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Abstrakt

Parametry nahradniho obvodu synchronniho strojengravliviuji jeho chovani jak
pii statickém provozu, takipdevSim fi nahlych dynamickych jevech a poruchovych
stavech. Prace je z&bmena na zhodnoceni dostupnych metod pro &gp®chto
parametru pomoci Metody katreych prvki.

Prvnicast je ¥novana teoretickému popisu zakladnich priaidifetody konénych
prvki a jejich aplikaci n&eSeni problérinelektromagnetického pole v elektrickych
strojich. Zarov# také shrnuje zakladni usialani nahradniho obvodu synchronniho
stroje, principy jeho konstrukce a zakladni funkci.

Druhacast je ¥novana praktickému vygtu reaktanci nahradniho obvodu
synchronniho stroje. S pomoci MKP jsou vytemy synchronni reaktance s uvazovanim
vzajemného magnetickéhdgobeni proudu v d a q ose. Pro v§gtatransientnich a sub
transientnich reaktanci jsou navrzetyti odliSné metody a jsou zhodnoceny z hlediska
poZzadovanéifesnosti vypotu a nardnosti na vypdetnicas.

Zaweérecna ¢ast popisuje zakladni gfici metody pro ufeni parametru nahradniho
obvodu na skutmém stroji. Kapitola také obsahuje srovnani simeléidazového zkratu
synchronniho stroje s realnou zkouskou provedeabaratord. Zawr obsahuje srovnani
jednotlivych metod a navrh optimalniho postupupypocet zkoumanych paramétr

Abstract

Equivalent circuit parameters of synchronous machmeatly affects it's
performance during steady state operation anddalsag faults and transients. This
thesis is focused on investigation and evaluatfaifeerent methods, for calculation of
equivalent circuit parameters, based on the Filigenent Method.

First section gives theoretical overview of basiite Element Method principles
and application on the magnetic field problemsl@cteic machinery and fundamental
concepts of synchronous machine operation and alguit/circuits, for different
operation stages are discussed.

Second section is focused on identification of egjeint circuit parameters of four
pole synchronous generator. Magneto-static FE sitiom is used for calculation of
synchronous reactances with cross coupling takeraiccount. For calculation of
transient and subtransient parameters, four diffareethods are proposed and they are
evaluated with respect to the accuracy and comipuattine.

Final section describes basic test proceduresyfamisonous machine equivalent
circuit parameters estimation. Chapter also covensparison of FE based simulation of
dead short circuit at machine terminals and resldarried out in the laboratory.
Summary gives a review of proposed methods and aosgm of different approaches.
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SYMBOLS AND ABBREVIATIONS

A Magnetic vector potential [fh
AVR Automatic voltage regulator
B Magnetic flux density [T]
COosp Power factor [-]
Dy Air gap diameter [m]
p Number of pole pairs
PMG Permanent magnet generator
R Resistivity Q]
Apparent power [KVA]
H Magnetic field strength [A/m]
Hc Coercive force [A/m]
Kws1 Winding factor
I Current [A]
Lm Armature reaction inductance [H]
J Current density [A/m]
Lg Inductance in direct axis [H]
Lq Inductance in direct axis [H]
Lo End winding leakage inductance [H]

I Axial length of magnetic core [m]

[ Effective length of end winding [m]
m Number of phases

Ns Number of turns in series

Vv Voltage [V]

Xo Q axis damper cage reactance [p.u.]
Xp D axis damper cage reactance [p.u.]
Xq Q axis synchronous reactance [p.u.]
X4 D axis synchronous reactance [p.u.]
Xm Magnetizing reactancé)]

04 Temperature C]
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aB

OH

Ho

i

ImpedanceQ]

Magnetic flux [Wb]

Permeance factor

Temperature coefficient for remanence [%/°C]
Temperature coefficient for coercive force [%/°C]
Electrical angle [rad]; |

Permeability of vacuum [H/m]

Recoil permeability

Saliency ratio

Flux linkage
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1 INTRODUCTION

Reactances are parameters which greatly affeaysstate and transient performance
of synchronous generator, therefore precise ideatibn of these parameters is critical
task. In recent years there have been many advamtemmade in the art of synchronous
machine reactance prediction. First attempts totifjethese parameters were done by
means of analytical formulations and tests. Howewedern numerical methods allow
electromagnetic field analysis of virtual prototggeased on actual geometry of the
machine. This thesis is devoted to investigatioaymichronous machine FE analysis for
identification of steady state and transient patamseMain target is to develop a
procedure which will provide all characteristic gaeters in both magnetic axis of the
machine.

The finite element method is a numerical technitpa¢ is suitable for calculation of
magnetic (in general any kind of field) filed dibtrtion over an analyzed domain. It allows
a field solution to be obtained, even with timetahle fields and with non-linear material
properties. It allows a good estimation of the perfance and parameter of the electric
machine under analysis. Due to the availabilitpaiverful computing systems, FE method
becomes a common tool of engineers and scien@istaputations in the thesis were carried
out using Vector Fields Opera 2d and solvers fatistharmonic and transient problems.

First chapter deals with the literature review ayiven topic. Accurate identification
of equivalent circuit parameters is important taskl lot o work has been done in this field
during past decades, therefore there is large nuofliblications and textbooks covering
the topic from different perspectives. Third chagtevers synchronous machine design
with respect to the analyzed machine. Functiorutdraatic voltage regulator and
brushless excitation system is discussed and spdei$ign properties of the generator set.

Mathematical modelling of synchronous machine tsrobased on two reaction
theory and it employs several equivalent circditdourth chapter a description of basic
equivalent circuits of synchronous machine is givéieady state and fault operation is
considered and the physical explanation of phenoméehind the transient and
subtransient reactances. Following chapter is fedw$ description of basic concepts of
Finite Element Method, applied to the field of étecmachine analysis.

Sixth and seventh chapter represent the key p#nedhesis, where the theoretical
knowledge is applied to the practical problem.He first section, the identification of
synchronous reactance is discussed. The reactareeentified using non-linear
magneto-static analysis, where impact of saturatimmhcross magnetization is taken into
account. Computation of reactance is closely rdlaaghe computation of flux linkage,
therefore this topic is discussed in detail. Fenitfication of transient and subtransient
reactances, four different methods are proposedimedssed. First two methods are
special FE methods based on some simplifying assongp therefore time harmonic or
even magneto-static solver may be used for anabysiaturally transient problem. Other
two methods mimic standard test procedures.

The last chapters summarize results of simulat@mascompare them against test
results. Optimal simulation procedure for idengfion of synchronous machine constants
is proposed and possibility of future developmerdutlined.




[T USTAV VYKONOVE ELEKTROTECHNIKY A ELEKTRONIKY

=

Fakulta elektrotechniky a komunis@ich technologii 12
Vysoké weni technické v Bra

[TINEH

Y

N

2

L ITERATURE REVIEW

Traditionally, reactances are obtained from measargs on a real machine or
calculated by means of analytical equations basegeometrical properties of the machine.
However, a lot of work has been devoted to prealictif these parameters by computer
aided simulations in recent years. Key role in ¢h@mulations plays the Finite Element
Method and this thesis is devoted to investigatibdifferent methodologies based on FE
analysis. However, some analytical expressions lmeayseful for better understanding the
problem. The numerical approach is very populaeaent years due to the availability of
powerful computing systems, and due to the fadtribenerical analysis can better evaluate
impact of nonlinearities and other non-ideal préipserof analyzed machine. On the other
hand, analytical method allows development of fast easy to use calculation tools for
rough but instant parameter estimation.

[1] Offers good source of information on FE anadysi electrical machines and
electromechanical devices in general. Methods edahiques described in the book are
particularly oriented on calculations with use t&nar and axial symmetry and three
dimensional effects are mostly neglected or catedlaeparately by analytical equations.
The book contains overview of electromagnetic fielddamentals and mathematical
concepts of finite element method. Attention i®glaid to techniques of main parameters
identification for permanent synchronous machifié®oretical knowledge is supported by
results of real-life industrial problems and auttedacalculation algorithms are proposed.
The book covers basic procedures for synchronagtarece calculation and even cross
coupling effect is considered. Unfortunately, tlik doesn’t describe transient operation o
synchronous machine.

[3] and [4] give exhaustive theoretical descriptairsynchronous machine operation
during steady state and transients. Books alsorcogthematical modeling of the machine
and concepts of equivalent circuits for differentgoses and regimes of operation. Togethg
with [2] offer great reference for analytical cdbtions and for better understanding of the
synchronous machine modeling. The whole chaptg]iis devoted to various test
procedures for synchronous machines. Different odstlare described in detail and it is
concluded that for identification of transient asubtransient parameters, either sudden shg
circuit test or steady state frequency respongartag be employed.

Method for calculation of transient and subtransieactance with static FE simulation
is given in [10].This method employs equivalent metg static model in which the
unknown currents, induced in damper cage and Watding, are replaced by equivalent
boundary condition. Because of this, regions witluiced currents may be excluded from
the FE model. Stator winding may be fed in ordeggbmaximum of the MMF aligned with
d or g axis, thus method allows calculation of taaces in both axis. Authors used propose|
method in analysis of large salient pole hydroralior and concluded good agreement with
test results. Main advantages of this method shioeilsimple FE model, short computation
time and easy post processing of field solution.

In [13] authors calculated of reactances of synebus machine with cylindrical rotor.
Synchronous reactances were calculated by fromeghdts of magneto static simulation
with direct or quadrature axis aligned with a-phasis and winding is fed by pure d or g
axis current. Flux linkage for reactance calculaimobtained from distribution of magnetic
vector potential in stator slots. Transient andisuisient reactances were analyzed
separately for saturated and unsaturated conditibos unsaturated regime authors used
time harmonic simulation with linear material propes and static rotor. Subtransient and
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transient stage is distinguished by absence of nain conductivity in case of transient
operation. Impact of different frequencies of ingetcurrent was investigated and it was
concluded that for simulation of subtransient regifmgher frequency has to be used.
Impact of saturation was taken into account bystimae procedure used in [10]. Authors
compared simulation results against test resutiscancluded that maximal error of
numerical method is within ten percent range.

In [12] is presented calculation of reactancess@dient synchronous machine equipped
with damper winding. Synchronous reactances ailzded by well known method
described in [1]. Investigation of transient anfitsansient reactances was done by time
harmonic simulation with locked rotor. Procedursimilar to method described in [13]. The
main difference between these two methods is thaas in [13] assumed zero conductivity
of rotor iron during transient stage but in thise&ansient and subtransient regime was
distinguished by different frequency of suppliedrent. It was assumed that typical values
of frequency for this simulation are one herz fansient and fifty hertz for subtransient
condition. Same approach is given in [2], but autharns that the results of this method
strongly depend on appropriate choice of injectagdent frequency, which is main
disadvantage.

Methods, for calculation of transient and subtransreactance, described in above
mentioned papers are special FE methods basednalpenwf simplifying assumptions.
According to [11] and [14] it is possible to minactual test procedure by time stepping
simulation. Initially, machine runs with open cii®a terminals and three phase balanced
short circuit is applied at chosen time instanbrEhircuit current traces are recorded and
post-processed according to IEEE standards. Pdpprst how to set the simulation and
how to use external electric circuits coupled velllictromagnetic solver. Papers show very
good agreement between test and simulation reswisgver, accuracy of the procedure
depends on precise knowledge of external circudrpaters, such as phase resistance and
especially end winding leakage reactance. Shartiititest also doesn’t produce parameters
in quadrature axis thus this has to be identifeguasately by different simulation.

Another standard test procedure for estimatioryn€sronous machine reactances is
Stand Still Frequency Response test. There areaeadvantages against classical short
circuit test one of which is possibility of calctitan q axis parameters. [15] describes the
procedure in detail and proposes several improvesradithe standard method. Rotor is
locked in direct or quadrature position during it and armature winding is fed from the
AC voltage source with variable frequency and tiput voltage, stator current, field current
and phase lags are measured in a wide range afeneges. Authors came to the conclusion
that steady state frequency response test is fedsittesting and modeling of synchronous
machine with advantage of no risk of damage tde¢kted machine.

Traditional way of obtaining machine parameterddse by testing of the machine.
Various test procedures and their detailed desonip$ given in [7]. Proposed methods
comply with IEEE standards and are widely useahdustry and verified by many test on
actual machines. Paper is divided in several gantiseach one is devoted to certain aspect
synchronous machine testing. First part reviewgchascepts and discuss practical
considerations of test methods. Second part desctite methods of determining the most
important parameters and finally the third pardtrates the application of these methods tg
actual power machinery and presents tabulatedesslis as well as a table of typical
constants. The appendixes summarize additionahteitods and conclusions.
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DESIGN OF ANALYZED MACHINE

Synchronous generators are the workhorse of tlotriel® power generation industry.
Aim of this chapter is to summarize a basic conoégiynchronous machine with respect to
the analyzed machine, which is salient pole geoetated in power generation set coupled
with diesel engine.

All generators in general consist of two main p&tsed the stator and the rotor, both
of which are manufactured from laminated magné#els The stator winding, also called
armature winding, which carries the load curremt sumpplies the current to the system, is
placed in slots on the inner surface of the st&omature winding consists of three
symmetrical phases. Rotor of synchronous machieghsr cylindrical or salient pole but
analyzed machine employs rotor with four saliedep@n which the DC field winding is
wound. The field winding is the main source of matgnflux in the synchronous machine.
The rotor also has additional rotor circuit in anfioof aluminium bars placed in slots near
the pole face area. This winding is called dampedimg or amortisseur and its purpose is
to damp mechanical oscillations of the rotor dusngden changes in load or during faults.
This damper is made the same way as the squigel @ainduction motor and is also short
circuited by end-rings or end- plates.

The rotor excitation winding is supplied with aeatit current to produce a rotating
magnetic flux with the strength proportional to thesitation current. This rotating magnetic
flux induces voltage across the three phase armatunding and as a result of this
alternating currents flow to the power system. Aroteffect of the currents in the armature
winding is to create their own magnetic field rotgtwith the same speed as the rotor.
Resultant flux is stationary with respect to theordout rotates with respect to the stator.
Due to this fact the stator has to be made of latethmagnetic steel, in order to suppress
the impact of eddy current loses. Rotor is alsoemadsame laminations, in case of
analyzed machine, but it isn’t strictly necessary.

Power
supply to

AVR — =
= Sensing of output voltage '
Electrical
Automatic voltage output

regulator

L

Field current Main stator
| Excierstator | ")
Mechanical
= — input
PMG Main Exciter || Rectifier — Main rotor 3 —
Armature ] —

]

Fig. 1- Operation principle of synchronous generatith brushless excitation system and
automatic voltage regulator
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Damper winding enhances the dynamic behaviour mélspnous machine. If the speed
deviated from synchronous, the relative speedtof rand the speed of resultant magnetic
field become different and as a result the currargsnduced in the damper winding. These
currents will oppose the flux change that has pceduhem and helps to stabilise the
synchronous speed of the rotor.

Figure () shows the block diagram of typical getmraet with its main components and
relationships between them. Typical generator @esists of diesel engine with its shaft
coupled with the shaft of synchronous generatortf@main generator shatt is also a
brushless excitation system. In case of analyzezhma this excitation system consist of
two smaller generators purpose of which is to sypf#ctrical energy to automatic voltage
regulator and to main excitation winding of the imae via the uncontrolled rectifier.
Generator is usually connected to the grid via sepransformer. Relevant parts of the
generator set will be described in the followingters.

Rated power [kVA] 1400
Rated voltage [V] 380
Number of poles 4
Rated speed [rpm] 1500
Rated power factor 0.8
Rated efficiency [%] 96
Frequency [Hz] 50

Tab. 1- Table of analyzed machine rating and parense

3.1 Magnetic circuit

Magnetic circuit of the analyzed machine is madestetl laminations of M470-65
grade. Stator has sixty round shaped slots, prédaredouble layer winding. Rotor has
four salient poles with uniform air gap along thelepface area. Each pole has eight
circular slots, for damper bars, near the pole fawe additional two slots for steel bars,
which mechanically support the field winding agaicentrifugal forces.

Fig. 2- Magnetic circuit of the analyzed machine
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3.2 Winding configuration

As was mentioned before, operating principle ofcbyonous machine is based on
interaction between magnetic fields and the cusrélatving in the winding. The analyzed
machine employs three windings:

1. Stator three phase armature winding — Armature windelivers active power from
the generator to the connected load.

2. Rotor field winding — Field or magnetizing windiggeates main magnetic field of
the machine. It is fed by direct current through tlarbon brushes and slip rings or
through the brushless excitation system.

3. Damper winding — Damper winding is active durirgnsient operation of the
machine. It damps the fluctuations of the rotaspeed caused by pulsating torque
loads.

Armature winding of analyzed machine is double tdgp winding, which means that
each stator slot contains two coil sides. Windsghort pitched and has a step of two thirdg
of the full coil step. Short pitching influencegtharmonics content of the flux density of
the air gap. A correctly short-pitched winding pnods a more sinusoidal magneto motive
force distribution than a full-pitch winding. Insalient-pole synchronous generator, where
the flux density distribution is basically governeglthe shape of pole shoes, a short-pitch
winding produces a more sinusoidal pole voltage tnéull-pitch winding []. Also copper
consumption is reduced as a result of short pitghiimb.1 shows main parameters of the
armature winding and fig.4 shows winding configimatdiagram.

Number of poles 4
Number of layers 2
Number of stator slots 60

Coil groups 10

Coils per group 12

Coil pitch 5

Short pitching two thirds
Turns per coil 2
Parallel paths 4

Slot fill factor [%] 77.4
Phase resistance [Q] 0.00126
Core length [mm)] 550

End winding length [mm] 147
Conductor diameter [mm] 2

Tab. 2- Armature winding parameters
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Fig. 4- Damper winding: Damper bars short circuivgcend plates

Fig. 3- Winding configuration for one pole pitchol
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3 Excitation system

Purpose of excitation system is to supply mairdfiginding on the rotor of
synchronous machine with DC current and this syssemsually controlled by automatic
voltage regulator. Analyzed machine is equippedth Wwitishless rotating exciter and with
additional auxiliary permanent magnet generata@ amin supply of automatic voltage
regulator.

The brushless rotating exciter is a small insidesyachronous generator with its field
winding mounted on the stator and its armatureudiroounted on the rotor shaft. The threg
phase output of the exciter generator is rectiftedirect current by a 3-phase rectifier
circuit also mounted on the shaft of the generatod, is then fed to the main dc field
winding. By controlling the small dc field curreoitthe exciter generator (located on the
stator), we can adjust the field current on themmmaachine without necessity to use slip
rings and brushes. For operation of generator ghbut external source of electrical
energy, self excitation is required. Magnetic dircd the rotating exciter has to be made of
laminations with high residual magnetism, thus pimdg magnetic flux even with zero
excitation current.

Static part Rotating part

Automatic voltage

regulator Exciter Main field

armature winding

Rectifier

Exciter stator
field winding

Fig. 5- Rotating brushless excitation system

To make the excitation of the generator reliablgé e@mmpletely independent of any
external power sources, another smaller exciteragnted on the main shaft. This smaller
exciter is a permanent magnet synchronous machieeenpermanent magnets are placed
on the rotor (or embedded in the rotor structune)) they are the main source of magnetic
flux for this machine. The PMG gives a constanpatipower for excitation winding of the
main exciter and the whole generator set is coralyl@dependent of any external source o
electric energy. Excitation current is generatedtmall PMG and then amplified by main
exciter and through the rectifier delivered to thain field winding. To control the input of
main exciter, automatic voltage regulator is cone@between the PMG and the main
exciter filed winding. One limitation of this type exciter is that filed current can be
controlled only indirectly by field control of exer which brings time constant of the
machine into excitation control system. Main excisedesigned with higher number of
poles then main machine so that the output voltagehigher frequency.
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Because there is no mechanical contact betweenantbstator, brushless excitation
system doesn’t require periodical maintenanceard it's widely used in modern
generators.

3.4 Automatic voltage regulation

Automatic voltage regulator regulates the termumdiage of the generator by
controlling the amount of current supplied to tlemerator field winding by the exciter. The
AVR measures the output voltage and compare it wefirence value. Difference between
measured value and reference value is then usedtéoing of exciter output to minimize
this difference. This represents the negative faekilboop control of output voltage. Block
diagram of typical voltage regulator componentshiswn on Fig.6.

The AVR subsystem also includes a number of lirmit@nose function is to protect the
AVR, exciter and generator from excessive voltages currents. They do this by
maintaining the AVR signals between preset limitsus the amplifier is protected against
excessively high input signals, the exciter andgieerator against too high a field current,
and the generator against too high armature cuarahtoo high power angle. AVR control
systems depend upon voltage feedback from the giemeerminals, to control the output
voltage. If the sensed input signal is too loviriés to increase the feedback signal to
nominal value, which can result in high voltagepuitat the generator terminals thus there
has to be an overvoltage protection system. TheHese limiters have built-in time delays
to reflect the thermal time constant associated thi¢ temperature rise in the winding [].

Load compensation |«

Vg,lg
Vc
Limiters =
Vref \ AV \ To load
— > Comparator —» Amplifier —m Exciter | —» Mzz\SI;JCréng . Mzz\sl?or:g —
A A
Feedback
]
Pw,f

Power system stabiliser |«

Fig. 6- Block diagram of typical Automatic Voltaggulator

Load compensation system together with compara&intains constant output voltage
under different load conditions and power systeabiser helps to damp power swings in
the power system.
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4.

SYNCHRONOUS MACHINE AND ITS EQUIVALENT
CIRCUITS

Purpose of the following sections is to give a fbaeerview of different equivalent
circuits used for simulation and analysis of syondmus machine and their relation to
different stages of a synchronous machine operation

1 Steady state operation

In general, salient pole synchronous machine iadststate can be represented by
simplified schematic diagram, such as one on Fij»#. machine on the figure has four
coils. The beginning and end of coil representiagifwinding is denoted by f1 and f2
respectively, while the beginning and end of eddihe phase windings are denoted by
letter corresponding to the phase, for examplesdlie beginning and a2 is end of a-phase
coil. The stator has three axis a,b and c, eadlegponding to one of the phase windings.
The rotor has two axis: the direct axis, whichhis main magnetic axis of the field winding
and the quadrature axis, ninety electrical degdégdaced with respect to the direct axis.

Fig. 7- Simple salient pole synchronous machine

The main problem with modelling of salient pole imiae is that the width of the air
gap varies circumferentially around the generaitn e narrowest gap being along direct
axis and the widest along the quadrature axis.dbvious that the flux in quadrature axis
has to overcome much higher reluctance than in@adexis thus air gap reluctance varies
between these two extreme values and thanks tostiaédr phase reactance depend on the
rotor position. A common technique in salient syclous machine analysis is to resolve
the machine quantities into rotor reference d-qm&awhich rotates at the same speed as
rotor. Three phase armature winding is replacethoyequivalent windings, one along d-
axis is and other one along g axis. These two adgriv armature windings are assumed to
rotate with the rotor at synchronous speed. Thikemanalysis of salient pole machine
much easier and it can be done by well known agstiormation in which the stator
guantities are multiplied by coefficients of tramshation matrix. Transformation of stator
currents into d-q reference frame is shown by eqnd). This equation assumes steady
state balanced conditions thus zero sequence [es¢nt in the equation.
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Where a,b and c are stator quantities and d,qyahsonous rotating reference frame
guantities is angular displacement between direct and a-pdpaseVoltage equations for
equivalent armature winding may be written as fofio

Va=Rlgt Xglg—ay
(1.2)
V=R lg+ Xl gra 4
Where Rs is stator phase resistance, Vd and Vgaqnealent stator voltages, Id and Iq
equivalent stator currents¥ is induced voltage by q and d axis flux respedtyivEd and Xq
are synchronous reactances independent on thepasaion. Precise identification of these

reactances is one of the main tasks of this tlasigt will be described in detail in following
chapters.

><d Rs Xq Rs
VY YT . Y YT L

@ ww/q Iy V, @ Wi, q Vq

Fig. 8- Equivalent circuit of the salient pole slgnenous machine at steady state

Synchronous reactance consists of two parts. éorsponent is called magnetizing
reactance, which is reactance related to the natpath. Second component is related to
the reluctance of leakage paths. Both componeatsaculated separately by means of
analytical formulation, but FE procedure gives itggultant value, thus these components
won't be treated separately. According to theagdtequations given in (1.2), the steady
state equivalent circuit for direct and quadrataxis may be constructed.

4.2 Operation at transient and subtransient stage

Previous section describes general equivalentitiofsalient pole synchronous
machine during steady state operation. This seg®delled by two separate circuits, each
for corresponding axis, with source of induced agét, phase resistance and synchronous
reactance connected in series. Similar approachbmayglopted for description of transient
and subtransient regimes, but with different valieeactance because currents induced in
field and damper winding force the armature fluxake a different path to that in the steady
state. As the currents in the rotor circuit prewbetarmature reaction flux from passing
through the rotor winding, they have the effecsafeening the rotor from these changes in
armature flux[6].
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Fig. 9- Semi-logarithmic plot of peak current afiee short circuit

Three different stages of screening are usuallyndisished and Fig. 10 shows three
different armature reaction flux paths. Immediatsfer the short circuit at the machine
terminals occurs, the current is induced in bothdamper and field winding and it forces
the armature reaction flux completely out of theardo keep the rotor flux linkage constant.
This stage is called subtransient and it is shoovefigure ()c. As energy is dissipated in the
resistance of the rotor windings, the currents ta&mimg constant rotor flux linkages decay
with time allowing flux to enter the windings. Aset rotor damper winding resistance is the
largest, the damper current is the first to dealigwing the armature flux to enter the rotor
pole face. However, it is still forced out of theld winding itself, Figure 4.8b, and the
generator is said to be in thransient stateThe field current then decays with time to its
steady-state value allowing the armature reactiondventually to enter the whole rotor
and assume the minimum reluctance path. This st&adly is illustrated in Figure 4.8c and
corresponds to the flux path shown in the top @agofFigure 4.5[]

Flux path

Fig. 10-The path of armature reaction flux, dendigded dashed line
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It is obvious, that following a fault synchronousngrator becomes a dynamic source
that has time dependent reactance and internalgamlRather than considering one
generator model with time dependant reactancerafuted voltage, it is more suitable to
divide the generator response into three stageh &ahese stages is analyzed separately
and different equivalent circuit is assigned faasly state, transient and subtransient state.
In each of the characteristic states, the genenaégrbe modelled by the source of constant
induced voltage behind a constant reactance. Tdataiece of a winding is defined as the
ratio of the flux linkage of the winding to the cemt which creates the flux linkage,
multiplied by angular velocity. From the Fig.10aigparent that the flux path is almost
entirely in air and so the reluctance of this pathery high. In contrast, the flux path in the
steady state is closed through the rotor iron witlth lower reluctance. Consequently, the
transient and subtransient reactances are sigmifyciawer than synchronous reactance.
Total reactance may be decomposed in number ofatepaanalyzed reactances, each of
which pertains to a specific part of the flux pathe equivalent reactance circuit for each
characteristic stage is given in fig.11 and fig.12.

Steady state, transient and subtransient reactamiieect axis are defined as a parallel
combination of magnetizing reactance Xmd, armataikage reactance Xro, field winding
reactance Xf and damper cage reactance XD.

Xd:ch"'de
Xmd Xg
Xi=X_+ 1
d=% "1 1 1
+—+
Xmda Xt Xp

When the short circuit is applied during the nodlagperation of the generator, peak
value of magneto-motive force is aligned alongdhrect axis and g-axis component equalj
zero. If the fault occurs on loaded generator, MMF has both components thus it is
necessary to analyse effect of two armature MMIpsausgely using the two reaction theoryj
described in section about steady state operation.

O

Fig. 11- Equivalent reactances for g-axis

U7
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Fig. 12- Equivalent reactance for steady statestest state and subtransient state

If the armature MMF is aligned along quadraturesattie only currents preventing the
armature reaction flux from passing through themrabn are currents induced in g-axis par
of the damper winding, because field winding iscptin direct axis only. Due to this fact,
it may be assumed, that g-axis transient reactagqo@ls magnetizing reactance and onl
two equivalent reactances are defined.

X =X +X
o mq

. 1
X :XU+1—+_1 (1.4)

Xmg Xq

Decomposition of resultant reactances into indigldcomponents is especially useful
for analytical calculations and gives good underditag of the physical phenomenon behing
dynamic operation of synchronous machine. Howerasuyltant values may be computed
directly from the FE simulation without necessityctlculate the components separately.
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BASIC CONCEPT OF FEM

The Finite Element method is used to obtain sahgti partial differential or integral
eguations that cannot be solved by analytic methatith availability of powerful
computers the Finite Element Method became a contowrior scientists and engineers.
Aim of this chapter is not to give a vast descaptof Finite Element Method and its
mathematical background but to summarize basiceguinesed in the simulation of electric
machinery. Practical overview of finite element hoet applied to two dimensional
problems is given in [1] and also in reference naduofi Opera 2D software package [16]
which will be used for all simulations describedhis thesis.

The finite element method is essentially basedherstibdivision of the whole domain
in a fixed number of sub-domains. The advantagaibtlividing the whole domain into a
large number of small sub domains is that the mlbecomes transformed from a small
but difficult to solve problem into a big but relegly easy to solve problem. In each sub-
domain the interpolating function is defined and slolution of the field problem is obtained
when unknown coefficients of the interpolating ftios are calculated. For analysis of
magnetic fields, it is convenient to use (and d@depted in most of the FE software
packages) formulation based on magnetic vectomgiate The advantage of using the
vector potential formulation is thaht all the cdrahs to be satisfied have been combined
into a single equation. All other quantities, likex density or field strength, may be easily
derived from distribution of magnetic vector potahover the analyzed domain. The
procedure of Finite Element Analysis contains treteps:

1. Division of the problem domain. The whole probleandin is subdivided in
number of elements. The finesse of subdivisiontyredfects accuracy of the
solution. In general with larger number of sma#eaments better accuracy can
be achieved but it also influences the memory spageared to the computer.
In two-dimensional problems, the domain is a ar@heach sub-domain is a
polygon, usually a triangle or a rectangle.

2. Choice of interpolating functions. Very simple ftioos are used for
approximation of the unknown functions in elemdrgsause the sub-domains
are usually small compared to the whole problemalom

3. Formulation of the system of equations. Severalds#ted methods are used for
formulation, detailed description can be foundlih [

4. The Solution of the problem is obtained by solving resulting system of
equations. Value of the unknown function has tedmputed in each node of
the sub-divided domain.

All these steps are automated in available FEnvso#t packages and user doesn't have
to know all details about the process, howevas, good to understand a main ideas and
concepts.

Even though the three dimensional FE analysis eamskd, the majority of the field
problems concerning the analysis of electrical nrashcan be carried out by two-
dimensional analysis [1]. This simplification grigateduces computation time and brings
several other advantages. Three dimensional effieatcan’t be neglected are usually taker
into account by means of correction factors or @il formulas. Good example is the end
winding leakage reactance which has to be commeépdrately, by analytical equation, and
then added to the result of the two-dimensionabfation by external electrical circuit
coupled to the FE model.
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5.

All simulations in this thesis are considered withnar symmetry, which means that the
analysis is carried out in the plane (x,y axispeadicular to the axial length of the maching|
(z axis). Following simplifications are assumed

* The Current density and the magnetic vector patehéive only z component.
* The magnetic flux density and the magnetic fietdrggth have x and y
components.

Fig. 13- Finite element mesh of two dimensional elad the synchronous generator

1 Boundary conditions

In the pre-processing stage of the simulation, hbandary conditions have to be
assigned to get meaning full problem solution. ¢wihg section gives overview of basic
boundary conditions used during the work on thésth

First is so called Dirichlet's Condition. It asswnéat value of magnetic vector
potential is known on a given part of the bound&gnerally, the value that is assigned i$
constant, so that the boundary line assumes the same of magnetic vector potential.
With this condition assigned, the flux lines aragantial to the boundary and no flux line
crosses the boundary. Such a condition is equivaterconsidering a material with zero
magnetic permeability outside the analyzed dom&eor simulation of a synchronous
machine using planar symmetry, this condition sgeed to the external circumference of
the stator. In reality this assumption is not trbat it simplifies the problem and gives
sufficient accuracy.

Second condition is called Neumann's boundary dawdi First derivative of the
magnetic vector potential is assigned to the bouynéarcing the flux lines to cross the
boundary with a given angle. In case of homogenoosdition, the flux lines are
perpendicular to the boundary. Such a conditicgqgisivalent to considering a material with
infinite magnetic permeability outside the analyzBnain. With reference to the Fig.14,
showing the cross section of analyzed machine, H@mous Neumann's boundary
condition may be assigned to the sides of the goteain. However, more convenient is to
use one of the periodic conditions.
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Periodic boundary condition is useful in structurdgat exhibit a repetition of the
electromagnetic fields, but neither Dirichlet's nbdleumann’s boundary condition is
appropriate. Magnetic circuit of the synchronouginire consists of two or more poles with
identical geometry and filed distribution. Assiggiperiodic condition along the pole sideg
may greatly reduce the analyzed domain thus onby fomrth of the machine has to be
modelled. This simplification reduces computationet and allows finer subdivision of the
remaining part of the model.

A =0

— — §\

A (r.9) :—Az(r,z9+(2k—1)%);k: 1,2,3,.

Fig. 14- Assignment of boundary conditions for siation of synchronous machine

Once the geometry of the model is created and karyrwbnditions are identified and
assigned to the model boundary lines, model is simeady for solution. The excitation in
magnetic model is done by assigning of currentitiesqeither directly or by external
circuit with voltage source and resistivity conregtin series) to certain areas representing
the cross section of conductors. The solutiomeffield problem consists of the knowledge
of magnetic vector potential distribution across déimalyzed domain.

5.2 Magnetostatic problems

Magneto-static problems are considered as zerowrflequency problems thus the
fields are assumed to be time invariant. Obviousiychronous machine is alternating
current machine, but the relative speed of therraba armature reaction magnetic field is
zero under steady state operation, therefore taklysia may be carried out using magneto-
static solver. For time invariant magnetic fielolldwing equations:

OxH=]
OB=0 (1.5)
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For non-linear materials, such as magnetic steedyothronous machine magnetic
circuit, the permeability is defined as follows:

_ B
,U—W (1.6)

Most of the FE packages use the magnetic field ditation by means of magnetic
vector potential. With vector potential, magnetixfdensity may be written:
B=[OxA 1.7)

Equation (1.7) may be rewritten, with respect te #yuations (1.5) and (1.6), as
follows:

1
Ox| ——OxA |=J 1.8
(ﬂ(B) } 9

Which is the equation solved in case of magnetestproblem with material
permeability defined by non-linear characteristic.

3 Time harmonic problems

The time harmonic or steady state AC analysis sodggly current problem where the
driving currents or voltages are varying sinusdydal time. This technique will be used for
stand still frequency response test of analyze@mgeor. If the magnetic field is time
varying, eddy currents can be induced in conductiagerials and several other equations
has to be added to static formulation.

Induced current density, in conductive bodiesjvem by:

J=-0A (1.9)
After substitution in equation (1.8):
1
0 x [HDXAJ =-0A+ JSrC (1.10)
U

Where Jsrc represents the applied current soundée iproblem domain. Time
harmonic solver solves the problem, where the iloscillating at constant frequency thus
eqguation (1.10) may be rewritten:

1 .
Ox| ——0xa |=— jwoga+J 1.11
(,U(B) } J Src ( )

Harmonic problems are usually modelled with cornispenmeability. However, modern
FE packages allow the approximate calculation tfraion effects. During the quasi
nonlinear simulation, element values are calculfi@u the maximum field in the AC
cycle. Potential and current density can be expreas real part of complex functions:

A Jd« (1.12)
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4 Transient problems

When the true time variations of machine quantitiethe running synchronous
generator are studied, the field has to be solddarEMtime stepping methodh which
the rotor is displaced at each time step by aneacgiresponding to the angular velocity of
the rotor. The field equation is given by:

[ 1 j 0A
0 x OxA|=J_ -0 (1.13)
,U( B) src ot

Current density is split into two components. Fastnponent is current induced in
conductive bodies and the second is the sourcerdwlensity. Transient problems are
analyzed using Rotating Machine solver, where FHehs coupled with external electrical
circuit thus source current density is computedifapplied voltage and external circuit
parameters. Also three dimensional effects, su@ndswinding leakage, area taken into
account by an external reactance connected insserie voltage source.
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6.

| DENTIFICATION OF SYNCHRONOUS REACTANCE

Procedure of synchronous reactance calculation f&rfield solution is well known
and widely described in literature. Magnetostaiticidation is performed and then the flux
linkage is computed from field solution.

1 Analytical expression of synchronous reactance

Main armature reaction inductance of electmmathine is defined by dimensions of
magnetic circuit, winding distribution and propestiof used materials. In this section the
main magnetizing inductance for poly-phase, nonraééd machine is derived.

Derivation is simplified by assumption that thetdimition of magnetic flux density on
the rotor surface is sinusoidal over a pole pitcand there is no variation with respect to thg
machine equivalent axial length I'. The peak valfiair gap magnetic flux linkage is
integral of flux density over a pole face area Ailtiplied by number of effective single
phase stator winding turns.

2

W, =(k,aN,)[, BdA= ks N=7 1B, (1.14)

WhereNs is number of turns of single phase stator windindkys; is a winding factor.
For full pitched lap winding, the winding factor is

. TT
sin—
6

Kua = o (1.15)
qsin?

Where g is a number of slots per pole and per phdse density in the air gap is given
by:

ot p A MK ) (1.16)
g m 2pg
Whereg™” is equivalent air gap artel, is magneto motive force of single phase stator

winding. After substitution of (2.5) in equation 12 we may obtain flux linkage of a single
phase.

At (k.. N
W = HoT (W;c;l s) \/§|S (1.17)
7 pg

Main armature reaction inductance for m-phase radiers machine is given by division
of magnetic flux linkage and magnetizing currertdading to equation 2.7.

mY, mw_ _LnZ,uOrpI’(kwslNS)z _my,I'D,

L =N, _ MM - =
"2, 2\/§|S 2 7 pg” mpd

(Kya N’ (1.18)

It appears form the above equation that value rogéure reaction inductance depends
on stator bore diamet&y, number of phasas, number of pole pains, effective number of
stator winding turns, effective length of air ggpand equivalent axial length of magnetic

circuit!'.

A)%4
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Equivalent axial length incorporates influence afgmetic field fringing at the edges of
magnetic circuit and is approximately given by:

"=l +2g, (1.19)

The equation 3.4 is suitable for all types of sdlgynchronous machines because the
impact of various rotor geometries is incorporatethe value of equivalent air gap. In case
of salient machine, such as the analyzed machied]ifference between d and g-axis
inductance is expressed by a different value &uatiffe air gap for each axis.

314l Dy

Ld = 7Tp2 g" (kWS]. NS)2
3l ,D“ (1.20)
L — 0 gq N 2
q ﬂ.pz g(r]r (kWSl S)

Equivalent air gap is value of physical air gap of the machine,phettiby lengthening
factors. Equivalent air gap summarizes additional reluctances of ¥hedilh into one value,
equivalent to the actual magnetic circuit with smaller air gap. Ftarios, slotting of the
stator bore is taken into account by so-called Carters factor. Sébétied is than replaced by
smooth but with longer, equivalent. Air gap. For salient pedehine, the q axis equivalent
air gap is usually three times loner then in d axis.

2 Calculation of flux linkage from field solution

First step in calculation of synchronous reactance is calculationxairfked with
stator winding. Stator winding inductance is then calculatedatsoceof flux linkage and
current. [X] describes two methods of flux linkage estimation:

1. Flux linkage calculated from magnetic vector potential
Flux linkage is calculated as a product of the number of turred, largth of magnetic
circuit (length in z-axis) and the difference in the vector potentidlealocation of the
two coil sides.

2. Flux linkage calculated from air gap flux density
In general flux through the oriented surface is calculated by surf@ggal of magnetic
flux density. In case of the two dimensional problem, theisuoomputed by line
integral of magnetic flux density along the oriented line andtressoultiplied by depth
of the problem. Integral along circular line between rotor andrsgperformed for
calculation of flux linkage in a radial flux machine, such as analygechsonous
generator.

Only first method will be described in detail and considerddritmer analysis because
second method doesn’t take into account slot leakage andathie be calculated
separately. Using the Stokes theorem, magnetic flux can be compulted@sp integral of
the magnetic vector potential along the closed line bordering tfeeceuFlux is then given

by:

qozjssmms:cﬁl ABd (1.21)

Integration line on the fig.X represents the coil of the mactitngblem is modelled
using planar symmetry thus magnetic vector potential has esstiszzomponent which is
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assumed to be constant along the z axis. The madiet linked with the coil, is equal to
the difference of z axis component of the magnegitor potential in two coil sides times
the depth of the problem.

o=(Ay=A,)L (1.22)

Fig. 15- Integration path for calculation of flurkage from magnetic vector potential

In the case of real conductors it is conveniertaiesider average value of Across the
slot cross section and this may be calculated lksif®.

1
A = gjs A dS (1.23)

Where Az is z-axis component of magnetic vectoeptl and Sq is slot cross section.
Referring to the FE model showed in chapter fitae,ftux linkage of the j-th phase winding
is calculated by following equation.

Ny Qi P
W. =2pL_ — kio—| AdS (1.24)
j Fe npp e q SqJ.Sq

Where2p is number of pole paird,re is axial length of magnetic circuit, Q is number
of slots,nq is number of conductors in each sk, is number of parallel paths of the
machine andq is coefficient taking into account whether the aactdrs in the g-th slot are
of the j-th phase or not, as well as the condumti@ntation. Analyzed machine has double
layer winding thus coefficier; assumes the following values:

* Kkjg=0 if the conductors in the g-th slot doesn’ldog to the j-th phase
» Kkjg=%1 if both conductors in the g-th slot belorigghe j-th phase.
* Kkjg=%0.5 if only one conductor in the g-th slot teds to the j-th phase.

Plus or minus sign represents orientation of thredactor with respect to the z-axis
direction.
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3 Open circuit characteristic

The open circuit characteristic of synchronous rnreeis a curve of the open circuit
armature terminal voltage as a function of fieldreat when the machine is driven by prime
mover at synchronous speed. This characteristresepts the relation between fundamentg
component of air gap flux and magneto motive f@ctng on the magnetic flux path when
the field winding is the only source of MMF.

Open circuit characteristic of PE734C
400 ; ‘ ‘ ; ;

380 - - -

300} - - -

| I | | | I

L L L 1 J |

| | | | | |

| | | | | |

| | | | | | 2
S e e e e e

I I I I I [

| | | | | |

| | | | | |

| | | | | |

| | | | | |

r T T T q

| | | | |

| | | | |

| | | | |

| | | |

| | | |

2501 -t

200 bt

U V]

100f b ot

1500 b A -

8 10 12 14 16 181920

Fig. 16- Output line to line voltage as a functairfield current

In general there are two ways how to mimic the @diest procedure. First option is to
use time stepping solver. Rotor is magnetized &g fturrent and revolves at constant
synchronous speed. As a result of this EMF is ieduacross the open circuited armature
winding. Value of emf is calculated for each tinbepsof the simulation therefore full open
circuit voltage waveform is obtained.

Second option employs magneto static solver abdsed on well known relationship
between induced EMF and magnetic flux linkage. Rst@aligned so that the maximum
flux, produced by excited field winding, is linkedth a-phase coil and this flux is computed
from the magnetic vector potential or air gap ftlensity.RMS value of open circuit voltage
is then given by

1
Va:E“X/Ia (125)
From figure () impact of magnetic saturation carclearly seen. Open-cricuit

characteristic is initially a linear function buttivincreasing field current tends to bend
downward because the saturation of the magnetaitincreases the reluctance of main
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flux path. Linear extension of the initial lineaarp of the characteristic is known as air-gap
line and it represents unsaturated operation ofrthehine. Difference between air-gap line
and the actual characteristic shows level of saturaf the magnetic circuit.

Characteristic also shows how much current hag tsupplied to the field winding in
order to produce rated voltage at the machine taisiand this information will be
particularly useful for simulation of sudden shartuit.

4 Calculation of X4

The synchronous direct axis reactance may be akéinghe reactance of that phase
winding whose axis coincides with the direct aXishe rotor, when the three-phase currents
are flowing through the armature windings. Magrsttdic solver may be used for the
calculation because relative speed of the rotorth@crmature reaction field is zero.

Simulation is simplified by means of geometricainsyetry of the machine, thus only
one pole is modelled and boundary conditions asgasd according to figure(). Field
current is assumed to be zero so that magnetitiBedxcited only by armature currents. The
phase currents in balanced three phase systenivarely:

ia(t)=1 maxSin(at )
i (t)=1 oy Sin{ ad =22 (1.26)
i (t)=1 maxsin{ at +2Z

Where Imax is a peak value of phase curr@nt angular velocity. In magneto static
simulation DC currents are injected in conducttrgs time instant t has to be chosen in
order to get maximum of the MMF distribution coidicig with direct axis. With winding
distribution of figure() this time instant equaksra. Injected DC currents are then given by:

Iy In|1aX

ib:——f;ax (1.27)
I :_Imax

¢ 2

After the field solution is obtained flux linkage computed by means of magnetig
vector potential. In general, direct axis inducerggiven by following formula:

=24 (1.28)

Figure shows that a-phase axis coincides with tinectdaxis, therefore direct axis
reactance can be computed as follows:

Xd :a)—[/Id :a)—[/la:a)—[/la (129)
Id I a I max

Simulation was carried out without field windingoged. It is possible to do the
simulation even with field winding magnetized, e value of filed flux has to be
computed and then subtracted from total flux lirkafjthe d axis coil in order to get the d
axis reactance as a ratio of d axis flux linkagd &xis current. This assumption may be
adopted only in case of linear simulation, whenepde superposition of total flux takes
place.
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Fig. 17- Winding configuration for calculation ofais reactance

Due to the nonlinear properties of steel laminatitre value of reactance s affected b)
saturation of magnetic circuit, therefore the cllttan has to be repeated for several valug
of d axis current in order to capture the reactqmoéle.

Fig. 18- Flux plot for armature winding excited jmyre d axis current
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Saturation of synchronous reactance in direct and quadrature axis
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Fig. 19- Impact of saturation on the values of $yonous reactance

6.5 Calculation of X,

The calculation of g axis reactance is carriedtbetsame way as for the direct axis
only difference is that in this case the maximurtugaof the MMF distribution is aligned
with quadrature axis.

xq=af/i=a)‘/’—a (1.30)
q ' max

Calculated results are given in per unit valuesbse per unit system is often used in
analysis of electric machinery and power systemgeheral, the per unit values is the ratio
of the actual value and the base value of the sprastity. Base values for analyzed
machine are:

as=1404KVA

base™ (1.31)
V.2
Xpase=—225€=0.102
ase
Value of computed reactance in per unit systernes given by:
X
xp.u_ actual (1-32)

Xbase
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Fig. 20- Winding configuration for calculation ofais reactance

Fig. 21- Flux plot for armature winding excited jmyre q axis current
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6 Impact of cross coupling

The cross coupling can be defined as a magnetcaiction between direct and
guadrature axis []. This section is focused on stigation of this phenomenon and its
impact on synchronous reactance.

Simulation performed in previous chapter assumeslinear magnetic circuit but
doesn’t take into account cross saturation. Floikages are then given by

Welig) =Lyl ) O+ o =L § Q0 (1.33)

Where direct and quadrature axis synchronous iadgetis a function of imposed
current in its axis. With high level of saturatithmx path in d axis may become saturated by,
g axis flux and vice versa. For this case equdjianay be rewritten as follows.

Wa(iglg)=L ol o JUAY amd? § b dE § 1qg 4D (1.34)

Synchronous reactance is then two-dimensional imcof currents in both axis.
Simulation procedure is straightforward and it d@ done using the same model as i
previous cases.

1. Stator current in each phase is calculated fromddcpaxis current components using
inverse park transformation. These currents ane ithjected into stator slots according
to winding distribution diagram.

o | = | cod9+2) - si(,-22) | ¢
q

o [oodom ) - sifoney)

2. Flux linkage of each phase coil is computed frongnedic vector potential and then is
transformed into reference frame by means of parkstormation.

Vd}z cods,) coéﬁm—z?”) co(c,9m+2—é7) 78

Yq| 3 _sin(s),) —sir(:?m—z?ﬂ) —sir(ﬁm+2_3{7) zi

(1.35)

I, coy,) sid) ]

(1.36)

3. D and g axis reactance is calculated from d andig faux linkage component and
known value of current in each axis.

Xy =9 X _oha (1.37)

4. Because reactance in each axis is in this casalimvensional function of d and q axis
current it may be plotted as a contour diagram.

Reactances obtained in this way may be adoptedmplex dynamic models in a form
of look up table, where input is current componemig output is a value of reactance.
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Fig. 22- Flux plot for armature winding excited dégmature current with d and g axis
komponent

D-axis synchronous reactace Xd as a function of d and g axis current [p.u.]
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Fig. 23- D axis synchronous reactance as a funafichand q axis current in a form of
contour plot




USTAV VYKONOVE ELEKTROTECHNIKY A ELEKTRONIKY
Fakulta elektrotechniky a komunik@ich technologii
Vysoké weni technické v Bra

40

s}

Q-axis synchronous reactace Xg as a function of d and q axis current [p.u.]
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Fig. 24- Q axis synchronous reactance as a funofionand q axis current in a form of
contour plot

6.7 Calculation of end winding leakage reactance

Above mentioned simulations neglects three dimewagieffects such as fringing of the
magnetic field at the ends of the magnetic cirand the impact of end winding leakage.
There are two options how to add these effectegults of two-dimensional analysis. First
option is to create three-dimensional model ofwiraling overhangs and then perform FE
simulation. Reactance is then obtained by postgasing of the field solution. More
common approach is to use analytical expressioadas calculation of effective end
winding length and permeance coefficients. Secoathad will be considered even though
it might produce larger error.

4m
Xew=w3qN2uo A w (1.38)

Where m is number of phases, Q is number of ss&dts, g is number of slots per pole
and phase, N is number of turns in series, Iwfiscéfe length of end winding aridv is
permeance factor. Product of the effective lengththe permeance factor can be written as
follows.

Iw/‘w:2| eV\ﬂ Iew+\‘N evd % (1-39)

Finally the value of permeance factors has to biiokd. The permeance factors
depend on configuration of winding overhangs, emadimg dimensions and rotor saliency.
Table of typical permeance factors for most commmachines is given in [4].
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7 | DENTIFICATION OF TRANSIENT AND SUBTRANSIENT
REACTANCE

Definition of transient and subtransient reactana®t as clear as in case of
synchronous one but these definitions are usuallyl@yed:

* The transient reactacnes of the synchronous maaiendefined as the
raeactances associated with the armature reachen & three phase positive
sequence source is suddenly applied at the genéeatainals, immediately
after the short-lived subtransient phenomenonerddmper winding and rotor
forging has subsided. The field winding is suppasedle short-circuited with
the rotor spinning at the rated speed prior toaghy@ication of the source at the
generator terminals. Depending on position of timeadéure fundamental mmf
space waveform with respect to the pole axis, rdnestent direct and quadrature
axis reactances are then distinguished.[10]

* The subtransient reactances of a synchronous meahéndefined as the
reactances associated with the armature reactionediately after a three phase
positive sequence source is applied to the madbma@nals with the rotor
spinning at the rated speed and the field windhaytscircuited.[10]

Four different methods will be investigated, instbhapter, in order to simulate
conditions according to the above mentioned débimst

7.1 Magnetostatic calculation with modified boundary caditions

This method was introduced in [10] and it emplogsiealent magneto static model in
which the unknown sources of the induction natueereplaced by equivalent boundary
condition. Because the magneto static solver id,ube computation time is short and post-
processing is similar to calculation of synchronceesctance.

Fig. 25- Regions excluded from the FE model for@ysient conditions,B)subtransient
conditions

Firstly the simulation is set up for calculationtansient conditions. The stator
conductors are loaded in order to get maximum offVviléstribution aligned with
corresponding axis of the rotor. For transient ¢maks the induced currents in damper
winding are assumed to be zero but unknown indaoeents exist in the field winding and
they prevent armature flux from linking the fieldnaing. In order to simulate this situation
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the current carrying area of field winding is exd#d from the simulated domain and it is
replaced by equivalent boundary condition. It isussed that the normal component of
magnetic field at the surface of conductor vanisgtstablishing the equipotential. Dirichlet’s

boundary condition is imposed on boundaries ofifiginding region to represent the flux
free zone.

The set up for simulation of subtransient condgiemploys same principles, but in this
case the damper winding regions are also excluwead the domain because unknown
currents are induced in them during subtransieatain of the machine.

O O

A) B)

Fig. 26- Flux plots for model with modified bounglaionditions. A) transient
condition, B) sub-transient conditions

Transient and subtransient reactance profile computed by magnetostatic simulation
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Fig. 27- Transient and subtransient reactancelprofimputed by magneto static
simulation with modified boundary conditions
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2 Time harmonic simulation

The second option how to simulate transient andransient conditions is the tin
harmonic simulation. Rotor of the machine is lo¢, with field winding short circuiter and
armature winding is excited by curren in case of synchronous reactanclculation, only
difference is that the current has a constant &#aqy. Transient and subtransient regim
the generator is distinguished by the value of isgglofrequenc This method is describe
in [2] and was adopted in several papers, nanl12] and [13] Flux linkage is obtained tF
same way as in case of synchronous reactanceptit is a comple number.

",

A)

Fig. 28-Flux plots for Time harmonic simulation for differtefrequency of injecte
current A) transient condon f= 1Hz B)subtransient condition f= 50I

Comparison of parameters obtained by Time Harmonic and Mahneto Static simulation
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Fig. 29-Comparison of direct axis reactances obtained yneiz static simulation and b
time harmonic simulation
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Transient d-axis reactance as a function of current for different frequencies of input current
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Fig. 30- Dependence of transient reactance profileequency of input current
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7.3 Single frequency response simulation

Single frequency response simulation is the stahtist method for measurement of g
and q axis subtransient. Rotor is at stand stdl iars aligned with direct or quadrature axis,
Two armature winding phases are connected in sandssupplied from voltage source of
constant, nominal, frequency. Input voltage andemniris measured. Schematic diagram o

the meth

50 Hz@

Fig. 31- Setup for Single Frequency Response DesAj) d axis subtransient reactance

od is given on Fig.31. Impedance is giwven b
n _V 1] — "
Zd’q—E:> Xd,q_ Zdzy q_ Rr,i

Nominal voltage

IS T
OfO

A) B)

B) g axis subtransient reactance

—

(1.40)
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Fig. 32- Winding distribution for simulation of Sjle frequency response. Rotor is
aligned with nominal frequency a-phase and coils ahd c phase are in series and
connected to source of AC voltage

Component: J
-224 971552 2.381?5E-O3 224976315
1 —

Fig. 33- Flux plot for Single Frequency Responseusition in direct axis, contours
show the induced current density in damper and fiehding
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7.4 Sudden short circuit simulation

Purpose of this section is to carry out a non-lirimae stepped FE simulation of a
symmetrical three phase short circuit at synchremoachine terminals. As in case of Singlg
Frequency Response simulation, this method mintésxdard test procedure used in
determination of synchronous machine parameters.

The Time-stepping solver is used, for purpose migition, coupled with external
circuit. Procedure may be described by followingnp

» Stator winding is defined by external circuit witfductance and
resistivity connected in series. Resistance reptegsase resistance of
armature winding and the value of inductance is@ated with leakage
inductance of the armature winding overhangs.

* Rotor rotates at nominal speed during the wholeikition.

» Field winding is also represented by external ¢irauth a field winding
resistance and voltage source. Value of field galthas to be set in order
to get field current which will produce rated n@tbvoltage at machine
terminals. Filed voltage is constant during thersbiocuit simulation, but
additional currents may be induced during transogetration.

» Short circuit is applied using parametric resisyivif armature winding.
For initial no-load run the resistivity is largéus very small current is
flowing in the armature winding. At the chosen timstant, resistivity is
switched to the value of phase resistance by eatteommand file.

e Short circuit current traces are recorded up tgttiat when they reach
sustained value.

Detailed description of post-processing of curtestes is given in chapter
devoted to testing of synchronous machine.

External If time>short circuit instant
. . R=phase resistance
circuits Else
R=1E9Q
\
X d | X g R

FE model '

Fig. 34- FE model of synchronous machine coupldad external electrical circuits for short
circuit simulation
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Phase current [A]

Phase current after the three phase balanced short circuit at the machine terminals

T

Current [A]

o

'
[N

time [s]

Fig. 35- Short circuit current trace with high-ltgd peak values

Simulated short circuit current traces

J\ M

A phase
B phase
C phase
Field current

0.3

Fig. 36- Simulated short circuit current traces
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Fig. 37- Flux plots for Sudden Short Circuit sintida at different time instants after the
three phase balanced short circuit, A) t=0.00547B)055s, C) t=0.195s.

Phase current [A]

Calculation of initial peak current for transient and subtransient stage
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Fig. 38- Extrapolation of transient and subtranispeak current
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8.

TESTING OF SYNCHRONOUS MACHINE

Exhausting description of standard methods foirtgsif synchronous machine is given
in [9] and also in[5]. One of these methods wagludee evaluation of simulated results and
will be described in following section.

1 Sudden three phase short circuit test

Sudden three phase short circuit test is one aofnidia standard methods for
determination of transient and subtransient reaetamdirect axis of the synchronous
machine. Transient and subtransient reactanceasnelol by analysis of an oscillogram of
currents after the symmetrical three phase shamitis applied at the machine terminals.
The machine is driven at nominal speed by primeenand terminals are open circuited.
Filed winding must be supplied with DC current nder to get rated open circuit voltage at
the machine terminals. At chosen time instantsti@t circuit is applied and current and
voltage traces are recorded. Schematic diagrahmif@procedure is given on Fig..

Analysis of the oscillogram is straightforward atisl widely described in literature and
standards. Two envelopes and mid-point curve igtecefor each trace. Resultant waveform
is decomposed into symmetrical and unsymmetricalpmment and peak values of
unsymmetrical component are plotted on semi-lolganic paper. Values of transient and
subtransient currents area identified by extrapmiadf the curve on semi-log plot and
reactances are given as a ratio of no-load voltagfere the short circuit, to the initial
asymmetrical current. Usually several measurenismsrformed and then resultant values
is computed as an average. The Short Circuit tastrepeated three times and reactances
were computed for each phase and each attempt.

=]

For post-processing of measured current tracesiged the same automated script as i
case of FE simulation.

Short circuit

Prime Tested :
switch
mover generator
S ! i
VvV
********************** Oscillograph
(D
N
Field voltage

Fig. 39- Schematic diagram of sudden short ciresit
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Rotor and excitor wltage during the sudden short circuit test
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Fig. 42- Rotor and exciter voltage during the sudsleort circuit test
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Fig. 43- Comparison of current traces from two peledent Sudden Short Circuit tests
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8.

2 Test results and simulation results

This section gives an overview of results obtaingdimulations and measurements.
Main task was to identify these parameters:

» Direct axis synchronous reactancé;

* Quadrature axis synchronous reactangg:
» Direct axis transient reactanciy

» Direct axis subtransient reactance;

e Quadrature axis subtransient reactamgz
Synchronous reactances were computed with respéue tcross coupling effect and
this cannot be done by test, resultant contous@o¢ given in chapter 6.

Summary of transient and subtransient parametegesn@d by proposed procedures is
given in following table:

Short circuit simulation

Xd' [p.u.] 0.2676
Xd" [p.u.] 0.1503
Frequency response simulation

Xd" [p.u.] 0.1513
Xq" [p.u.] 0.1404
Short circuit test

Xd' [p.u.] 0.2734
Xd" [p.u.] 0.1803

Tab. 3- Table of results

It is apparent from Tab.3 that there is a good@mgent between frequency response
simulation and short circuit simulation. Howevérre wvalues obtained from measured traceg
are higher. From the measured short circuit cutraces can be observed, that peak valueg
are lower, therefore machine is less saturated . et®hort circuit currents were probably
caused by additional inductance and resistivitgadfles, switchgear and measurement
devices. Results obtained by magneto static angl iammonic simulations also shows a
good agreement with other two simulations (end wigdeakage reactance has to be added
up to get comparable results), however it is imjdsgo chose correct value of reactance,
from the reactance profile, without knowledge odlpshort circuit current, thus it was
concluded that sudden short circuit and frequeaspaonse simulations are more practical
for analysis of unknown machine. Unfortunately, tinge stepping simulation of the dead
short circuit is the most time consuming method.
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CONCLUSION

Primary goal of this thesis was to investigate m@#hfor calculation of synchronous
machine equivalent circuit parameters. Traditiontlese parameters are obtained either by
analytical calculations, based on equivalent ralicg circuit with equivalent air gap
estimation, or by testing of actual machine. Anotliay of computation of the machine
constants is by using modern numerical method4$) asd-inite Element Method. In recent
years there have been many advancements madeart thfeFE analysis of three phase
synchronous machine operation during steady statelaring transients. Modern software
packages, based on Finite Element Method, allowiggecomputation of field problems
even with non-linear material properties or timeasace.

Estimation of the machine constant in this thesdivided into two parts. First part is
focused on steady state operation and employskweln procedure of reactance
estimation from magneto-static field solution. Syrunous reactance is defined as a ratio o
flux linked with a coil and current in the coil. Miaeto-static FE model is excited by chosen
value of current and then flux linkage is computedn average value of magnetic vector
potential distribution across the slot region. Syonaous machine is usually described by
means of two reaction theory, thus reactances w@rguted in direct and quadrature axis
using Park Transformation matrix. Impact of satoratvas treated by two separate
simulations. In first simulation, it was assumedittthere is no magnetic interaction betweer
the two axis of the machine. FE model was excitedure d or g axis current, and reactancg
was computed for several values of currents inrdeapture the reactance profile. Secong
simulation was carried out with combination of dlapaxis current in the stator winding
and the reactance was captured in a form of twedgional matrixes for different
combination of d and g axis currents. | was conetluthat the matrixes may be used as a
look-up table for complex dynamic model of the miaehSimulations were carried out
under the assumption that the machine axial leisgttfinite and the machine geometry is
invariant along the axial length. This assumptiomptified the problem but neglected the
three dimensional effects, such as end-windingdgakEnd winding reactance was added
to the model by analytical equation based on catmri of effective end-winding length.

Second part of the simulations was focused on asitm of transient and subtransient
reactances. This is usually done by testing ohtlehine either by sudden short circuit test
or frequency response test. It was investigated, toanimic these methods in FE software
or what other options are available. It was foumtiterature that there are four different
methods of obtaining dynamic parameters. First otefmploys magneto-static solver and
induced currents are replaced by equivalent boynotarditions placed on the boundaries of
the current carrying areas. Advantage of this nekthahat, thanks to the magneto-static
solver, solution is obtained immediately and pastepssing of the filed solution is done in
similar way as in case of synchronous reactancepatation. Non-linear materials may be
used and the reactances are obtained as a functimposed current. Unfortunately without
the knowledge of initial short circuit current ithfficult to choose one value representing
the saturated transient or sub-transient react@aomarding to the standard short circuit test.
Similar problem is in case of second method, wiittploys Time-Harmonic solver. The
method use the same model as for computation ahsgnous reactances but the imposed
currents are harmonic. Frequency of imposed cugmrdistinguishes the transient and
subtransient operation. Fifty hertz was chosersifoulation of subtransient stage and one
hertz for transient stage. These values are propadéerature, but the results in this thesis
shows that even small perturbation of input freqyenay change resultant reactance
significantly. Third method is called Single Frequg Response method, and it mimics the

[

\1%
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standard IEEE procedure of obtaining subtransigsttances. This method cannot be used
for computation of transient reactance but it isfulsin combination with sudden short
circuit method, because it allows identificationgadixis subtransient reactance. The metho
employs time-harmonic solver with coupled extemlattrical circuit thus accuracy of the
method is affected by parameters of external diroaimely phase resistance and end-
winding reactance. Computed values for nominalagdtand nominal frequency may be
considered as saturated and error against valuaset by sudden short circuit test is
within. Finally the Sudden Short Circuit was invgated. This method is traditional way of
obtaining machine parameters in direct axis andpdication is widely described in
literature. Simulation was carried out by usingdistepping solver coupled with external
electrical circuits and reactances are obtainepldsy-processing of short circuit current
traces. Main disadvantage of this method is thg mmputation time and potential errors
during exponential fitting of the peak current g#a®n semi log plot. Automated Matlab
script was developed in order to get precise cfittieg and more accurate results. Inputs of]
the script are current traces in each phase amdibistaverage value of transient and
subtransient reactance in direct axis. It was eated that due to the complicated curve
fitting in the subtransient part of the current&afrequency response method would be
more accurate. Proposed procedure for calculafitimeomachine constants by FE is given
on Fig.43. The procedure was automated in mang partising Matlab scripts and
command files.

Drawings
Winding Spec p End-winding leakage reactance XU
) ) . Frequency
2D FE Model Ma_gnetogtatlc No-load voltage Tlm_e stepplng response Summary of
simulation check simulation simulation results

L L

Open circuit
voltage curve

Xd = de+ XG' {}

Matlab script

Current traces

Xg.q(igslg) X X Xq

Fig. 44- Proposed simulation procedure for idecdtiion of all equivalent circuit parameters

Finally a Sudden Short Circuit test was performedictual machine. From short circuit
current traces is apparent, that the actual peakris smaller than simulated one. This is
caused by additional reactance and resistanceegh#ithine winding and measurement
apparatus. This also shows the importance of exitemrcuit’s parameters prediction in
coupled analysis.




=
=

USTAV VYKONOVE ELEKTROTECHNIKY A ELEKTRONIKY
Fakulta elektrotechniky a komunik@ich technologii
Vysoké weni technické v Bra

55

Proposed methodology presents good reference ¥elajanent of automated
calculation tool, which will be a subject of futun@rk. Several other topics will be
investigated:

Investigation of end-winding leakage reactance iptexh using FE analysis
and comparison with different analytical methods.itAwas mentioned
before, parameters of external circuits in two-disienal coupled analysis
have major impact on accuracy of analysis, thusipeddentification is of
major concern.

Investigation of Stand Still Frequency Responsehoefor prediction of
operational parameters. This method is one ofttedsrd methods
described by IEEE standard and its applicationgraRalysis may bring
several benefits against Sudden Short Circuit sitrarl, however, the
suitability has to be investigated and compareti wiher methods.
Further automation of the analysis procedure. Ma@l is to develop
application with parametric geometry interfacets ainalyzed machine so
that the geometry is generated according to thetidipnensions and
standard test are then performed.

Further measurements on actual machines and casupagainst
simulations.
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SUPPLEMENT

[1] Matlab script for calculation of transient réaace from short circuit current traces

% Calculation of transient and subtransient reactan
% short circuit curret traces

for g=1:3

for i=1:length(t)

x(i)=trace(i,q);

end

figure;

plot(t,x);

[maxtab, mintab] = peakdet(x, 500, t);

hold on;

plot(mintab(:,1), mintab(:,2), ‘g* )

plot(maxtab(:,1), maxtab(:,2), ™)

hold off

if g==1

for i=2:(length(maxtab)-1)
PeakPos(i-1)=maxtab(i,2)+(-1)*(mintab(i-1,2)+mi
PeakNeg(i-1)=(-1)*((mintab(i-1,2)+(-1)*(maxtab(

end

=L

for p=1:length(maxtab)-2
lines(p+j)=PeakPos(p);
=i+

end

p=0;

i=0;

for p=1:length(maxtab)-2
lines(p+j)=PeakNeg(p);
=i+

end

elseif qgq==2

for i=2:(length(maxtab)-1)
PeakPos(i-1)=maxtab(i,2)+(-1)*(mintab(i-1,2)+mi
PeakNeg(i-1)=(-1)*((mintab(i,2)+(-1)*(maxtab(i,

i=0;

end

for p=1:length(maxtab)-2
lines(p+j)=PeakPos(p);
=it

end

p=0;

=1

for p=1:length(maxtab)-2
lines(p+j)=PeakNeg(p);
=t

end

else

for i=2:(length(maxtab)-1)
PeakPos(i-1)=maxtab(i,2)+(-1)*(mintab(i-1,2)+mi
PeakNeg(i-1)=(-1)*((mintab(i,2)+(-1)*(maxtab(i,
i=0;

for p=1:length(mintab)-2
lines(p+j)=PeakPos(p);
=it

end

p=0;

=1,

for p=1:length(mintab)-2
lines(p+j)=PeakNeg(p);
=it

end

end

ce from

ntab(i,2))/2;
i-1,2)+maxtab(i,2))/2));

ntab(i,2))/2;
2)+maxtab(i+1,2))/2));

ntab(i,2))/2;
2)+maxtab(i+1,2))/2));
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end

i=0;

for i=30:length(lines)-26
difL(i-29)=lines(i)-lines(94);
peaks(i-29)=i;

end

for i=1:length(lines)-26
difLF(i)=lines(i)-lines(94);
peaksF(i)=i;

end

hold off

[estimates, model] = fit(peaks,difL);

figure;

semilogy(peaksF, difLF, )

hold on

[sse, FittedCurve,A,lambda] = model(estimates);

for i=1l:length(peaksF)
curveB(i) = A.*exp(-lambda * peaksF(i));

end

semilogy(peaksF, curveB, ™)
xlabel( 'peaks' )

ylabel( ‘'f(estimates,xdata)' )
titte(  'Fitting to function ' );
Vpp=620;

iss=lines(94);

t0O=A*exp(-lambda *(1-0.607));
XdTran(g)=Vpp/(t0+iss);
for i=1:10
peaksC(i)=i;
curveC(i)=difLF(i)-curveB(i);
end
semilogy(peaksC,curveC, )
[estimatesC, model] = Fitc(peaksC,curveC);
[sseC, FittedCurveC,Ac,lambdac] = model(estimatesC)

for i=1:20
curveClin(i) = Ac.*exp(-lambdac * peaksF(i));
peaksClin(i)=i;

end

semilogy(peaksClin, curveClin, 9" )

tOstripe=Ac*exp(-lambdac *(1-0.607));
Xdsub(q)=Vpp/(tOstripe+t0+iss);

hold off
end




Y

N

USTAV VYKONOVE ELEKTROTECHNIKY A ELEKTRONIKY
Fakulta elektrotechniky a komunik@ich technologii
Vysoké weni technické v Bra

=
NS

60

[2]Peak detection function

function  [maxtab, mintab]=peakdet(v, delta, x)

maxtab = [];
mintab = [];

mn = Inf; mx = -Inf;
mnpos = NaN; mxpos = NaN;

lookformax = 1;

for i=1:length(v)

this = v(i);
if this > mx, mx = this; mxpos = x(i); end
if this < mn, mn = this; mnpos = x(i); end

if lookformax
if this < mx-delta
maxtab = [maxtab ; mxpos mx];
mn = this; mnpos = x(i);
lookformax = 0;
end
else
if this > mn+delta
mintab = [mintab ; mnpos mn];
mx = this; mxpos = x(i);
lookformax = 1;
end
end
end

[3] Function for exponential curve fitting

function  [estimates, model] = fitcurve(peaks, difL)
start_point = rand(1, 2);
model = @expfun;
estimates = fminsearch(model, start_point);
function  [sse, FittedCurve,A,lambda] = expfun(params)
A = params(1);
lambda = params(2);
FittedCurve = A .* exp(-lambda * peaks);
ErrorVector = FittedCurve - difL;
sse = sum(ErrorVector . 2);
end
end
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[4] Magnetization curve for M470-65 laminationsasfalyzed machine
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