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Symbols and definitions

magnetic vector potential

nodal value of the magnetic vector potential

magnetic flux density, cdicient related with rotor bar equations
capacitance

unit vector €), electromotive force in electrical machine/(ttit)
electric field strength

codficient related with field and winding equations
frequency

codficient related with the circuit equations

magnetic field strength

effective RMS value of current

current, index

current density, Jacobian, moment of inertia

index

codficient related with the connection of the windings
index of a time step

inductance

length

codficient related with the connection of the windings
number of turns or nodes

number of phases or rotor bars, rotational speed
codficient related with the connection of the windings, power
number of pole pairs

codficient related with winding equations

resistance

residual function

cross section area, dbeient related with field equations
slip

torque

time

effective RMS value of voltage

line-to-neutral voltage

line-to-line voltage
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wW codficient related with phase winding equations
X general variable

z coordinate axis

a cutdf frequency of the high-pass filter used in numerical integnat
vy number of symmetry sectors in the finite element mesh
A difference

0 angular position of rotor

A weight function

v reluctivity

o conductivity

1) electric scalar potential

4 magnetic flux linkage

Q integration area

w angular frequency

Subscripts

b rotor bar

C capacitance

e end winding

f field

g grid

L load

m mechanical

max maximum

min minimum

N rated value

n node

neg negative

pos positive

r rotor

s stator

sc short circuit

w winding

z zaxis

0 codficient referring to the previous time step
A increment
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Superscripts

abs absolute

circ circuit parameter approach
cur current output approach
D delta connection

dir direct coupling

dyn dynamic

Kk current time step

k-1 previous time step
meas measured

n iteration step

rel relative

T transpose

Y star connection
Abbreviations

AC alternating current

DC direct current

DFIG doubly-fed induction generator
DTC direct torque control
FEM finite element method
RMS root mean square

TR transformer

Vectors are typed as lowercase bold italic, for exangpl®atrices and vector fields are typed
as uppercase bold italic, for exam@eH. Independent variables are denoted by prime, for
examplex.

MATLAB and SIMULINK are registered trademarks of MathWorksc. FLUX2D id a regis-
tered trademark of Cedrat. Maxwell2D and SIMPLORER are reggst trademarks of Ansoft
Corporation. FEMLAB is a registered trademark of Comsaol, Inc.
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1 Introduction

During the past few decades, the numerical computation ginetgc fields has gradually be-
come a standard in electrical machine design. At the sanee tim amount of power electro-
nics coupled with electrical machines has continuouslyeased. The design of converters and
electrical machines has traditionally been carried ouassply, but the demands for increa-
sed dficiency and performance at lower cost push the product dewedat activities towards a
combined design process. Especially in large motor drinelsvariable-speed generators, both
machine and converter must be individually tailored to wimgether and thereby guarantee
the best possible performance for the application. In su@sks a combined simulation envi-
ronment, where the magnetic field analysis of the electnwthine is coupled with a detailed
model of the converter is required.

The finite element method (FEM) currently represents thesiithe-art in the numerical mag-
netic field computation relating to electrical machines.e Tonverter models are generally
composed of relatively simple electrical circuits and atoarsystem with varying complexity.
In the scope of this thesis, a typical motor or generator eambdelled with high accuracy
by two-dimensional FEM, which is coupled with the circuituagjons for the windings. The
converter circuits usually contain a few passive circuineénts, such as inductors and capa-
citors, and also switching components, which are often edi@s ideal switches. For such
circuits, coupling with the FEM computation is quite simpled reported widely in the litera-
ture. The control systems, on the other hand, are nowadagsilemn complex estimators and
feedback loops, and they are typically implemented by digignal processors. Consequently,
the control system simulation is usually carried out in egstsimulators, like SIMULINK,
using very simple analytical models for electrical machine

In order to achieve the desired system-simulation enviemtrfor electrical machine and con-
trolled converters, the FEM computation must be coupleti #ie circuit and control simula-
tion. For this purpose, new knowledge about the couplinghaeisms is required. Based on
the previous studies and comparative analysis of newlyldped methods, this thesis aims at
proposing an optimal methodology for coupling the FEM medd#l electrical machines with
external circuits and closed-loop control systems.

1.1 Overview of the coupled field-circuit problems

In the following literature review, the coupled field-ciitcproblems are studied from the vi-
ewpoint of electrical machines and converters. The maid félinterest is the coupling of
two-dimensional finite element analysis with the circuitlasontrol equations. In the early
1980’s, formulations for such coupling were developed fodeiling voltage-supplied electri-
cal machines. Inclusion of external circuits with poweicélenics was presented widely during
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the late 1980’s and early 1990's. However, most of the studacerned rather simple geo-
metries and circuits, because the computational faalittere limited and most of the authors
had to develop the program codes themselves. Together metlntreasing computational

power and development of the software, the complexity ohtbeelled systems has also incre-
ased. Nowadays, the trend is to model large systems as a vitdieding electromagnetics,

thermal fields, kinematics and control systems. Howeveretlis still a lot of work ahead to

achieve this goal and the coupling mechanisms need to biedtfudther.

The formulations, terminology and numerical methods infidle-circuit problems are discus-
sed by Tsukerman et al. (1993). The most usual approach im#gnetic vector potential
formulation with filamentary and solid conductors. The fiertary conductors, sometimes re-
ferred as stranded conductors, consist of several turtsrofire carrying the same current. In
order to simplify the analysis, the eddy currents in filaraepntonductors are not taken into ac-
count, but a constant current density is assumed. In theé smtiductors, or massive conductors,
eddy currents represent a significant part of the total atoit and they cannot be omitted from
the analysis.

The numerical solution of the coupled problem is generalyoaplished directly or indirectly.
The diference lies in, whether the field and circuit equations aheedosimultaneously or
sequentially. Eustache et al. (1996) have discussed th@embproblems more generally, espe-
cially pointing out the benefits and applicability of indite&oupling procedures. When the time
constants in the subdomaingtar significantly from each other, it is advantageous to dpleou
the domains and utilize fierent time steps. Another major advantage is that the démwbup
models can be constructed separately by the expertstereit fields. Hameyer et al. (1999)
classified several types of coupled problems on the basikysigal, numerical or geometrical
coupling. When considering the coupling between magnetidsfiand electrical circuits, the
coupling is physically strong, which means that they cafr@otonsidered separately without
causing a significant error in the analysis. However, theylmanalyzed indirectly in the case
of different time constants. In this thesis, similar definitioresadopted for strong, weak, direct
and indirect coupling, as presented in the references oreediabove.

1.1.1 Numerical methods

The numerical methods for the solution of strongly couplesbfems with finite elements are
studied extensively in the literature. In the time-stegmmalysis of FEM-based nonlinear dif-
ferential equations, the solution process requires mstfmdmodelling the time-dependence,
handling the nonlinearity and solving the resulting systdrequations. Many aspects of this
process are discussed by Albanese and Rubinacci (1992k&omse.

The simple diterence methods, like backward Euler, Galerkin or Crank-dlgdn, are the most
commonly used methods for the time-stepping simulation.|&thiese utilize results from two
adjacent time steps, there are also numerous multi-steposeperforming numerical integra-
tion over several time steps and providing higher accurddlyen phenomena of substantially
different time scales are coupled together, the problem is matteally considered as fii
Most of the multi-step methods usually fail for such probdefout the implicit diference met-
hods often converge. Further discussion ofi ptioblems is presented by Gear (1971).
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For nonlinear equations, an iterative scheme is requineithéonumerical solution. The classical
Newton-Raphson method, with its several modifications, éslugidely for this purpose, as well
as the block iterative Picard methods (Cervera et al., 199&sBn et al., 2002). In order
to improve the convergence, the iteration is often dampedelaxation procedures, which
are discussed by several authors (Nakata et al., 1992; &majiet al., 1993; O’Dwyer and
O’Donnell, 1995; Driesen et al., 1999; Vande Sande et a0320

The final system of equations arising from the finite elemeethwod is typically sparse, sym-

metric and positive definite. When coupled field-circuit peohs are considered, however, the
system of equations is indefinite and often ill-condition&tiis must be taken into account in

choosing suitable methods for preconditioning and faz&idon (De Gersem et al., 2000).

1.1.2 Modelling electrical machines by field and circuit equations

In the finite element model of an electrical machine, the maéigrfield is excited by the cur-
rents in the coils. However, it is often more appropriate twlel the feeding circuit as a voltage
source, which leads to the combined solution of the field arwlit equations. At first, time-
harmonic formulations using complex variables were preskfor sinusoidal supply; later on,
approaches for time-stepping simulation were derived depoto model arbitrary voltage wa-
veforms or transients. The phase windings in the stator atat are generally modelled as
filamentary conductors, and the rotor bars in cage indugtiachines or damper windings in
synchronous machines are modelled as solid conductorsediii currents.

Williamson and Ralph (1983) modelled an induction motor watltonstant voltage source,

assuming uniformly distributed sinusoidal currents in #t@or and rotor coils. The model

was extended by including eddy currents in the formulatidiiliagmson and Begg, 1985), and

introducing a time-stepping methodology for cage inductiachines (Williamson et al., 1990)

and wound-rotor induction machines (Smith et al., 1990) ¢bupling between the magnetic
field and the feeding circuit was accomplished by couplingedances, which were determined
by the finite element method and inserted into the circuitaéiqus. In nonlinear cases, the
correct inductance values were determined iterativelyftioe field and circuit equations.

Most of the approaches for modelling electrical machineseviised on the direct coupling
between the field and circuit equations. Shen et al. (1985pled the eddy-current formula-
tion with circuit equations and applied the method on a stigade motor, assuming sinusoidal
variation of the field and circuit variables, and linear @weristics of the iron parts. After
including the nonlinearity of the iron and impedances of ¢ne-ring, the method was also
applied to a cage induction machine using either the tinrezbmaic (Vassent et al., 1991a) or
time-stepping approach (Vassent et al., 1991b). Strang&d heis (1985) presented a time-
stepping approach for analyzing a shaded-pole motor. Thepgled the field equations directly
with the circuit equations of the stator coils, shading siagd the rotor cage. The same method
was also applied to a cage induction motor (Strangas, 198bagpermanent magnet motor
(Strangas and Ray, 1988). A similar method was also preséyt&ueston et al. (1988) and
applied to an induction motor. Arkkio (1987) presented ahndblogy for analyzing cage in-
duction machines using both time-harmonic and time-stepppproaches. This methodology
Is also the computational basis for this work and is desdrtbheroughly in Chapter 2.
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1.1.3 Coupling with external circuits

Based on the approaches for electrical machines presentse,athe inclusion of external
circuits is relatively simple, since it only requires adglimew elements into the circuit equations
of the windings. For this purpose, many authors have predaggneral methods, in which any
circuit models composed of resistors, inductors, capesgitdiodes or other semiconductors
can be coupled with the electromagnetic model of the etadtrmachine. The mathematical
formulations for the circuit equations are usually basedbop currents or nodal voltages, but
most of the formulations combine both approaches. The neaisan for this is that the currents
of filamentary conductors and inductances, as well as thege$ of solid conductors and
capacitances, are the most natural selections for unknawables in the coupled formulation,
and therefore result in the minimum number of equations.

Meunier et al. (1988) presented a generalized formulatorcdupling two-dimensional finite
element analysis with solid or filamentary conductors usingsoidal voltage or current sour-
ces. Lombard and Meunier (1993) developed the method fuftlieime-stepping analysis
allowing resistive and inductive components in the extecivauit. The unknown variables of
the formulation were the magnetic vector potential, currerthe filamentary conductors and
inductors, and voltage drop over the solid conductors. ésukn et al. (1992) presented a simi-
lar approach, allowing also capacitors in the externaldiré¢iowever, the voltage drop over the
capacitance was not included as an unknown variable bugrated from the current instead.
Salon et al. (1990) developed a method, which also takesmeweinto account, and Bedrosian
(1993) developed an indirect method, which separated tite Blfement and circuit equations
in order to gain a moreficient simulation by retaining the sparsity and positivéirdeness of
the finite element matrix.

Many authors have considered the field-circuit couplingnfrihe circuit theoretical point of
view. The methods presented by Sadowski et al. (1995) ancp€htier et al. (1998) were based
on the state-space approach, where the inductor curreshtsagacitor voltages were considered
as the unknown variables in the circuit model. Similar emunest were also obtained using the
modified loop approach (Vaananen, 1994) and the modified apgaoach (Wang, 1996; Costa
et al., 2000). Vaananen (1996) formulated the field equationmrepresent a multiport circuit
element, which was coupled to the electric circuit by theents and voltages of the filamentary
and solid conductors. Abe and Cardoso (1998) coupled the digddcircuit equations by a
special nodal formulation presented originally by Domniglg9), in which the inductors and
capacitors were modelled as current sources in parallalawiariable resistor. Fu et al. (2004)
presented both nodal and loop formulations, which wereiegppb several example cases. The
selection of the appropriate formulation was case-dep@ndence additional equations were
introduced in the nodal formulation by the filamentary castdes, and similarly in the loop
formulation by the solid conductors.

1.1.4 Coupling with power electronics

The simulation of power electronics together with eleetrimachines can be carried out in
several ways. The simplest approach is to define the suppiggeowaveform with respect
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to time or position and use this pre-defined supply in the Etran. However, modelling
the real interaction between the electrical machine anadneerter also requires models for
the semiconductors. Usually, the switching elements gueesented in the circuit model as
binary-valued resistors, the value of which depends on thie ®f the switch. A distinction
is often made between diodes and externally controllecche#t because of theffrences in
defining the switching instant. In the simulation of diod#g time step must be adapted to
the switching instants in order to prevent negative ovesthim the current. For the externally
controlled switches, synchronization of the time stepgmnpte, since the switching instants are
already known in advance.

Arkkio (1990) simulated a cage induction motor and a fregyeonverter, in which the voltage
waveform was determined before the simulation. Prestoh €&391a) used a similar approach
for the simulation of a switched reluctance motor drive, rettbe excitation current was defined
according to the rotor position. In the simulation of a synectous generator and rectifier, the
field and circuit equations were decoupled and solved iteigit and a procedure for searching
the switching instants in the rectifier was introduced (fregt al., 1991b).

Piriou and Razek (1988) modelled the operation of a diode lgnsmef an exponential function
and applied it to the simulation of a simple circuit consigtof a magnetic coil, voltage source
and diode. Later on, the method was extended for rotatindgnimes and three-dimensional geo-
metries (Piriou and Razek, 1990a; Piriou and Razek, 1990buRind Razek, 1993). Vaananen
(1994, 1996) modelled the diodes by a resistance in paxaillela controllable current source,
providing a smooth transition region between the condgaiind non-conducting states. The
controllable switches were modelled in the same mannetthieuswitching instants had to be
defined before the simulation. The method was applied to ithelation of a switched re-
luctance motor drive, a permanent magnet generator andifereand a cage induction motor
supplied by a frequency converter.

Williamson and Volschenk (1995) simulated a generator aredt@fier using the same approach
that had previously been applied to induction machinesli@rilson et al., 1990; Smith et al.,
1990). The diodes were modelled as binary-valued resistmisthe time steps were selected
according to the rate of change in the magnetic propertiéstlaa switching instants of the
rectifier.

Sadowski et al. (1993) presented a field-circuit simulabba load-commutated inverter sup-
plying a permanent magnet motor. Switches were modelledhasybvalued resistors, and the
converter operation was divided into conduction and coratirt sequences. The resistance
and inductance values in the phases were changed accooding states of the switches. The
method was developed further and the state-space approastadopted (Sadowski et al.,
1995). Kuo-Peng et al. (1997) developed a general methaod) @i automatic procedure to
construct the state-space equation for arbitrary ciropologies and demonstrated the method
by simulating a fly-back converter with a saturable transfen Linear forces and movement
was included for modelling contactors (Kuo-Peng et al.,®0dnd, finally, the method was
extended for rotating machines by taking into account tHggbase structures and rotational
movement (Oliveira et al., 2001; Oliveira et al., 2002).



16

1.1.5 Coupling with closed-loop control systems

Inclusion of a closed-loop control system within the fielctait model has not been studied
very widely, since implementing the feedback loop into tingetstepping analysis is a rather
complex task. The basic scheme is to synchronize the tirps stith the control system, which,
in turn, controls the switching components of the converiéle most common approach is to
pass the output data from the field-circuit simulation adi@ch time step to the control system,
which makes the decision to set the switching state for tixé¢ step. Naturally, this causes a
one-step delay in the operation of the control system, liethor is usually negligible due to
the discrete characteristics of the controlled converiteuit. Another possibility is to couple
the control system equations directly with the field andwtrequations, when the switching
instants are not governed by the time stepping, but the ttepsswill be adapted according to
the desired control.

Demenko (1994) used direct field-circuit coupling to sintella permanent magnet motor drive
with a simple control strategy, where the speed and posdfahe rotor were used for con-
trolling the switches after each time step. Ito et al. (198ifulated a similar system by
coupling the field analysis indirectly with the circuit andeamanical equations. The control
logic was also based on the angular position, but no detaite wresented. In the study of Ahn
et al. (2000), vector control of the current was coupled whthfield-circuit analysis of a linear
induction motor by running the vector control model betw#®ntime steps. Ho et al. (2001)
modelled a current hysteresis controller with a brushleSsnibtor drive in a similar manner,
but an adaptive time-step control was added in order to Keegurrent within the hysteresis
limit. A similar approach was also applied by Jabbar et &0@) to a spindle motor drive with
a current hysteresis controller.

Kuo-Peng et al. (1999) included the closed-loop controlesys into the software for coupled
field-circuit simulation, and applied the method to a nosdincoil and transistor inverter with a
current hysteresis controller. As a continuation, RoelZatial. (2001) presented an approach
in which the control signals for the switches are generatedd the simulation and the time
steps are automatically adjusted according to the coritt@.method was applied to a saturable
inductor and a full bridge inverter with sliding mode comtridlanot et al. (2002) presented an
application of the method to model an induction heatingckesupplied by a resonant converter.

1.1.6 Software for coupled simulation

In most of the studies, the software used for the computéiasnoeen developed in universities
for research purposes. The main reasons for this are theofagikitable commercial software
with a reasonable price and the need to modify the programe @eely. In many cases, the
development of a finite element code was started in 1970'980'¢ and then constantly deve-
loped to suit the current research interests. However, cancial FEM software is nowadays
available with various possibilities of coupling the fieldadysis with circuits or other fields,
but they are still not always suitable for university resbattue to unfiordable licence fees and
confidential computational algorithms or program code.
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One of the first commercial field analysis software with dir@oupling was FLUX2D by
Cedrat, which had a connection with the system simulator RORER. Later on, the link with
SIMPLORER was cancelled, but coupling between FLUX2D and 3K is now available
(Cedrat, 2005). Another major contribution to commercidtvgare is carried out by Ansoft,
presenting coupling between Maxwell2D and SIMPLORER (Aps2005). In addition, An-
sys, MagneForce and Infolytica provide software perfograircuit simulation together with
finite element analysis (Ansys, 2005; MagneForce, 200Bjytita, 2005), and Comsol provi-
des FEMLAB, a multiphysics software for coupling any fieldatthan be described by partial
differential equations (Comsol, 2005). Naturally, there arearoos software vendors that are
not included in this study, but usually they are not activaberating in the field of electrical
machines or do not provide the field-circuit coupling.

1.2 Aim of the work

The original motivation for this work was to simplify the pedure of modelling and simulating
electrical machines and controlled power electronics.hig thesis, therefore, a methodology
is presented for coupling two-dimensional FEM computatbrelectrical machines with the
system simulator SIMULINK. The main objective is to provideethods for constructing a
large-scale simulation model in SIMULINK, with the FEM contption included as a simple
functional block representing the electrical machine. bhéeefits obtained by such a methodo-
logy are ease of model construction and simulation, flexadplgons for post processing and the
possibility of extending the finite element analysis for estp in power electronics or control
systems without a comprehensive knowledge of FEM computati

Another important goal of the work is to explore the couplmgchanisms between the magne-
tic fields, circuits and control systems. Two numerical aagphes will be presented: the current
output approach and circuit parameter approach, and tppircability for such a task will be
evaluated. The results obtained in this work will be anadyireorder to find an optimal en-
vironment and methodology for the simulation of coupled n&iy fields, circuits and control
systems.

1.3 Scientific contribution

The scientific contribution of this study comprises thedwiing:

1. Amethodology for coupling time-stepping finite elememalgsis with a system simulator
is presented.

2. The development and evaluation of two numerical couptireghods based on current
output or circuit parameters.

3. A simulation of closed-loop control systems with the Brelement analysis usingfig-
rent time steps for the subdomains.
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4. Confirmation of the applicability of the methodology by exaes relating to real indust-
rial applications.

5. The proposal of an optimal environment and methodologgdapled simulation of mag-
netic field, circuits and control systems.

1.4 Outline of the thesis

The aim of this chapter is to introduce the topic, relevadatéiture and the contents of the thesis.
Chapter 2 reviews the computational methods for the finitenerg analysis and presents the
two coupling methods, current output approach and cir@arameter approach.

In Chapter 3, the accuracy of the circuit parameter appraaevaluated by simulating a doubly-
fed induction generator and comparing the results to thbsareed by directly coupled simu-
lation. Chapter 4 presents an example of a cage inductionrmatto compensation capacitors
and a simple grid model. The example is used for evaluatitig the current output approach
and the circuit parameter approach by comparing the simuolaesults with each other and
directly coupled simulation. Chapter 5 presents two exaspfdrequency converter supply,
which are based on real industrial applications. Both theeciroutput approach and circuit
parameter approach are used for the simulation and thdarpgance is analyzed.

The results are discussed in each chapter and gatherelddogeChapter 6, in which an optimal
environment and methodology for coupled simulation of neignfield, circuits and control
systems is also proposed. Finally, the conclusion of theishe presented in Chapter 7.
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2 Computational methods

This chapter describes the computational methods thasakio simulating the example cases
in the following chapters. The finite element model for eliead machines, combining the
magnetic field equations with the voltage equations of thedimgs, is coupled with external
circuit equations using either direct or non-iterativeiiadt coupling. Two diferent approaches
are presented for indirect coupling: the current output@@gh and circuit parameter approach,
both of which are also implemented for SIMULINK.

2.1 Finite element model for electrical machines

In the model of the electrical machine, the magnetic fieltheniton core, windings and air gap is
solved by the two-dimensional finite element method and lealyith the voltage equations of
the stator and rotor windings. The resulting equations alresd by a time-stepping approach,
while the Newton-Raphson iteration is utilized for handlthg nonlinearities.

2.1.1 Equations for magnetic field and windings
Two-dimensional quasi-static magnetic field

The magnetic field in an electrical machine is governed bywibs equations

VxH=J (2.1)
0B
VXE=—-— 2.2
X a0 (2.2)
where

H is the magnetic field strength
J is the current density

E is the electric field strength
B is the magnetic flux density.

It is assumed that the polarization and displacement ctsrge negligible because of the low
frequencies used with the electrical machines. Theretbose components are omitted from
(2.1) and the analysis is referred to as quasi-static.
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Using the reluctivityy, we have the material equation
H=vB (2.3)

wherey is a material-dependent, possibly nonlinear function efrttagnetic field. If the mate-
rial is not isotropic,y must be replaced by a tensor taking into account ffextof the magne-
tizing direction. The magnetic vector potentialdefines the magnetic flux density as

B=VxA (2.4)

and the substitution of (2.4) and (2.3) into (2.1) gives tlnedamental equation of the vector
potential formulation for magnetic field

Vx(WVWxA)=1J (2.5)

The two-dimensional model is based on the assumption teantgnetic vector potential and
current density have onlraxis components and their values are determined ixyh#ane

A=AxY)e (2.6)
J=J(xy)e (2.7)
wheree, denotes the unit vector in ttzeaxis direction. As a result, (2.5) becomes

-V.-(WVA) =J (2.8)

Source of the field

Although the two-dimensional analysis is utilized, let ustficonsider a general case. The
current density on the right-hand side of (2.5) can be deterdhfrom the material equation

J=0E (2.9)

whereo is the conductivity. Combining (2.2) with (2.4) gives
0
VxE:—anA (2.10)

which is satisfied by defining the current density as

oA
J= B oV¢ (2.11)

whereg is the electric scalar potential.

For solid conductors in the axial direction, for instanc®rdars in cage induction machines or
synchronous machines, the gradient of electric scalangatén (2.11) can be defined as

OUp Up
_ - _ 2.12
0z & Iy & ( )

Vo
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whereu, denotes the voltage across the rotor bar rd the total length of the bar. Accor-
dingly, the current density in rotor bars is

Jb=-0—+0— (2.13)

For phase windings with several coils in series, the eddseatiapproach (2.11) would lead to
extremely inconvenient models due to the high number ofd¢bimductors in each slot. In such
cases, the skinfiect is excluded and the current density is
NWiW
Sw
whereN,, is the number of turns in a coil, the current in the coil an8,, the cross section of
the coil area.

Ju = (2.14)

Material properties

The magnetic properties of the laminated iron core are nediély the reluctivityv, which is

a single-valued nonlinear function of the flux dend&ythus excluding theféect of magnetic
hysteresis from the analysis. Since the eddy currents a&algrreduced by the laminated
structure, the conductivity is set to zero in the laminated core.

The shaft and pole shoes, which are typically made of alleglsare modelled as conductive
iron with a nonlinear magnetization curve. In order to maithel eddy currents, the current
density is given by (2.11), when the gradient of electridacpotential is zero.

Resulting from the analysis above, the magnetic field ffedent materials can be presented in
the form

0 in air and laminated iron
Nyiw/S in phase windings
VL (vA) = | S np g (2.15)
-0z A+oU/lp  inrotor bars
—o4A in conductive iron

Stator and rotor windings

The computational model of the electrical machine can batlyrémproved by coupling the

circuit equations of the stator and rotor windings with tiwe-dimensional field equation (2.15).
In the circuit equations, the dependence between currehvaitage is solved and the circuit
quantities are coupled with the magnetic field by means oflilkkage. Also, the end-windings
outside the core region are modelled by including an addifionductance in the circuit model.

In a cage rotor, each rotor bar requires its own equatioeghation of the current density in a
rotor bar (2.13) over its cross secti8p gives

i, = —fo-(;—?ds ; fa%ds (2.16)

lp
Sh Sp
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When constant conductivity and uniform cross section ar8g are assumed in the bar and the
bar-end inductancky is included, the above equation can be presented in the form

dip

- (2.17)

Up = Ibf—dS+ Rblb+ Lpe—

where R, denotes the resistance of the bar including the end regidhthd rotor bars are
connected by short-circuit rings in both ends of the rotaecdrlhis is taken into account by
defining the end-ring resistan&®. and the end-ring inductande,

disc
dt

whereus. andig are vectors of voltage and current in the end-ring that cotsrtbe bars to each
other. Details of the end-ring model are presented by Arkk887).

uSC - RSCISC+ LSC (2.18)

The phase windings in the stator or rotor consist of seveitd connected in series and distri-
buted in several slots in the stator or rotor core. When thebeuraf positively oriented coll
sides isN,os and the number of negatively oriented coil sideblis, integration of the current
density over all the coil sides in a phase winding gives aaggtequation

Npos Nneg

. diyy
Swnf ds-nz Swnf dS |+ Ruiw + Lue— (2.19)

wherel,, is the length of the colils in the core regidd,, is the number of turns in the coil side
nandS,, is the cross section area of the coil sidé/oltageu,, is applied to the whole winding
and current,, flows through all coils that belong to the phase winding. RaseR,, includes
all coils and the end region outside the iron cdrg. is the inductance outside the core region.

Finite element method

Several diferent methods can be utilized in the numerical solution@ftlagnetic field equation
(2.15), such as reluctance networks, the boundary elemetitaal, finite diference method or
finite element method. In this work, the numerical analyslsased on the finite element method
(FEM). The two-dimensional geometry is covered by a finitsrednt mesh, consisting of first-
or second-order triangular elements. If possible, thesceastion of the electrical machine
is divided iny symmetry sectors, from which only one is modelled by FEM ayrdreetry
constraints are set on the periodic boundary.

In the finite element method, the approximation for the veptiential is
Nn
A= Z’liaj (2.20)
j=1

whereN, is the total number of free nodes in the finite element maglthe shape function
associated with nodpanda; the magnetic vector potential in nogleFor nodes located on the
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outer surface of the stator, the vector potential value exifto zero. Therefore, these nodes are
not included in the computation.

The shape functiol; has value 1 at nodgand O at all the other nodes. Between the nodes
in the surrounding elements, the shape function is fittedrisy for second-order polynomials,
depending on the order of the elements. Outside the assd@&ments, the value of a single
shape function is zero.

The numerical field equation is derived by Galerkin’'s methatiere (2.15) is multiplied by
shape functions and integrated over the whole finite elemmesh. Details of the method are
presented by, for example, Silvester and Ferrari (1990).nBdei, we get

Nn

03; N
f[z (VV/li . V/ljaj + O'/li/lj ot — oAUy — évw
Q

j=1 W

de =0 (2.21)

whereQ represents the whole area of the finite element mesh. Itdlbeuhoted, however, that
the last three terms of (2.21) are only present in the areasewh u, or iy, is defined and has
non-zero values.

The same approximation (2.20) is also applied to the windopgations (2.17) and (2.19). The
resulting equations are

3 dip
ub_lbfz/l, +0S + Roip + Loe (2.22)
I Nn Npos wn Nneg wn aajds . le » 3
w2 5n | 5 s, f + R + Ly ot (223)

wherey is the number of symmetry sectors in the finite element mesh.

2.1.2 Transient time-stepping simulation
Numerical integration

The field and winding equations are coupled directly andesbla time-domain using constant
time steps denoted hit. The time derivatives are modelled by trapezoidal appraxiom,

in which the derivative is determined as a mean value from sutcessive steps. Wheti
represents any variable at the current time stepxndis the same variable at the previous
step, the derivatives are approximated by

dx€ dxt o2
— ~ — (X = X© 2.24
&t d S Al ) (2.24)
The equations for the time-stepping simulation are deriweaddding the equations from two

successive steps together and replacing the derivativilssexpression (2.24). The method
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itself is very simple, and it has not been necessary to atititore sophisticated methods as
no accuracy or convergence problems have occurred. Usm@pproach, the field equations
(2.21) are formed for each node in the finite element meshratoe bar equations (2.22) are

formed for each rotor bar in the solution sector and the pmasding equations (2.23) are

formed for each phase winding in the stator or rotor. Theltiegugroup of equations can be

presented as residual functions

re = Sa + Fy Ul + FsKugitis + Far Kiritr (2.25)
+ St + FIUlt + R KGR + B KLt =0

o = Fpd + BUf — Fpad™" + Bus ™ + Quoif ' =0 (2.26)

Fws = KusFus@® + KueWoK ik + QuueVss (2.27)

k-1 T k-1 -1
— KusFws@™™ + KWSVVSOKWSIWS + Qws ws — 0

ar = Kur Furd + Ko WK%, + QW (2.28)
- Kwr erak_1 + KuwrWio KJvri\lfv_rl + Qer\lfv_r1 =0

wherea is a vector containing the nodal values of the magnetic veuitential,u, a vector of
the rotor bar voltages,,s a vector of the stator phase currents gpd vector of the rotor phase
currents. In general, subscript ‘f’ refers to the magne@tdfi ‘b’ to the rotor bars, ‘ws’ to the
stator phase winding and ‘wr’ to the rotor phase winding. &apriptsk andk — 1 refer to the
current and previous time steps, respectively.

The codficient matricesS andS, are nonlinear functions of vector potential, defined as

Q

Sojij = f
Q

where the reluctivity(a) is determined from the vector potential separately for edement,
depending on the flux density and material. The conductivityas a non-zero value only in
rotor bars and shaft. The dimensionsandS, are N, x N,,, whenN, is the number of free
nodes in the finite element analysis.

20
v(a) VA VA + Em,} do (2.29)

- 20
V(ak 1) Vi 'V/lj - E/li/lj] do (230)

For the rotor bars, matrik, is defined as

1
Foij = —Efovljd!) (2.31)

Q

when nodej belongs to rotor bair Otherwise, the entries ¢, are zero. The dimension &
IS nyx Ny, wheren, is the number of rotor bars in the solution sector. MatriBendQ,, are

B = ZIilt?b {1 ; % [(Rsc+ 21—1") 1+ (Rbe+ 2%’:‘) Mb]_ll\/lb} (2.32)
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1

Qbo=§|t 2|b[(Rsc 1+(Rb 2%)Mb] (2.33)

Lsc Lbe
| (Ree- 2501+ (Ree- 255
whereRy. and Ly are the resistance and inductance between adjacent raotombéne short-
circuit ring and, respectivelR,e andLye are the resistance and inductance of the bar end outside
the iron core. The unit matrix is denoted bynd the connection matril, is

Lsc)

[2 -1 0 .- 0 =1]
-1 2 -1 -~ 0 O
0O -1 2 -~ 0 O
Mpy=| . . . . (2.34)
O 0 0 -~ 2 -1
+1 0 0 --- -1 2]

with the dimensiom, x n,. The entries in the upper right corner and lower left cormera
for negative symmetry constraint ard for positive symmetry constraint in the finite element
mesh. The rotor bar curreijtis determined after the field solution from

-1

[(RSC+ 2':;) 1+ (Rbe 2%) Mb] (2.35)

1 _ Lb
-{sz@M) (o255 (R 255 ]
For phase windings in the stator or rotor, the makKjxis defined as

Fuij = —fﬂde (2.36)
Q

when nodej belongs to phase windirnigand zero otherwise. The dimensionkf is n, x N,,
wheren,, is the number of phases.

In the star connection, the connection matfix is
1 0 0 --- 0 -1]
010-.--- 0 -1
Ky=10 0 1 -.- 0 -1 (2.37)

andM,, is
111- 10
011 10

M,=/0 01 -+ 10 (2.38)
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with the dimensiom,~1x n,, for both. In the delta connection, bot, and M,, are unity
matrices with the dimensiom, x n,.

MatricesW, W, andQ,, are

AL+ 2L e
W; = _M (2.39)
2yl
iAt — 2L e
Wojii = —M (2.40)
Yiw
At
=—M 241
QW Zylw w ( )

W andW, are diagonal matrices with dimensiomgx n,,.

The vector of magnetic flux linkage, in the phase windings can be determined from the field
solution by

Wl = YlwFud (2.42)

It should be noted that the definitions of the currents depenthe connection. In the star
connection, the current vectigr containg,~1 independent line currents and the last component
is determined from Kirchhi's current law, because the sum of the currents has to belrdice
delta connection, the elementsigfare the currents in the phase windings, which aféecent
from the line currents. The elements of the voltage vegjare always line-to-line voltages.

Nonlinear iterative solution

Due to the characteristics of the iron core, equations §2(2328) form a nonlinear system of
equations that is solved by the iterative Newton—Raphsonoapp. The solution is based on
the Jacobian and the residuals, which are determined aiteaation step and used for solving
the incremental changes in the variables. The iteratiomishfed when the increments in the
simulation variables per iteration step fall below the angence limit.

Resulting from the stages described above, the final systemuaitions for the nonlinear time-
stepping simulation of the electrical machine is

Ian) FY o OFRKL,  FRKL J[aa] [
F B 0 0 Auk" rn
° ; D l==]P (2.43)
KWSFWS O KWSVVSKWS 0 AIV\;S rI\I?\IS
KwFur O 0 K WKT || AikD M

where the superscriptdenotes the iteration step. The Jacohl#a) is defined at each iteration
step by

Nn Hv(ak’”)
1] i +£;( aaj V/L V/lk

de (2.44)

and the residual functions are determined by (2.26)—(212B)g values from the:th iteration
step.
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Motion and electromagnetic torque

Unless a constant speed is assumed, the movement of theluoitog time steps is solved from
the equations of motion

dwm
= =Te- T (2.45)
Wm = 0B (2.46)

dt
whereJ is the moment of inertiayy, is the angular speed aig is the angular position of the
rotor. T, is the electromagnetic torque amd is the load torque. The new position of the rotor
is determined at the beginning of each time step and a new imesbated in the air gap.

The electromagnetic torque is determined by the virtuakvpoinciple

Te = %I(IOHB-dH)dQ (2.47)

Q

where the integration are@ covers only the air gap. The implementation for finite eletnen
analysis follows the approach presented by Coulomb (1983Yyhich the virtual movement is
determined by means of a coordinate transformation maithouat altering the air-gap mesh.

Initial state

The initial magnetic field for the time-stepping simulatiendetermined by complex time-
harmonic analysis (Arkkio, 1987). The simulation variabbnd sources are determined by
sinusoidal harmonic components, while a complex notatigh amplitude and phase is used
for the variables. Anfective reluctivity is considered, as described in (Luonalet1986).

The resulting AC field solution is transformed into a DC fieldthking the real values of the
variables and replacing théfective reluctivity with the absolute reluctivity. Howeydhe field
solution obtained does not exactly correspond to the retidlifield, but a steady state can
usually be reached after simulating a few periods of the lsupgguency.

All information about the finite element mesh, materials arafnetic field are stored in a text
file. The file contains the coordinates of the nodes, assonibetween the nodes and elements,
material characteristics, values of vector potential amdent density, dimensions and para-
meters of the electrical machines and some other paramétgrare required for the FEM
computation.

2.2 Direct coupling of field and circuit equations

The most reliable, but not very user-friendly, method fougling external circuit equations
with the FEM equations (2.25)—(2.43) is to formulate a srgylstem of equations modelling the
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whole system. All the equations will be solved simultandépasd the mathematical coupling
between the equations is strong. This approach, calledtdicaipling, is used for verification
and evaluation of the indirect methods presented in Sex®o® and 2.4. The coupled field-
circuit equations are later presented in detail for the sas#ies, whereas only basic principles
are discussed here.

Typical circuit connections in the phase winding of an eleat machine comprise resistors,
inductors, capacitors andftBrent types of power electronic switching components. ig th
thesis, however, ideal switch models are utilized. The &umental equations for resistan@e
inductancd. and capacitanc€ in multi-phase systems are

u=Ri (2.48)
di

. du

I = CE (2.50)

whereu andi represent the vectors of voltage and current. The conmebgbveen the circuit
elements and electrical machine can be modelled by commetiatrices, as (2.37) or (2.38).

In direct coupling, the circuit equations must be formullaseparately for each case using the
same methods for numerical integration and nonlineartiera With the trapezoidal approx-
imation utilized in the finite element analysis, the fundataécircuit equations (2.48)—(2.50)
become

uK—Ri*+Uur-Ri*'=0 (2.51)
2 2
k_ %k k-1, £y ik-1_
u AtL| +Uu“+ AtL| 0 (2.52)
ik — E(:uk +ict 4 ECu"‘l =0 (2.53)
At At '

The final system of equations, naturally, requires as mawltiadal equations as there are
additional independent variables, but a Jacobian is noimed|in a case of linear circuit models.
An example with detailed equations is presented in Chapter 4.

2.3 Coupling by the current output approach

2.3.1 FEM model as a functional block

In the current output approach, the FEM model of the eledtmeachine is represented by a
functional block, solving (2.25)—(2.28). Figure 2.1 pnetsea schematic of the block, in which
the line currents,,s andi,, are solved from the phase voltaggg andv,, in the stator and
rotor. The load torqud is also given as an input, unless a constant mechanical speed
considered. The additional outputs are the electromagt@tjueT,, mechanical speed,
angular positiorg,, and flux linkagesys and iy, in stator and rotor phase windings. For a
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iWS

vws _> l iwr
FEM > T

V| — N
s current —> @,
output > O,
I, —» —> Y,
—> Y,

Figure 2.1: FEM model of the electrical machine as a funcaidoiock.

cage rotor, no inputs or outputs are required, because dnere connections with the external
circuit.

Since the FEM block represents a voltage-controlled ctirsenrce, coupling with external

circuit models is straightforward. Using the current ottgoproach, the whole circuit model is
formulated as a block diagram, which is an ideal approacimfmdelling frequency converters,

for example, or other controlled systems. Neverthelesg;kotliagrams are inconvenient for
passive components, like resistors, inductors or capaciBecause of this, even simple circuit
models may result in complex diagrams using this approach.

2.3.2 Implementation for SIMULINK

The functional block of Fig. 2.1 is implemented for SIMULIN& an S-function (Kanerva,
2001). The program code is written in Fortran and linked WIATLAB by predefined subrou-
tines that are required to create a functional block for SIMIK (Simulink, 2005). Those
subroutines define the sampling times, inputs, outputs tatd sariables for continuous or
discrete computation.

As described in Section 2.1, constant time si¢s used in the FEM computation. The samp-
ling time of the FEM block is set to that value, but the stegsiare not limited elsewhere
in the model. As a result, models run with major and minor tstepps and the mathematical
coupling between the FEM model and the external model is w€&hls gives flexibility in the
model construction and the possibility of setting indivatlsampling times in dierent parts of
the model, resulting in anfiective usage of computation resources for simulation. iy
this also requires careful analysis and knowledge of thaipghl/system on the part of the user.

The input and output variables are defined as stated abovarangpdated discretely at the
major steps as set for the finite element analysis. The awevhthe input voltage from two
adjacent steps is replaced by a single value taken from tidlenpoint between the steps. This
IS not equivalent to the selected trapezoidal integratiethad, but it has not caused any pro-
blems with accuracy or convergence. During the minor tirepstthe output remains constant.
The state variables are not required at all, because therveatential and current are solved
explicitly inside the FEM block.
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Figure 2.2: Schematic of the data transfer between the FEMK@#md SIMULINK.

The data transfer between the FEM block and SIMULINK is iitated in Fig. 2.2. Before the
simulation, the initialization parameters are stored itea fiom which the FEM block reads the
parameters before the first time step. The initial stateefhgnetic field is also restored from a
separate file at the same time. During the time-steppinglation, the simulation variables are
passed directly back and forth between the FEM block and SIMW. After the simulation,
the magnetic field is stored in a file with the same format astieewith the initial field. The
simulation variables can be stored in MATLAB’s workspaceroaiseparate file.

2.4 Coupling by the circuit parameter approach

2.4.1 Electromotive force and dynamic inductance

The concept of the circuit parameter approach can be clafiijyemeans of an example of a
rotating coil. The magnetic flux linkageis defined as the product of inductaricand current
[

v (i,0,t) = L(,0)i (6,0 (2.54)

whered is the angular position. The inductance is a function of enfriand position due to
magnetic saturation, saliency and slotting. The curreangks with time, but has also a de-
pendence on position, representing the transformationdset rotating and stationary frames
of reference. Hence, the time derivative of the flux linkagye i

d_w—%g+%@|+l_ ﬂ@+@
dt —\adiat 666t a0 ot~ ot
By reordering the components, (2.55) can be presented iblog/fng form:

011/ oL .\ di oL. ol \ 00
E = (L + EI) a + (%| + L%) E (256)

(2.55)
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On the other hand,

dy oo opao 0
& "ot taea - ate (2:57)
By identification of (2.56) and (2.57), the components mujtiy the current derivative in
(2.56) together form the dynamic inductarlc®", while the rest is considered as the electro-
motive forcee, which is directly proportional to the angular speed. Thalfiorm of (2.57)

is similar to the linear circuit model, but now the magne@tusation is included in the in-
ductance and thdtects of saliency and slotting are included in the electraradorce. Further
discussion about the definitions of inductance is presdmtddemerdash and Nehl (1999).

For a system withm,, phase windings, the parameters are defined in matrix forra.difjnamic
inductance %™ comprises the self and mutual inductances of all phase wngslits dimension
Is n,xny,. The electromotive force, is defined as a vector witty, components.

The mutual inductances between stator and rotor windirgysyedl as the inductances of the
rotor bars with short-circuit rings, are not includedLfy” for better accuracy. It was found
that the discrete movement of the rotor in time-steppinguiation caused a significant error
in the mutual inductances. Instead, tlkeets relating to coupling between the stator and rotor
are contained i®,. For a cage rotor, only the stator inductances are presét§fin order to
keep the size of the matrix reasonable. The error causeddbgithplification is discussed in
Chapter 4.

BesidesLSVy” ande,, the model of the electrical machine includes coil resisganand end-
winding inductances. In the circuit parameter approach,cihil resistances form a diagonal
matrix R,, and the end-winding inductances are added in the diagonaf¥8f Hence, the
electrical machine satisfies the voltage equation

di .
MV = Ky + KWL;’VY”KJVd—:“ + KRy Kl iy (2.58)
where M,, and K,, are the connection matrices defined in Section 2.1, modethe star or
delta connection.

2.4.2 Extraction of the circuit parameters

The circuit parameters®" ande, are determined from the field solution at each major time
step. The finite element analysis is run as described in@e2til and the model is linearized at
the operating point for the parameter calculation. Thisoisedby fixing the Jacobian (2.44) and
reluctivities for each element to correspond with the magrieeld distribution at the moment.

After fixing the magnetic properties, an incremental curigg is applied in each phase win-
ding, one by one. The resulting change in the vector poteati#s calculated from the linear
system of equations (2.43), where the Jacobian (2.44) hbklsalue from the last iteration
step of the nonlinear solution. This ensures that the catledlinductance is incremental, thus
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representing the tangent of the magnetization curve. Téremental flux linkagey,,, for all
phase windings is determined by (2.42) and the entrig<tfare

AT (2.59)

iy

The same procedure is repeated for each phase winding, wieelns that the determination
of the dynamic inductance matrix foy, phase windings require®, additional solutions of the
linear system of field equations.

The electromotive force,, is determined by subtracting th&ect of the current derivative from
the total flux derivative

_ d¢W dyndiW
ey = pn Ly " (2.60)
where the derivatives are approximated by
d‘/’w ‘p\lfv_ \va_l
~ 2.61
dt At (2.61)
diy ik — ikt (2.62)

at At
This approach was chosen, because the flux derivative varsyidar position could not be
determined in a way that would correspond with the defini{fa69) of dynamic inductance. It
was discovered that if the parametef¥” ande, are defined by methods not corresponding with
each other, a significant error is generated in the resulenwvie phase currents are integrated
from the voltage equation (2.58).

2.4.3 Implementation for SIMULINK

Implementation of the circuit parameter approach for SINNK is similar to the implementa-
tion of the current output approach, but the outputs afermint. Figure 2.3 presents a functional

RW

Vs ey — L

FEM v

V — . —>
circuit

parameter —— T,

I, —> —> 0

_> gm

Figure 2.3: FEM model of the electrical machine as a funaidniock with circuit parameters
as output.
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block of the FEM model, in which the outputs are the dynamituctance, phase resistance and
electromotive force. Naturally, the signals consist of siiegle elements of the matrices or
vectors, but are illustrated as concatenated signalsrglgity. The resistanc®&,, is normally
constant throughout the simulation, wheré44' ande, are updated at each time step defined
for the FEM computation.

The connection of the FEM block with external circuit modelgquires coupling of the voltage
equation (2.58) with the circuit equations of the externablei. In SIMULINK, the resulting
equations are formulated as a block diagram. Neverthatestsould be noted that the circuit
parameter approach doesn’t necessarily require blockatagtructures, but it could also be
implemented for other types of simulators usin§eatient approaches for modelling electrical
circuits.

2.5 Conclusion

In this chapter, the computational methods were presemtedhbdelling and simulation of
electrical machines and external circuits. The magnetid frethe electrical machine is mo-
delled by two-dimensional FEM and solved together with tineuit equations of the windings.
The external circuit model is coupled with the electricalcimae model either directly, when
all the equations are solved simultaneously in the commsteryof equations, or indirectly in
SIMULINK, using the current output approach or circuit paeter approach.

In the current output approach, the phase currents of tlotriel machine are solved together
with the magnetic field, when the supply voltages are giveimpats. In the circuit para-
meter approach, the electrical machine is characterizethdylectromotive force, dynamic
inductance and resistance, which are solved by FEM at eawh gtep for the given supply
voltages. Both the approaches are implemented as S-fusgipnesenting functional blocks
in SIMULINK.

In the following chapters, the methods are applied fiedent case studies concerning electrical
machines, circuits and control systems. The simulatiomt®ebtained by the tlierent methods
are compared with each other in order to draw conclusionstabeir accuracy and applicability
to different cases.
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3 Case study: doubly-fed induction
generator

In this case study, a 1.7 MW wound-rotor induction generiatarodelled by FEM and coupled

with SIMULINK by the circuit parameter approach (Sectiod)2.The stator and rotor windings

of the generator are supplied by ideal sinusoidal voltageces, and the system is simulated
in steady state and during a voltage dip in stator supply. Siimeilation results are compared
with the results obtained by directly coupled field and direguations. The purpose of this

chapter is to verify the theory and implementation of thewirparameter approach, evaluate
the accuracy of the method, and analyze tfiect of the time step length on the results.

3.1 Description of the system

3.1.1 Finite element model of the generator

The ratings of the doubly-fed induction generator are preskin Table 3.1. There are four
poles and three phases in the stator and rotor windings. Tehémmm rotor voltageJ; max
corresponds to the locked-rotor operation and defines émsfiormer ratio between stator and
rotor, together with the rated stator voltadey. The amplitude and phase of the rotor voltage
is adjusted according to the rotational speed and powesrfact

The finite element mesh of the generator covers one quarteeafross section, as illustrated
in Fig. 3.1. The mesh consists of 949 nodes forming 1848 llitr&engular elements. Linear
elements are utilized in the presented simulations in c@eeduce the computation time. In
the test simulations, it was also found that neither the roofi¢he elements nor the density
of the mesh significantlyféected the results. The stator and rotor windings are matiake
series-connected coils with uniform current density. Tbepted field-circuit equations of the
generator are similar to (2.25)—(2.44) on pages 24-26 pe¢xbat there are no rotor bars in the
model.

TaBLE 3.1: RATINGS OF THE DOUBLY-FED GENERATOR

Pn rated power 1.7 MW

Usn  rated stator voltage 690 V (delta)
Urmax Maximum rotor voltage 2472V (star)
fn rated stator frequency 50 Hz

NN nominal speed 1500 rpm
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Figure 3.1: Finite element mesh of the doubly-fed inductjenerator.
3.1.2 Electrical supply

The supply voltage of the generator is sinusoidal and symeriatboth stator and rotor. In real
applications, the rotor phase winding is usually connetdedrequency converter or adjustable
resistor, but sinusoidal waveforms are used here in orgeoiade a better basis for comparison
between the computational methods.

The stator supply frequency is 50 Hz and the rotor supplyueegy is determined by the slip.
When the number of pole-pairs [ the angular speed of the rotay, and the stator supply
frequencyfs, the rotor supply frequency is

P - wWm
fi=(1- f 3.1

' ( 2nfs ) ° S
where the sign off;, determines the phase order of the sinusoidal rotor voltages positive
values off;, the phase order is the same in the stator and rotor and theetiageld induced
by the rotor currents also rotates in the same directioneastttor field. For negative values of
f,, the phase order in the rotor is the opposite.

The amplitude of the rotor supply voltage is determined kgyttirns ratio between the stator
and rotor, slip and the voltage drop in the impedance of ther reinding. Generally, the rotor
voltage is directly proportional to the rotor frequencys blso the voltage drop in the winding
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needs to be considered. At the beginning of the simulatlos phase angles of the stator and
rotor voltages are set to zero and the mechanical poweresrdigted by the angular position of
the rotord,,. The values for stator and rotor voltages, angular posisty and electrical power
describing the initial state of fierent operating points are presented in Table 3.2.

In the time-stepping simulation, sinusoidal voltages wibnstant amplitude and frequency are
applied until there is no visible fluctuation in the curreAt.sudden voltage dip is applied in
the stator by changing the amplitude of the stator voltadgereas the frequency and the phase
remain. The rotor voltage and the rotational speed are pm&seluring the fault. An example
of the supply voltage in stator and rotor at sfip —50% is presented in Fig. 3.2, where a 50%
voltage dip is introduced in the stator voltagd at20 ms.

TaBLE 3.2: ARAMETERS DESCRIBING THE INITIAL STATE IN DIFFERENT OPERATING POINTS

slip -10% -10% -50% -50%
power OMW 1.7MW OMW 1.7 MW
Us [Vrus] 690 690 690 690
U [Vrus] 235 249 1245 1250
6m [deg] -775 -815 -79.8 -823
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o —1000P PA
1500 AN ” ‘
~ [ - - I I ‘ Il Il
0 5 10 15 20 25 30 35 40
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Figure 3.2: Supply voltages in stator and rotor for slip=s-50%, where a 50% voltage dip is
introduced in the stator voltage att 20 ms.
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3.2 Simulation models

3.2.1 Circuit parameter approach

Using the circuit parameter approach, the doubly-fed itidnagenerator is governed by the
circuit equation

di/ _
MV = Kyey + KWL;’VV”KJVd—;V + KwRwKJ il (3.2)
wherev is the vector of line-to-line supply voltages in the statod @otor windings

Vs12

Vs23
Vs31

v=| (3.3)

V12

V23

»Vr31_
ey is the vector of electromotive forces in the stator and retodings
Eewsl—
Eus2

6, = Ews3 (3.4)
€wr1

€r2
»ewr3_

andi;, is the vector of independent currents in the stator and keitedings

EiD _
wsl
iD
ws2
o iD
ws3
iY
wrl
iY
L wr2

(3.5)

In (3.5), the current in the delta-connected stator windindenoted by®, and current in the
star-connected rotor winding bY,. Because of the star connection, only two of the three rotor
currents are considered as independent variables. ThectommatricesV,, andK,, are

(1 0 O
0
1 (3.6)

01
00
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1 0 0
010
Kw=[0 0 1 (3.7)
1 0 -1
01 -1

and the matrices®" andR,, for the dynamic inductance and coil resistance are

[} dyn dyn dyn
L\(/jvsll L\évslz L\(IjVSlS
yn yn yn
LWSZl I‘w522 LW523
Ldyn Ldyn I_dyn
Ldyn _ ws31 ws32 ws33 (3 8)
wo Ldyn Ldyn Ldyn .
wrll wrl2 wrl3
dyn dyn dyn
Lwr21 I‘wr22 I‘wr23
dyn dyn dyn
I‘Wr31 I‘wr32 Lwr33_

-Rwsl
Rwsz
F2\/\/33

Ry = 3.9
Rwrl ( )

Rwr2

I:\)'wr3

The subscripts ‘s’ and ‘r’ in the above equations refer todtator and rotor, and the numbers
from 1 to 3 refer to the phases.

Implementation for system simulator

The block diagram of the mathematical system is depictedgn33. The parametess,, LY"
and R,, are determined at the major time steps by the S-functionchvperforms the FEM
computation as described in Section 2.4. The supply voltagegiven as an input for the
S-function and the phase curraptis solved at the minor time steps from (3.2) by numerical
integration

di; - . .

2 = (KuLYK]) "MV = Kuew - KuRuKil) - ail, (3.10)
where a high-pass filter with cutdrequencyu is used for drift compensation.

It should be noted that the parameters purely related to the numerical integration, which
Is by nature an open-loop integration in Simulink. In suchaae; even negligible numerical
errors will accumulate in the integrand, since there is reglifimck signal to cancel the error.
The parameter must be selected in such a way that it remoeesrtbneous drifting, which
typically occurs at much lower frequency than is presenh@dignal, but it must not interfere
with the actual signals. It was observed that an appropvialige fora is about one tenth of
the fundamental frequency in the steady-state simulatizuring the voltage dip simulation,
however, the compensation is not used in order to preseev®@@components in the currents.
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Figure 3.3: Simulation model of the doubly-fed inductiong@tor using the circuit parameter
approach.

3.2.2 Direct coupling

The direct coupling between the magnetic field equationgtaadircuit equations of the phase
windings is used here for verification. The phase currensator and rotor are solved from
(2.43) together with the magnetic vector potential usirgylihe voltages as input variables.

Since there are no external circuit elements connectedetavihdings, there is no fference
between the direct coupling and the current output appriveteinms of numerical computation.
Therefore, the simulation model is implemented using threecii output approach, as depicted
in Fig. 3.4.

vle @_

V23 @ | > —> ’:\3s1
V31 ®_ | > ) FEM l\’;v {\13/52
_|_>_> current > ;¥S3

Vo @_ > output l.V;“
wr2

vr23 @ | —> iwr3

Vi1 @'

Figure 3.4: Simulation model of the doubly-fed inductiomeggator using the current output
approach, in which the field and circuit equations of the gatarare coupled directly.
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3.3 Simulation results

The system described above was simulated in steady-statatmm and during a symmetric
fault in the stator supply using both the circuit paramefgraach and direct coupling. The
FEM model was composed of linear elements in all simulatioffse results obtained by the
circuit parameter approach were compared with the restilfseodirectly coupled simulation

in order to evaluate the accuracy of the circuit parametprageh in diferent cases. In this re-
spect, the direct coupling represents the correct andeenifiethod of simulation, even though
the results might dier from the actual measurements.

3.3.1 Steady state

The steady-state operation of the generator was simulated &ad (1.7 MW) and no load

(0 MW), when the slip was 10% and-50%. The supply voltages in the stator and rotor are the
same as presented earlier in Table 3.2. In the circuit pasrapproach, the FEM computation
was processed with 1Q0s time steps, which are later referred to as major steps. ifbgitc
equations of the windings were simulated with minor steps,léngth of which were 1(Qs.
The cutdf frequencya used in the numerical integration had the value 15 Hz for thtos
current and zero for the rotor current. In the direct couplthe field and circuit equations were
simulated with common 10@s time steps.

The initial state for the time-stepping simulation was restied by time-harmonic analysis,
where complex variables were used. After the initializatithe time-stepping simulation was
continued until the phase currents were stable. For simpli@ constant angular speed was
assumed.

The diferences between the circuit parameter approach and thet dogpling are illustrated

in Table 3.3, wheré®™ denotes theféective (RMS) value of the steady-state current obtained
by the circuit parameter approach afftlis the corresponding value from the directly coupled
simulation. The absolute fiierence between the results is denotedAii{s and the relative
difference with respect to direct couplinghig®'. The results show that the absolut&elience

TaBLE 3.3: COMPARISON OF THE STEADY-STATE CURRENT BETWEEN THE CIRCUIT PARAMETER APPROACH
AND DIRECT COUPLING

slip -10% -10% -50% -50%
power 0 MW 1.7 MW 0 MW 1.7 MW
st/ rt st/ rt st/ rt st/ rt

icrc [A]  135/117 1186/ 361 119/115 738/ 240
idr - [A]  144/117 1204/ 361 118/ 115 756/ 243
Ai®s [A] -9.5/-0.1 -185/-0.5 +0.7/+0.1 -17.9/-2.4
A" [%] -6.6/-0.1 -1.5/-0.04 +0.6/+0.1 -2.4/-0.3
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in the stator current varies with the slip or load, givingtguacceptable values for all cases. In
the rotor current, the fierence is smaller and also dependent on the frequency.

In addition to the amplitude fference, a slight phasefiiirence is also present in the currents.
This is illustrated in Fig. 3.5, where theft#irence is plotted as a function of time for the case
with —50% slip and 1.7 MW power. The stator currentelience varies around zero producing
a difference in both phase and amplitude. In the rotor current #re some DC components in
the diference, because no high-pass filtering was used in the n@mnt integration. A closer
analysis of the dferences is presented in Section 3.3.3.

The simulations were run on a desktop computer with a 500 Méftiem Il processor. Using
the direct coupling, the computational time required fax gimulation of one time step was
0.22 seconds and there were an average of 6.5 iterationsyestep. With the circuit parameter
approach, the number of iterations per step was approxiyraee same, but the computational
time was about 25 per cent higher than it was for the direcpliog. This is mainly due to the
numerical integration carried out in Simulink. Since theMFEomputation is programmed in
Fortran and compiled for Simulink as an S-function, its exien time does not significantly
differ from the corresponding stand-alone application.

3.3.2 \Voltage dip in stator

The transient operation of the generator was simulated plyiyg a symmetric 50% or 100%
voltage dip in the stator voltage, when the rotor supply ioed with the same amplitude and
frequency. The faults were applied in each of the steadg-standitions described above. The
major and minor steps were 198 and 10us as above, but the parametewas set to zero
in order to preserve the DC components that are present byeniat sudden faults. As in the
steady-state simulation, a constant angular speed waasdsmed in the fault simulation.

The results from the circuit parameter approach and di@gpling were again compared with
each other; the results are presented in Tables 3.4 and B&e the fault currents do not any
more have constant amplitude, the analysis is only carnigday the maximum peak current
after the fault. According to the results, the absolutéedence still remains in the same range
as it was in the steady-state simulation, even though thewruvalue is more than ten times
higher. Therefore, the relative ftkrence between the circuit parameter approach and direct
coupling is practically negligible.

In Figure 3.6, the current waveforms and th&eatence between the methods are presented for
-50% slip and 1.7 MW power. Again, the results show an appratety constant dierence in
the phase and amplitude during the whole fault.
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Figure 3.5: Stator and rotor currents in steady state£R.7 MW, s= —-50%) obtained by

circuit parameter approach, and absolutgjdrence in the currents compared with the direct
coupling.
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TABLE 3.4: COMPARISON OF THE MAXIMUM FAULT CURRENT AFTER VOLTAGE DIP AT NO LOAD

slip -10% -50% -10% -50%
voltage dip 50% 50% 100% 100%
st/rt st/rt st/ rt st/ rt

irc [A] 12360/ 3150
i9r [A]  12369/3150
AiS[A] ~8.9/ +0.05
A [%]  -0.07/+0.00

13022 3756 29670 7165 31688 8721
13033 3765 29673 7165 316948731
-11.2/-9.0 -29/+0.05 -6.1/-10.2
-0.09/-0.07 -0.01/+0.00 -0.02/-0.03

TaBLE 3.5: COMPARISON OF THE MAXIMUM FAULT CURRENT AFTER VOLTAGE DIP AT FULL LOAD

slip -10% -50% -10% -50%
voltage dip 50% 50% 100% 100%
st/ rt st/ rt st/ rt st/ rt

e [A] 12782/ 2991
idr - [A] 12744/ 2992
AIPS[A] +37/-0.3

A" [%]  +0.29/-0.00

13112 3852 29958 7135 316858789
13103 3858 299127135 316708796
+8.7/-6.3 +45.6/-0.2 +14.8/-7.4
+0.07/-0.05 +0.15/-0.00 +0.05/-0.02

3.3.3 Hfect of the simulation parameters

In the analysis presented above, the major and minor stepskeet constant through all the
simulations. Therefore, theftierences between the computational methods could not be ana-
lyzed thoroughly, which meant that additional simulatievith altered parameters had to be
run for selected cases in order to get a proper insight irgontimerical methods and their

differences.

Minor steps

Figure 3.7 presents a close-up of the stator current wavesfobtained by the directly coupled
simulation and the circuit parameter approach when theleoigthe minor step is either 405
or 100us. The major step is 10@s in all cases.

When the minor step in the circuit parameter approach igslGhe output is smoother than
in the directly coupled simulation, but there is a cledfadtence in both amplitude and phase.
As the minor step is increased into an equal value with thensgp, the current waveform
follows very closely the directly coupled simulation, baétdelay of one major step remains.

This phenomenon can be explained simply by the separatitimedfeld and circuit equations
in the circuit parameter approach: When the paramétffsande, are determined by FEM,
the computation is based on time instattits andt*, referring to the previous and current time
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obtained by the circuit parameter approach, and absolufgedince in the currents compared
with the direct coupling.
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Figure 3.7: Influence of the minor step size on the statoremitr

steps. However, the circuit model (3.2) in the system sitoul@ceives this information at time
instantt and utilizes it from that point onward, causing the one-stelpy.

The size of the dference can be slightly adjusted by changing the minor stepsut the origin

of the problem remains and cannot be removed, since theiogugl non-iterative. Adding

an iteration loop between the FEM computation and the sysiemlator would change the
situation, but the method would also become much more comgie would not any more
provide any significant advantage over direct coupling.

Major steps

Based on the previous analysis of the minor steps, it is cledrdecreasing the length of the
major steps would also decrease thgallence between the methods. This is also shown in Fig.
3.8, which presents examples of the same period of simualatith either 50us or 200us steps

for the FEM computation. The minor step size wasu$0n both the cases.

When considering the appropriate step length for the dir@gpling, the harmonic contents of
the supply voltage and phase current are the most relevetor$a In order to model the slot
harmonics properly in this case, the length of a step shoailtd®us or less.

3.4 Discussion

In this case study, the FEM model of a doubly-fed inductionegator was used for verifying

the indirect field-circuit coupling by the circuit paramegg@proach, in which the magnetic field
equations are represented by circuit paramettdf$ and e, and the circuit equations of the
windings are simulated separately from the field equatiagisguthe above parameters. The
supply voltages in the stator and rotor windings were cared as ideal and sinusoidal in
order to ensure that anyftkrences in the results truly originated from the methodfitSéhe
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verification was based on a comparison between the simnlegigults obtained by the circuit
parameter approach and the direct coupling of the field aeditequations.

Agreement with the direct coupling was good, but there wise some dierences that can be
explained by the non-iterative indirect coupling. Accogly, the results justify the following
conclusions:

1. The theory and implementation are correct in the circaibmeter approach.

2. The non-iterative indirect coupling causes a delay of magor step, which can be ad-
justed by the step size but cannot be removed.

In practice, however, the model is always more complex tharpresented example and it is
therefore necessary to consider, whether the one-step etaucial at the system level. In
the case of passive circuits, the proper selection of the stge probably dfices, but some
control system models might be sensitive to such a delayeltlesless, these topics cannot be
answered by means of the presented example, but will bessisdun the following chapters.

Since one of the reasons for developing new approachesthstalirect coupling is to simp-
lify the process of model construction, this example caseishbe evaluated from the users’
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point of view also. In this respect, the implementation fiMBLINK is troublesome, since
the circuit models must be presented as block diagrams. Yowthe methodology itself is
applicable to other types of simulators that could providéedent kinds of possibilities. The
numerical integration by open-loop integrators is alsdpmatic because of drifting, but that
problem can be solved by proper compensation or filteringhiwork, the drift compensation
is not analyzed in detail, since the subject is not withingbepe of the thesis.

As mentioned in the introduction, the original motivatiar Eeparating the solutions of field

and circuit equations has been the convenience of larde-sgstem modelling. Because of its
simplicity, this example does not provide much insight ititat aspect; however, the examples
presented in the following chapters do focus more on syseei-simulation.
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4 Case study: cage induction motor with
compensation capacitors

In this case study, a 37kW three-phase cage induction m®wnnected directly to the grid,
while the reactive power is compensated by a capacitor baim.stator of the cage induction
motor is in the star connection and the capacitors are inghlia donnection. The cage induction
motor is modelled by FEM and the field computation is coupleth whe circuit model by
the current output approach (Section 2.3), circuit paramabproach (Section 2.4) and direct
coupling (Section 2.2). The simulation results are vaéddty laboratory measurements. The
purpose of this chapter is to study the performance of theentuoutput approach and circuit
parameter approach in the simulation of electrical machamel passive circuit elements.

4.1 Description of the system

4.1.1 FEM model of the cage induction motor

Table 4.1 presents the ratings of the cage induction motee. flumber of phases is three, the
number of poles is four and there are 40 non-skewed rotor baesfinite element mesh of the
motor consists of 960 nodes forming 1510 linear triangukaments, as illustrated in Fig. 4.1.

TaBLE 4.1: RATINGS OF THE CAGE INDUCTION MOTOR

Py rated power 37 kW

Uy rated voltage 400 V (star)
Iy rated current 73 A

fy  rated frequency 50 Hz

ny nhominal speed 1470 rpm

4.1.2 Circuit model
Cage induction motor

The circuit model of the cage induction motor is based on &l lequations defined in Chap-
ter 2. When considering the current output approach or do@apling, the electromotive force
eus in the following analysis corresponds to the vector potdmterivative in the stator winding
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Figure 4.1: Finite element mesh of the cage induction motor.

equation. In the circuit parameter approach, the definibiba,s is slightly different, but the
equations are in the same form.

When an ideal voltage supply is assumed, the circuit equatidhe stator winding in star
connection is

. di
Uws = Bys + Ruslws + stf (4.1)

whereu,s is the stator voltage vector,s the stator current vectoR,s the stator resistance
matrix andL,, the stator inductance matrix. Because the sum of the statoerts is zero in
the star connection, one of the currents can be eliminated fne equations by

iws = KT i/ 4.2
ws (4.2)

WS'Ws

wherei/. is the vector of independent stator currents and the coiameiatrix K/, for a three-
phase system is defined by

1 0
Kis=| 0 1 (4.3)
-1 -1
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If the neutral is not connected, line-to-line voltaggis known instead of line-to-neutral voltage
Uws. INn such a case, we can use the relation

10 -1 110
Upys = \V} 4.4
{01_1]Ws [Olo]ws @.4)

or, in simpler form,
KwsUws = MwsVis (4-5)

By combining equations (4.1), (4.2) and (4.5), the circuitaepn of the cage induction motor
becomes

di;
T IWS (46)

MWSVWS = Kwsews + KWSRWSK\-/I—vsi\/Ns + KWSLWSKwsF

Grid and compensation capacitors

Figure 4.2 presents the circuit model of the whole systerh giiid and compensation capaci-
tors. The grid is modelled as a simple Thevenin equivalehgrevgs is the grid voltageRgs
the line resistance aridys the line inductance. Now we can define the stator voltage as

i/

T &/ T dlgs
MuwsVivs = Mwngs_ KwngsK I KwngsK (4-7)

ws'gs ws” Gt

After connecting the compensating capacitors, more egustire needed. Curreigithrough
the capacitanc€, in the delta connection is

: dv,
les = CWSFCS (48)

R L ewsl

Lg51 Rgsl ws
l
WS,

1
gsl wsl
v Vws31
l os12 I R ws v R
wsl2

o531 lwsZ
e
f v L R vw523 R st3 ws3

ws3

gs23 gs3 gs3
i I ( )

ws3

gs3
7 . N
C] lesd CZ v
vcsl cs2

i
osl I I lesa
Nl

vcs3

Figure 4.2: Circuit model of the cage induction motor, griddacompensating capacitors.
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wherev is the voltage ands the current of the capacitors in the delta connection. |eiotal
relate the capacitor current with the currents in grid aatbst a transformation similar to (4.5)
is needed. Combining (4.8) with Kirchhts current law gives

; v,

PusKsins = PusKsigs + KWSCWSKVTBECS =0 (4.9)
wherev,, is the vector of independent capacitor voltages and theemtiam matrixP, is
1 00
Pus = 4.10
-l 410

Setting the stator voltage,s equal to the capacitor voltad€] .. and coupling (4.6), (4.7) and
(4.9) gives the system of equations

) di’
KWSe\NS + KWSRWSK\-II-VSIWS + KWSLWSKLS{ - MWSKLS\/E:S = O (4.11)
T 7 digs T
KWSRgSKWSIgS + KWSLgSKWSE + MWSKWS\/(,:S = Mwsvgs (4.12)
, § oV,
PusKysins = PusKsigs + KWSCWSKIVSﬁ =0 (4.13)

To sum up, equation (4.6) governs the cage induction motthr thie ideal voltage supply. In
order to model the whole system containing the cage inductiotor, grid and compensating
capacitors, the solution of equations (4.11), (4.12) anti3is required.

4.2 Simulation models

4.2.1 Current output approach

Equation (4.6) is already included in the FEM computatiomthe current output approach is
used for the coupling. Therefore, the simulation with thesaid/oltage supply is straightforward.

As Fig. 4.3 shows, a sinusoidal voltage signal is given astifgr the FEM block and a current

signal is obtained from the output. There are no feedbagkd@othe system and the model is,
as a matter of fact, equivalent to the directly coupled model

The simulation model for the system with grid and compengatiapacitors (4.11)—(4.13) is
presented in Fig. 4.4. The state variables in the systenhargrid current,, and the capacitor
voltagev;,. Their values are obtained by numerical integration from

dif 1 Sl

0 = (KuslgeKie) [ Mus (Vs — KloVio) = KusRgsKiLeige] = aigs (4.14)
dv. -1 L,

ch = [(KWSCWSKVTVS) PusKas (igs - |Ws)] — Vg (4.15)

while the stator current, is defined by the FEM block. The high-pass filter with dtifoe-
quencya is used for drift compensation, as in Section 3.
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Figure 4.3: Simulation model of the cage induction motor wdldal voltage supply using the
current output approach.
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Figure 4.4: Simulation model of the system consisting ofREB& model of cage induction
motor, grid and compensating capacitors using the curreripot approach.

4.2.2 Circuit parameter approach

The simulation model for the cage induction motor with arald®ltage supply using the circuit
parameter approach is presented in Fig. 4.5. The motor i€leddoy the electromotive force
eus, resistanceR,s and the dynamic inductandéj,é”. These parameters are obtained at each
time step from the FEM block and used in the circuit model Hase(4.6).

When the whole system with grid and compensating capacsgarsodelled, both curreni§,
andigs and capacitor voltagé, are required as state variables and therefore they arecstibje
numerical integration. Besides (4.14) and (4.15), the statoent is integrated from

di; -1 " ”

d_\:[vs = (KWSLSvénKva) [MWSKvaV::s — Kus€us — KwstsKvTvs'ws] — @y (4.16)

The simulation model for a system simulator is presentedgn46.
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Figure 4.5: Simulation model of the cage induction motor vaithideal voltage supply using
the circuit parameter approach.
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Figure 4.6: Simulation model of the system consisting ofRE& model of cage induction
motor, grid and compensating capacitors using the circaitgmneter approach.

4.2.3 Direct coupling

The directly coupled field and circuit equations of the systge formulated in order to verify
the results of the current output approach and the circuémpater approach. The simulation
method is the same as described in Section 2.1, but the akta@rcuit equations are added into
the system of equations. The cage induction motor is matiée(2.25), (2.26) and (2.27)
on page 24 and the external circuit is modelled by (4.12) drtBj. Applying the trapezoidal
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approximation for the derivatives gives

re = Sa+ Fjus + Fl Kl (4.17)

WS *WS'wWs

+Sadt+ FIust + R KLkt =0

, = Fpa“+ BuX — Fpd“t + Buk + Q,i* =0 (4.18)
b b b0'b

Fws = KusFusa® + KusWeKT ik 1+ Q, KT vk (4.19)
ws

ws'ws wsVcs
k-1 T :/k-1 T /k-1 _
- Kws wsdl + KWSVVSOKWSIWS + QwsKws\/cs =0

rgs = KWSGQSKJ—VSIékS - QWSK\-II—VS\/::E + Mwsvgs (4.20)
- KWSGQSOK\Tvsiéks_l - QWSK\TVSVQ;_:L + MWSVggl =0
les = KWSQI\,si\,,\Ifs - KWSQ\T\/siéks + KWSGCSK\-/I-\/SV(,;I; (4-21)

T :/k-1 T :7k-1 T \/k-1
+ KwsQuslws  — Kstwslg]s — KuwsGesKysVos ~ = 0

where (4.17)—(4.19) characterize the cage induction nastdr(4.20)—(4.21) represent the grid
and compensation capacitors. @mentsS, Sy, Fy, Fus, B, Ws, Wso, Qo andQ, are determi-
ned in Section 2.1.2 on pages 24-25, and connection maifigesnd M,,s are determined by
(4.3) and (4.4), respectively. CiieientsGys, Gygso andGs are defined by

Rg (At + 2|—g,i
Lo 9 el 4.22
Ggsu 27’|ws ( )
RyiAt — 2L,
- —9! 4.23
GgSQIl 2’)/IWS ( )
C.
Gesii = 7 (4.24)
7lws

wherel,s is the length of the coil angt the number of symmetry sectors in the finite element
model.

Using the nonlinear Newton—Raphson iteration, the field amodic variables are solved from

[J(a") Fy  FaKos 0 0 J[aan]  [r0]
Fo B 0 0 0 Aug" rm

KwsFws 0 KusWeKy 0 QusKis Ai\',\ll(én =—|Is (4.25)
0 0 0 KusGgsKis  —QqsKiis || Aige” o
0 0 KW:stTvs - KWSQ;s KwchsKvTvs_ ,A\/clért L rgs_

which is an extension of (2.43) on page 26.
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4.3 Simulation results

In order to see the fference between the methods, the system was modellefieatdi levels
of complexity. At first, the cage induction motor was coneeldo an ideal supply only in order
to evaluate the circuit parameter approach with respedtéctccoupling. The ideal model was
simulated in steady state and during start-up. In the sitiounlaf the whole system with grid
and capacitors, the current output approach was alsoaditnd all the three methods were
compared with each other using severalatent values for the external circuit parameters.

4.3.1 Ideal voltage supply

Simulation with the ideal sinusoidal voltage supply wagiedrout by the circuit parameter
approach and direct coupling. Again, the current outpur@gugh is equivalent to the direct
coupling, since the model does not contain any additiorralitielements besides the stator
winding. The &ective value of the supply voltage was 400 V and the frequaras/50 Hz. In

the circuit parameter approach, the FEM computation isge®ed at 5Qs major steps and the
circuit model is integrated at 135 minor steps. The time step in the directly coupled simorhati
was 50us. The cutdf frequencya for the numerical integration was 15 Hz in the steady-state
simulation. When simulating the start-up of the motowas set to zero.

Figure 4.7 presents the waveforms of the steady-stater statoent at no load, half load
(18.5 kW) and full load (37 kwW). When the methods are comparez shtapes of the wave-
forms difer slightly, although the agreement is excellent in termaraplitude and #ective
value.

Figure 4.8 presents the current during the start-up withoaal,| also obtained by the circuit
parameter approach and direct coupling. Theedence between the methods is presented as
a separate plot, since it would not be visible otherwise. odding to the results, the absolute
difference remains in the range froft5 A to +15 A, regardless of the current amplitude.

The influence of the minor step size is illustrated by Fig. A9 observed with the doubly-fed
induction generator, changing the size of the minor stepagés slightly the results, but does
not greatly improve the accuracy. In this case, howeverdifierence between the waveforms
is more visible. Possible reasons for this could be smadigngs and the cage winding in the
rotor. As described in Section 2.4.1, the dampiffg& of the cage winding is only present in
the electromotive force that is held constant between tHemsteps. Therefore, the numerical
integration of the current does not incorporate the rotes daut only the dynamic inductance of
the stator winding. On the other hand, the agreement in thetsds still satisfactory regardless
of the simplified approach.
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Figure 4.7: Steady-state stator current at no load, halfdda8.5 kW) and full load (37 kW)
obtained by circuit parameter approach and direct coupling
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4.3.2 Grid and compensating capacitors

The simulation of the whole system model with grid and conspéing capacitors is carried
out by the circuit parameter approach, current output agagr@nd direct coupling. The supply
voltage, time steps and cufdrequency for the numerical integration had the same valsdise
steady-state simulation above. Twdfdrent grid models and three values for the compensating
capacitance were used in the simulation. In the following & refers to the parametekg =

1 mH,Ry = 22 mQ and grid 2 to the parametekg = 7 mH, Ry = 35 mQ. In terms of short-
circuit power, grid 1 corresponds to 500 kVA and grid 2 to 7®kWVhe capacitance values are
C, = 67uF, C, = 134uF andC; = 200uF, which correspond to 10, 20 and 30 kVAr reactive
power, respectively. The parameter values are selectedrtespond to the laboratory setup
that was used for experimental validation of the simulatimdels (Section 4.4).

Table 4.2 presents thefective (RMS) values of stator curreiat grid currentig and stator
voltagevs, obtained by the circuit parameter approach (circ), cumetput approach (cur) and
direct coupling (dir). In general, both current output aggwh and circuit parameter approach
agree well with the direct coupling, except in the cases ycody very low grid current (typed
in boldface). Furthermore, a closer inspection revealstti@results obtained by the current
output approach are slightly closer to the results of diyesziupled simulation.

The diferences between the methods are also illustrated in Fig, which presents the wa-
veforms of the stator current, grid current and stator gatduring one period of the supply
frequency, when the motor is connected to grid 2 and capa&ta, and operates at full load.
In addition, detailed plots of the results are presentedgn411.

The results obtained by theftrent methods are very similar in terms of both tliecive
values and waveforms, but it is also shown that the methaglsairequivalent to each other.
There is a clear distinction between the direct and indicectpling because of the one-step
delay between the FEM computation and circuit simulatiaut, the two indirect approaches
produce almost identical waveforms. Nevertheless, irngpeof the dfective values in Table

TaBLE 4.2: COMPARISON OF STATOR CURRENT, GRID CURRENT AND STATOR VOLTAGE

grid 1: no load grid 2: no load grid 1: full load grid 2: full Ida

C;, C GC C G Cs C;, C C C C GCg
i [A] 27.2 288 304 229 291 380 66.1 689 694 522 56.7 61.5
igrc [A] 27.2 28.8 30.3 228 295 381 678 706 717 528 57.2 622
idr [A] 27.5 28.9 305 234 29.2 381 66.3 680 695 512 56.5 62.0
ig" [A] 130 16 149 97 13 9.8 600 59.8 588 473 481 534
ig®[A] 131 43 158 9.8 6.2 1275 627 63.5 643 488 50.7 57.1
ig" [A] 13.2 09 147 103 04 95 596 57.0 573 456 474 520
Ve[Vl 393 400 408 363 400 436 386 397 401 309 334 365
Virev] 393 400 408 363 397 434 386 397 401 308 331 359
vir [Vl 393 400 408 361 399 436 386 394 401 306 336 369
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4.2 reveals that the current output approach is slightlgerdo the direct coupling in most
cases.

Another observation from Table 4.2 is the bigfdrence in the grid current values, when the
motor operates at no load and the reactive power is totaftypemsated by the capacitors (typed
in boldface). In such a case, the current mostly flows betwleestator and the capacitors, and
the grid current is a subtraction of two nearly equal cuseand therefore sensitive to even
small diferences.

In terms of the computational time, the comparison betwbhemtethods shows clear distinc-
tions. Using a desktop computer with a 500 MHz Pentium Illigessor, the required simulation
time for one time step was 0.22 seconds with the direct cogpd.39 seconds with the cur-
rent output approach and 0.50 seconds with the circuit patemapproach. For each method,
there were approximately 6 iterations per time step in th®lEB&mputation. Therefore, the
differences in total computation time relate clearly with theplexity of the block diagrams
implemented in Simulink.

4.4 Experimental validation

In order to validate the simulation models, a corresponttbgratory setup was constructed
and measured underfiérent conditions. The measured results were compared hatresults
of the directly coupled simulation in terms dfective values and waveforms.

44,1 Testsetup

The schematic of the laboratory setup is presented in F1@. 4fhe cage induction motor M1
was supplied by one of the synchronous generators G1 or Gbaddd by the DC generator
G3. The reactive power was compensated by three similacitaphanks C1, C2 and C3 that
were connected to the stator of M1 by separate switches.

Grid current Grid current

| measurement measurement Torque
@Eg’: l | l | transducer —
Power [FHOJ- A {
- analyzer|[—~ ’ g — \w ’\’El
@g.’: ) ) ) \/oltage E@

_ LI [ ] ==
Transient

recorder C1 CZ C3

Figure 4.12: Schematic of the laboratory setup used for meag the cage induction motor
with compensating capacitors.
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The characteristics of the generators G1 and G2 correspoddsely as possible to grid 1 and
grid 2 used in the simulation models. However, both of theegators had automatic voltage
control systems that kept the stator voltage nearly cohs¢égiardless of the capacitance value
in the stator. The DC generator G3 was supplied by a thyrisidifier with speed control and
excited by a constant field current.

The stator voltage was measured between phases A—B and C—Beaiyranix A6907 voltage
isolator. The currents in the grid and stator were measuwed phases A and B by a LEM
LT-300 Hall sensors. Thefkective values were calculated from the measured wavefonuis a
double-checked by a NORMA D6100 power analyzer. The shafutiand rotational speed
were measured by a HOTTINGER T30FNA torque transducer,Hautésults were only used
for ensuring the correct operation point of the system. Taeafiorms of the results were stored
by a KONTRON WW700 transient recorder. The temperature of éige enduction motor was
measured at the end-windings and outer surface of the staterin order to ensure that the
conditions do not change during the measurements.

4.4.2 Measured results

Using a 400 V supply voltage with 50 Hz frequency, the stestdye operation of the system was
measured at no load and full load with one, two or three cépaoanks in the stator. However,
generator G2 was not applicable for the full load, becauser¢quired field current would
have been over the ratings. The results are presented ia Z&hltogether with corresponding
results from the directly coupled simulation. Because ofatmatic voltage control in the
laboratory setup, not all the simulation results are futiynparable with the measurements. For
those cases, in which the measured and simulated statagesltare close to each other, the
stator currents are also close enough to show the validitieoFEM model. The dierences

in the grid current are in the same range, except for the ad-tases with full compensation.
However, these cases were also shown to be problematic icothparison of the direct and
indirect simulation methods above.

Figure 4.13 shows an example of the waveform comparisonnwhe motor was supplied by
generator G1, operating at full load, and the reactive pawaes compensated by capacitance

TaBLE 4.3: EXPERIMENTAL VALUES OF GRID CURRENT AND STATOR VOLTAGE COMPARED WITH SIMULATION
BY DIRECT COUPLING

G1: noload G2: no load G1: full load

c;, C C C C C C C G
iTea[A] 28.6 28.6 28.6 284 28.0 294 66.6 66.6 66.6
idr [A] 275 289 305 234 29.2 38.1 66.3 68.0 69.5
ig°®[A] 153 3.8 149 156 45 149 59.7 555 55.6
ig" [A] 13.2 09 147 103 04 95 596 57.0 57.3
viesv] 397 397 398 393 391 394 394 397 397
vir V] 393 400 408 361 399 436 386 394 401
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Figure 4.13. Measured and simulated waveforms of statoremtrrgrid current and stator
voltage.

C,. The comparison shows that both the amplitudes and phagés stator voltage and the
currents are nearly the same in the measured and simulatgtsre

4.5 Discussion

In this example, the FEM model of the cage induction motor e@mected with the circuit
model of a grid and compensating capacitors. The systemiwasaged by the current output
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approach and circuit parameter approach, both of whiclze@tédn indirect coupling between
the FEM model and the external circuit model. The resultsasheapproach were compared
with the results of directly coupled simulation, showingpd@agreement. In addition, the FEM
model with directly coupled circuit equations was valiadbby experimental results.

Based on the results of this example, the conclusions of Chaputen be extended as follows:

1. The applicability of the circuit parameter approach soahown for electrical machines
with cage rotor.

2. Both the current output approach and circuit parameteroagp are applicable for non-
iterative indirect coupling with external circuit models.

3. The diference between the waveforms obtained by indirectly arettyrcoupled simu-
lation is visible, but not significant in most cases.

As distinct from the previous example, it is now possible taleate the interaction between
the models of the electrical machine and the external ¢irRégardless of the good agreement
between indirect and direct coupling, the observdtedences reveal that even a simple circuit
model is rather sensitive to any inaccuracy in the companatrhis can be explained by con-
sidering the magnetic field and electrical circuit as two dom of the electromagnetic system,
having strong physical coupling by nature. Separation @idbmains for non-iterative simula-
tion breaks the physical coupling by introducing a delaymd time step between the field and
circuit models. Therefore, the length of the time step mesthmosen carefully considering the
time constants in the physical system, in order to keep theracy at a reasonable level.

The comparison between the indirect approaches did noélrsignificant diferences in the
accuracy. When considering the applicability and flexipilit model construction, however,
the approachesfiler from each other to some extent. In general, modellingitiejuations in

a system simulator is not as simple as it would be in a cireotiator. Similarly, the current
output approach is more convenient to use in a system sionulatit the circuit parameter
approach would be more appropriate in a circuit simulatendt¢, selection of the approach for
indirect coupling should be based on the software to be wusetié circuit simulation.

On the basis of the above conclusions, the most appropngeach for combining a FEM
model with electrical circuit simulation is still direct derative coupling, which preserves the
strong coupling between the field and circuit domains. Néebess, implementation of a new
circuit topology always requires new circuit equations,ickhare tedious to write manually
in the program code. The process can be simplified by autoroatistruction of the coupled
equations, as presented by Vaananen (1996) or Kuo-Pend®29r). In some cases, however,
coupling with an external simulator provides such flexipifior model construction that it is
truly advantageous to utilize the indirect approachesadiof direct coupling. Examples of
such applications are presented in the next chapter.
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5 Case studies of controlled frequency
converter supply

This chapter reviews two case studies concerning frequeanyerter models coupled with
the finite element analysis. In the first case, an inductiotomdrive using the direct torque
control (DTC) algorithm is modelled in SIMULINK and coupledttvthe FEM computation
by the current output approach. The second case presenppkcation of a doubly-fed induc-
tion generator in a variable-speed wind turbine, in whiah ribtor is supplied by a frequency
converter and protected against sudden faults by a passwdbar. The system is modelled
in SIMULINK and the coupling with the FEM computation is cad out by both the current
output approach and the circuit parameter approach, geiogmparative analysis. The pur-
pose of this chapter is to show that indirect coupling, eisigdy the current output approach,
provides good results with complex frequency converteremd

5.1 Induction motor drive with detailed DTC algorithm

This example presents the simulation of a 2 MW cage indugatiotor drive with a detailed
control system model corresponding to a real product (AC8%@a6 closely as possible. The
drive model is implemented in SIMULINK and the coupling witte FEM model is carried out
by the current output approach. The system was simulateid@auyg state and compared with
an analytical model and experimental results, showing gmwdement. The work was carried
out in co-operation between the university and an indugtaener, and is originally reported
in (Kanerva et al., 2004).

5.1.1 Background

This study was accomplished in co-operation between theetsity, the drives manufacturer
and the machine factory. The main objectives of this case wer validation of the method

by experiments and creation of the coupled simulation enwrent providing opportunity to

share the expertise between the designers of frequencgiterssand electrical machines. In
this case, the model of the frequency converter was cregtélueldrives manufacturer and the
FEM model of the motor was provided by the machine factoryer&fore, it was possible to
obtain close agreement between the simulation model arré#happlication. The contribution

of the author of this thesis has been to provide the commu@itimethods for the finite element
analysis, and, together with other parties, to analyzedkelts and draw conclusions.
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5.1.2 Description of the system model

The fundamental structure of the drive model is similar ® basic scheme of the direct tor-
gue control (DTC) (Takahashi and Noguchi, 1986; Depenbrd®Bg), but the digital control
system is modelled in detail by several discrete functiondifierent time levels, as in the real
application. Figure 5.1 presents the top level schemattb@flrive model, showing the main
functions for torque control and speed control modes. @aily, the simulation model was
developed for an analytical motor model, but the FEM mode simply included by replacing
the block of the analytical motor model with the block of thENF model. The fundamental
time step for the frequency converter model was 1&.5ts multiples were used in the parts of
the model requiring slower sampling. The major step for thMFEomputation was 100s; the
coupling was accomplished by the current output approadble. sElection of the time steps is
based on finding an optimum between reasonable simulatienand adequate accuracy.

The cage induction motor in the drive system has 3 phasesle§ pad 86 non-skewed rotor
bars. The ratings of the motor and the frequency convertepegsented in Table 5.1. The
finite element mesh of the machine comprises 13143 nodes %R quadratic elements, as
illustrated by Fig. 5.2.

Parameters Management Model I Torque Control | Speed Control
| |
| |
Script file: Speed reference o | Speed reference
runAéka.m gl
Motor < > | Torque reference |
Inverter I I
Input data Flux reference | | Flux reference
- Environment Overall : : v
- Model DC voltage
) - Speed
COporating 2242990 5[ 0 gircuit | | | Speed |q
conditions A : :
- Startl:_g Half DC DC currents | | Torque
conditions voltages | I reference
v t | v v | v v
| |
3-Phase
Calculation of 3-Level < : Inverter control :4— Inverter control
initial conditions Inverter | |
X A |_>
Plot files Phase || Measurements Measurements
voltages Phase | |
Setup of currents | | A
SIMULINK \ 4 | |
| Motor | | |
K | |
Run simulation Torque Speed : :
Load \ 4 : :
4>|model Process | |
Output results | |
(Plots,..) | |
| |

Figure 5.1: Schematic of the detailed DTC drive model (Kaaeatal., 2004).
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TABLE 5.1: RATINGS OF THE DRIVE SYSTEM

Cage induction motor Frequency converter

Py rated power 2MW  Prax maximum power 9 MW
Uy rated voltage 3150V Upnax maximum voltage 3300V
Iy rated current 436 A |max maximum current 1645 A

fy  rated frequency 40Hz fuin...fmax frequency range 0...75Hz
ny nominal speed 792 rpm

Figure 5.2: Finite element mesh of the 2 MW cage inductioromot

5.1.3 Results

In order to study the agreement of the simulation model vhth real drive application, the

system was simulated in steady state at 600 rpm rotatioealdspnd full load. The simulation

was run for several periods of the fundamental frequencytlaadrourier analysis was applied
to the results in order to find out the harmonic contents ofvtiieage and current waveforms.
Due to the stochastic nature of the control strategy, pumepesison of the waveforms does
not give much information, so the frequency components@ftiitage and current are studied
instead.

The results obtained by the FEM model and analytical modeéwempared with the expe-
rimental results in terms of the frequency components. reigu3 presents the voltage spect-
rum without the fundamental component, showing good agee¢iretween measurements and
simulation by the both models. This shows that the analytiwadel is alone sflicient for
analyzing the control system itself. As illustrated by Fsg4, however, there is a clear dif-
ference between the analytical and FEM models in the cuseettrum. As compared with
the measurements, the results from the FEM model provideclese agreement with the real
drive. In addition, the impedance of the motor is calculdtech the frequency components and
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Figure 5.3: Comparison of the voltage spectrum obtained ByRIEM model, analytical model
and measurements.
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Figure 5.4: Comparison of the current spectrum obtained leyRBEM model, analytical model
and measurements.

presented in Fig. 5.5.

Besides the steady state, the transient operation was ated tby simulating rapid load
changes. Figure 5.6 presents the electromagnetic torquéharstator current when the load
is first increased from zero to nominal and decreased to halhbminal after 40 ms. In the
simulation with the FEM model, the control system resporety well to the changes.

5.1.4 Conclusion

The results of this example show the capability of the curcerput approach for coupling
the FEM model of the electrical machine with a frequency eot@r model and a closed-loop
control system. The operation of the drive system was purabed on a stochastic closed-loop
control. In comparison with the static control presentedely in the literature, the simulation
model of this example requires proper feedback from the FEMputation to the converter
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Figure 5.5: Comparison of the motor impedance obtained byt model, analytical model
and measurements.
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Figure 5.6: Simulated electromagnetic torque and stataremt during load steps.

model. It was shown that the implementation of such a cldsed-model is also possible when
indirect coupling is utilized between the FEM model and colndystem model. In addition, it
Is possible to use a longer time step in the time-consumirlg E&mputation than is required
for the control system; when used, this provides a signifisaming in simulation time with
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respect to the direct coupling.

Because the output of the inverter model is an ideal voltagecsoand the estimates for tor-
gue and flux are based on the stator current, the currenttoapuoach is an ideal method for
coupling the FEM model within the system model. Tlikeet of the one-step delay due to in-
direct coupling is not significant, because the current nr@asent in the actual control system
also works with a delay.

In this example, a real industrial application was model#ti numerous details and the results
were validated by experiments. A special feature of thig ¢aghat the original drive model
was developed by an industrial partner as a part of the ptatkwelopment activity, and the
inclusion of the FEM model was simply carried out by replgcihe analytical motor model
with the FEM block. This allows the designers of frequencpvesters and the designers of
electrical machines, typically working atftBrent locations, to combine their expertise and
construct detailed simulation models for large systems.

5.2 Doubly-fed induction generator in a variable-speed wind
turbine

This case study presents the simulation of a doubly-feddtioin generator in a variable-speed
wind turbine. The rotor of the generator is supplied by adesegy converter providing the
speed control, stator voltage control and power factorrobnA crowbar circuit is connected
to the rotor for overcurrent protection. The system modéhislemented in SIMULINK and
both the current output approach and circuit parameteroagprwere used for coupling the
FEM model of the generator with the system model. The opmrati the system was simulated
in steady state and during a symmetric grid fault. On thesbakithe comparison between
the coupling methods and analytical generator model, it stawvn that the current output
approach was more stable and accurate than the circuit pegaapproach. The example case
is originally reported in (Seman et al., 2004) and (Kaneiha.e2005).

5.2.1 Background

In the background of this case were the regulations for wartgy where several wind turbines
operate together like one large power plant. It was requivatia wind park must not be discon-
nected from the grid in the case of sudden voltage drop, ifabk lasts only for a short period
of time. Therefore, the manufacturers of the wind genesatanst know the consequences of
such faults and design the control systems that will not gmbtect the generators but also
support the grid during short voltage dips.

A simulation environment was built for a doubly-fed indactigenerator, comprising models for
the generator, frequency converter and the control systimginally, an analytical model was
used for the generator in order to ensure quick simulationefsting the influence of fferent

control settings. The analytical model was then replacethbyFEM model, because it was
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necessary to have as accurate a model as possible for thsifaulation. On the other hand,
simulation with the FEM model also provides a good basis fatuating the accuracy of the
analytical generator model and improving the model acogrth the results. The contribution
of the author of this thesis has been to provide the comn@itimethods for the finite element
analysis, and, together with other parties, to analyzedhelts and draw conclusions.

5.2.2 Description of the system model

The schematic of the system is presented in Fig. 5.7. Theigndodelled by a sinusoidal
voltage source with an inductance and resistance in semesthe transformer (TR) model
comprises the short-circuit inductance, resistance amdetikage capacitance. The frequency
converter model comprises two back-to-back connectedgelsource inverters and a DC link.
The stator-side converter is modelled as a simple firstrafitter that controls the DC-link
voltage with a PI controller. The rotor-side converter ip@ied from the common DC link
and the switches are assumed to be ideal. The control of vieetén is based on direct torque
control (DTC), where the estimates of flux linkage and torqree Galculated from constant
equivalent circuit parameters and the currents obtained the generator model. The over-
current protection circuit (crowbar) consists of a diodeldpe, a resistor, and a thyristor that
connects the rectified rotor voltage to the resistor, wherfdhlt occurs.

Models of the grid, transformer, frequency converter andwbar are implemented in
SIMULINK, while the FEM model of the generator is coupled ihe system model by both
the current output approach and circuit parameter appraathnalytical generator model with
constant parameters was used for the design of the const@myand for comparison with the
FEM model. The generator is the same as presented in Tabbeddge 34. In the simulation,
the major time step for the FEM computation was&and the frequency converter model
was simulated using 0.bs steps. In the circuit parameter approach, the minor time f&ir

Grid TR \J |
F Noc AC
J_lUdc +
ac\| |4 |oc

Crowbar

Figure 5.7: Schematic of the variable-speed wind turbine wiahbly-fed induction generator
(DFIG), rotor-side frequency converter, overcurrent @ation circuit (crowbar), transformer
(TR) and grid (Seman et al., 2004).
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integrating the phase currents wasu) Again, optimal time steps were chosen to provide a
reasonable computation time and accurate results. Itdli@uhoted that even though there is a
significant diference in the minor and major time steps, no numerical pnableere introdu-
ced. The parameters of the control system were tuned aocgaialihe test simulations with the
analytical generator model; the same settings were usdbtireasimulations.

5.2.3 Results

The system was simulated in steady-state, during a loadhsteduring a symmetric grid fault.
A constant rotational speed was assumed in all the casead®obthe large moment of inertia
of the rotor and turbine. Figure 5.8 presents the statoeatyrrotor current and electromagnetic
torque in a transient from no-load to half-load operatiomuated by the current output ap-
proach. Due to the DTC algorithm, the rotor supply is comto produce the desired torque
in all operating conditions. As shown by the results, theawtsd torque is very stable and the
response to the reference change is rapid.

Figure 5.9 presents the corresponding case simulated bgirthét parameter approach. The
settings for the control system were the same as with thewruautput approach. With the
circuit parameter approach, however, the operation is :ietable and accurate as it is with the
current output approach. An obvious reason for this is thar @ the phase current integration,
already reported in Section 3.3, which gives faulty infotiorato the control system resulting
in visible oscillation in the stator current and electromeiic torque. Theféect on the control

Is also illustrated by Fig. 5.10, which presents an examplkhe output voltage of the rotor-
side converter using both the current output approach awditiparameter approach. The
switching in the latter case is very rapid, which is a restitaolty operation of the control.
This causes higher ripple in the rotor current, but also readhe small notches, as seen in
Fig. 5.8. However, the notches are not critical to the opamnaif the system, since the primary
control variable is the flux linkage.

The operation of the system during a sudden grid fault was @iteulated. The amplitude of
the stator voltage was dropped to 35 % of the nominal valuenvithe generator was running
at half load. Because of the fault, the control system diseotanthe rotor-side converter and
the crowbar is triggered in order to protect the rotor wirgdiin the simulation, both the cur-
rent output approach and the circuit parameter approach used for the FEM model, and
the results were compared with each other and the ones etitainthe analytical generator
model. Figure 5.11 presents the stator and rotor curreairsdd by all the three methods. The
difference between the analytical and FEM models is relatiatyel during the first periods,
because the analytical model does not include ffects of saturation and slotting. However,
the waveforms get closer as the transient decays. Tihereiice between the current output
approach and the circuit parameter approach is also cldaraanbe explained in the same way
as the steady-state simulation.
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or circuit parameter approach (lower).

5.2.4 Conclusion

As in the drive example, a controlled system with a frequesmyerter supply was also pre-
sented in this case. Therefore, the conclusions presemg&etition 5.1.4 also apply to this case,
confirming the applicability of the current output approd@hsimulating such systems. In ad-
dition, the circuit parameter approach was also appliedésame system, but its performance
was not as good as that obtained with the current output approThis is mainly due to the
error in the phase current, which was also presented in Qfsaptnd 4. Therefore, the circuit
parameter approach cannot be recommended for couplingotledtfrequency converter mo-
dels with the FEM computation. Comparison with the analyticadel showed that the FEM
model can provide more accurate results for simulating timsequences of sudden faults. On
the other hand, it was shown that a simple analytical modatcsirate enough for the control
system design, but the FEM model can be used for ensuringtihect operation of the system
during diferent transients and faults.
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Figure 5.11: Stator and rotor current during a symmetrictstafault obtained by the current
output approach, circuit parameter approach and analytganerator model.

5.3 Discussion

In this chapter, two examples relating to frequency comvestipply of electrical machines were
presented. As the previous chapters concentrated on tieddastric circuits, the models in
these examples comprised mostly control systems. Sinaatibehing components in all cases
were modelled by ideal switches, there were practically daditeonal circuit equations to be
coupled with the FEM computation, but only the control sgseqjuations. Therefore, it can be
stated that this chapter presented FEM-control couplistgad of FEM-circuit coupling.

In both the examples, the current output approach was showa appropriate for simulating
coupled FEM-control models; however, the circuit paramapproach did not perform as well.
This can be explained by the direct or indirect coupling lestwthe field and circuit equations.
In the current output approach, the field-circuit coupliaglirect, whereas it is indirect in the
circuit parameter coupling. This causes an error in theghasents, which was also discussed
in Chapter 3. In sensitive control systems, this error isdaggough to cause oscillation and
inaccurate operation. However, it was shown that direcpbing is not necessarily required
between the FEM model and control system, since the indo®apling resulted in good re-
sponse and accurate simulation. This can be explained bfath¢hat the physical coupling
between the control system and electromagnetic systentualgcweak, since the actions in
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the control system and the response of the electromagiystiers always follow each other in
a chain and there is always a delay between the actions.

The examples presented in this chapter also emphasize the benefits of the indirect
coupling. Since the models of the real frequency convereralatively large and complex,
it is convenient to construct the models in a system simulsdétware with a graphical user
interface. By using the current output approach, inclusiothe FEM model into the conver-
ter model is as simple as using an analytical model. Anotregomadvantage of the indirect
coupling is the possibility of using flerent time steps in the control system model and the
FEM model. In the presented examples, the time steps forahteat system were remarkably
shorter than for the time-consuming FEM computation, wihedulted in computationféective
simulation.

The computational time was not analyzed, because there meeo®rresponding cases to be
compared with. The time required by the FEM computation wddve been similar to the
cases presented in Chapters 3 and 4, but the simulations wetgyranother computer. In
both case studies, the control system models were impleadat SIMULINK as compiled
S-functions written in C or Fortran. Therefore, the simiolattime was significantly shorter
than it would be with corresponding models constructed fsamgle blocks.

Based on the results of the case studies and the above d@atibs following conclusions can
be drawn in reference to the frequency converter supply:

1. The current output approach is shown to be suitable foulsitimg electrical machines
with frequency converters; this has been validated by éxyertal results.

2. Simulation of closed-loop control systems with a FEM miaafean electrical machine
does not necessarily require direct coupling.

3. The applicability of the method was proved by modellingl egpplications and studying
actual problems in co-operation with industrial partners.

4. The circuit parameter approach is not recommended faxlatimg controlled frequency
converters with electrical machines.

Finally, it should be noted that both the examples in thigptéravere based on real applications,
and also that they were accomplished in co-operation widhstry. The method for coupling
FEM computation with the frequency converter models haggdo be useful for the industrial
partners and provided them with new knowledge.
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6 Discussion

The aim of this chapter is to summarize and discuss the sasiulis thesis. The current output
approach and the circuit parameter approach are analyzedms of their suitability for mo-
delling and simulating electrical machines with circuitelaontrol systems. The significance
of the work is evaluated with respect to the literature nereieé in Chapter 1. On the basis of
the results of this work and other research in this field, amgg simulation environment and
methodology is proposed for large-scale systems congisfirlectrical machines, circuits and
control systems.

6.1 Summary of the results

Two different approaches were presented for coupling the timgistgfinite element analysis
with a system simulator SIMULINK. Because of the indirect pling, it is possible to build the
whole large-scale model in SIMULINK, whereas the FEM modethe electrical machine is
represented by a functional block with a few input and outuiables. The main advantages
achieved by such coupling are the simple model constructtben separate parts of the system
can be designed by experts iffdrent fields and coupled simply in the simulator software, an
the possibility of using dierent time steps for the FEM computation and the rest of tegy,
which results in computationallyffective simulation.

The current output approach is based on directly coupled &l circuit equations, resolving
the magnetic field in the cross section and the circuit gtiaatf the windings. In SIMULINK,
the functional block performing the FEM computation padbesphase current values as out-
put, when the supply voltage values are given as input. Thglog with external circuits
and control systems using the current output approach wegestthrough examples involving
an induction motor with grid and compensation capacitonsinguction motor drive with a
frequency converter, and a doubly-fed induction genenatthr a frequency converter. The ap-
plicability of the method was shown in all cases, resultingood accuracy and flexible model
construction.

In the circuit parameter approach, the coupling with SIMNKIis similar but the outputs of
the block are the electromotive force, dynamic inductamckrasistance. These parameters are
included as a part of the external circuit model and are @oblat each time step. Contrary to
the current output approach, the coupling between the ntiagredd equations and the circuit
equations of the windings is indirect in this method. Theuaacy of the circuit parameter
approach was studied by simulating a doubly-fed inductienegator and a cage induction
motor with sinusoidal supply. In comparison with the resoltthe directly coupled simulation,

a clear diference was discovered due to the one-step delay in the ngugiid the open-loop
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integrators utilized in the circuit simulation. The methaas also applied in the cases involving
an induction motor with grid and compensation capacitotsaatoubly-fed induction generator
with a frequency converter. In the case of grid and capagitbe results were similar to those
obtained by the current output approach. In the case witeguéncy converter, however, the
results were not satisfactory due to problems in the cosyrsiem model.

In order to draw some general conclusions from the resthiés¢coupling mechanisms between
the magnetic field, circuits and control systems must beyardl The electromagnetic coupling
between the magnetic core of the electrical machine, wgsdamd external circuits is physically
strong, which explains the fiierences between the two indirect approaches and the girectl
coupled approach. Discrete operation of the switching amepts and control systems, ho-
wever, introduces a numerically weak coupling between thet®magnetic system and the
control system, which actually explains the good perforoeasf the current output approach in
the examples involving controlled frequency converters.tk® other hand, the unsatisfactory
performance of the circuit parameter approach in simitarasions is mainly explained by the
errors in the current integration, which gives a faulty refee to the control system.

6.2 Significance of the work

This work contributes to the simulation of electrical mas, external circuits and control
systems, especially motors and generators connectedregbdncy converters. The main pro-
blem related to the simulation has been that, while eachgbdnte system requires afterent
modelling approach, suitable simulation software for dmgpthese subsystems has not been
available. The coupling between finite element analysiscaiedit simulation has been studied
widely, but the inclusion of closed control loops cannot &mger be regarded as trivial. The
challenges in the control loop implementation are relad¢de coupling mechanisms and model
description. The direct coupling between the FEM compaitefind control systems requires
equal time steps for the whole system model, but the indezeapling would allow diferent
time scales for the subsystems. The type of coupling ace@mdugh for the coupled simu-
lation, however, has not been studied. Another issue ofideration is, whether the control
system model can be described as a block diagram or state gnalgficiently translated into
the format required by the coupled simulation software.his work, solutions to these pro-
blems are sought from a combination of private FEM code ar@hantercial system simulator.

The new methods presented in this work are based on indicegtliag, the performance of
which is also compared with direct coupling. Itis shown thiaéct coupling is required between
the magnetic field equations and the circuit equation of thmeliwgs, but indirect coupling is
adequate for controlled converter models. The applidsioli the indirect coupling between
electrical machines and external circuits depends on tiereince between the time constants,
and therefore it is subject to the studied case. The resuttisowork, however, support the
usage of indirect coupling in many cases and will possible gise to further studies in this
field.

In most of the references in this field, authors have utilizexyram code owned by the univer-
sity. Commercial software is not alwaysfBaient for the specific research interests and licence
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fees may be urffordable, but they often provide excellent user interfacs wst-processing
routines. A combination of university code and commeradihvgare, as presented in this work,
also combines the advantages. On the one hand, the progdanfozdhe finite element analysis
is optimized for electrical machines and can be modifiedaissary; on the other, construction
of large-scale system models in SIMULINK is simple and theme several block libraries and
functions available, including all functions and postg@ssing routines of MATLAB. Conse-
guently, the simulation models can be designed in collalmrdetween several experts, each
of whom is only responsible for one part of the overall sitiolamodel.

Numerical coupling between time-stepping finite elemeratlysis and circuit simulation has
been presented widely in the literature, and some refesamise include control systems in the
simulation model. However, the control systems preserdettéquency converters have been
very simple and only operating in open-loop mode. The stugiesenting closed-loop control
systems, on the other hand, have only considered simpletoiduor relays. Using the current
output approach presented in this work, large control systean be modelled together with
FEM in a relatively simple manner because of the flexible dagpwith a system simulator
and the possibility of simulating each part of the model vdifierent time steps. As a result,
complex models of frequency converters including the addsep control system were coupled
with the FEM computation in the examples involving a drivglagation and a wind generator.
Similar cases have not been reported in the literaturege sippropriate methods have not been
available earlier. In addition, the industrial partnersined with the example cases have been
satisfied with the methods and have also obtained new kngelidm the results.

The software related to this work was developed as a combimat specific FEM code and
SIMULINK, which naturally has required several tailoredwimns in the programming. Ne-
vertheless, the methods themselves are universal anddteapplicable to other software, too.
Many circuit simulators or system simulators provide thegloility of linking existing program
code to the simulation. In this respect, this work will be ac@iraging example, showing the
possibilities of coupling FEM code with commercial simuolasoftware.

6.3 Optimal environment for the coupled simulation of
electrical machines, circuits and control systems

According to the literature review and the results of thiskyd is possible to outline an optimal

simulation environment for electrical machines, circuilacontrol systems. A fundamental
assumption for doing so is that the emphasis of the simulatiti be on the operation of the

whole system and the interaction between the componentsglss on the behaviour and
design of each component separately. Therefore, the dhaion must contain two or three
different tools operating firmly together. The finite elementhudtis a natural choice for the
electrical machine, while the electrical circuits are nfagtntly modelled by a circuit simulator

providing a user interface and an extensive componentyibiide control systems are usually
modelled as block diagrams, which may require a separatersy@mulator depending on the
features of the circuit simulator.

As stated earlier, direct numerical coupling, which regsistrong interaction between the FEM
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Figure 6.1: Outline of an optimal methodology for a coupleddation of electrical machines,
circuits and control systems.

computation and circuit simulation, is proposed for thedfighd circuit equations. To achieve
this, the computation of fields and circuits must be integgtatvhich has usually been the case
in the previous studies reported in the literature. Sinednidirect coupling between the field-
circuit models and control systems is adequate, and evea dimient due to the dierent time
scale, an external simulator can be utilized for controtesyssimulation.

To conclude the above discussion, outline of an optimal pulogy for a coupled simulation
of electrical machines, circuits and control systems isg@néed in Fig. 6.1. The equations of the
magnetic field, windings and external circuits are coupleglctly and solved in a FEM-circuit
simulator. The variables in the coupled system of equatwaghe nodal values of magnetic
vector potential, the vector of currentsand the vector of voltagas The control system is
modelled in a system simulator, which is connected indiyedth the FEM-circuit simulator by
the measurement signals and switch control signals. Beacduise indirect coupling, dierent
time steps may be used in the FEM-circuit simulator and tiséesy simulator.

For modelling the switching elements, several approachede used. Accordingly, the selec-
ted approach alsoffects the time-stepping scheme. If the switches are corsides binary-
valued resistors, the control signals are used for triggehe resistance value and forcing a new
time step for the directly coupled FEM-circuit simulatighsimilar procedure is required when
the switching is modelled by changing the circuit topololgysuch cases, a procedure for vari-
able time steps is required. In the approach utilized in #sestudies of Chapter 5, however,
the control system and the switches are modelled togethkrtiag voltage source inverter; the
effects of the switching are thus present in the voltage inpuh@®f~EM model. Because the
inverter model is detached from the FEM model, the time ste@sl not be synchronized and
constant steps can be utilized.
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7 Conclusion

The aim of this study was to develop a simulation environni@nelectrical machines, circuits
and control systems. To achieve this, a methodology waepted for coupling finite element
analysis with a system simulator SIMULINK. Two indirect appches were developed: the
current output approach and circuit parameter approactorfence of both these methods
were studied by example cases of varying complexity.

The computational algorithms for modelling the magnetitdfia the electrical machine are
based on a two-dimensional finite element method (FEM), leouyith the circuit equations
of the windings. The methods are implemented for SIMULINKSa&inctions, which provide
functional blocks for the FEM computation. Because of therew coupling, time steps of
different lengths can be used in the model. Another benefit ofssystem simulator is that
the large-scale system model can be composed of parts dddigrseveral experts infterent
fields and connected simply in the block structure.

The current output approach is based on direct coupling deivthe field and circuit equa-
tions relating to the cross section and windings of the gtedtmachine. In SIMULINK, the
electrical machine is represented by a block, which solkesphase currents from the given
supply voltages. In the circuit parameter approach, thetral machine is characterized by
the electromotive force, dynamic inductance and resistanbich are solved by FEM at each
time step. The inputs for the functional block in SIMULINKeathe supply voltages, while the
outputs are the above-mentioned circuit parameters.

In the first case study, a doubly-fed induction generatormwadelled by FEM and simulated in
steady-state and fault operations using an ideal voltagelguThe results obtained by the cir-
cuit parameter approach were compared with those obtanteelirectly coupled simulation,
revealing some dlierences due to the indirect coupling mechanism. In the icipauameters
solved by FEM, there was a delay of one time step that cannarbeved, but the error in the
simulation results can be decreased by shortening the tepe s

In the second case study, the circuit parameter approachpydied to a cage induction motor,
giving results similar to those obtained for the doubly-fediuiction generator. The FEM model
of the cage induction motor was also coupled with an extezmaliit model comprising grid
and compensating capacitors. The system was simulated tigncurrent output approach,
circuit parameter approach and directly coupled FEM-dintiodel, and the simulation models
were validated by experimental results. The results obthby the three methods were similar
but not identical, indicating that the indirect couplingloé field and circuit equations may give
results that are relatively accurate, but not as reliabtéaslirectly coupled simulation.

Two examples, relating to a motor drive and a wind generattir @ontrolled frequency con-
verters, were also presented. In the first example, a FEM hod@ecage induction motor was
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coupled with a detailed model of a frequency converter witbad torque control. The current
output approach was used for the simulation and the reseits eompared to measurements.
In the second example, a FEM model of a doubly-fed inductienegator was coupled with
models of a frequency converter, grid, transformer, ougecu protection circuit and a control
system. A simulation was run using both the current outppr@gch and circuit parameter
approach. The results of both examples confirmed that tHerpgaince of the current output
approach was excellent in the coupled simulation of an eéatimachine, frequency converter
and a closed-loop control system. The circuit parametercgg, however, was not suitable
for simulating such systems.

On the basis of the results and the literature study, an ap&mvironment was proposed for
coupled simulation of electrical machines, circuits andtoa systems. In such an environment,
there would be direct coupling between the field and circgitations, and indirect coupling

between the field-circuit model and control system modelis Thuld be accomplished by a
FEM-circuit simulator coupled indirectly to a system siatiolr.
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A Implementation of the FEM
computation in Simulink

This annex describes briefly how the numerical methods of @hdp are implemented in

Simulink. The original Fortran code has been rearrangedgan: new interfacing subroutines
have been programmed according to the specifications ofl®knd he following sections pre-

sent some general information about S-functions, the streof the S-function for the FEM

computation and the methodology for the data transfer baiwiee S-function and Simulink.

The objective of this annex is to provide some practical imi@tion for the researchers who
might be interested in combining their own code with Simkilin

A.1 S-functions in general

The purpose of an S-function is to describe the operatiorfurietional block in Simulink using
Matlab’s command language, C+€&, Ada or Fortran. The detailed structure and operation of
the S-functions are presented in the documentation of $w@Eimulink, 2005). However,
the most relevant features with respect to the FEM impleatemt are described briefly in this
section.

The computational routines inside the S-function must bmiédated in terms of the discrete
or continuous state-space approach. The input, output te ariables are managed by
Simulink, but the data transfer routines and memory allooamust be programmed in the
source code of the S-function using specific subroutinasatteedelivered with Simulink.

The basic procedure of calling the S-functions is based anpv@iables that invoke tfe-
rent operations during the simulation. Consequently, tlienStion code must be organized
in subroutines performing the desired operations. The flagisthe corresponding operations
are listed below:

— flag=0: Initialization

— flag=1: Calculate the derivatives of the continuous state variables

— flag=2: Calculate the discrete state variables

— flag=3: Calculate the output variables

— flag=4: Determine the next sample time hit

— flag=9: End of the simulation



91

When existing program code is transformed into an S-functiagnot always easy to formulate
the code according to the specifications of Simulink, beedlhs number of variables cannot
be very high and the numerical algorithms of the originalecdd not necessarily match with
Simulink. It should be noted, therefore, that the impleragah described in the following
section is a unigque case and may not be directly applicalméher computational software.

A.2 S-function for the FEM computation

A.2.1 Exceptional concepts

The main objective of implementing the FEM computation asSafunction has been the

coupling with Simulink. Therefore, all the numerical alglbbms have been conserved as clo-
sely as possible and only the inevitable modifications haenkcarried out. As a result, the
implemented S-function does not comply perfectly with tbaaept and rules of Simulink, but

it gives trustworthy results in comparison with the oridipeogram. In order to achieve this,

certain exceptional concepts were required as listed below

— Internal variables: Although the time-stepping simulation is basically gowstrby
Simulink, the numerical algorithms are completely indegent from the methods selec-
ted in Simulink. Accordingly, all the variables related the computation are managed
inside the S-function using internal memory space, whigtoisvisible in Simulink.

— State variables: The natural choice for the state variables would have beemdulal
values of the magnetic vector potential, but it turned oat imulink is not capable of
handling such a number of states. As a result, the vectonpakealues are considered
as internal variables.

— Direct feedthrough: In order to prevent any non-converging iteration loops artiodel,
the output of the S-function must be delayed for one step vesipect to the input by
setting the parameter called ‘direct feedthrough’ to zarorgy the initialization. As a
result, however, Simulink does not send the input variatdethe calculation of outputs
(flag=3), but the input values must be stored into the internal nigrapace during the
calculation of state variables (flag).

A.2.2 Outline of the implementation

Since the original FEM code (FCSMEK) is intended for starmhalcomputation, it carries out
all the simulation stages including initialization, timtegping and storage of the results. When
the code is transformed into an S-function, the main prograrst be split into separate subrou-
tines that are called by Simulink according to the flag vdeisb The following list describes
the main operations performed orffdrent flag values:
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— flag=0: At the beginning of the simulation, the input data and simaolavariables are
read from the files and the internal variables of the S-fmctire initialized. In addition,
the number of inputs and outputs are determined at this s&&tjgough the state varia-
bles are not utilized in the analysis, one meaninglessetisatate is defined in order to
manage the input variables at flag value 2.

— flag=1: Since there are no continuous states, this flag invokes mmact

— flag=2: This flag is originally intended for calculating the dis@&state variables, but is
now only used for storing the input variables into the ins¢memory.

— flag=3: This flag invokes the FEM computation. The computationakin®s remain
mostly unchanged, but now the analysis is only run for one step.

— flag=4: The next sample time hit is based on the constant time stepghewhich is
defined during the initialization.

— flag=9: At the end of the simulation, the results are prepared fot poscessing and
stored into a file.

A.2.3 Data transfer methodology

As the simulation variables are managed by Simulink, theyteansferred directly with the
function calls. However, the types and sizes of the inpuuiand state variables must be ca-
refully determined and sticient memory must be allocated in the S-function. For thippse,

a file template is delivered with Simulink in order to ensure torrect form of the code. The
data pointers and variables are handled by specific subesytivhich are also delivered with
Simulink.

Besides the simulation variables, which are passed at eaelstep, there are several parame-
ters that are only needed for initialization. These paransedre read from a specific file at the
initialization stage. In order to make the simulation moteefit, the custom masking proper-
ties of Simulink can be utilized in the creation of the partanéile. Details of this feature are
presented in the documentation of Simulink.
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