarded as continuous full-load operation is unrealistic.

The present work was constrained to PM motors of the inner rotor, radial ux design.

In future examinations on PM motors for traction applications also other topologies

should be considered, e.g. outer rotor, axial ux, and transversal ux designs. Even the

possibility of a gearless direct drive should be contemplated. Generally the unanswered

questions and the possibilities are so manifold that further research and development is

strongly encouraged.
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10.1. Summary

In this thesis various aspects of permanent magnet (PM) motor drives were considered,

focusing on the application for vehicle propulsion, in particular for traction drives. A

central concept was the extension of the speed range above base speed by switching dif-

ferent coil groups of the stator into di�erent con�gurations. This avoids �eld weakening

operation which is not always favourable in PM motor drives.

Permanent magnet motors are usually divided in synchronous AC and brushless

DC motors. The presented studies were limited to the synchronous AC technology as it

seemed to be preferable for larger machines. Most modelling was done using the classical

rotor oriented two-axis model. However, a three phase model was also introduced as it

was necessary for the investigations on asymmetric switching procedures. PM motor

control is rather simple as slip is absent and the relation between current and torque is

straight forward. The di�culty lies however in the necessity to detect the actual rotor

position. In this work the presence of a position sensor was assumed but sensorless

control appears to be possible.

For operation above base speed two methods can be employed, �eld weakening and

switched stator windings. Although the �rst solution is also interesting, this work was

limited to the latter. It was shown that the e�ect of switched windings is very similar to

that of a mechanical switch gear. Therefore this system can be regarded as an electronic

gearbox. It was found that two winding parts per phase, implying four di�erent connec-

tions, is the only interesting solution. A disadvantage is that the system complexity is

increased due to the requirement of additional switches. Furthermore, an inverter with

higher switching frequency will be required due to the reduced inductance in the high

speed con�gurations. This coincides however with the actual trend in inverter develop-

ment. An advantage is that the internal voltage of the machine will never exceed the

maximum inverter output. This means that control malfunctions or other errors do not

result in uncontrolled braking. Moreover the switches allow the disconnection of one

motor from its inverter, enabling the continued operation with the remaining machines
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in multi-motor concepts, e.g. in traction propulsion. As �eld weakening is no longer

utilized, the machine design can uncompromisingly be optimized for operation below

base speed. Although the principle is applicable to other electrical machines as well,

only PM motors were considered in the presented investigations.

In chapter 4 the design of PM motors with switched stator windings was described.

Thereby only the inner rotor, radial ux topology was deliberated. Furthermore the

studies concentrated on surface magnet rotors. It was found that the motor design

should aim at low inductances implying a large airgap length and thick magnets to

obtain optimal performance in combination with switched stator windings. Another

complication is torque ripple which can be very prominent in PM machines. To re-

duce the slot-harmonic e�ects a step skew of the magnets by one stator slot pitch is

recommended. It was found that already a few steps are quite e�cient.

It was shown theoretically and experimentally that a 2/3 magnet covering of the pole

surface must be chosen to avoid excessive circulating currents in delta con�gurations.

For the same reason a non-salient surface mounted magnet rotor is compulsory. The

number of pole pairs should be chosen equal to the number of winding parts per phase,

or a multiple of that. For the considered system with two coils per phase 4 or 8 poles are

thus realistic. A 50kW surface inset magnet machine was produced for test purposes.

This machine was not optimized for the switched winding concept, but was suitable for

the experimental investigations of the switching performance.

An important aspect is the determination of the machine parameters. Analytic and

�nite element prediction methods have been suggested. The experimental assessment

was also examined using di�erent ideas. It was found that the measurement of the in-

ductances Ld and Lq is somewhat di�cult. The easiest possibility which gives promising

results employs DC step response tests.

The major drawback of switched stator windings is probably that torque interrup-

tions occur when changing the con�guration. The durations of these zero torque periods

and their avoidance were examined thoroughly in this thesis. In chapter 6 the interrupt

durations were examined by means of simulations and experiments. It was found that

the torque can be zero for up to 100 milliseconds if contactors are used which could

lead to notable jerks. When thyristor switches were introduced the interruptions were

10 times shorter. This is probably acceptable for most applications. In concepts with

several motors, for example trains, switching at di�erent instants can reduce the severity

even further.

In chapter 7 a new method was suggested on how to perform winding recon�gurations

of inverter-fed three phase machines so that torque interruptions are completely omit-

ted. The principle is based on temporary operation of the machine with its windings in

asymmetric con�gurations. In particular it has been shown how the transition from one
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con�guration to another can be performed in a smooth and controlled way if thyristor

winding switches are used. A drawback is that semi-conductor switches are required for

this method yielding additional losses. The proposed principles were analyzed analyti-

cally and validated in experiments. The focus was thereby on the two basic switchings,

series to parallel and star to delta. However, combinations of these and reverse recon-

�gurations were also considered. It was proven that successive winding switching with

intermediate asymmetric con�gurations is an appropriate means to entirely omit torque

interruptions.

In chapter 8 some initial work on the computation of eddy current losses in the

magnets was presented. Analytic and two-dimensional �nite element methods were

considered. Although the results are uncertain it can be concluded that these losses can

reach non-negligible levels and can cause problems, especially due to the temperature

sensitivity of the magnet material. A means to reduce these losses is the subdivision of

the magnets in many small pieces.

Finally, the application of PM motors with switched stator windings in a subway

drive was briey considered. For this purpose two machine examples were roughly

designed and analyzed. Thyristor switches were assumed in order to minimize jerks and

it was shown that their losses are lower than the gain expected due to the replacement

of the asynchronous by a PM machine. To omit excessive cabling, the switches must

be placed as close to the motor as possible. An interesting solution might thereby be

the integration of the switches with the motor. It was found that PM motors have a

considerable potential to replace asynchronous motors in the future. If they really are

the superior choice when taking all aspects into consideration is not obvious with the

present state of the art.

10.2. Future work

Naturally, numerous possibilities exist besides those considered in the presented studies.

In each chapter some ideas for the continuation of the work were described and thus only

some central aspects will be summarized in the following. In this thesis it was assumed

that the concept of switched stator windings is utilized to substitute �eld weakening.

However, investigations should be made to see if the latter is not the more sensible choice

for at least some applications. It should then be examined if the described di�culties,

that occur above base speed and that are associated to the permanent magnetization,

can be overcome.

The machine design considerations were restricted to the traditional inner rotor,

radial ux topology. However, other designs should be considered as well, e.g. outer

rotor, axial ux, and transversal ux machines. More attention should also be paid
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to a placement of the magnets inside the rotor instead of on its surface. In the �eld

of PM machine design numerous possibilities and unanswered questions exist requiring

further research work.

An important range of tests, which has not been performed on the test machine,

is the evaluation of the steady-state performance. It is advisable to carry out such

tests in order to con�rm the predicted performance data. For these experiments the

PWM current control should be improved, especially by aiming at a considerably higher

switching frequency. Furthermore, the implementation of �eld weakening in the test

setup would be interesting as the machine is expected to be capable of operating over

a large speed range. In order to verify that circulating currents are really negligible

with a suitably constructed rotor, the corresponding measurements should be repeated

when the existing rotor is replaced by an optimized version. Of course, the experimental

investigations suggested here are only some of those that could be carried out in the

future, even without acquiring new equipment.

When examining the main topic of the thesis, it is important to scrutinize the length

of the torque interruptions that can actually be tolerated in the considered type of

application. Concerning the asymmetric winding recon�guration procedure, it would

be interesting to repeat the measurements with a torque transducer which can record

the occurring transients. The suggested modi�cations of the procedure should also be

tested, e.g. establishing the delta con�guration in the opposite direction. Moreover this

concept seems bene�cial for asynchronous motors as well. This should also be evaluated

and tested. The introduction of the three phase motor model in simulations is also

desirable to enable computer investigations of the successive winding recon�gurations.

The presented methods for the calculation of the eddy current losses in the magnets

can only be seen as a basis for future research. The theories should be re�ned and further

developed. Furthermore space harmonics should be taken into consideration as well. Of

major importance would be to compare the computed loss values with measurements.

This in turn requires the development of suitable measurement methods.

The machine designs proposed in chapter 9 must be further developed and carefully

analyzed before an implementation can be considered. Numerous aspects must thereby

be taken into account which were not considered in this thesis. The possibility of a direct

drive should also be deliberated for traction propulsion. Above all, extensive studies are

encouraged which compare the di�erent possibilities of PM motor drives to the state of

the art asynchronous motor drives.
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List of symbols

A area [m2]

A1 help variable for proof

AC area encircled by closed path C [m2]

Am magnet area enclosed by the equivalent current path [m2]

B magnetic ux density [T]

B̂0 ux density amplitude at edges with �eld displacement [T]

BD ux density limit for irreversible demagnetization [T]

bd width of magnet element in �nite element analysis [m]

B̂g(1) fundamental total ux density amplitude in airgap [T]

Bh time harmonic ux density in airgap [T]

Bhg time harmonic ux density at magnet surface [T]

B̂h time harmonic ux density amplitude in airgap [T]

bm width of magnet piece [m]

Bmg ux density in airgap over magnets [T]

Bmg m airgap ux density of magnet step m [T]

Bmmin minimum ux density in magnets [T]

B̂mg(1) fundamental magnet ux density amplitude in airgap [T]

B̂mg(n) amplitude of harmonic n of magnet ux density in airgap [T]

Br remanent ux density [T]

B̂sg stator ux density amplitude in airgap [T]

B̂sg(n) amplitude of harmonic n of stator ux density in airgap [T]

bw width of form winding conductor [m]

C integration path

Cec eddy current loss constant [Ws2]

Chys hysteresis loss constant [Ws]

cn help variable for magnet steps (n2IIN)

Csf digital speed �lter constant

d distance [m]

dn distance of element n from magnet edge [m]

E induced internal voltage in dq frame [V]

E electric �eld strength [V=m]

En induced internal voltage of skew step n [V]
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List of symbols

f frequency [Hz]

fenc max maximum output frequency of position encoder [Hz]

fsw inverter switching frequency [Hz]

fsw max maximum inverter switching frequency [Hz]

Ft tension force in rotor banding [N]

ga; gb; gc gate signals to inverter (�1 in simulations)

g physical airgap length [m]

ge e�ective airgap length [m]

gd e�ective airgap length in d direction [m]

gm magnetic airgap length [m]

gq e�ective airgap length in q direction [m]

H magnetic �eld strength [A=m]

hb banding thickness [m]

hb min minimum banding thickness [m]

Hc coercive force [A=m]

Hci intrinsic coercive force [A=m]

HD magnetic �eld strength limit for irreversible demagneti- [A=m]

zation

hew turning radius of end winding [m]

hm magnet height (thickness) [m]

hme equivalent magnet height [m]

hmmin minimum magnet height (thickness) [m]

hsh shaft height [m]

I DC or rms current [A]

I� total current command in dq frame [A]

I0; I1; I2 current constants for DC step response tests [A]

Ia; Ib; Ic rms values of phase currents [A]

ia; ib; ic instantaneous phase currents [A]

i�a; i
�
b ; i

�
c instantaneous phase current commands [A]

ia1; ib1; ic1 instantaneous currents of single coil [A]

iaw; ibw; icw instantaneous winding currents [A]

�ia;�ib;�ic phase current errors [A]

Id; Iq DC values of dq currents [A]

I�d ; I
�
q dq current commands [A]

Idn; Iqn dq currents for rated torque [A]

id; iq instantaneous dq currents [A]

Idc direct current [A]

idd; idq currents in equivalent damper circuit, dq axes [A]

Ie end-value of step response current [A]

I(fsw) inverter switching frequency current harmonic [A]

im instantaneous current in step response tests [A]

Imax maximum total current in dq frame [A]

imd; imq currents in equivalent magnetizing circuit, dq axes [A]
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In rated current, rms phase value [A]

In current in magnet channel n [A]

I(n) current harmonic of order n, rms value [A]

Is stator current in dq frame [A]

is instantaneous stator phase current [A]

Islot total current in one slot [A]

Isw rms current in a winding switch [A]

isw instantaneous current in a winding switch [A]

i� hysteresis PWM current tolerance (half band width) [A]

J magnetic polarization [T]

J inertia [kgm2]

J current density [A=m2]

JC current density at path C [A=m2]

Jn current density in magnet channel n [A=m2]

k number of sample

k; k2; k4 various constants

kb tensile strength constant of banding material [N=m2]

kc Carter's factor

kgm magnet geometry factor [m5]

kgm;1; 2; 3 di�erent versions of the magnet geometry factor [m5]

ksat constant for saturation modelling

ksk1 skew reduction factor for fundamental

kst1 winding pitch reduction factor for fundamental

kst n winding pitch reduction factor for harmonic n

ku1 winding distribution reduction factor for fundamental

kw1 winding reduction factor for fundamental

L axial bore length [m]

Laa; Lbb Lcc stator winding self inductances [H]

Lab; Lbc Lca stator winding mutual inductances [H]

Laa0 magnetizing stator winding self inductance [H]

Lal stator winding leakage inductance [H]

lC length of path C [m]

Ld direct axis inductance [H]

ld ratio of Ld to optimum �eld weakening inductance

Ld0 direct axis inductance of lowest speed winding con�gu- [H]

ration

Ld1 direct axis inductance of single coil [H]

Ldd; Lqd damper circuit inductance of direct, quadrature axis [H]

Ldm; Lqm theoretical inductance of direct, quadrature axis to be [H]

measured in magnet loss tests

Lew total length of winding overhang [m]

lfe length of current channel in �nite element analysis [m]

Linv inductance in the inverter model [H]
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List of symbols

Lopt optimum direct axis inductance for �eld weakening [H]

Lg variation of stator inductance due to rotor saliency [H]

Lm magnetizing inductance [H]

lm length of magnet piece [m]

Lmd direct axis magnetizing inductance [H]

Lmeas measured inductance [H]

Lmq quadrature axis magnetizing inductance [H]

ln length of magnet channel n [m]

Lq quadrature axis inductance [H]

lq ratio of Lq to optimum �eld weakening inductance

Lq0 quadrature axis inductance of lowest speed winding con- [H]

�guration

Lq1 quadrature axis inductance of single coil [H]

lr ratio of Ld to its value for optimum �eld weakening

Ls synchronous inductance [H]

lst straight length of winding overhang close to stator core [m]

m general natural number (m2IIN)

m magnetic dipole moment [Am2]

M magnetization [A=m]

mm total mass of magnet material [kg]

n general natural number (n2IIN)

n rotor speed [rpm]

n harmonic order

n� speed command [rpm]

�n speed error [rpm]

na; nb; nc relative number of stator winding turns

nbase mechanical base speed [rpm]

nbit the number of bits of position encoder

nc harmonic order of torque ripple

nmx number of magnet pieces per pole in circumferential di-

rection

nmz number of magnet pieces in axial direction

ne number of channels into which a magnet is divided in

�nite element analysis

Ns number of conductors per slot

Nw number of stator winding turns

o slot opening width [m]

p number of pole pairs

P active power [W]

Pec eddy current losses [W]

Pel electromagnetic shaft power [W]

Pel base electromagnetic shaft power at base speed [W]

Pel max maximum possible electromagnetic shaft power [W]
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Pfe iron losses [W]

Pm total eddy current losses in the magnets [W]

pm loss density in the magnets [W=m3]

Pm1 eddy current loss in one magnet piece [W]

Pm1;d; Pm1;q eddy current loss in one magnet piece with harmonic ux [W]

in d, q direction

Pmd; Pmq total magnet loss with time harmonic ux in d, q direction [W]

Pmeas measured total losses [W]

Psw power loss of a winding switch [W]

Pth power loss of a thyristor [W]

(P=l)n power loss per axial length in element n [W]

q number of slots per pole and phase

Q number of stator slots

R resistance [
]

RC resistance of in�nitesimal current channel on path C [
]

Rdm; Rqm theoretical resistance of direct, quadrature axis to be [
]

measured in magnet loss tests

Rext external resistance [
]

Rew sidewards bending radius of end-windings [m]

Rfe resistance of current channel in �nite element analysis [
]

Rg airgap radius [m]

Rinv resistance in the inverter model [
]

Rmd; Rmq magnet loss resistance of direct, quadrature axis [
]

Rn resistance of current channel n [
]

Rr outer rotor radius [m]

Rri inner rotor radius, shaft radius [m]

Rs stator winding resistance [
]

Rs0 stator winding resistance of lowest speed winding con- [
]

�guration

Rs1 stator winding resistance of single coil [
]

Rsc radius of slot centers [m]

Rsc4 radius of slot centers in 4-pole machine [m]

Rsc8 radius of slot centers in 8-pole machine [m]

Rsi inner stator radius, bore radius [m]

Rso outer stator radius [m]

rth internal resistance parameter of thyristor [
]

S apparent power [VA]

s number of skew steps

s number of magnet steps

s length along path C [m]

Sinv apparent power rating of inverter [VA]

T temperature [�C;K]

T cycle duration [s]
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List of symbols

t time [s]

T � torque command [Nm]

T0� instantaneous value of torque ripple without skew [Nm]

T1; T2 time constants of step response [s]

Tel electromagnetic torque [Nm]

Tel1 electromagnetic torque with one coil per phase [Nm]

Tload load torque [Nm]

Tm� instantaneous value of torque ripple of skew step m [Nm]

Tn rated electromagnetic torque [Nm]

Tn� amplitude of torque ripple harmonic [Nm]

Tsamp sampling period [s]

Tsk� instantaneous value of torque ripple with skew [Nm]

tr relative rated torque Tn salient=Tnnon�salient
U DC or rms voltage [V]

Ua; Ub; Uc rms values of phase voltages [V]

ua; ub; uc instantaneous phase voltages [V]

ua1; ub1; uc1 instantaneous voltages of single coil [V]

uab; ubc; uca instantaneous line-to-line voltages [V]

uaw; ubw; ucw instantaneous winding voltages [V]

Ud; Uq DC values of dq voltages [V]

ud; uq instantaneous dq voltages [V]

UDC voltage of DC source in step response tests [V]

Udc inverter DC link voltage [V]

Udc max maximum DC link voltage [V]

U(fsw) inverter switching frequency voltage harmonic [V]

um instantaneous voltage in step response tests [V]

Umax maximum voltage available from inverter in dq frame [V]

Un rated line-to-line voltage [V]

Uph rms value of phase voltage [V]

Uph(1) rms value of fundamental component of phase voltage [V]

Us stator voltage in dq frame [V]

Usin max maximum line-to-line voltage in sinusoidal PWM mode [V]

Uslot voltage induced in a slot [V]

Uss max maximum line-to-line voltage in six-step mode [V]

Uth voltage over a thyristor [V]

V volume [m3]

V0 DC link mid-point potential [V]

Va; Vb; Vc phase potentials [V]

Vm volume of one magnet piece [m3]

vth0 internal voltage parameter of thyristor [V]

w number of windings parts per phase

x; y; z cartesian coordinates [m]

xC ; zC coordinates of path C [m]
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Z impedance [
]

Zdm; Zqm theoretical impedance of direct, quadrature axis to be [
]

measured in magnet loss tests

�ew angle between end-winding conductor and axial stator [rad;�]

core surface

�m magnet angle, electrical angle from pole center to edge [rad;�]

�mm electrical angle from pole center to edge of magnet step m [rad;�]

�mmech mechanical angle from pole center to edge of magnets [rad;�]

�s electrical angle between two slots [rad;�]

� electrical load angle [rad;�]

�h electrical angle between direct axis and time harmonic ux [rad;�]

 angle between stator current and internal voltage [rad;�]

 angle between stator current and direct axis [rad;�]

 help variable for Carter's factor

� angle between stator voltage and internal voltage [rad;�]

� penetration depth [m]

"p electrical winding pitch shortening angle [rad;�]

"m electrical angle between skew steps [rad;�]

"mn electrical angular shift of skew step n [rad;�]

"sk electrical skew angle [rad;�]

� electrical rotor angle [rad;�]

�mech mechanical rotor angle [rad;�]

� permeability [V sA�1m�1]

�0 permeability of free space [V sA�1m�1]

�0 = 4� �10�7VsA�1m�1

�r relative permeability

�rm relative permeability of magnet material

�m mass density of magnet material [kg=m3]

%m resistivity of magnet material [
m]

%fe resistivity of magnet material in �nite element analysis [
m]

%fe;n resistivity of element n in �nite element analysis [
m]

� conductivity [AV�1m�1]

�s slot pitch [m]

�sm pitch of slot centers [m]

�x half winding pitch [m]

� magnetic ux [V s]

� angular position in airgap [rad;�]

�m; �n angular position of magnet piece m, n [rad;�]

' angle between voltage and current, phase shift [rad;�]

'n phase shift of harmonic n [rad;�]

cos(') power factor

cos(')n rated power factor
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List of symbols

	a;	b;	c stator winding ux linkages [V s]

	d;	q stator ux linkages in dq frame [V s]

	m magnet ux linkage [V s]

	m0 magnet ux linkage of lowest speed winding con�guration [V s]

	m1 magnet ux linkage with single coil [V s]

	ma;	mb;	mc magnet ux linkages with stator windings [V s]

	s ux linkage with stator reaction [V s]

! electrical angular frequency [rad=s]

!base base speed in terms of stator frequency [rad=s]

!base max maximumpossible base speed in terms of stator frequency [rad=s]

!max maximum speed in terms of stator frequency [rad=s]

!mech mechanical angular frequency [rad=s]

!mech max maximum mechanical angular frequency [rad=s]

!n rated electrical angular frequency (lowest base speed) [rad=s]
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A. Proofs

A.1. Rated power factor only depends on ratios Ld and

Lq to Lopt

It shall be shown that the power factor at the rated point cos(')n, i.e. at base speed, is

only dependent on the ratios of Ld and Lq to the inductance Lopt given by the optimum

�eld weakening condition, equation (2.82). It is thereby assumed that maximum torque

per current control is employed.

Introducing the relative inductances ld and lq as

Ld = ldLopt = ld
	m

Imax

; (A.1)

Lq = lqLopt = lq
	m

Imax

(A.2)

and inserting into equation (2.61) yields

Idn =
	m �

q
	2

m + 8	2
m (ld � lq)

2

4
	m

Imax

(lq � ld)

= Imax

1�
q
1 + 8 (ld � lq)

2

4 (lq � ld)
: (A.3)

Substituting by

A1 =
1 �

q
1 + 8 (ld � lq)

2

4 (lq � ld)
(A.4)

simpli�es (A.3) to

Idn = A1Imax : (A.5)

Hence, with (2.59)

Iqn = Imax

q
1 �A2

1 (A.6)

is obtained.
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A. Proofs

After inserting of (A.1) and (A.2) the rated power factor equation (4.37) becomes

cos(')n =

	mIqn �
	m

Imax

(ld � lq) IdnIqn

Imax

s�
lqIqn

	m

Imax

�2
+

�
ldIdn

	m

Imax

+	m

�2

= Iqn
Imax � Idn (ld � lq)

Imax

q
l2qI

2
qn + (ldIdn + Imax)

2
: (A.7)

Inserting (A.5) and (A.6) yields �nally

cos(')n =
Imax

q
1 �A2

1 � [Imax �A1Imax (ld � lq)]

Imax

q
l2qI

2
max (1 �A2

1) + (ldA1Imax + Imax)
2

=

q
1�A2

1 � [1�A1 (ld � lq)]q
l2q (1 �A2

1) + (ldA1 + 1)
2

: (A.8)

Since A1 is only dependent on ld and lq (eq. (A.4)) also the power factor cos(')n is only

dependent on these ratios (eq. (A.1) and (A.2)).

q.e.d.

A.2. Rated torque ratio salient to non-salient only

depends on ratio Ld�Lq to Lopt

It shall be shown that the ratio of the rated torque of a salient pole machine to the rated

torque of the same non-salient machine is only dependent on the ratio of the di�erence

between Ld and Lq to the inductance Lopt given by the optimum �eld weakening condi-

tion, equation (2.82). It is thereby assumed that maximum torque per current control

is employed.

The regarded torque ratio tr has been derived in equation (4.39) for maximum torque

per current. Inserting equations (A.1) and (A.2) into (4.39) gives

tr = Iqn
Imax + Idn (ld � lq)

I2max

: (A.9)

Inserting (A.5) and (A.6) yields �nally

tr =
q
1 �A2

1 � [1 +A1 (ld � lq)] : (A.10)

Since A1 is only dependent on the di�erence between ld and lq (eq. (A.4)) also the

torque ratio tr is only dependent on the ratio of the di�erence between Ld and Lq to

Lopt (eq. (A.1) and (A.2)).

q.e.d.
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B. Additional hardware

B.1. DSP daughter board

In section 5.2 it was pointed out that the timing of the digital ports was inadequate in the

used digital signal processor (DSP) system for the control of the presented drive system.

Consequently a so-called daughter board was developed and built. It was derived from a

former daughter board speci�cally made by the DSP manufacturer for an earlier project.

This old board featured only a single 8bit output and was thus insu�cient for the present

investigations.

The new developed board features:

� 2 output ports (TTL) with 16bit each,

� 2 input ports (TTL with pull-up resistors) with 16bit each.

These ports are memory mapped to the lower 16 bit of the DSP bus. The inputs have

pull-up resistors and can therefore be easily combined with open-collector circuits or

mechanical contacts. One input and one output are available on the rear of the PC on

one high-density sub-D connector each (26 pins). The other two ports are located on

the board accessible via at-band cable connectors. The board is directly plugged onto

the DSP board and thus occupies the PC slot right besides the DSP board.

A 74138 integrated circuit is used for decoding the addresses and the handshake

signals. Only two address bits are decoded and therefore the ports occur repeatedly in

the address area. However, one bit more than necessary is decoded so that there are

vacant addresses available for other hardware extensions. The outputs consist of one D-

Flip-Flop per bit (latch). This is necessary to hold the output until it is overwritten with

a new value. One 74574 integrated circuit contains 8 D-Flip-Flops. Two of these units

are used for each output port. The inputs consist of 3-state bus drivers with Schmitt-

Trigger function. At the instant of reading this memory mapped port, the signals on the

input are switched through to the data bus. One 74541 integrated circuit contains an

8-bit bus driver. Two of these units are used for each input port. All input bits have pull-

up resistors to avoid unde�ned states and to be able to connect open-collector outputs,
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B. Additional hardware

like for instance the optical position encoder, in an easy way. Mechanical contacts and

TTL outputs can also be connected.

Always one output and its corresponding input have the same memory mapped

address. Writing to this address changes the state of the speci�ed output. Accordingly,

reading from the same address gives the data which are currently present on the speci�ed

input. The addresses are:

� port 1: from 3XXXXC(hex) to 3XXXXF(hex),

� port 2: from 3XXXX8(hex) to 3XXXXB(hex),

where X stands for an arbitrary hexadecimal number. Therefore the addresses from

3XXXX0(hex) to 3XXXX7(hex) are still available. Figure B.1 shows the circuit diagram

of this daughter board and the pin con�gurations of the ports. In �gure B.2 the locations

of the ports on the board are illustrated.

B.2. Relays board

To manoeuvre contactors from the DSP a relay board featuring 8 relays was built which

may be useful for future laboratory work. It is designed to be connected to an 8bit TTL

output. The circuit diagram is shown in �gure B.3 for a single relay. 8 of these were

combined on a board together with a power supply. Figure B.4 shows the connector

con�guration. If the input is low the contact setting is as shown in the �gure. Observe

that the input bits (D0{7) are not in correct order.

B.3. 2{pole integral PM motor

In section 6.4 some tests on a 2-pole PM motor were presented. This machine was

also regarded in [63, 60] and here only some basic data shall briey be reviewed. This

machine had a practically non-salient rotor with surface buried magnets. The main data

are:

� shaft height hsh=112mm,

� rated line-to-line voltage Un=250V,

� rated current In=12A,

� rated output power Pn=5kW,

� direct axis inductance Ld=24mH,

� quadrature axis inductance Lq=21mH,

� magnet ux linkage 	m=0,65Vs,

� rated speed 3000rpm.

The machine was constructed for a concept of a PM motor integrated with its inverter

which is why it is also referred to as integral-motor.
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B.3. 2{pole integral PM motor

Figure B.1.: Circuit diagram of the daughter board.
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Figure B.2.: Port locations on the daughter board.
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Figure B.4.: Connector locations on the relay board.
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B.4. 6{pole surface magnet motor

B.4. 6{pole surface magnet motor

A number of the investigations presented in chapter 8 were performed on a 6-pole PMma-

chine which shall shortly be described in the following. This motor was also used for the

investigations presented in [72]. However, almost no data were known and it was thus

necessary to determine them experimentally. The machine was partly disassembled to

allow measurements of the mechanical dimensions. A second rotor was available which

allowed the direct measurement of rotor dimensions. The obtained values were:

� magnetic core length L=225mm,

� inner stator radius Rsi=61,5mm,

� outer rotor radius Rr=60,3mm,

� number of stator slots Q=36,

� number of pole pairs p=3,

� magnet thickness hm=2,5mm,

� banding thickness hb=0,3mm,

� number of magnet pieces in axial direction nmz=9,

� number of magnet pieces per pole in tangential di- nmx=7,

rection

� mechanical magnet angle (100% covering) �mmech=60
�,

� length of magnet pieces lm=25mm,

� width of magnet pieces bm=8,5mm.

Extracted from these data were:

� magnet angle in electrical degrees �m=90
�,

� magnetic airgap length gm=1,5mm.

Some of these dimensions were a�ected by signi�cant uncertainty. For example the ex-

traction of the rotor was rather di�cult due to the high magneto-static forces. Therefore

the rotor was only shifted as much as necessary in axial direction. This negatively in-

uenced the accuracy of the dimension measurement of the inner stator diameter. Also

the determination of the banding thickness was rather di�cult. Since the airgap length

was determined from these dimensions it was also a�ected by signi�cant inaccuracy.

Furthermore the magnet thickness could not be determined with higher accuracy than

0,5mm. The mentioned inaccuracies had considerable inuence on the e�ective airgap

length which includes the magnetic airgap as well as the magnet thickness. Hence the

armature reaction was quite uncertain. The magnet material has been assumed to be a

standard SmCo-alloy. Typical properties for such a material are a remanent ux density

of Br=1,05T, a relative permeability of �rm=1,05, and a resistivity of %m=0;5 � 10�6
m.

From the end windings is was obvious that a full pitch winding with two slots per pole

and phase was installed. The slot dimensions were not physically measurable. Instead

they were extracted by measurements on a geometry plot in [72] and appropriate scaling.

Naturally this method has a major inherent inaccuracy. In order to determine the
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B. Additional hardware

Figure B.5.: Cross section of the 6-pole PM motor. One pole is shown.

number of conductors per slot Ns a simple no-load generation test was performed. Using

an oscilloscope a phase shift between the six existing coils was observed that con�rmed

a normal 3-phase winding with two coils per phase. Additionally the generated voltage

was recorded at a speed of n=233rpm showing a near ideal trapezoidal waveform. From

this the internal voltage at 233rpm was derived to be E(233rpm)=183V. This value

showed good agreement with that presented in [72]. From a �nite element analysis

the magnet ux density in the airgap was found to be approximately B̂mg(1)=0,73T.

Using this value and the measured voltage it was possible to calculate the number of

conductors per slot according to equation (4.11). Ns=20 was found when recognizing

that only integer numbers are possible.

The most important data, which were not listed before, are thus summarized as:

� remanent ux density of the magnets Br=1,05T,

� relative permeability of the magnets �rm=1,05,

� resistivity of the magnet material %m=0;5 � 10�6
m,

� number of phases 3,

� number of coils per phase 2,

� internal voltage E=f=3,66V/Hz,

� number of slots per pole and phase q=2,

� number of conductors per slot Ns=20.

Figure B.5 shows the geometry of this machine.
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