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Synchronous generators are designed to match the customers' needs. Automated
design and standardized solutions are necessary to simplify the modification of the
generators for different customers and applications and to speed up the inquiry-
offer process.

In this work, a solution for the excitation system of a low-voltage synchronous
generator is designed. The excitation system is implemented with an auxiliary
winding utilizing the power in air-gap flux-density harmonics to supply the
automatic voltage regulator. A standard solution for the auxiliary winding and the
voltage regulator system is created.

Different auxiliary winding solutions are studied and the optimal solution for the
low-voltage synchronous generators is selected. The analytic dimensioning of the
selected auxiliary winding solution isimplemented as a computer program.

Requirements set for the excitation by different standards and classification
societies are studied. The requirements for the auxiliary-winding supplied
automatic voltage regulator are discussed and a solution for the voltage regulator
system isimplemented.

This thesis describes the selected solution for the low-voltage synchronous
generator excitation system. The auxiliary winding solution, dimensioning process
of the auxiliary winding and the automatic voltage regulator system are presented

The selected auxiliary winding solution utilizes the air-gap flux-density
fundamental and third harmonic component to supply the excitation power. The
fundamental is used in no-load and load operation and the third-harmonic
component in generator short circuit. This is implemented with two different
windings dimensioned independently for the on-load and short-circuit operation.

Using auxiliary-winding supplied excitation in low-voltage synchronous
generators reduces the complexity of the automatic voltage regulator solution.
Since two different supply frequencies are used, the operation of the regulator has
to be based on a direct-current chopper converter instead of a thyristor bridge
converter.
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Tahtigeneraattorit suunnitellaan asiakkaiden tarpeiden mukaisesti. Automaattinen
suunnittelu ja standardoidut ratkaisut ovat vattamattomid generaattoreiden
modifioimiseks eri asiakkaille ja erilaisin  sovelluksiin  seka tilaus
tarjousprosessin nopeuttamiseksi.

Tassa tyossa suunnitellaan matal ajannitteisen tahtigeneraattorin
magnetointijarjestelma. Magnetointi toteutetaan apukddmillg, joka kayttéa
ilmavdivuontiheyden  yliaaltojen tehoa automaattisen jannitteensddtdjan
syottamiseksi. Tyossd luodaan standardoitu  ratkaisu  apukdamille ja
jannitteensaétojarjestelmalle.

Tyo6ssa tutkitaan erilaisia apukdamiratkaisuja ja valitaan optimaalinen ratkaisu
matal gjannitteiselle tahtigeneraattorille. Valitun apuk&amiratkaisun anayyttinen
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tutkitaan. Myos apukdamilla sybtetyn automaattisen  jannitteensaétdjan
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magnetointiratkaisun.  Tyossd  editetdan  apukdamiratkaisu,  apuk&dmin
mitoitusprosessi seka automaatti nen jannitteensdatoj arjestelma.

Tyossd  vdittiin - apukd@miratkaisu, jossa  magnetointiteho  otetaan
ilmavdivuontiheyden perusaallosta seké kolmannesta yliaallosta. Perusaatoa
kéytetégdn tyhjakaynnissa ja kuormituksessa ja kolmatta yliaaltoa oikosulussa.
Tama toteutetaan kahdella eri kd&amillg, jotka mitoitetaan erikseen oikosulku- ja
kuormitustilannetta varten.

Apukd@mimagnetoinnin  kayttdminen matalgannitteisissd tahtigeneraattoreissa
yksinkertaistaa automaattista jannitteensdétdjaratkaisua. Kahta eri sy6ttétaguutta
kéytettdessa  kaytettdvan  sé&atgan  tulee  toimia  katkojaperiaatteella
tyristoritasasuuntaajan sijaan.

Avainsanat:  apukdami, automaattinen  jannitteensdétdja, magnetointi,
matal g &nnittei nen tahtigeneraattori, mitoitus, optimointi




Preface

This thesis was carried out during the spring and summer of 2007 at ABB Oy,
Electrical machinesin Helsinki. It was part of the low-voltage synchronous generator
devel opment process in project Dragon.

Professor Antero Arkkio acted as the supervisor of this thesis. | wish to express my
gratitude to him for the advice and comments related to my work. | also wish to
thank my instructor Juha Kivioja for the guidance throughout the work as well as all
the electrical designers who shared their knowledge and opinions and thus helped to
complete my work.

Finally, I wish to thank my family for the support throughout my studies.

Helsinki, July 23 2007

Paavo Rasilo



Table of contents

ABSTRACT ittt ettt ettt b e s e b e b et b e R e e bt s A e R e b e e A e e b e R et b e s R et ebenRe Rt ebe e e e st erenreneebe s 2
THIVISTELMA ...ttt a bbb bbb a bbbt b s nees 3
L O ST 4
LIST OF SYMBOLSAND ABBREVIATIONS.......ctiietrtietrieie sttt 7
1 INTRODUCTION. ...iitictiiiietestereeie sttt sttt s e bt b s b e s e b e bt st e e b e st enenbebenesbeneenennas 9
S R )V = SRSt 9
1.2 AIM OF THE WORK ..tteuteeitttessseessseassesesssesssseessssasssssssssassssssesasssssssssssssssssssassessnsessnssssssssesssssssesansensnse 9

2 LOW-VOLTAGE SYNCHRONOUS GENERATOR ....ccoiirieiriiieertisie e sieses s ssesessessenennas 10
A R N = = I (7. 1T 7RSSR 10
2.2 REQUIREMENTS . ..iiii it iiiittttiete e s iesbttte et e e s s eesabaseeeassssssbbaseeeeaes s s bbb beeeeessaasbb b b easessssassabbaneeaseesssabareneasas 10
2.3 CONSTRUCTION ..ttiiuteesutesiureesssessssessssesssessssesssessssessssessssssssessssessnsessssessssesssssesnsessssessssessssessssesssnes 10

P2 T R = 03 SRR 10

PG A - o | SRS 11

P20 TG TR o (] TSR 11

P 2 = 1 o S 11

P20 T T @0 1 o TSSO 11

PG T @ 11 g o 7= | £ S 11

3 GENERATOR EXCITATION ..ottt sttt sae st sse s tenansessessenenns 13
3.1 OVERVIEW ON EXCITATION METHODS FOR SYNCHRONOUS MACHINES......ccciiuiiieriineesienssieeennnanes 13
311 DireCt-CUrrent EXCItAtiON.........ceicieiee et s re e be et e eereesre e reenreas 13

3.1.2  Alternating-Current EXCITAtTION. .........coeierereeierie sttt sb e bbb b e sae e neas 13

3.1.3  EXCIHation With BrUSNES.........ooeie et et 14

3.1.4 Permanent-magnet MAChiNE.........cccvviieeeeieeere st re e eneas 14

3.2 EXCITATION CONSTRUCTION ...ctitiueetestesestessenestesteseesesseseesessesessessenessessesessessensesessensesesseneesesseseesens 14

R 228 RN = ot = 10 0 7= Tox 11 =S 14

2 (0 v | 1o [ = o (1 P 15

3.2.3  Automatic VOItage reQUIALOT ........ccceveieeeeeeeere s eree e re e ae e e re e enen 16

3.3 HARMONIC EXCITATION POWER ....cucettiteeeterieestesieessestesessessesessessesesseseesessesseseesessensesesseneesessenessens 18
GG TS © 11/ V1= 1 SRS 18

RS 12 VLY 1 0T [T o i = ot o SO 19

3.3.3  FIUX-deNnSity NAIrMONICS. ......cooieieiertisie ettt st st be e e 20

3.3:4  INAUCEA VOITAGE. .....eieeieiie ettt sttt a e bbbt b e b s be b e saeeae e e eneas 27

3.3.5  AUXITAIY WINAING ....ccveteieeeeeeee et e et sb e e b b e b e sneene e e eneas 28

3.3.6  Voltage Waveform SIMUILIONS .........coeierireeieie et sb e e 34

3.3.7  EXIStNG MEASUINEIMENES......cueeeeieiertesiesieereeseeseesaeseestesseesesseessessessessesssesesssessessessessessessessenees 39

3.3.8 Discussion on different winding CONSITUCHIONS .........ccveueeeeriereresese e 39

3.3.9  DESIgN CONSIAEIALIONS. .....ccueeueeieiesiesiese et e reese e e e e s e e eaeeesresaesseesee e esenseseesresneeneennenen 40

34  EXCITATION POWER WITH PIM G ..ottt sttt sttt st ebe e snens 40

4 EXCITATION REQUIREMENTS ...ttt ettt sttt st s st 42
I 1 = = SRS 42
Y Y N - 2 USRS 42
421 Total harmoniC AiStOrtiON ........cciieiiiie e be e e e e re e raeneas 42
4.2.2 Electromagnetic COmMPatibDility ........ccoouiiiriieiiieie e 42

N O I = 07 i [ PSR 43
G T R Y (oL = To (S = U = g SOOI 43

4,32  Parallel OPEration........cccocviiieiieireceeses ettt besre e re e eneennennn 43
4.3.3  Other FEQUITEMENES .....ooveie ettt r e e e e e e saebesresre e e eneennenean 44



5 SYNCHRONOUS GENERATOR DESIGN.......cootiiiircire e 45

5.1 OVERVIEW utiuietiiteieteste et ste et sttt ste et te et sae e b st e e e be st e e eb e s b et ek e seeneebesbeneebe st et ebesbeneebeseenennens 45

5.2 EXISTING DESIGN SOFTWARE ....ueitieetesteeetesteestesseseesessesessessesessesseneesessesessessessasessensesesseneesessesessens 45

521  Analytic dimensioning PrOgraMS ........coeeerreereeriereeatesieeeeseeseeseeseessessesseseessessessessessessesssenes 45

5.2.2  Offer calCulation PrOgramS.......cooi iieieeerieieerie sttt et seesae e et sbeseesbesaesbesneeneas 45

5.2.3  Numerical calCulation Programs ..........cceeeerererese e reese et sre e sbe b e sseseeneas 46

5.3 BASE MACHINE METHOD ....coittiitieteeieseesueasseasueasseaseassesssasseassesasesasessssasssaessseassssnsesnssssssssssssessses 46

5.3.1  DESION PAIAIMIELEIS ... .etiiueeteeeeeesie st ste e eiee st e eeseeseesbesaesbe et enbesbesbesbesaeaaeeneenseeeseeabesneeneeeaneas 46

LS T B 111 4 = 01 o o oo [OOSR 46

6 EXCITATION DESIGN ..ottt bbbttt et be st nbe e nnan 47

6.1 SELECTED AUXILIARY WINDING CONSTRUCTION .....cutrtirienirterienesteseesestesieessessesesseseesessesessessessenenns 47

8.2 INITIAL DATA 1oiueettiteeetesteeetestesestestesestesee e sbeste e e besae st s besae e ebe st e st ebesee st sbe st e st e be s beneebeseenesbeneenesbeneeneee 47

6.3 DIMENSIONING OF AUXILIARY WINDING ...ceutrveuerterienentesiesestesteessesseessessesessessesestessenessessenessessesens 48

I 00 R O 1 11T V= |11 S S 48

6.3.2 Spacefor auxiliary WINGiNG ......c.cccoeieeirieerese st eneeneens 48

6.3.3  DIMENSIONING Ha...voveiiiiiiieieie ettt bbbt e e et b sbe s e neeeans 49

6.3.4  CONSIITUCHION Of Ha .veeeeveiiiie ettt ettt e ettt eebe e s beeebe e sbeeenbesebeeenreean 49

6.3.5  DIMENSIONING Hi .ottt sttt s sb et e bbb sbe s e e neeneans 50

6.3.6  CONSIITUCHION Of Hy vveeeviiiiieciie ettt ettt e ettt eebe e st e e eabe e sabeeenbesebeeenreean 52

6.4 AUTOMATIC VOLTAGE REGULATOR SYSTEM DESIGN.....cuciiuieitierieresieesteesseessesssesesssessseessesssesnenas 53

6.4.1 RegUIALOr SOIULIONS......ccueiieieieitiste sttt sttt ettt sbe bt ae e e e e e besbesbe s e eneeeans 53

O3S WY ) 53 (o) 01U 1 o S 53

G T 0 T= Yoo 11 0] S Y (= o OO 53

6.4.4  TheregUIAtor SYSEEM........ccvciererire st eteee e e se s e te et se e eeeseesresressesseeseeseessesesrenrenneeneensens 54

6.5  DESIGN PROGRAM ...ucititeneetesienestestenestestesestestesessestesestesaesestesteneesesaenestessesessessesessessenessensenessensesenes 55

TSN R 1100 =007 1= U] o S 55

B.5.2  USEr INEEITACE. ....ei ettt bbbt bttt e e bbb sbe e e e e neans 55

B.5.3  VENITICALION ...ttt bbbttt b e b et b e ne e 55

T DISCUSSION ...ooieiiitiieiiitiiete et te et st st e st e eesesseeesessessesessessesesseses e st et eseesesseseasessesessensesessesenensn 58

REFERENCES .......co ettt sttt sttt st et ste et s be st esesbeseebesteeetesaeseebesbeseesesaeseetesaeneetesaenenseseesensens 60
APPENDICES

APPENDIX 1 DERIVATION OF FLUX-DENSITY HARMONICS.......ccoeinireirerese e 61

APPENDIX 2 VOLTAGE WAVEFORM MEASUREMENTS. ..ottt 63

APPENDIX 3CALCULATION DIAGRAM FOR AUXILIARY WINDING......ccccovverrireirienieeenne 65

APPENDIX 4 DESIGN PROGRAM OUTPUT EXAMPLE ..ot 68



List of symbolsand abbreviations

Symbols

a number of parallel paths

A linear current density

Ac cross-sectional copper areaof awire
A cross-sectional insulated area of awire
Ains area of insulation in aslot
magnetic flux density

snubber capacitance

wire diameter

duty cycle

electromotive force

frequency

order of harmonic

current

rectifier diode current

number of effective turns per slot
current density

correction factor, safety factor
coil pitch factor

effective length of the machine
number of phases

mechanical rotation frequency
number of turns

number of pole pairs

number of slots per pole and per phase
number of slots

snubber resistance

time

total harmonic distortion

voltage

rectifier voltage peak
magnetomotive force

width

coil pitch

distance

commutation reactance in the exciter rotor
subtransient reactance

thyristor firing angle

diode firing delay angle

dlot angle

filling factor

angle along the stator frame

air gap permeance
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pole pitch
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TmT 0o gQaOoT

a

c:—E|'-";0,OQ'o ZoS3 ML xa—
O

g

= ;%:%s:sz_s: XX*xgs<

s 5



h winding factor
1) electrical angular frequency

Subscripts for symbols

a auxiliary winding
AVR automatic voltage regulator
d d-axis

F field winding
h=1,2 ... hamonic

k short circuit

m exciter stator
max maximum

min minimum

p pole

q g-axis

r exciter rotor

In case of windings, voltages, currents and frequencies, symbols with no subscript
refer to the main machine.

Abbreviations

AVR automatic voltage regul ator

DNV Det Norske Veritas

EMC electromagnetic compatibility

emf electromotive force

FEM finite e ement method

IACS International Association of Classification Societies
IEC International Electrotechnical Commission
ISO International Organization for Standardization
mmf magnetomotive force

PMG permanent magnet generator

rms root mean square

SCR silicon-controlled rectifier

THD total harmonic distortion



1 Introduction

1.1 Overview

Synchronous generators are typically tailor-made to match the customers’ needs. The
modifications for different customers and applications must take place fast to speed
up the inquiry-offer process. Thus automated generator design is a necessity.

A part of the generator design is the design of the excitation system. A standardized
solution for the dimensioning and selection of the excitation system components is
needed to simplify the design process and to give necessary information for the
structural design of the machine.

The development of low-voltage synchronous generators was started by ABB Oy,
Electrical machines in Helsinki in 2007. The excitation of the generators is to be
implemented utilizing harmonic power by using an auxiliary winding mounted in the
stator of the machine. Since the auxiliary winding excitation principle has not been
used in Helsinki before, the excitation cannot be designed using the existing design
tools.

1.2 Aim of thework

The main purpose of this work is to automate the optimization and design of the
excitation system for a low-voltage synchronous generator. A design program is to
be developed for dimensioning the auxiliary winding to supply the automatic voltage
regulator, and a standard solution for the selection of the voltage regulator shall be
created. This thesis will provide a theoretical basis for the excitation system design
and present both the selected solutions for the design and the implementation of the
design software. These main themes of this thesis are discussed in Chapters 2 - 6.

Chapter 2 gives an overview on low-voltage synchronous generators. The
applications, requirements and main construction of the generators are discussed.

Chapter 3 presents the generator excitation construction and operation. An overview
on the most common excitation methods of synchronous machines is given. A more
detailed view is given at utilization of harmonic power in excitation of the low-
voltage synchronous generator by using an auxiliary winding. The requirements for
the performance of the generator excitation and regulation are considered in Chapter
4,

Chapter 5 gives an overview on the synchronous generator design. Existing design
programs and methods are discussed. The excitation design for the low-voltage
synchronous generator is discussed in Chapter 6. The implemented solutions for the
design and optimization of the excitation system are presented.

The term ‘low-voltage synchronous generator’ discussed in this thesis refers to low-
voltage synchronous generators developed by ABB Oy, Electrical machines.



2 Low-voltage synchronous gener ator

2.1 Applications

The low-voltage synchronous generator is a salient-pole synchronous generator with
arated voltage below 1000 V. Typical applications for the low-voltage synchronous
generators are e.g. combined heat and power, stand by, peak shaving or continuous
base load operation in stationary power stations, auxiliary power units and shaft
generator systems in ships or offshore platforms. The generators are suitable for
operation with diesel and gas engines, gas turbines and steam turbines. In this work,
mainly marine diesel generators are considered.

As astandard, alow voltage generator is designed to have a rated power factor of 0,8
overexcited and frequency of 50 or 60 Hz. The maximum ambient temperature in
marine applications is 50 °C for the standard ratings but can be raised up to 60 °C
with derating. The maximum coolant water temperature in marine applications is 38
°C but can be raised up to 48 °C with derating. The minimum operating temperature
isO°C.

2.2 Requirements

The generators must meet the requirements set by severa standardizing
organizations such as International Electrotechnical Commission (IEC), Nationa
Electrical Manufacturers Association (NEMA), British Standards Institution (BSl),
the Association for Electrical, Electronic & Information Technologies (VDE) and
International Organization for Standardization (1SO). Considering this work, the
noteworthy standards include IEC 60034-1 for rating and performance of rotating
electrical machines containing electromagnetic compatibility (EMC) requirements
for machines with rated voltage not exceeding 1000 VAC and IEC 60092 for
electrical installations in ships.

In marine and offshore applications, the additional design criteria of the applicable
classification society are also followed. These societies include American Bureau of
Shipping (ABS), Bureau Veritas (BV), Chinese Classification Society (CCS), Det
Norske Veritas (DNV), Germanischer Lloyds (GL), Korea Register of Shipping
(KR), Lloyds Register (LR), Nippon Kyokai (NK), Registro Italiano Navale (RINA)
and Russian Register of Shipping (RS). These societies are members of the
International Association of Classification Societies (IACS).

The standards and classifications are discussed more carefully later considering
requirements for the excitation system. In addition to the standards and
classifications, different customer specifications must also be considered in generator
design.

2.3 Construction

2.3.1 Frame

The frame is a modular rigid steel construction designed to withstand the vibrations
and forces caused by the operation of the machine and to transfer them to the base. In
addition to the normal operation of the machine, the frame and the attachments
between the stator and frame must withstand the mechanical stresses caused by
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special situations, e.g. short circuits. The steel parts of the frame are either cast or
welded and either welded or bolted together.

2.3.2 Stator

The stator core is made of stacked low-loss laminated electrical steel sheets with
round-bottom slots. The stator plates are assembled from slotted segments. To ensure
effective cooling of the stator, radia cooling ducts are left in the core.

The stator winding is made of random wound enameled round copper wires. The
complete stator is impregnated to improve the mechanical firmness and the durability
of theinsulation of the winding.

2.3.3 Rotor

The salient-pole rotor consists of a shaft, poles fixed on the shaft, exciter rotor and a
fan. The poles are stacked of pole sheets and bolted on the rotor. Star-shaped rotor
sheets can be used for machines with lower pole numbers, in which case all the poles
are connected to each other and the stacked rotor is shrink fitted on the shaft.

The excitation winding is made of enameled rectangular copper and wound around
the rotor poles. The poles are supported by aluminium pole supports which ensures
effective cooling of the rotor. The damper winding is a short-circuited cage winding
and consists of bars of either copper or brass on the surface of the poles and
connecting rings on both ends of the rotor.

2.3.4 Bearings

In low-voltage synchronous generators, antifriction ball or sleeve end shield bearings
are used. When two bearings are used, one bearing is of locating and the other of
non-locating type. In case of one bearing construction, the bearing is non-locating.
The bearings are designed to have a theoretical life expectancy of more than 50 000
hours.

The lubrication can be of either self or forced type. In self lubrication, the oil is
picked up by an oil lifting ring and transferred directly to the shaft. In forced
lubrication, the oil is circulated to alow it to be cooled externally.

2.3.5 Cooling

The primary cooling medium is air. In open circuit cooling, the cooling air is taken
directly from the ambient air in which the warm air is aso transferred. In closed
circuit cooling, air is circulated inside the machine and cooled using a heat exchanger
in which the secondary cooling medium is usually water or air.

The air flow through the machine is obtained using a fan mounted on the shaft. In
asymmetric cooling, the fan is located only at the other end of the machine and the
air flows through the whole machine. In longer machines, symmetric cooling with a
fan on both ends of the machine is used and the air flows through the air ducts of the
Stator.

2.3.6 Other parts

The standard equipment of low-voltage synchronous generators also includes the
main terminal box and usually heating resistors to prevent condensation as well as
temperature control elements in the stator, cooling system and bearings.

11



Additional equipment depends on the application and may include e.g. bearing
vibration detection system, auxiliary terminal box, extra temperature sensors or
different control systemsfor voltage regulators.

12



3 Generator excitation

3.1 Overview on excitation methods for synchronous machines

3.1.1 Direct-current excitation

Direct current supplied excitation (DC-AC excitation) is the most commonly used
brushless excitation method in which the excitation power to the rotor is supplied by
a separate excitation machine. The excitation machineis usualy installed in the main
frame and on the same shaft as the main machine.

The DC-AC excitation machine is a salient-pole external-pole generator that has its
field winding in the stator and armature winding in the rotor. As the rotor rotates, the
direct current supplied to the stator winding induces a three-phase aternating current
into the rotor winding. This current is rectified into direct excitation current using a
diode bridge installed in the rotor. The frequency of the rotor current before the
rectifier is

f. =np, ' (3.1)

where n is the mechanical rotation frequency of the rotor and pn, is the number of
pole pairs in the excitation machine. The pole-pair number of the excitation machine
istypically 13 or 17 which islarger than that of the main machine.

For the control of the voltage or reactive power of the main machine, the stator
current is controlled by an automatic voltage regulator (AVR). The excitation power
can be obtained using voltage and current transformers, an auxiliary winding
installed in the stator slots of the main machine or a separate permanent magnet
generator (PMG). In the first two cases, one of the stator poles must be a permanent
magnet to enable self-excitation. In each case, instrument transformers for voltages
and currents are needed for the regulator to control the voltage and power. The
regulator and supply of the excitation power are considered later in this work. Figure
3.1 shows a schematic of DC-AC excitation without the measurement equipment.

|
|
|
|
|
|
|
|

Figure 3.1 DC-AC excitation

DC-AC excitation is used in constant-speed synchronous-machine drives like
generators and motors connected directly on line.

3.1.2 Alternating-current excitation

In alternating current supplied excitation (AC-AC excitation), the rotor of the
excitation machine is similar to the rotor in DC-AC excitation. The stator has a three-
phase winding which is supplied with aternating current using a supply transformer
and a frequency converter. As the rotor rotates, a three-phase aternating current is

13



induced into the rotor winding. Correspondingly to DC-AC excitation, this current is
rectified into direct excitation current. Figure 3.2 shows a schematic of AC-AC

excitation.
l |
|
I |
| zg I
l |
} |
| |
|
|

|
|
|
I
|
|
|
|
I
|
|
|
—

Figure 3.2 AC-AC excitation

AC-AC excitation is used in variable-speed synchronous-motor drives to produce the
needed excitation power aso when operating at low speeds or when the rotor is at
rest.

3.1.3 Excitation with brushes

Before brushless excitation machines, an excitation was traditionally implemented
using slip-rings with carbon brushes. Nowadays, this method is mainly used in high
power variable speed motors running at a relatively slow speed. This allows faster
excitation control in both positive and negative directions.

Slip-ring excitation equipment is significantly larger and more expensive than a
brushless excitation machine. Slip rings need regular maintenance and the carbon
dust from the brushes is harmful for the machine.

3.1.4 Permanent-magnet machine

In permanent-magnet machines, the excitation field is created using permanent
magnets in the rotor. The permanent magnets can be mounted on the surface of the
rotor, embedded into the surface or installed inside the rotor. The air gap is
minimized to reduce the amount of magnet material needed.

Permanent magnets are used typicaly in medium- and low-power frequency-
converter driven synchronous motor drives and in wind-turbine generators. The
excitation implementation with permanent magnets is simple and durable but does
not allow control of excitation or reactive power.

3.2 Excitation construction

3.2.1 Excitation machine

In low-voltage synchronous generators, brushless DC-AC excitation is used. The
excitation machine is mounted inside the generator frame on to the non-drive end.
The exciter stator has salient poles one of which is a permanent-magnet pole to
obtain self-excitation in case the excitation power is not provided by a separate
permanent-magnet generator. The permanent-magnet pole is magnetized during the
manufacturing by using a winding wound around the pole

The exciter rotor is dotted and has a three-phase single-layer diamond winding with
one slot per pole and per phase and each pole pair connected in paralél.
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3.2.2 Rotating rectifier

The three-phase voltage induced into the exciter rotor winding is rectified and
supplied to the main field winding. The rectifier is a six-pulse diode bridge mounted
on the exciter rotor. A varistor protects the system from overvoltage peaks and a RC
snubber damps the voltage peaks caused by the diodes. Figure 3.3 shows a schematic
of therectifier.

D; D3 Ds

< K% A %
_.\rﬁ
VARA

| ]
Dy Ds D2

Figure 3.3 Rotating rectifier

Using the subtransient reactances of the excitation machine, the commutation
reactance X. can be approximated as

xII + xII
X, :%. (3.2)

The commutation angle . depending on the direct current |4 is given by

U, = arccos(l - %ded J , (3.9

where U, is the armature voltage of the excitation machine. The commutation angle
increases with the field current. With values of u. > 60° a delay angle &’ occurs
before firing of a diode. Depending of these angles, the rectifier has three operating
regions[1]:

1. uc<60°% o =0
2. puc=60° 0°<a <30°
3. uc>60° o =30°

Region 1 isthe normal operation mode. The DC voltage and current of the rectifier
are

32

U, :2—nur(1+ cos/,) (3.4)

and
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_J

“(1-cosy,). (35)

Id
c

In region 2, the firing of a diode is delayed since the previous commutation is still in
progress and the voltage is insufficient. The voltage and current are given by

U, = U —cos[a +—j (3.6)
and
I, = V2, sin(a’+£j. (3.7)
X, 6

Region 2 may be reached when operating with higher field current values.

In region 3, two commutations occur at the same time and all the phases of the
exciter rotor are short circuited. As the short circuit may damage the exciter machine,
this operation mode must not be reached in any situation. Reduction of the
subtransient reactances allows operation with higher field currents.

The RC snubber reduces the overvoltage and its rise speed in diode switch-off
situations [2]. As a diode is turning off, a short reverse current occurs before total
turn-off. This current flows through the commutation inductance. As the reverse
current breaks, the commutation inductance forces the current to flow through
another diode and the direction of the current on the DC side changes. Without the
RC circuit, the current change in the field inductance causes a voltage of

di
Ut = L g (38)

where ig is the diode current. The RC snubber is used to conduct the current and to
lower the voltage peak.

The varistor is used to protect the diode bridge from overvoltage peaks induced into
the field winding. In transient states, like the generator short circuit, high DC current
components in the stator winding induce high voltages into the field winding. Since
the resistance of the varistor decreases rapidly as the voltage increases, it provides a
low-resistance way to conduct the current and lowers the voltage over the diodes.

3.2.3 Automatic voltage regulator

The automatic voltage regulator is needed to control the voltage and the reactive
power of the generator. The main tasks of the regulator are to control the voltage in
the steady state, regulate the voltage under fault conditions and to facilitate reactive-
power |oad-sharing between generators in parallel operation [3]. The voltage control
Is used in generators in island mode operation or in paralel operation with weak
networks. Power factor is controlled in case the generator is operating in paralel
with a strong network. In case of voltage control, the reactive power sharing between
generators can be controlled additionally by using a reactive droop compensation
method in which the voltage is lowered in the generator from which the reactive
current flows. This lowers the need for excitation and thus also the reactive current.
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The simplest analog automatic voltage-regulator solutions only control the excitation
current in load operation. In more complex digital regulators, the control functions
usually include power factor control, generator soft start capability, over-voltage and
under-frequency protection, under- and overexcitation current limitation and voltage
matching before synchronizing.

The AVR supplies and controls the current in the field winding of the exciter to
provide the needed excitation current to the field winding in the rotor. The excitation
is controlled typicaly by means of a PID control agorithm and a diode-bridge
rectifier fed switch-mode power supply or a thyristor-bridge rectifier. The diode-
bridge rectifier is a line.commutated converter in which the firing of the diodes
depends only on the line voltage. The thyristor bridge is a self-commutated
converter, and the thyristors must be fired to conduct the current. The thyristor-
bridge rectifier is also called a silicon-controlled rectifier (SCR).

Typicaly, automatic voltage regulators can be supplied by either single or three-
phase AC voltage or DC voltage. However, the excitation current output from the
regulator may be limited to a value lower than the rated value when supplied with
single-phase voltage. A higher current can be achieved with a single-phase supply by
installing an external rectifier and a capacitor on the AVR mounting plate.

In case of a diode bridge rectifier and a buck converter, the excitation voltage is
given by

U, = Dﬂua, (3.9)
T

where U, is the line-to-line voltage of a three-phase winding supplying the automatic
voltage regulator and D [0, 1] is the duty cycle of the buck converter. When a
thyristor-bridge rectifier is used, the excitation voltage is

. ﬂu . Cosa, (3.10)

T

U

where « is the firing angle of the thyristors. If the AVR is supplied by a single-phase
winding with a voltage of U, the previous equations are replaced by

U,= DZ—\/EUa (3.11)
T
and
U, :Z—ﬁUacosa. (3.12)
T

In no-load operation, the AVR must provide a sufficient field current for the
generator to produce the rated voltage at the rated speed. From no-load to full-load
operation, the excitation current must be increased to compensate the effects of the
armature reaction. In a generator short circuit, the AVR cannot limit the excitation
current and all the power fed to the AVR is used in excitation. Thus the excitation
current must be limited by other means in order to reduce the generator short-circuit
current. This can be done by using a separate excitation current limiter.
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Voltage and current transformers are needed to measure the instantaneous values of
the main voltage and current to enable the voltage regulation. As the load current
increases, the armature reaction reduces the air-gap flux and a voltage drop occursin
the terminals of the generator. The AVR must increase the excitation current to
compensate the armature reaction and the voltage drops caused by the reactances of
the machine.

The AVR is mounted in the main termina box of the generator or on a mounting
steel plate with its associated components inside a separate AVR box. As a standard
in low-voltage synchronous generators, the automatic voltage regulator is supplied
by a single-phase auxiliary winding. Supplying the excitation power is discussed in
Section 3.3. Figure 3.4 presents adigital automatic voltage regulator.

Figure 3.4 Digital automatic voltage regulator
3.3 Harmonic excitation power

3.3.1 Overview

The excitation power to supply the automatic voltage regulator can be taken from the
air-gap flux-density harmonics using an auxiliary winding mounted in the stator of
the generator [4]. Similarly to the way that the flux-density fundamental induces a
voltage into the main winding of the machine, the flux-density harmonics induce a
voltage into the auxiliary winding. In low-voltage synchronous generator excitation,
the fundamental and third harmonic flux component are utilized to produce the
excitation power.

The auxiliary winding is wound into the stator slots together with the main winding
and located on the top of the slot between the main winding and the air gap. Figure
3.5 shows a schematic of supplying the AVR with an auxiliary winding.
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Figure 3.5 Excitation power supply with auxiliary winding

3.3.2 Winding factor

Since the stator winding is spatialy distributed in the slots on the stator surface, the
air-gap flux through different coils has a certain phase shift and the electromotive
force (emf) induced into the winding can not be calculated using only the number of
winding turns. Winding factor &, must be used in calculation to take into account the

construction of the winding and the flux-density harmonic components.

The emf induced into a coail is obtained as the geometric sum of the emfs induced
into the positive and negative coil sides:

6=8 -86.. (3.13)

The length of the emf vector of one coil sideis equal to the emf induced into the cail
side and the phase angle is the electrical angle along the stator frame that tells the
location of the slot. The angle is obtained as a multiple of the slot angle

wo = P—» 3.14
a, pQ (3.14)

where p is the number of pole pairs and Q is the number of slots. For one coil, the
winding factor for flux-density harmonic h is obtained as the relation of the
geometric and arithmetic sums of the emfs:

(3.15)

For higher order harmonics, the angle of the voltage vector must also be multiplied
by the order h of the harmonic. For N coils connected in series, the total winding
factor is

2
. (3.16)
2
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For several different winding constructions, Equation (3.16) can be expressed using
the phase number m, number of slots per pole and per phase g, coil pitch W and pole
pitch z,. For a 2-layer integer-slot winding, the winding factor is

sin(hnj
N em) (3.17)

Eh = T h?
sinl h——
asn{ )
where
Kk, = sm[hrﬂg] (3.18)
P

is the coil pitch factor. For a 2-layer fractional-slot winding with the number of slots
per pole and per phase of

q:k+%,k [N (3.19)

the winding factor is

s-n[h;j
& = Mk, (3.20)
2qsin(hnj
4mq

for odd values of h.

3.3.3 Flux-density harmonics

In synchronous generators, the air gap flux-density harmonics arise from two causes:
1. thenon-sinusoidal distribution of the winding and
2. the permeance variations over the air gap.

The winding is concentrated in the slots and around the salient poles, which causes
the magnetomotive force (mmf) in the air gap to be non-sinusoidal. The permeance
variations in the air gap are caused by the slot openings in the stator, salient polesin
the rotor, saturation of the core and eccentricity of the rotor [5].

The magnetic flux in the air gap is the product of the air-gap mmf v and the air-gap
permeance /1. The flux density is given by

vA
T L'

p

b=, (3.21)

where 7L’ is the area of one pole through which the flux flows. The flux-density

harmonics arise from the harmonic contents in both the mmf and permeance. The
total air-gap mmf results from the currents in both the stator winding and the field
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winding in the rotor. The most important source of the permeance variations is the
saliency of the rotor poles. In the following, these three sources of the flux-density
harmonics are studied considering the fundamental and third harmonic flux density
component.

Both time and space harmonics are relevant when considering the flux density. Term
‘time harmonic’ refers to the rotating flux-density field in the air gap. Term ‘space
harmonic’ refersto the spatia air-gap flux-density distribution.

Har monics due to stator winding

In the stator frame of reference, the mmf v caused by an m-phase stator winding with
a current | is a function of time and the angle 5 aong the stator frame. Here,
distance x along the stator frame will be used instead of angle . The distanceis

x=%z9=ﬂz9, (3.22)

where ds is the inner diameter of the stator and p is the number of pole pairs. When
the mmf-axisis set in the middle of the first coil in a coil group as in Figure 3.6, the
mmf of the stator winding can be written using a Fourier cosine series as

Vs = Vs,O + zos,h COS[hTCz_l -t - ¢s + ﬁ] ’ (323)

h=1 p

where w is the synchronous frequency, ¢ is the phase angle between the current and
the phase voltage and £ is an angle depending on the winding construction [5].

&

V2

v

Figure 3.6 Location of the mmf-axisand the mmf of the first coil

The amplitude of aharmonic is given by

0., =2 %EhN . (3.24)
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The low-voltage synchronous generators have a three-phase main winding in the
stator, and the total air-gap mmf is the sum of the mmfs caused by different phases.
As these are summed, the third harmonic components in each mmf neglect each
other and no third harmonic mmf component is generated due to the stator current.
Thus, considering this work, the mmf of the stator winding can be assumed to be
purely sinusoidal and can be expressed as

V, =V, cos[nl —ut-g + ,8} . (3.25)
T

p

In the previous equations, the stator slots were assumed to be of negligible width.
When the finite dot width wyq is taken into account, the amplitude must be
multiplied by factor

Sin Ws!ot E
7, 2
Ky, =————~. (3.26)

ot
Ws!ot E

Tp2

Angle g for thiswinding is given by

In fractional-slot windings, the minus sign is used when the mmf-axis is set in the
middle of the first coil of the wider zone and the plus sign in case of the narrower
Zone.

Harmonics dueto field winding

To define the mmf harmonics caused by the field winding of the rotor, the winding is
assumed to fill the whole space between the pole tip and the pole arc. The linear
current density Ar of the field winding is presented in Figure 3.7.

AF &
AF,C
| | i
-z, 7 b1, X
-A
Feol| wp
+«
7 Z = 7 N
__ B 7 SR

Figure 3.7 Linear current density of thefield winding
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Since the linear current density axis is set in the middle of the pole, the current
density can be expressed using a Fourier sine series. If x is the distance along the
rotor frame and the width of the pole is denoted by w, the linear current density in
the rotor frame of referenceis given by

A=SA,s [m_] (3.28)

h=1 p

where the amplitudes of the harmonics are

. 1h 4”2 X
AFh=—j A-sinl hn— [dx=-A. . — I sin| hr— |dx
: 7, o b ' 7, W, I,
2 (3.29)
w 21, - w
= A .—|co§ ht—> |- cog hn——-"
T 27, 21,
The constant linear current density between the polesis
N- |
o 'F
A=t (3.30)
LW,

where N and ar are the number of turns and number of parallel paths in the field
winding and I is the excitation current. Since the linear current density distribution
is half-wave symmetrical, no even harmonics exist in the spectrum.

The field winding mmf is obtained by integrating the linear current density. The mmf
is

= [ Acdx = i [ A sin[hnrl]dx = —ioFyh co'{hnrl] , (3.31)

where

Ve A\: hon (3.32)

The mmf is presented in Figure 3.8.

In the stator frame of reference, the mmf varies with time as the rotor rotates. The
mechanical speed of the rotor is denoted by wn,. When transforming the previous
equations into stator frame of reference, distance x must be replaced with

2 T
X - x—gwmt=x— ppwt— L at, (3.33)
2 2n s

where ds is the inner diameter of the stator and

23



W= pw, (3.34)
is the synchronous frequency. The time- and space-dependent mmf in the stator
frame of referenceis

Ty

Ve == 0, co{hnl - hwt]. (3.35)
h=1

&

Vr

Figure 3.8 Mmf caused by the field winding

Har monics dueto salient rotor poles

To define the permeance harmonics caused by the salient poles of the rotor, the stator
surface is assumed to be smooth, or the stator dlotting is not taken into account. The
rotor pole shoe is assumed to be round with an air gap of constant length. The
permeance is approximated to be constant over a pole and zero outside the pole. The
approximation is shown in Figure 3.9.

A F Y
Wy
A » -—
| [T N [N e,
| >
0 ' T, X

Figure 3.9 Permeance variation dueto salient rotor poles
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Since the permeance axisis set in the middle of the rotor pole, the permeance can be
expressed using a Fourier cosine series. The permeance is given by

A= 4y+ 4, cog 2hm = |, (3.36)
h=1 Z-p
where
2 2 W
AozijAdx:Api [ax=4,—% (3.37)
Tp 7, Tp Wy Tp
2 2

2 (3.38)

Ay = o (3.39)

where the equivalent air gap is obtained by multiplying the actual air gap ¢ with the
the Carter’s coefficient kc:

0" =k.0. (3.40)
In stator frame of reference, the permeance also varies with time in a similar manner

as the field-winding mmf. Using Equation (3.33), the time- and space-dependent
permeanceis

Ly

A=A+ 4, co{zhnl - 2ha)t] : (3.41)
h=1

The half-waves of the permeance distribution are not symmetrical and both even and
odd harmonics exist in the permeance spectrum.

Flux density
The flux density is obtained as a product of the total mmf and permeance:
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1 |- X 2 a X
b= v,co9 t—-at—-@g.+ B |- ) V., cosd ht— - hat | |%
TPL{ sl {TC ) &s /BJ ; Fh { nl'p ]}
x{/lo 34, co{Zhnl— 2ha)tﬂ.
h=1 (4

p

(3.42)

The flux density consists of both time and space harmonics. The magnitude of the
induced voltage is proportional to the frequency of the harmonic and thus higher
order time harmonics induce higher voltages in the auxiliary winding. The winding is
designed to utilize the first- and third-order space harmonics. In the following, the
magnitudes of these harmonics are defined.

Since the harmonics in both the mmf and permeance are cosinusoidal, and the
product of two cosines gives

COSX, COSX, = %[cos(xl + X, )+ cos(x, = X, )] (3.43)

for x,, x, [R], the harmonic frequencies in the flux density are obtained as the sum

and difference of the frequencies in the mmf and permeance. As the amplitudes of
the mmf and permeance harmonics are inversely proportional to their number of
order, only the lowest order harmonics have significant effect on the total flux
density. Here, only the harmonics with h < 3 are taken into account.

Only the air-gap permeance distribution has even harmonic components and thus the
odd flux density harmonics can only be formed of odd mmf harmonics and even
permeance harmonics. Since the permeance varies periodically with a fundamental
period of one pole pair, the flux-density space fundamenta can be obtained either as
the product of the mmf fundamental and constant permeance or the third mmf
harmonic and second permeance harmonic. Combining these using Equation (3.43)
yields

TP p
Ve, A

- P10 cod m -t |- (3.44)
T,L 7,

Uy,
~ Y52 o 1 X - at |
2r,L 7,
The third space harmonic can be obtained either as the product of the third mmf

harmonic and constant permeance or the mmf fundamental and second permeance
harmonic. Combining these yields
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b, =L|jc0{3n%—3ajt+¢s—ﬁ]—

2rp o

Ve A

- 5370 008 31> - 3at |- (3.45)
rpL 7,

V. A
-2 008 32X - 3at |
2t L T

p p

The derivation of Equations (3.44) and (3.45) is presented in Appendix 1. It can be
seen that the order of a harmonic refers to both the time and space dependencies of
the flux density. Thus, from now on, subscript h [CNIis used to depict the order of
both the time and space harmonics at the same time.

The previous study gave an approximation for the magnetic flux density in the air
gap taking into account the magnetomotive forces caused by the stator winding and
field winding and the permeance variations due to the salient rotor poles. Because of
the simplifications made, the approximation is not very accurate and may not be
directly applicable to flux-density harmonic calculation. However, it describes a few
basic reasons behind the flux-density harmonics, and the analysis may be extended in
order to have more specific results. The following gives a short description of other
sources of flux-density harmonics more accurate analysis of which is beyond this
work.

Other harmonics

The flux-density harmonics caused by the saturation of the core, the combination of
the mmf and the stator ot openings and the eccentricity of the rotor also rotate in
the stator frame of reference. Hence, they also could be utilized to obtain excitation
power.

The harmonics caused by saturation are similar to those caused by the salient rotor
poles. The saturation can be taken into account by enlarging the actua air gap to a
value where the entire mmf of the magnetic circuit can be thought to affect only this
longer equivalent air gap. After this, the magnetic flux density in the equivalent air
gap equals the flux density in the actual air gap. The saturation of the stator and rotor
yokes corresponds to adding a constant value to the actual air gap length. The teeth
are most saturated near the peak of the flux density and the air gap must be enlarged
more in that area.

Rotor eccentricity is divided in two different types. In static eccentricity, the rotor is
located symmetrically around the shaft but the shaft itself is eccentrically mounted in
the stator bore. In dynamic eccentricity, the shaft is in the middle of the stator bore
but the rotor is eccentrically installed around the shaft. Usually both eccentricities
take place at the same time but the other type is dominant to the other.

3.3.4 Induced voltage

A voltage is induced into a coil through which a changing flux flows. Since the flux
through a coil is obtained as a space integral of the flux density, only time harmonics
are relevant when considering the flux and the term *flux harmonic’ aways refers to
atime harmonic.
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A single flux harmonic through a coil varies sinusoidally with time:
#, = 1,L'b, = @, sin(hat + ¢,). (3.46)

Since h denotes the order of both the time- and space-dependent flux-density
harmonics, the electromotive force induced into a winding by the time-dependent
flux harmonic his

dé, _ ~haN&, @, cos(hat + )

=—-N h
& = Ne (3.47)

—U, =haN&, (3.48)

P
_\/E 3
where Uy, is the rms voltage. Since a single space harmonic in the flux density is
sinusoidal, the average flux density over one poleis

b, (3.49)

bh,av =

aln

and
I 2 " I
@, =b,,,L'==b7L (3.50)
T

is obtained as the amplitude of the flux through the pole [6]. Combining Equations
(3.48) and (3.50) yields

by
J2
for the harmonic voltage induced into the winding. The total number of turns is

obtained using the number of pole pairs p, number of slots per pole and per phase q,
number of effective turns per slot j and the number of parallel paths a:

U, = hoN§, grpL' (3.51)
T

=4 (352)
a

3.3.5 Auxiliary winding

The auxiliary winding is designed to utilize the air-gap flux-density harmonics to
supply the excitation power to the automatic voltage regulator. The auxiliary winding
is wound into the stator dots together with the main winding. It is located on the top
of the slot near the air gap. Figure 3.10 shows an example of an auxiliary winding
wound into the stator.

In no-load operation, the termina voltage of the generator is induced by an almost
purely sinusoidal flux time harmonic. Clearly, this fundamental can also be utilized
to obtain the excitation power in no-load operation. As the load increases, the
armature current and the saturation of the machine cause higher order harmonics to
arise and also these harmonics can be used in excitation. In generator short circuit,
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the flux is highly distorted and contains a relatively high third harmonic component
which should be utilized to provide the excitation power needed in short circuit [4].

The auxiliary winding must be designed to utilize the chosen flux-density harmonics
in different situations. The coil pitch factor in Equation (3.18) determines the voltage
induced by a certain flux-density harmonic. In [7], a possible solution for an
auxiliary winding utilizing the first, third, fifth and seventh harmonic is presented.
However, for the auxiliary winding solution to remain as simple as possible, only the
minimum number of harmonics needed should be utilized. As mentioned, utilizing
the fundamental and the third harmonic should be enough in no-load, load and short-
circuit operation.

Figure 3.10 Auxiliary winding mounted into the stator dots

Different winding constructions

For low-voltage synchronous generators, only the lowest order harmonics are to be
utilized to obtain the excitation power. For the solution to remain as ssimple as
possible, only a single-phase auxiliary winding will be used. In the following, three
different winding constructions are studied considering the low-voltage synchronous
generator excitation.

Construction 1 presents an existing auxiliary winding solution utilized in some
smaller sized synchronous generators. It only utilizes the third flux-density harmonic
for excitation.

In Construction 2, an attempt is made to study the principles of utilization of both the
flux fundamental and the third harmonic in excitation.

Being dlightly different from Construction 2, Construction 3 also utilizes the
fundamental and the third harmonic and guarantees better results considering the
excitation also in generator short circuit.

Results of voltage waveform simulations for each auxiliary winding construction are
presented in Subsection 3.3.6.
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Example machine

In the following examples of different auxiliary winding constructions, a 113 kVA
low-voltage synchronous generator with a rated voltage of 400 V and frequency of
50 Hz is studied. The main winding is a 4-pole, 2-layer slot-pitch shifted integer-slot
winding. The total number of slotsis 48 and the coil pitchis9.

The flux-density harmonics in no-load and short-circuit operation for the example
machine were caculated using a finite-element method calculation program
FCSMEK. The program is discussed in more detail later in Subsection 5.2.3. The
amplitudes of the flux-density harmonics are presented in Table 3.1.

Table 3.1 Flux density harmonicsin no-load and short-cir cuit operation

Fundamental b, (T) | Third harmonic b, (T)

No load 0,91 0,03
Short circuit 0 0,17

The no-load operation was simulated using the rated voltage. In the short-circuit
simulation, the generator was excited so that the magnitude of the armature current
was three times the nominal value. This is an important generator excitation
regquirement for the circuit breakersto operate in case of short circuit.

Notations

Windings with different coil pitches can be used to obtain the excitation power. The
following denotations are used when considering the auxiliary winding construction:

Hi: acoail with the coil pitch Wy, close to the pole pitch and
Hs. acoil with the coil pitch Wy3 close to one third of the pole pitch.

To alow winding of one coil of H; or three coils of H3 over one pole area, the cail
pitch of both coils is reduced by one slot. In Figure 3.11, the winding of the example
machine with coils H; and H3 and the used drawing symbols are presented.
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A-phase positive coil side
A-phase negative coil side
B-phase positive coil side
B-phase negative coil side
C-phase positive coil side
C-phase negative coil side
H, positive coil side

H, negative coil side

H, positive coil side

CODe@BCOClONGNE

H, negative coil side

Figure 3.11 Main winding and coilsH; and H3
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Only the symmetrical part of the main stator winding is presented in the following
examples. The auxiliary winding may be symmetrically wound into the stator or only
installed in the area of the shown pole pair. In either case, the construction of the
auxiliary winding is mentioned separately.

Phase of har monics

In the following examples, the third flux-density harmonic is presented in the same
phase as the fundamental component. The third harmonic in load operation is mostly
caused by saturation. As mentioned earlier, the stator teeth are most saturated near
the peak of the flux density wave. This lowers the peak as can be seen in Figure 3.12.
The figure shows that the flattened flux-density wave consists of the fundamental
and a third harmonic component that has a negative value near the peak of the
fundamental. Thus, in load operation, the fundamental and third harmonic flux-
density component can be assumed to have the same phase angle.

Figure 3.12 Third har monic caused by saturation

Construction 1: Winding for thethird harmonic

Figure 3.13 shows a diagram of an auxiliary winding designed to utilize only the
third flux-density harmonic. The winding consists of total of 12 coils symmetrically
wound into the whole stator and connected in series. Since the third flux-density
harmonic flows entirely through the third harmonic winding, the winding factor
calculated using Equation (3.16) is close to one and nearly the maximum possible
voltage isinduced by the third flux-density harmonic.
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Figure 3.13 Third har monic winding

The winding factor for the flux fundamental calculated using Equation (3.16)
becomes zero. This can also be seen by calculating the total flux through the winding
in the area of one pole. Theflux is

1
Wis 3% §Tp+WH3 A
p=| | Sin(nl]dx+ [ Sin[nl]dx+ [ sin[nl]dx L'B,
T T T
’ Pl e P = P (353)
T L' -~
= -| cos™ -1+ cos™ - cosﬁ + cosﬁ - cosﬁ - —ph =0.
4 3 12 12 3) n

Thus the flux fundamental does not affect this winding and only the third harmonic
can be utilized to obtain the excitation power.

As seen from Table 3.1, the third harmonic flux component in no-load situation is
very low since the machine is not saturated and no currents flow in the stator. Since
the voltage is induced by the third harmonic according to Equation (3.51), the needed
number of turns to induce the sufficient voltage for no-load situation becomes very
high. This causes the auxiliary winding to occupy relatively much space in the slot.

In generator short circuit, the third flux density harmonic and thus the voltage
induced into the auxiliary winding are nearly six times higher than in no-load
operation. This causes the AVR to supply a high amount of power to the field
winding and the short-circuit current may rise very high. In this case, it is necessary
to use a short-circuit current limiter. Also, the voltage induced into the auxiliary
winding must not rise higher than the maximum supply voltage of the automatic
voltage regulator.

One advantage of the presented symmetrically wound auxiliary winding is that the
waveform of the induced voltage becomes quite sinusoidal. In many automatic
voltage regulators, a maximum allowed value to the distortion in the supply voltage
is given and this sets requirements for the voltage waveform. A more sinusoidal
voltage in the auxiliary winding allows a wider selection of voltage regulators to be
used.
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Construction 2: Principle of utilizing the fundamental and the third harmonic

Figure 3.14 shows a winding with both H; and Hz. Similarly to Construction 1,
winding Hs is used to utilize the third flux density harmonic in generator short
circuit. In addition, winding H; is added in series to utilize the fundamental in no-
load and load operation.

Figure 3.14 Winding with Hs and full-width H,

Since aso the fundamental is used in the excitation, less turns are needed in winding
H3 and there is necessarily no need to wind the winding symmetrically into the whole
stator. Instead, just the needed number of coils can be used. If three coils of Hs are
wound on the area of one pole similar to Construction 1, the fundamental is not
induced into the winding. Otherwise, also H3 can be used to utilize the fundamental.

The winding factor of H; for the fundamenta is close to one and amost the
maximum possible voltage is induced into the coil. However, aso the winding factor
of H; for the third harmonic is close to one and adding H; increases the induced
voltage in generator short circuit. Thus the attempt to adjust the voltage in no-load
and load operation by installing H; may cause too high excitation currents in short-
circuit operation. A better solution would be to design Hz only for short-circuit
situation and obtain the fundamental voltage using winding that is not affected by the
third harmonic [8]. One possibility for this kind of solution is discussed in the
following construction.

Construction 3: Separate windingsfor the fundamental and the third harmonic

In the winding shown in Figure 3.15, the coail pitch of H; is reduced to just below two
thirds of the pole pitch. Winding Hz remains similar to the previous solution.
Reducing the coil pitch causes the winding factor of Hy for the third harmonic to be
close to zero. The winding factor for the fundamental is still sufficient for effective
utilization of the fundamental flux component. Now winding H; alone can be
designed for the short-circuit excitation and the voltage in no-load and load operation
can be adjusted by adding coils H; in series without the fear of too high excitation in
generator short circuit.
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Figure 3.15 Winding with H; and narrower H;

Depending on the voltage induced into Hs in no-load and load operation, H; can be
installed in different ways to adjust the voltage induced into the auxiliary winding. If
the voltage is too low for overload excitation, Hy is wound in the same phase as Hs.
However, in case the voltage is too high to supply the automatic voltage regulator, it
can be lowered by installing H; so that a phase shift of 180° occurs between the
voltages induced into the windings. Clearly, if Hz by itself is applicable to supply the
voltage regulator in every operating state, H; is not needed and the solution remains
simpler.

In machines with afractional-slot main winding, the coil pitches are

W, = %T -1 (3.54)

p
21
WH3 -~ :_BTP _1. (355)

The coil pitch values can be rounded either up or down to the nearest integer. In case
the winding factor remains same in both cases, the smaller value should be used.
Thisisthe case with afractional-slot winding with a pole pitch of

r = k+%, K CNIL (3.56)

The final construction of the winding is decided after the needed number of turnsin
the windings is determined. Since the number of effective auxiliary winding turns per
dot is limited, the number of pole pairs and slots per pole in the windings must be
varied to have sufficient voltage for excitation. The currents taken by the regulator
arerelatively low and the number of parallel paths in the winding can remain one.

3.3.6 Voltage waveform simulations

The voltage waveforms for coil H; in no load, coil Hz in short circuit and the
presented different winding constructions in both no-load and short-circuit operation
were simulated using FCSMEK. Since the induced voltage is proportiona to the
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number of effective turns per slot according to Equations (3.51) and (3.52), only one
effective turn was used in the simulations. The simulations were done in the same
conditions as in the simulation of the flux density harmonics and using 400 time
steps per one period of the terminal voltage. Although slot skewing was used in the
example machine, it was not taken into account in the simulations.

H1in noload

The no-load waveform for aHj coil is presented in Figure 3.16. The voltage consists
mostly of the fundamental with alittle ripple caused by higher order harmonics.
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Figure 3.16 H,, no-load operation

Hs in short circuit

The short-circuit waveform for a Hs coil is presented in Figure 3.17. As mentioned
earlier, the third harmonic is the dominant component but also some higher order
harmonics appear in the voltage spectrum.
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Figure 3.17 Hj, short-circuit operation
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Construction 1

The simulation results in no-load and short-circuit operation for the third harmonic
winding are presented in Figures 3.18 and 3.19. As can be seen from the no-load
simulation, the fundamental is not induced into the winding. Instead, the third
harmonic is dominant in both situations. In addition to the third harmonic, the ninth
harmonic also has a significant effect on the voltage waveform.
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Figure 3.18 Construction 1, no-load operation
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Construction 2

The simulation results in no-load and short-circuit operation are presented in Figures
3.20 and 3.21. Now the fundamental is the dominant component in no-load operation
and produces arelatively high voltage compared to the third-harmonic winding in the
previous construction.

In short-circuit operation, the third-harmonic is the dominant component but the
distorted waveform aso includes several higher order harmonics. The amplitude of
the induced voltage is lower than in the previous construction since the total number
of turnsin the auxiliary winding is lower.
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Figure 3.20 Construction 2, no-load operation
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Construction 3

The simulation results in no-load and short-circuit operation for the winding for both
the fundamental and third harmonic are presented in Figures 3.22 and 3.23. Sincein
this case the coil pitch of H; is reduced to two thirds of the pole pitch, the voltage
induced by the fundamental is lower in no-load operation. However, the fundamental
is still the dominant component in the voltage.

In short-circuit operation, the third harmonic is not induced into winding H;. Thus
the third harmonic component of the total voltage in the auxiliary winding is lower
than in the previous construction and the higher order harmonic contents have a
greater effect on the voltage waveform. Compared to the short-circuit waveform of a

Hs coil in Figure 3.17, the higher order harmonic contents are greater when Hj is
added in series.
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Figure 3.22 Construction 3, no-load operation
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3.3.7 Existing measurements

Voltage waveform measurements have been done for Constructions 1 and 2. The
waveforms are presented in Appendix 2. In the measurement for Construction 1, the
auxiliary winding was mounted on a 90 kVA low-voltage synchronous generator
similar to the previous example machine and dimensioned so, that the rated voltage
is given in no-load operation at the rated speed. This is obtained by using six
effective turns per slot. The voltage waveform is first measured in no load, followed
by a sudden short circuit. The steady-state short-circuit voltage waveform is obtained
after few periods. The results of the measurement are presented in Table 3.2.

Table 3.2 Measured voltages for Construction 1

No load Short circuit
Amplitude of voltage (V) 56 555

As can be seen from the amplitude, the voltage induced into the auxiliary winding in
generator short circuit is nearly ten times higher than that in no-load operation. This
caused a short-circuit current of over five times the rated value which is too high for
safe operation. The high voltage may aso damage the automatic voltage regulator.

In the measurement for Construction 2, the auxiliary winding consisted of coils of
both H; and H3 with three effective turns per slot connected in series and wound into
the stator slots of a 2,3 MVA, 660 V, 50 Hz eight-pole synchronous generator. The
generator was excited separately and the voltage waveforms were measured in no-
load operation with the rated voltage and in generator short circuit with a current of
four times the rated current. As can be seen from the results, the no-load and short-
circuit voltages consist mostly of the fundamental and the third-harmonic
component, respectively. The measured voltages are presented in Table 3.3.

Table 3.3 Measured voltages for Construction 2

No load Short circuit
Amplitude of voltage (V) 195 100

3.3.8 Discussion on different winding constructions

All the simulated voltages include a significant amount of higher order harmonics
that cause ripple to the voltage waveform. Some of the harmonicsin the real machine
are eliminated due to slot skewing but can be seen in the simulation in which the
skewing is not taken into account. Especially in short-circuit operation, aso the
caculation method of FCSMEK may not be accurate enough to have a realistic
voltage waveform. This is supported by the measured voltage waveforms including
less higher order harmonics than the simulated voltages. The waveforms should be
measured from the real machine to have reliable results and to make sure that the
construction is applicable for excitation.

However, if the fundamental and third harmonic component are considered, the
simulations give important information to analyze the applicability of the auxiliary
winding construction to excitation. All the presented constructions could be utilized
to obtain the excitation power.

The first solution is the most complicated one to manufacture and occupies quite a
lot of space in the slot. The possible problems in short-circuit situations would also
require deeper analysis to guarantee safe operation. The measurements proved that
the voltage in short-circuit operation is dangerously high. The short-circuit voltage
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was nearly 70 % higher than predicted by the simulations. The second solution also
encounters similar problems in short-circuit situation.

The last construction with a minimum possible number of coils is simple to
manufacture and thus a good solution to supply the excitation power to alow-voltage
synchronous generator. The windings for the fundamental and third harmonic can be
designed separately to meet the excitation demand in different situations. However,
since the winding is not symmetrically wound into the whole stator, the relatively
high distortion in the voltage waveform must be taken into account when selecting
the automatic voltage regulator.

3.3.9 Design considerations

Of all other excitation methods, an auxiliary winding is the simplest solution to
supply the automatic voltage regulator and is used as the primary excitation method
in low-voltage synchronous generators under consideration. It reduces the
complexity of the regulator plate and increases the reliability of the system. Since no
external devices outside the machine are needed, the length of the machine is also
reduced and more space is left in the terminal box. The customer interface remains
similar to other excitation solutions.

To ensure that the voltage of the auxiliary winding will be on the needed level for
both the short-circuit and overload situations, separate windings for adjustment can
be installed in addition to the calculated primary winding. The adjustment winding
can consist of few coils of both H; and Hs that can be connected in series with the
original auxiliary winding if the measured voltage levels in short-circuit or load
operation differ from the needed values.

The most significant drawback in the use of the auxiliary winding is that a damaged
winding cannot be repaired or replaced after the impregnation. A defected winding
may also cause damage to the main winding or the stator core. This increases the
challenge in the winding process. One possibility to increase the reliability and ease
the after-sales work is to install a spare winding that can be taken in use in case the
primary winding is damaged.

A slot asymmetry occurs between the slots with and without the auxiliary winding.
Since the filling factor is higher in the dots with the auxiliary winding, no
temperature control elements should be installed in these slots. If the space needed
by the auxiliary winding is left empty in al the other slots, the generator capacity
decreases.

3.4 Excitation power with PMG

In PMG excitation, a separate permanent magnet generator is used to supply the
excitation power to the automatic voltage regulator. A permanent magnet rotor is
installed on the shaft of the main machine, and the AVR is supplied by the three-
phase voltage on the stator side of the PMG. When PMG excitation is used, self-
excitation is automatically enabled and no permanent magnet poles are needed in the
exciter stator. Figure 3.24 shows a schematic of supplying the voltage regulator with
aPMG.

The PMG is capable of supplying the excitation power in both normal operation and
in generator short circuit. The AVR supply voltage is independent of the main
excitation and depends only on the regulator input current.
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In low-voltage synchronous generators, PMG excitation is available as an option to
the auxiliary winding. Compared to the auxiliary winding, the excitation
implemented with PMG is a more expensive and more complicated solution. The
permanent magnet rotor also increases the axia length of the machine.

=uEaE

AVR

Figure 3.24 Excitation power supply with PM G
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4 Excitation requirements

4.1 Overview

In the design of marine low-voltage synchronous generators, |IEC standards 60034-1
for rating and performance of rotating electrical machines and 60092 for electrical
installations in ships must be taken into account. The requirements in IEC 60092 are
met by the criteria set by the marine classification societies and are discussed in
context of them. Considering the excitation, the most important requirements of IEC
60034-1 include limits for the total harmonic distortion (THD) [9] and the EMC
reguirements.

The classification societies establish and apply technical requirements for the design,
construction and survey of marine related facilities [10]. These requirements are
published as classification rules and are developed to contribute to the structural
strength of the ship and the reliability of e.g. the propulsion and power generation
systems for the purpose of safe operation of the ship.

Based on standard IEC 60092, the requirements set by DNV cover the most criteria
set by the other IACS members. Considering the excitation, the most important
requirements deal with voltage regulation in both steady state and transient operation
and parallel operation of generators[11].

4.2 Standards

4.2.1 Total harmonic distortion

The tota harmonic distortion is measured from the line-to-line termina voltage
either one harmonic at a time or directly by means of a meter specially designed for
the purpose. By the definition, THD covers frequencies up to the 100" harmonic and
isgiven by

B 100 5
THD = > u?, (4.1)
h=2

where

u, = U_ (42)
1

is the ratio between the amplitude of voltage harmonic h and the amplitude of the
fundamental voltage component. The maximum values for the THD and a single
harmonic are 5 % and 3 %, respectively.

4.2.2 Electromagnetic compatibility

Rotating electrical machines with rated voltage not more than 1000 VAC must fulfil
the EMC requirements defined in IEC standard 60034-1, Chapter 13. The electronic
components mounted inside the machine and which are essentia for its operation,
such as rotating excitation devices, are considered as part of the machine and covered
by the standard. Requirements applying to the final drive system and its components
are outside the scope of the standard.
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The radiated and conducted emissions from rotating electrical machines are tested in
accordance and must comply with the requirements set by the Specia International
Committee in Radio Interference (CISPR). The limits for radiated and conducted
emissions are presented in Table 4.1.

Table 4.1 CISPR limitsfor radiated and conducted emissions

Frequency range (MHz) Limits
. . 30t0 230 30 dB(uV/m)
Radiated emission 230 to 1000 37 dB(uV/m)
66 to 56 dB(uV)
N 01510 0,50 56 to 46 dB(1V/) average
Conducted emission 56 dB(uV)
on AC supply 050105 46 dB(uV :
terminals G(EL(L:IB)( a\vgrage
n
51030 50 dB(nV) average

The radiated emissions are measured at a 10 m distance or alternatively from a 3 m
distance using limits 10 dB higher than the given values. In the frequency range from
0,15 to 0,50 MHz, the conducted emission limits decrease exponentially between the
given values. Except for the average values, all the given limits are quasi-peak
values.

4.3 Classification

4.3.1 Voltageregulation

In steady state, the AVR must be able to keep the voltage within £2,5 % of the rated
voltage under al steady load conditions. The limit can be increased to +3,5 % for
emergency generator sets.

When specifying the requirements for voltage regulation in load changes, a definition
of sudden load is used. The sudden load is defined to be more than 60 % of the full
load current at power factor of 0,4 lagging or less. When switching on the sudden
load, the instantaneous voltage drop must not exceed 15 % of the rated voltage.
When the load is switched off, the voltage rise must not exceed 20 %. In both cases,
the voltage regulation must restore the voltage within £3 % of the rated voltage
within 1,5 s. For emergency generator sets not in parallel operation, the limits can be
increased to +4 % and 5 s.

4.3.2 Parallel operation

The sharing of active and reactive power must be stable under al load conditions.
The oscillations must be within +20 % of the rated current. In the range of 20 to 100
% of the rated reactive load of each generator, the generator’s actual reactive load
must not differ from its proportionate share of the total reactive load by more than 10
% of the rated reactive load of the largest generator or by more than 25 % of the
rated reactive load of the smallest generator in parald. If oscillations occur, the
actual reactive load is the mean value of the generator’ s reactive load.
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4.3.3 Other requirements

The generator must withstand an overload current equal to 1,5 times the rated current
for at least 30 s. Under steady short-circuit conditions, the generator must be capable
of withstanding a current of at least three times the rated full load current for at least
2 s without sustaining any damage. This is necessary for the circuit-breaker to be
able to operate and separate the generator from the network.

Generators over 1500 kVA must be prepared for external signal for initiation of de-
excitation.



5 Synchronousgenerator design

5.1 Overview

Synchronous generators are designed to match the customers needs. They are
typically tailor-made for certain applications which increases the challenge and need
for computation in the machine design. The design process starts after a customer
sends an inquiry for a generator of a certain type for a certain application. For severd
applications, an offer can be made using an applicable machine type from a list of
ready-calculated machines. Usually, however, the inquired machine differs
noticeably from the listed machines and must be dimensioned by an electrica
designer.

5.2 Existing design software

5.2.1 Analytic dimensioning programs

In synchronous machine calculation, several anaytical calculation programs are
used. Program THW32 is used as a user interface in which the parameters of the
machine in calculation are defined. Sub-programs can be called from THW32 and
used for different calculation tasks with the defined machine parameters. The most
important sub-programs are S143 and A045 for the calculation of main parameters
and performance of the main and exciter machines, respectively, and S125 for
thermal calculations. S143 executes the electrical calculations for salient-pole
synchronous machines when the machine geometry is known. A045 executes the
calculations for a DC-AC exciter machine and calculates the needed field voltage
and current in the no-load and short-circuit operation and in the load conditions
defined by the user.

5.2.2 Offer calculation programs

Offer calculation programs are used as sales support tools to automate the
dimensioning and pricing of a machine and therefore to speed up the inquiry-offer
process. Using customer requirements as initial data, they automatically select an
applicable pre-calculated machine from alist or calculate an optimal machine using
dimensioning programs. An offer of a machine is generated automatically with no
need for manual calculation or design.

Nestori is an offer calculation program for synchronous machines developed since
the mid 1990's. It uses THW32 in automated machine design and optimization.
Originally designed purely as an offer process tool for sales personnel, Nestori is
now used throughout the delivery process to manage the machine configuration.

Bemari is an offer calculation program based on list machines. Implemented in
Microsoft Excel, Bemari is used by the sales personnel of the Marine Systems
business unit to produce budget offers on ship electric and propulsion systems.
Machine selection from the standard machine solution database is performed using
macros and programmed logic. As output, the technical specifications and price of
the machine are obtained. Bemari can be used as a part of a program that calculates
an offer of the electric system of awhole ship.
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5.2.3 Numerical calculation programs

Numerical methods must be used when more accurate models of machines are
needed or more complex problems need to be solved. They are used in machine
design e.g. in more detailed calculation of losses as well as in transient and flux
harmonic analysis of the machines.

Finite element method (FEM) is a commonly used numerical method in electrical
machine design [12]. The basic idea of the method is to solve a partial differential
field equation by dividing the examined area, e.g. the cross-section of a machine, into
small sub-areas a.k.a. elements in which the field in calculation is represented by a
function, usually a polynomia with unknown coefficients. Using the polynomials,
the field values in an element are interpolated between the element node values.
Choosing minimization of the field energy as a variation principle, the coefficients of
the functions in the elements can be solved.

FCSMEK is a FEM calculation program developed in the Laboratory of
Electromechanics in Helsinki University of Technology. The program divides the
smallest possible symmetrical part of a cross-section of an electrical machine into
elements and solves the magnetic vector potential in the section. The magnetic field
is modeled in two dimensions. Depending on the needed accuracy, the used elements
can be either of first, second or third order. The calculation time depends strongly on
the order of the elements.

5.3 Base machine method

5.3.1 Design parameters

From the inquiry, the initial parameters for the machine design are defined. These
parameters include the rated output power and power factor, rated voltage, rated
frequency and pole-pair number. Other data that must be considered to optimize the
machine in both technical and commercial points of view include the standards and
classification, temperature rise class, cooling method, enclosure class, excitation
method and overload requirements.

Dimensioning of arotating electrical machine is a challenging task in which 30 to 40
different variables must be considered. These variables include the inner diameter
and the length of the stator, stator slot number, stator winding construction, pole
dimensions and field winding construction [13].

5.3.2 Dimensioning

Using the initial data, an applicable base machine is selected. The base machine is
usualy a previously manufactured generator that is used as a starting point for the
dimensioning. The inquired generator is dimensioned by modifying the variable
parameters until the requirements of the inquiry are met. In most cases, only the
length and the windings of the machine have to be changed and the design process
remains relatively simple as the cross-section of the machine is constant.

In the design, certain limits for the magnetic flux density and current density are
taken into account. The limits depend on the application, ambient environment and
customer specifications.
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6 Excitation design

6.1 Selected auxiliary winding construction

From the three different auxiliary winding constructions studied in Chapter 3.3,
Construction 3 was selected to be used in low-voltage synchronous generator
excitation. The main reasons for selecting Construction 3 were the simplicity of the
winding construction and the possibility to design windings H; and Hz separately for
load and short-circuit operation. In the following, the dimensioning process for the
selected auxiliary winding solution is presented and requirements and design of the
auxiliary-winding supplied automatic voltage regulator system are discussed.

6.2 Initial data

As initial data for the design, the basic main machine data and excitation data are
needed. In addition, certain user defined data for changeable design parameters must
be known. The needed main machine data includes the rated voltage, frequency, slot
number, slot dimensions and dimensions of the main winding.

The excitation data includes the values for the field voltage Uy, and current I, of the
excitation machine in different operating points. The data is needed at the rated load,
overload and short-circuit operation. The maximum needed values of the field
voltage and current for both overload and short-circuit situations are used to
determine the minimum supply voltage for the automatic voltage regulator. These
maximum values are denoted by Um maxn and Immaxn fOr the rated load, Um maxo @nd
[ m,max.0 for overload and Um maxk and Iy maxk fOr short circuit.

The user defined data includes variable parameters needed for the design. The
maximum current densities in the auxiliary winding are defined separately for the
rated load, overload and short-circuit situations. They are denoted by Jamax N, Jamax.ol
and Jamaxk- 10O guarantee the processibility of the winding, the maximum allowed
value for the main winding filling factor must be set. It is denoted by 7max. Thefilling
factor for the auxiliary winding is denoted by #,. The insulation thicknesses and wire
diameters that are used for the auxiliary winding must also be known in the design.

The maximum values for the numbers of sots per pole in windings H; and H3 can be
defined by the user but are clearly limited to values

Arirmex = Whis (6.1)
and
Orzmax = Wiz - (6.2)

The third harmonic flux density component in generator short circuit is needed to
design the auxiliary winding for the short-circuit excitation. More accurate flux-
density harmonic analysis might provide a working analytical model to calculate the
amplitude of the needed component using other machine parameters. Since the
model presented in Subsection 3.3.3 is not detailed enough to have an analytical
value, the flux density harmonics can be calculated using FCSMEK.
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6.3 Dimensioning of auxiliary winding

6.3.1 Ceiling values

The maximum values for the excitation current and voltage that much be reached in a
certain operating point are called ceiling values. The ceiling values are defined from
the maximum values using safety factors ks and kg for load operation and short-
circuit operation, respectively, to have a margin to guarantee the sufficiency of the
excitation. Typically, the values for the safety factors are around 1,05. The ceiling
values are

U = KU

{rm,N = Kl ey (6.3)
for the rated load,

Im,ol = ksl m,max,ol
for overload and

ljm,k = KU maci

{fm,k = K | ek (6.5)

for short-circuit operation.

6.3.2 Spacefor auxiliary winding

For the dimensioning, it isimportant to know the maximum possible number of turns
in the auxiliary winding that can be wound into one slot. To calculate the maximum
value, the needed cross-sectional area of the wire used in the auxiliary winding must
be known. In the following, the needed wire diameter and maximum number of turns
are calculated.

Since the supply voltage is rectified into DC in the AVR using a full-wave diode
bridge, the excitation current is the same as the rms current in the auxiliary winding:

(6.6)

The needed cross-sectiona copper area of the auxiliary winding is obtained using the
maximum current densities:

Ja,max,N Ja,max,ol ‘]a,max,k

| | )
ACu,a — max{ m,N ' m,ol , m,k } . (67)

Due to small currents, only one conductor is used in the auxiliary winding and the
closest corresponding wire diameter is selected. The total cross-sectiona area of the
auxiliary winding with insulation is denoted by A ..
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The dlot is filled by the main winding, slot insulation, layer insulation and auxiliary
winding. The areas of the main winding and insulation are denoted by jA and Ains,
respectively. The area left for the auxiliary winding is obtained as the difference of
the dot area and the sum of the areas of the main winding and insulation. Thus the
maximum number of auxiliary winding turns per slot is given by

i ='h _a -JA 6.8
Jmax,a A'a (%Ot Ans I7rnax j ( )

6.3.3 Dimensioning H;

Winding Hs is dimensioned to satisfy the excitation demand in generator short
circuit. The minimum voltage in the auxiliary winding to reach the ceiling value for
short circuit is given by Equation (3.11) and is

1'[ ~
u min =_Um :
a,min, k 2\/5 Lk

Since this voltage is induced by the third harmonic flux component according to
Equation (3.51), the needed number of turnsin Hsz is given by

(6.9)

T U min, k
Nis = amnk (6.10)
32 W& a7, L'b,
The number of parallel pathsin the auxiliary winding is assumed to be one and thus
the number of turnsis given by

Nis = PraOis I (6.11)

Since the maximum number of turns per ot is known, the condition for the design
of Hsis

— NH3

= (6.12)
pH3qH3

j H3 < jmax,a )
Using Equation (6.12), the needed number of pole pairs py3 and slots per pole gus
can be defined to have a sufficient number of turns per dot. Initialy, values pus = Qus
= 1 can be used. When the number of slots per pole is changed, the winding factor
changes and thus a new value for the number of total turns must be cal cul ated.

6.3.4 Construction of Hj

After the needed pole-pair number of winding Hs is obtained, the winding
construction needs to be decided. The possible constructions depend on the number
of dots per pole in the winding. If the number of slots per pole is one, the coils are
placed next to each other so that three coils can be wound in the area of one pole.
This saves space for the spare winding and the adjustment windings. Figure 6.1
shows an example of winding Hsz with pole-pair number of four and one slot per
pole.
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Figure 6.1 Winding H; with one dot per pole

If the number of slots per pole in the winding is greater than one, three coils cannot
be wound in the area of one pole, but instead on the area of one pole pair. Figure 6.2
shows an example of winding Hz with two slots per pole.

Figure 6.2 Winding H3 with two slots per pole

In both cases, the effect of the fundamental flux-density component on every group
of three cailsis neglected and thus only windings with the pole-pair number differing
from any multiple of three produce a voltage in no-load and load operation.

6.3.5 Dimensioning H;

After the short-circuit requirements are satisfied, the voltage of the auxiliary winding
in load operation must be set to a sufficient level to supply the automatic voltage
regulator. If the voltage of winding Hs in load operation is either too low to meet the
demand for overload or too high for to safely supply the regulator, winding H, must
be used in addition to adjust the voltage to a correct level.
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The voltage in load operation must be at |east

U (6.13)

Tc ~
min, ol =_Umo'
a,min, ol 2\/5 ,0l

In case the voltage of Hs in load operation is too low for the overload situation,
winding H1 must be used to raise the voltage. Since the windings are connected in
phase and the voltage in both windings is induced by the fundamental, the total rms
voltage induced into the auxiliary winding is obtained as the sum of the rms voltages
in both Hz and H;. The induced voltages are proportional to the main voltage and
given by

Uy = Nig &U_N (6.14)
N & 43
and
Uy, = Neg S Uy : (6.15)
N & 43
Since Hs is aready defined, the needed number of turnsin Hj is given by
U H3 +U H1 = Ua,min,ol (616)
1U
= (Nuu&iny N = =U g (6.17)
( H15HL1 H3 H3,1)\/§ N(,(j_ amin,ol
1 U min, ol
= Ny = ——| V3NE 2 N & (6.18)
H1,1 UN

In case the voltage of Hs is higher than the maximum supply voltage U g . Of the

automatic voltage regulator, winding H; must be used to lower the voltage. H; is
connected so that a phase shift of 180° occurs between the voltages induced into the
windings. Thus the total rms voltage of the auxiliary winding is obtained as the
difference of the rms voltages in Hz and H;. Similarly to Equations (6.16) — (6.18),
the needed number of turnsin Hy is given by

Ups ~Us = U avrma (6.19)
1U
= (N ~ Nigin )= — = U avrima (6.20)
( H1SHL1 H3 H3,1)\/§ NE, AVR,
_ 1 \/_ U av max
= Ny =—— 3N<t1 U + NH3£H3,1 . (6.21)
HL1 N

As in case of Hs, the pole-pair number and the number of slots per pole can be
defined using equation
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. N .
JH1 = - s Jmax,a - (622)

6.3.6 Construction of H;

Similarly to Hs, the construction of H; depends on the number of slots per pole but
also on the construction of Hz. The phase angle of the voltage induced into Hz in load
operation depends on the pole-pair number and must be taken into account when
connecting Hy in series.

Equations (6.16) and (6.19) only give the right result when winding H; is connected
in phase with Hs. However, calculating anayticaly the correct way to connect Hi
and Hs in phase is quite complicated and the resulting winding construction may
occupy more space in the stator than a simpler optimized solution. Thus H; is never
connected in the middle of a pole but started from either side of the pole and
connected as close to H3 as possible. Figures 6.3 and 6.4 present examples of
connecting H; and Hs.

Figure 6.3 Connecting windings Hz and H; when H3 hastwo pole pairs

Figure 6.4 Connecting windings Hz and H; when Hs hasfour pole pairs

52



Since H; and H3 are not exactly in the same phase, Equations (6.16) and (6.19) do
not give an exact value for the voltage induced into the auxiliary winding. However,
the sufficiency of the voltage in both load and short-circuit operation can be verified
by deriving the total winding factors of the final construction for both the
fundamental and third harmonic using Equation (3.16) and calculating the induced
voltage with Equation (3.51).

Equation (6.1) presented the absolute maximum value for the number of slots per
pole in Hi. However, to save space for the spare winding and the measurement
windings, one coil group of H; should be able to fit on the area of only one pole. To
achieve this, the maximum number of slots per pole should be

Orzmex = Tp ~ Wiy - (6.23)

p

6.4 Automatic voltage regulator system design

6.4.1 Regulator solutions

For low-voltage synchronous generators, two different automatic voltage-regulator
solutions can be chosen by the customer depending on the requirements set for the
excitation system. The first solution includes a ssmple analog regulator covering the
minimum requirements needed for the generator voltage regulation. Another more
versatile solution is implemented with a digital voltage regulator and may include
more complex control functions in addition to the minimum requirements. The
selection is based on the requirements set by the customer.

6.4.2 Limitsfor output

Clearly, the automatic voltage regulator should be able to meet the excitation demand
of the excitation machine. Typicaly, the manufacturers provide values for the
maximum continuous excitation current and voltage and also values for a short-time
overload situation. The regulator must be selected so that the field current and
voltage needed by the excitation machine in different situations fit in the range for
the output values.

6.4.3 The control system

When supplied from an auxiliary winding utilizing the fundamental and third
harmonic flux component, the first requirement for the automatic voltage regulator is
the possibility to supply it with voltages of two different frequencies. Thisis difficult
to implement in regulators using silicon-controlled rectifiers to control the field
voltage since the firing frequency of the thyristors must also be tripled in case of
short circuit. Chopper-type regulators with diode rectifiers are a better solution to be
utilized together with the selected auxiliary winding construction.

Another factor that may prevent the usage of thyristor bridgesis the distorted voltage
waveform that occurs if the selected auxiliary winding solution is used. In case the
harmonic contents cause the voltage to drop below zero before the actua voltage
component utilized to supply the regulator, the thyristors are turned off and will not
conduct the current until the next firing signal. Since the firing of the thyristors
depends on the fundamental, the average voltage supplied to the AVR is reduced and
the regulator cannot produce sufficient field voltage to the exciter.
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6.4.4 Theregulator system

The automatic voltage regulator system depends on the selected regulator solution.
The regulator is mounted on a separate mounting plate and placed inside the main
terminal box of the machine. Some digital regulators with a control panel user
interface may be installed outside the machine.

In low-voltage synchronous generators, the main voltage value needed by the
automatic voltage regulator can usually be measured directly from the main terminals
of the generator. If the voltage regulator is requested to be galvanicaly separated
from the terminals, a voltage transformer can be used. The phase current
measurement is taken from the middle phase using a current transformer.

Since the auxiliary winding is dimensioned to produce a short-circuit current of three
times the rated current, no excitation current limiter is required for the generator
short-circuit situation. Thus the minimum components on the regulator plate only
include the automatic voltage regulator and a circuit breaker for de-excitation. Some
optional control functions, as excitation current measurement and overvoltage
protection, may require installation of additional components. Figure 6.5 shows an
example of a minimum automatic voltage regul ator system.
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6.5 Design program

6.5.1 Implementation

The auxiliary winding design was implemented with MATLAB. The data for the
main machine is given by program S143 and the excitation demand in different
operating states is given by program A045. In addition, user defined data including
changeable parameters such as maximum values for the current densities and filling
factors and safety margins for ceiling excitation are read as an input. The datais read
by the program from an ASCII text file containing the needed parameters in pre-
defined order.

The program solves the equations in Section 6.3 and as output, the construction and
winding diagram for the auxiliary winding are written in separate text files. In
Appendix 3, the calculation diagram used in the dimensioning of the auxiliary
winding is presented. Appendix 4 gives an example of the program output files.

6.5.2 User interface

The MATLAB code was compiled into a binary file and a simpler user interface for
the program was implemented with Microsoft Excel. The initial values can be filled
into an Excel workbook from which the program can aso be run. The output files are
opened into a separate workbook.

Using Microsoft Excel alows relatively simple interfaces to existing dimensioning
programs. In the future, the initial machine and excitation data can be imported
directly from S143 and A045 by running the design program from THW. This allows
simpler and more effective use of the program. One important addition to the
program would aso be to combine the calculation of the third flux-density harmonic
needed in dimensioning of the auxiliary winding for the short-circuit situation.
Another possibility to simplify the design is to tabulate calculated flux-density values
for certain base machines and to search a suitable value automatically for the
machine for which the auxiliary winding is dimensioned.

6.5.3 Verification

Verification of valid operation of the design program would have to be done by
measurements. A low-voltage synchronous generator utilizing the selected auxiliary
winding solution could not be made during this work and proper measurements to
validate the analytical dimensioning model could not be performed. However, the
existing measurements of the voltage waveforms in no-load and short-circuit
operation can be used to analyze the operation. In the following, the measurement of
the waveforms in Construction 1 is compared to the FEM simulations, the
measurement of the waveforms in Construction 2 is compared to the anaytical
dimensioning model and the simulations of Construction 3 are compared to the
analytical model.

Construction 1

The simulations in subsection 3.3.6 were done using one effective turn per slot, and
the auxiliary winding of the machine used in the simulations had six effective turns
per slot. Thus the voltage induced into the auxiliary winding should be six times
higher than in the ssimulation results. In no-load operation, the amplitude of the
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simulated voltage was 12 V and the measured amplitude was 56 V. The ratio of the
valuesis 4,7 which is quite close to six.

Since the measured short-circuit current was five times the rated value, the short-
circuit simulation was repeated with the same current to compare the results.
However, the amplitude of the third harmonic voltage component remained the same
as in the previous simulation. This may be caused by saturation of the machine. The
simulated amplitude was 70 V and the measured amplitude was 557 V. The ratio of
the amplitudes is 8,0 and differs more from the theoretical value than in case of no-
load operation.

Construction 2

In no-load operation, the voltage induced into the auxiliary winding should be
obtained as the sum of the voltages in Equations (6.14) and (6.15) if the windings
were connected in phase. The 660 V generator used in the measurement had 11 turns
per phase and a winding factor of 0,915 for the fundamental. The winding factors of
the fundamental for windings H; and Hs were 1,000 and 0,500, respectively, and
both windings had three effective turns per slot. Thus the analytical value for the
amplitude of the voltage induced into the auxiliary winding is 241 V. The difference
between the analytical value and the measured amplitude of 195 V is relatively big.
Since there is not more accurate information on the measurement setup, it is hard to
tell the reason behind the difference. For example, the windings may have been
connected so that a phase shift occurred between the induced voltages, which would
cause the total winding factor for the fundamenta to be lower and reduce the total
amplitude.

In generator short circuit, the third harmonic voltage is induced into both of the
windings since the winding factor is also one for the full-width H;. A short-circuit
simulation with FCSMEK gave a value of 0,084 T for the amplitude of the third
harmonic flux-density component in short circuit. Using this, Equation (3.15) gives a
value of 95 V for the amplitude of the total short-circuit voltage of the auxiliary
winding. The measured amplitude, 100 V, is very close to the theoretical value.

Construction 3

In the simulation of Construction 3, the winding factors of windings H; and Hs for
the fundamental were 0,793 and 0,383, respectively. The total winding factor of the
auxiliary winding for the fundamental obtained using Equation (3.16) was 0,440.
Summing Equations (6.14) and (6.15) gives 12,1 V for the amplitude of the voltage
in no-load and load operation. Since the windings are not exactly connected in phase,
a more accurate value of 9,0 V is obtained using the total winding factor. The
simulated amplitude in no-load operation was 7 V.

The winding factor of Hjz for the third harmonic component was 0,924. The
simulated third harmonic flux-density component in short circuit was 0,17 T and
Equation (3.51) gives 5,3 V for the amplitude of the induced voltage. The simulated
amplitude in short circuit was 4 V.

The analytical values in both no-load and short-circuit operation are over 20 %
higher than the simulated values. This may cause the analytical program to calculate
an insufficient number of auxiliary winding turns which would cause the excitation
demand not to be reached. The difference between the analytical values and the
voltages measured in the future can be taken into account in the program by adding a
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possibility of a manual input for correction factors for voltages in both load and
short-circuit operation. Using these factors, the calculated number of auxiliary
winding turns can be scaled to produce the needed voltage better.
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7 Discussion

This thesis presented the operation and design of low-voltage synchronous generator
excitation implemented with an auxiliary winding. The theoretica background for
the excitation, the selected solution and the principles of dimensioning the auxiliary
winding were discussed.

In auxiliary winding excitation principle, air-gap flux-density harmonics induce a
voltage in an auxiliary winding wound into the stator slots together with the main
winding of the generator. The auxiliary winding supplies power to an automatic
voltage regulator that controls the field current of a direct current supplied excitation
machine. This enables control and regulation of the terminal voltage of the generator.

A theoretical approach was taken to study the sources of the air-gap flux-density
harmonics. Simplifications and Fourier-analysis were used to obtain an
approximation of the fundamental and third flux-density harmonic. However, to be
used directly as atool in the design of a harmonic excitation system of a synchronous
generator, the analysis would have to be made in a more detailed way to have
appropriate results. For example, saturation and harmonics caused by stator slots
should be taken into account.

Different auxiliary winding constructions in a certain low-voltage synchronous
generator were examined to compare the results and discuss the advantages and
disadvantages in different windings. Simulations were performed using finite-
element method to compare the waveforms of the voltages induced into the auxiliary
winding in different operating states.

The simulated voltage appeared to contain a high distortion level caused by higher
order flux-density harmonic components. Some of the harmonics may be caused by
the inaccuracy of the simulation program and may not appear in the auxiliary
winding of a real machine. Some methods to lower the higher order harmonics in
synchronous generators exist, but could not be taken into account in the simulation
program. For example slot skewing could be used to lower the harmonic contents of
the flux density.

One of the examined solutions was accepted to be used in harmonic excitation of
low-voltage synchronous generators. The selection was based on the ssmplicity of the
solution and the possibility to design the excitation separately for load and short-
circuit operation. The design of the selected auxiliary winding solution was
implemented as a MATLAB code that was compiled into a binary file. The main
parts of the calculation process needed in the design were presented.

In the future, interfaces to existing design tools should be created to achieve an
effective and simple design process for the auxiliary winding and the whole
excitation system. The calculation of the third harmonic flux-density component in
generator short circuit should be implemented in the program or a table of pre-
calculated values for machines of different frame sizes should be included instead.

Measurements of the voltage waveforms in the selected auxiliary winding could not
be made since this work took place in the beginning of the low-voltage synchronous
generator development process and a prototype machine could not be manufactured
during this work. In the future, proper measurements in both no-load and short-
circuit operation will give important information on both the magnitude and
waveform of the voltage induced into the auxiliary winding. The design program can
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relatively easily be modified to take into account the possible differences between
the theoretical and measured results.

The solution for the automatic voltage regulator system was aso studied. Using two
different supply frequencies sets requirements for the operating principle of the
automatic voltage regulator. Instead of a thyristor-bridge rectifier, the auxiliary-
winding supplied regulator should be implemented with a line-commutated diode-
bridge rectifier supplied direct-current chopper converter. If thyristors were used, the
use of two different frequencies and harmonic contents in the supply voltage could
cause problems with the firing of the thyristors.

Since the auxiliary winding is dimensioned separately for short-circuit operation, no
current transformers or a separate excitation current limiter are needed to obtain
excitation power or prevent overexcitation and to lower the short-circuit current.
Also, when low-voltage synchronous generators are considered, there is necessarily
no need for transformers for voltage measurement due to low terminal voltages. Thus
the minimum automatic voltage regulator solution in an auxiliary-winding excited
low-voltage synchronous generator becomes very simple.

As a whole, one potential solution for the excitation of a low-voltage synchronous
generator was implemented during this work. Similar solutions have not been in use
a ABB Oy, Electrica machines in Helsinki before, and no accurate information on
other auxiliary winding solutions were available. More information on the
applicability of the selected solution will be gained after manufacturing and
measurements.
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Appendix 1 (1/2)

Derivation of flux-density harmonics
The air-gap flux density is obtained as the product of the mmf caused by the

windings and the air gap permeance:
J = Ven cos{hnri - ha)tﬂ x
(ALl

b= i{\?sl co{ni -wt-g. +
Z'pL Tp h=1 p
ohn > - 2ha)tﬂ.

T

x {AO 34, co{
h=1 p

Substituting harmonics with h < 3 to Equation (A1.1) yields

{\73l co{ni —wt-g, + ,BJ = Ve, cos{nri - a)t] -
T
(A1.2)

p p

b=

r,L’
- X ~ X
— Vg, co{?m— - BMH{AO +4, cos{4n— - 4a)tﬂ
' T T
p p
Separate the terms:
V.4
b=—Ccog 2 -at-g, + B |-
TP TP
v, A
- F0 o8 1 -t |-
r,L T,
V.,
= IF370 00g 3 X - 3ut [+
z—P TP
. (AL3)
v A
+ 2 008 1 —at - g, + B |cod An— - dat |-
TpL 7, 7,
U A
~F172 o8 12— it |cog dm— - dat |-
T,L 7, 7,
U p
F372 00 3n-X - 3at |cos 4n— - 4t |
r,L 7, 7,
(A1.4)

Since the product of two cosines gives

COSX, COSX, = %[cos(xl + X, )+ c0s(x, = X, )]



Appendix 1 (2/2)

for x,, X, [R], thelast three termsin Equation (A1.3) can be written as

A

b=..+
\73,1/12 X X
+ -l co§ Sn—-5wt - ¢, + B |+cog -3n—+ 3wt - ¢, + S
2r L 7, T,

o4l A15
- _RL2 co{Snl—Swt]+co{—3nl+3wtﬂ (ALS)
T T

p p

Veady |
- F2 | od Tn2— Tk |+ cog m+at | |
2r,L T 7,

p

Separating the fundamental and third harmonic components yields

V., A
b =2 ?Cos{nl—a)t—¢s+,8]
T

TPL p
V.. A

- F120 008 12 - (AL6)
rpL 7,

and
VA
b, = -2 f’cos{?ml—:%wt}+

z—P TP

U4,

+ -co§ 3n— -3t + ¢, - B (AL7)

2r L T,

Vg A
P22 cod 3n - 3t

2r,L 7,
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Appendix 2 (1/2)

Voltage waveform measur ements

Construction 1
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Appendix 2 (2/2)

Construction 2
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Appendix 3 (1/3)

Calculation diagram for auxiliary winding

Calculating initial valuesfor design

Load datafrom S143 and A045 and data defined by user

A 4

Calculate ceiling values for excitation

\ 4

Cadlculate currentsin the auxiliary winding in different operating states

\ 4

Cal culate minimum copper area of auxiliary winding

A

Cal culate maximum number of effective turns per slot jmax

65



Appendix 3 (2/3)

Dimensioning H3

Calculate minimum voltage in auxiliary winding for short circuit

A 4

Calculate minimum number of turns per slot ju3 for Hs

A 4

A 4

No

Check if Juz> jmax
y YES
. No
Check if nz < OHz max > gz =1
vy YES \
Increase Qus Cal culate winding factor
V} A 4
Calculate winding factor Increase pole-pair number py3
\ 4
Cdculate new jy3 <

Calculate winding factor of Hs for the fundamental

A

Hs isready

A
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Appendix 3 (3/3)

Dimensioning H,

Calculate minimum voltage in auxili

ary winding for overload

A\ 4

Calculate voltage of Hz in

load operation

A 4

Calculate minimum number of turns per slot ju; for Hy

\ 4

Check if ju1 > jmax

No

v YEs

No

Check if gn1 < QH1max

gu1=1

v YEs

A 4

Increase OH1

Calculate winding factor

A 4

\ 4

Calculate winding factor

Increase pole-pair number pys

A 4

A

Calculate new ju;

H1 isready

A
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Design program output example

Data for auxiliary w nding
11.6.2007 at 10:06 am

Auxi liary wi ndi ng requirenents:
Vol tage in short circuit:
Vol tage in overl oad:
Supply vol tage of AVR

Limts for current density:
Maxi mum in short circuit:
Maxi mum i n overl oad:

Maxi mum in normal | oad:

Maxi mum nunber of turns per slot:

Conduct or:
Chosen copper dianeter:

Current density in short circuit:

Current density in overl oad:
Current density in normal | oad:

Di nmensi ons of H3:
pol e pairs: 2
slots per pole: 2
turns per slot: 3

Vol tage of H3 in short circuit:
Vol tage of H3 in | oad operation:

Appendix 4 (1/2)

242 V
132 Vv
180...250 V

10 A/ MR
10 A/ me
8 A/m?

1.25 mm

9.24 ANm?
6.17 A/ mm®
5.98 A/ m®P

237 V
92 V

Vol tage in | oad operation too | ow for
overload situation. Voltage is raised by

connecting HL in phase.

Di nensi ons of HIL:
pol e pairs:
slots per pole:
turns per slot:

NEFEDN

Vol tage of the auxiliary winding in |oad operation 139 V
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Appendix 4 (2/2)

Auxi | iary wi ndi ng di agram
11. 6. 2007 at 10: 06 am

A, B, C main winding

X wi ndi ng H3

Y wi nding Hl

Sl ot Bottom Top Aux
1 -A A X
2 -A A X
3 C A

4 C A -X
5 C -C -X
6 C -C

7 -B -C

8 -B -C

9 -B B X
10 -B B X
11 A B

12 A B -X
13 A -A -X
14 A -A

15 -C -A

16 -C -A

17 -C C -Y
18 -C C

19 B C

20 B C

21 B -B

22 B -B

23 -A -B

24 -A -B Y
25 -A A Y
26 -A A

27 C A

28 C A

29 C -C

30 C -C

31 -B -C

32 -B -C -Y
33 -B B

34 -B B

35 A B

36 A B

37 A -A

38 A -A

39 -C -A

40 -C -A

41 -C C

42 -C C

43 B C

44 B C

45 B -B

46 B -B

47 -A -B

48 -A -B
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