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Les chercheurs et les ingénieurs utilisent largement la méthode des transitoires électromagnétiques
(EMT) dars les études des systemes électriques. La méthode EMT prend en charge la simulation
des modéles en détail. Cependant, la vitesse de simulation est compromise en raison de la taille des
pas de temps d'intégration.

La these utilise la méthode Dynamic PhgBd?) pour tenter d'accélérer les simulations transitoires

des systemes électriques. La méthode DP permet d'utiliser de grands pas de temps pour simuler
avec précision la dynamique du systéme électrique dans une bande de fréquence centrée autour de
la frégLence souhaitée.

La thése présente et améliore les méthodes de simulation disponibles pour les transitoires du
systéme électrique, a savoir : Domaine de phaseur (PD), Domaine de phaseur triphasé (3pPD),
EMT et DP. Ensuite, les résultats de simulation etdagps de simulation des méthodes sont
comparés pour les cas de test pratiques présentés. De nouvelles démonstrations et comparaisons

non disponibles auparavant sont effectuées.

Parmi les améliorations apportées aux modeles, la thése propose un nouvelaudeodachine
synchrone basé sur la méthode DP, qui utilise des variables de phase dynamique plutét que des
variables temporelles instantanées. Ce modéle tient compte des harmoniques pour présenter une

simulation précise des événements déseéquilibrés.

De fdus, cette thése explore I'approche DP pour la simulation des Perturbations Géomagnétiques
(GMD). La simulation utilise I'narmonique DC pour présenter l'effet de GMD dans le réseau. Un
modéle de saturation du transformateur et de la machine synchronésssit@ qui utilise la

fréequence fondamentale et 'harmonique CC pour modéliser GMD.
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Researchers and engineers extensively utiheeElectromagnetic Transients (EMethodin
studies ofpower system EMT approach allows for detailedodeling However,the simulation

speeds compromisedlue tothe sizeof theintegrationtime stefs.

The dissertation usethe Dynamic PhasofDP) methodto try to acceleratéransientsimulatiors of
the power systemm The DP methodallows usinglarge time step$o accurately simulat@ower

systemdynamic within afrequencyband centered around tbesiredfrequency.

The thesispresents and improveavailable simulation methsdfor power systentransients,
namely PhasorDomain (PD), ThreephasePhasor Domair{3pPD, EMT, and DP Then, he
simulation results and simulation timmgf the methodsre compared for presented practical test

casesNew, not previously available, demonstrations and comparisons are made.

Amongst improvements in modelsgetthesisproposesa new synchronous machine model based
on theDP method which uses dynamic phasor variables rather than instantaneoudotinaen
variables.This modelaccounts fotharmonicsto present an accurate simulatiohunbalanced

events.

Furthermorethis thesisexplores th®P approachor thesimulation ofGeomagnetic Disturbanse
(GMDs). The simulation usethe DC harmonic topresentthe effect of GMD in the network A
saturation model ofthe transformer and synchronous machinés presented which uses

fundamental frequency and DC harmotuanodel GMD.
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1.1 Problem Definition

Power systems are increasingly complex. It is now becoming common practice to simulate large
scale power grids using accurate tid@main(TD) methods. The simulation of transient stability
events with electromagnetic transients using same computing environment is particularly

challenging.

Different types of simulation methods exist and fulfill various application objectives. Depending
on the simulation speed or precision requirements, a user will choose a specific simulation method.
Transient simulation methods are divided into two main categories: electromagnetic transient
(EMT)-type and Transient Stability (T$ype. The EMT approach is circtbased and detailed. It

is a wideband approach suitable for the simulation of both efeagnetic and electromechanical
transients. The TS approach is used for slower electromechanical transients and encounters

significant limitations for faster transients.

The EMT orTD isanaccurate, but it is computationally much more intensive thanStepjproach.
In recent years, the Dynamic Phasors (DP) have been introdiiced deliver an accuracy
navigator approach. This means that larger numerical integrationsteps can be used to
accelerate EMT computations with sufficiemicaracy for fast transients while maintaining the
capability to simulate faster transients when using smallergiaes. The main hypothesis is that

such large timesteps cannot be used in the EMT mode.

Referencd?2] develops a DP model for imbalanced distribution systeomsainingsingle phase
photovoltaic (PV), thre@hase induction machine load, thyg®ase power factor correction
capacitor (PFC), and loadrhe DP approacis utilised to construct invertdsased microgrids and
investigate the transient response under imbalaooeditions in[3]. Referencg4] proposes a
frequencybased analytical approach for dynamic analysing of unbalancedpiase systems in

the presece of harmonic distortion in the sequence domain, demonstrating that the classical
symmetrical components proposed by Fortescue are inapplicable undenusoidal periodic
conditions.In [5-7], the modular multilevel converter (MMC) models of the DP method are
introducedOn the long time scale, refereri&¢ develops a reducearderDP model of MMC that

is utilised for power system leivequency oscillation analysiReferencg6] presents &P model



of a haltbridgeMMC based on variables in the stationabgframe.A new DP model of an MMC
with extended frequency range is availabl¢7infor an EMT simulatorUnder unbalanced grid
situations,[8] proposes a dynamjghasorbased smaidsignal model for the modular multilevel
converter technologyA DP-based model for lineommutateeconverters is developed jf]. To
analyse the subynchronous resonance, refererjt8] utilises a DP model of the thyristor
controlled series capacitdReferencq11] presents anultiscaleinduction machine model using
the DP methodA generalised statspace averaging model for a thyg@ease dual active bridge
converter based on the @Bncept is proposed jh2]. Referencgl3] utilised a variable frequency
for the DP principle to improve the method's usability to redtirce, multfrequency systems,
as well as sstems with timevarying frequencieBased on the DP concepi3] presents a new
Type 3 wind farmmodelling method. It contains not just-6iz frequencies, but also significant
frequencies like 36 Hz that are present in the system due-®yaahronous control interactions.
To represent the desired fault behaviour, only the most relevant DPs are, alessdting in

enhanced computation efficiency.

In order to simulate inrush dynami¢$4] proposes a DP basis model of transformer saturation and
uses iterative solveA DP base estimate model for phasor measurement units is presdifd in
Referencg16] uses the DP technique to propose a synchronous machine model for the modelling
of low frequencysystem dynamicsThe DP isemployedto studythe effects of passive phase
imbalance schemes on a turbgenerator syste's torsional moded 7]. For current differential
protection of transmissieline, referenc¢l8] uses the DP concefithe DPmethodis usedn [19]

to simulateunbalanced faultgontaininga threephase synchronous generator connected to a
transmission lingvith an open endAn averagevalue model of a line commutated convettased

high voltage DC system utilising DP is shown in Referd@6¢ The method offeran efficient

model of DCdynamics the cowerter'slow frequency as well as the ac system.

A new modelling technique for invertedliominated microgrids utilising DP is provided[#1] in
order to preserve simulatiocompromisefor inverterdominated microgrids. According to the
paper, the suggest&P model is capable of properly predicting the system's stahilitrgins, but
the reducegrder small signal model failé threephase DP model of higioltage direct current
systems is suggested, with a focus on the convaif2?]. For both symmetrical and asymmetrical
operating situations, the suggested maodeteasesimulation speed ahe converter's dynamic



characteristicdJnder harmonic circumstances, referef&3j acquires the modelling and analysis
of inverterbased micro grids. For droagntrolled distributed generators, diodes rectifiers as
nonlinear loads, and resistance loads, the DP model of fundamental frequency and hasmonics i

developed

Some studies compared the accuracy and computation time of TD and DP njiéti®odd, 14,
24-26]. Referencg24] compares TD and DP methods and reports that the DP method is ten times
faster than EMT. Th§l4] simulates the simple IEEE”bde test feeder by TD and DP methods.
The TD method with PSCAD software using a tistep of 50us and the DP method with
GridLAB-D using a timestep of 500us are simulated and show that DP is about 17 times faster
than the TD method. Referenj@ illustrates that for 400 identical submodules per arm in MMC,
the DP model is approximately eight times faster than the detailed equivalent model with the same
simulation timestep.The DRbased appraz is presented if27] to accelerat&EMT-type studies

of modelling the induction machine dynamics. It was discovered that while modelling dynamics
with frequency spectra ae to the fundamental frequency, the-B&&sed model is more than 70
times faster than the EMilype model. To demonstrate time efficiency of DP based model, the

article did not utilise the same time.

However, the reported efficiency comparisons are not Aasignificant amount of literature is
presenting noipractical material for delivering unsupported conclusions. In some cases, the
methods do not use the same simulation tstep[7, 14]. The test cases are not simulated using
the same platform for all assessed metjdds26] Accuracy iscompared only qualitativelj24,

25]. Also, [7] uses a simlified MMC model, which decreases accuracy for faster transient
simulations and increases computational time. A fair and systematic comparison of simulation

methods is not currently available in the literature.

During transients, the unsymmetrical compusecause harmonics in the synchronous machine
(SM). The even and odd harmonics on the bus side cause odd and even harmonics in the SM,
respectively{24, 26, 28, 29] Therefore, the DiPnodel using only fundamental frequency is not

able to deliver accurate results. A model of SM using harmonics is necessary to improve the DP

model.



The DP method has been mostly used for linear circuits. Extending to account for nonlinearities is
feasiblebut remains challenging for computational performance. It will be demonstrated in this
thesis that contrary to common belief, the DP method encounters several limitations when

compares to the EMT approach.

To search practical applications of DP, in thisdis, the testing of the DP method is extended into

the simulation of geomagnetic disturbances. Such disturbances are studied for large networks and
need to run for a long interval. The simulations should be accurate and efficient. The EMT method
has thedesired properties but has computational performance limitations. The DP method must be
adapted for simulating GMD events. A nonlinear saturation model of transformers for DP is
developed to simulate GMD.

The following section presents the fundamental lesarelated to TD, DP, arfdD method. As
shown below, th®D methods referred to as a phasdomain method because it solves its network

equations only in the phasor domain.

1.1.1 Time domain method

The TD (or EMT) method uses the actliéil relation of power system elements. For example, the

differential equation of inductor is:

di t

it dt

(1.1)

wheret, v, i, andL are time, voltage, current, and inductamespectively.

Note that the lower letters represent time domain quantities, upper letters represent Fourier series
coefficient for the dynamic phasor quities, and upper bold letters represent Fourier series
coefficient for the classic phasor quantities.

The simulators do not directly use ordinary differential equation (ODE) in the calculations. The
numerical integration rules are employeditscretize ODEs. The Trapezoidal, backward Euler,
IRUZDUG (XOHU D Qo@ler m@hddsvar®y/ MostyQsed in the EMT simulators. The

Trapezoidal rule has low distortion and numerical stability characteristics.



The discretizedorm of the(1.1) using Trapezoidal rule is:

i ZVL” Vi, (1.2

The subscript means the variable value at tiéh time-point (x t,  X,). The distance between

the timepoints is the numerical integratitme-step ('t). (1.2) can be rewritten as below to obtain

Norton equivalent model.

L5 i, (13)
L

whereZ, is the TD equivalent resistance agd  is the TDhistory term othe numerical solution.

z, = (1.4)

't

th-n 1 iI—n 1 ZVLn 1 (1'5)

The equivalent impedance depends on the siza @ind is constaniThe history term depends on
voltage and current variables of the component in the previousstape
A discontinuity in the system like a shaitcuit (v, 0) causes numerical oscillations for an

inductor using Trapezoidal rule. inis case, the current at the first moment of shiocuit is equal

. . Vv . . .
to history term {(, i, ”71). At the next time step, the current is equal to negative value of the

current at the previous time stelp {  i,). Therefae, the current after a shanircuit oscillates

between a positive and a negative value. In case of having a resistance in the circuit, the numerical

oscillations damps, and the damping time depends on the time corstahy} ¢f the circuit.

After a system discontinuity, the EMTP approach for eliminating numerical oscillations is to use
two-halves time steps of the backward Euler technigiker backward Euler, the equivalent
impedance is equal {d4.4) where the time step of backward Euler is half of Trapezoidal rule time

step. The equivalent history term of backward Euler for the inductor is:

i o (16)



By using the backward Euler, the current of an inductance after acstooit is constant.

A TD inductor andhe Norton equivalent model using Trapezoidal rule can be shown as:

a) b)

Figurel.1 a) TD relation ofinductance, bEquivalent circuit

The simulators based on the TD method utilize noglaé analysis approach. The nodal analysis
determines the unknown nodal voltages based on the injected current at each node. The nodal
analysis is described in tfhe0, 31}

YV i (1.7)

where Y, v, andi are the nodal admittance matrix, vector of unknown voltages, and vector of
current injected currents. The injected currents are current sources combined with history currents
for the Trapezoidal method. The nodal analysis is not able to model ungrowit@es \sources,

which is solved by the modifiedodal analysi$32]. The software using nodal analysis model a
close switch by a very small resistance and model an open switch by a very large resistance.
Moreover, a partial resistance is used to model an ideal transformer in the admittance matrix. As a
result, the resistece may cause matrix conditioning probleribe modifiedaugmented nodal
analysis (MANA) is proposed in referenf@0] to extend the network representing equations by
adding switchestransformers, current sources, and voltage soulg@sNA avoids many
theoretical complications by providing a systematic method for deriving the Jacobian matrix terms.
The formulation of MANA is:



aYn VC DC SC O\?n ° Ir?

» K« >, ‘
ES/V Vo Duw Sys » K >§l b (1.8)
®, D, Dy Sps g 2y,

K¢ » KL » ¢
'ér Sy S S Vs

Ap Xn bn

whereA , is the augmented nodal admittance matrix and includemstitices describing different

elements by additional equations, andb, are respectively the unknown and known vectors.

1.1.2 Dynamic phasor method

The DP method has been developed recently and falls into the category dfpdtiethods and
phasordomain methods. It combines phasor coefficients with time dependent variables which
enables DP method to simulate both electromagnetic and electromechanical transients efficiently.
Contrary to the TS approach, the DP method can simulate electraimdg@resients. It is typically

and in the vast majority of publications used for linear circuits, but it is possible to extend it to

include nonlinear components.
The DP method approximates th® waveform x W in the interval (¢ WA] by a Fourier
series representation as:

f
I

I
ko f

X t X, t el (1.9)

whereT is period,k is the number of Fourier coefficient, Z /T,andX, t isthek-th time

varying Fouriercoefficient, which is given by:
X AN, (1.10)

where x|k means calculate Fourier of functiomby k-th harmonic, which is:

t
X, Lax ekify (1.12)
TtT



The following properties of dynamic phasors are important in developing the model:
1) The derivative of th&-th coefficient is given by:

o X,

— jk ZX 1.12
dt, at Jk £Xy ( )

2) The product of twd@ D variables is equal to a discrete time convolution of the two dynamic
phasor sets of variables given by:

Xy, ; XY, | (1.13)

3) Thenegativek-th component is equal to conjugationketh component:
X X (1.14)

Using the properties of dynamic phasors, the DP relation of voltage and current for an inductance

is:

Vot LOIIth ik ZLI, t (1.15)
L dt JKZL, .

k

whereV, and are voltage and current phasors for khh Fourier coefficientrespectively.

Using the Trapezoidal rule, tlig.15) is discretizedas

(1.16)

The (1.16) can be rewritten as below to obtain Norton equivalent model.
(1.17)
where is the DP equivalent impedance and is the DP history term

(1.19)



(1.19)

The equivalent impedance depends on the size @ind is constant.ié history term depends

on voltage and current of the component in the previousdtee

a) b)

Figurel.2 a) Dynamic phasor inductance, b) Equivalent circuit

The DP contains the numerical ability to navigate between BMé& and TSype methods by
increasing/reducing numerical integration tistep. In case of decreasing the tistep, the real
part becomesominant and DP acts like a TD method. Also, in case of increasing thsteme

the imaginary part becomes dominant and DP acts like a pure fitasam method.

1.1.3 Phasordomain method

Electromechanical transient is the interplay between the mechaninaingpimachines' stored
energy and the electromagnetic energy stored in the system's inductors and capacitors.
Electromechanical transients are simulated usindgyp8& algorithms. The basic goal of -Tipe
approaches is to modeatlectronechanical transients To simplify the modeling, several
assumptions are utilized. One assumption is to treat the system instpsabi state (QSS),
ignoring inductors and capacitors' electromagnetic transients. Moreover -tipel&amines just

the fundamental frequency thfe system, ignoring all other harmonics.

The classic TS approach used in tthissisis termed agphasordomain (PD).The classicdPD
technique assumes that the three phases are balanced and ignores negative and zero symmetrical

components, relying onlynoa positive sequence model of the system. The sequential components
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are introduced to thBP technique to mimic unbalanced events and improve it. The modred
approach is referred to as thgleasePhasor Domai3pPD.

The TStype programs ignore thelectromagnetic transient, therefore the derivative equation of
inductors and capacitors is:

(1.20)

To increase accuracy of the simulation, the refer¢B8puses variable frequency according to

rotor speed of SMs during a transient.

Using equatior{1.20), the TS relation of voltage and current of an inductance is:

(1.21)
where and are voltage and current of Ji§pe phasorsrespectively.The equivalent
impedanceg ,is:

(1.22

Unlike EMT-type methods, theD modelsnductossindependerty from simulation timestep and

without history term.

a) b)

Figurel.3 a) Transient stability inductance, b) Equivalent circuit
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1.2 Contributions

The main objective of this thesis is to study and improve the DP approach for objectively verifying
its sacalled advantages over the EMT approach. démonstrations and analysis are conducted

using objective methods and realistic practical networks.

The contributions are as follows:

1.

Improvements to the DP synchronous generator model with controllers to account for

harmonics with comparisons éxisting models.
Presentation of a-Bhase phasor domain method.

Comprehensive comparisons of DP approach withand phasedomain methods. A

practical test case is used to compare accuracy and performance.
Inclusion of transformer magnetization into Ddtugion.

Application of the DP method to study geomagnetic disturbances by including

transformation magnetization.

1.3 Thesis Structure

Chapter %rovidesa thorough overview of the available approaches, emphasizing the synchronous

generator modeln|{Chapter 8the dissertation shows the necessity of modeling harmonics in the

synchronous machine and its controllers. The dissertation proposes a new synchronous machine

model based on the DP method, which employs harmonics to presents an accurate simulation of

unbalanced events. Furthermor¢@hapter 4ithe dissertation presents a DP model for simulation

of Geomagnetic Disturbance (GMD). The simulation us€sharmonic to presetthe effect of

GMD in the network. A saturation model dfie transformer is presented which usie

fundamental frequency artkde DC harmonic in order to model GMD.
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Chapter2 6,08/%7,21 0(7+2'6

To simulate power systems, all elements of the network must be modeled according to the chosen
solution method. Thisection presents the modeling of synchronous generator or SM which

impacts significantly on simulation of large power grids.

2.1 TD model of synchronous machine

The following assumptions are made in this section to develop SM model:

(a) The stator windings asnusoidally distributed along the aap as far as the mutual

effects with the rotor are concerned.

(b) The stator slots cause no appreciable variation of the rotor inductances with rotor

position.
(c) Magnetic hysteresis is negligible.
(d) Magnetic satration effects are negligible.

Ignoring magnetic saturation allows for representing the circuits as linear; hence, the two connected

circuits can be superposed.

Figure2.1{shows the circuits of a synchronous machine. The stator circuits consist gbltlasee

armature windings carrying alternating currents. The rotor circuits comprise field and damper
windings. The field winding is connected to a source of direct currentplirposes of analysis,

the currents in the damper windings can be assumed to flow in two sets of closed circuits: one set
whose flux is in line with that of the field along teaxis and the other set whose flux is at right
angles to the field axis oftang theg-axis. The model of synchronous machine trasfield and

onedamper circuibn d-axis andwo dampercircuitson g-axis.
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Figure2.1 Stator and rotor circuit of synchronous macHiBwg

wherea, b, c are phases of stator windings. is the field circuitand  is damping circuits ol

axis and are damping circuits ograxis. is the anglal-axis leads the winding of phase
magnetic axis, and is the rotor andgar velocity. The angle continuously increase

proportionaly to theotor angularvelocity . The relatioshipbetween ,  and time is:
(2.2)

where is the initial value of .

According tgFigure2.1| three phase voltages of stator are:

(2.2)

where , , are instantaneous current, voltage, magnetic fluxs armature resistance.
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Also, according tg-igure2.1| the voltage relation of rotor windings is:

(2.3)

In equation(2.3), is field voltage or-axis.

Considering mutual inductandgetween stator and rotor windings, magnetic dkign stator

windings are:

(2.9)
In equation2.4), ,and aretheselfinductance of statawindings.The tilde (~) is used
to demonstrate that thaductances are variable. , and are the mutual inductance
between stator windings. , , and arethe mutual inductance between stator and

rotor windings.The mutual inductances between two windingsearel. For instance, is equal

to

Since thed- andg- axes are perpendicular to each other, there is no mutual flux between them.
Considering mutual inductance between stator and dedars windings, magnetic flson rotor

d-axis windings are:

(2.5)

where and are the selfinductance ofrotor d-axis windings. is the mutual

inductance between two circuit oftor d-axis windings. The mutual inductances between two

windings aresqual, therefore, is equal to and is equal to
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Considering mutual inductance between stator and geaars windings, magnetic flson rotor

g-axis windings are:

(2.6)

where , and are the selfinductance ofrotor g-axis windings. Is the mutual

inductance between two circuit oftor g-axis windings. The mutual inductances between two

windings areequal, therefore, Is equal to and is equal to

The stator self inductances are:

2.7)

(2.8)

(2.9)

where is the constant inductance, and is the magnitude of variable inductance.

The stator self inductances are:

(2.10)

(2.11)

(212
the same vaation in permeance produces the second harmonic terms in self and mutual
inductancs, therefore  is nearly equal to

Because the second harmonic terms in self and mutual inductances are produced by the same

variationin permeanc¢34], is almost equivalent to
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The rotor mutual inductances are:

(2.13)

(2.14)

(2.15)

(2.16)

In this SM model, all stator quantities from phagle, andc are transformed into a frameference

rotating with the rotorThe following @uation expresses relatidg0frame andabcframe.
(2.17)

where the transformation matrix is:

(2.19)

where is defined in equatioif2.1). Subscriptsa, b, and are the phases of the thiplase

system. Subscript g, andO are the components d0 frame.

The nverse transformation ¢2.18) is:

(2.19)
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Equations(2.7)-(2.16) are substituted in equatid¢@.4), and then the transformation (#.18) is
applied, yielding:

(2.20)

Equations(2.7)-(2.16) are substituted i1§2.5), and then the transformation (#.18) is applied,
yielding:

(2.21)

Equations(2.7)-(2.16) are substituted in equatid@.6), and then the transformation of equation

(2.18) is applied, yielding:

(2.22)

Rearranging equatior{g.20), (2.21), and(2.22) thenseparatingl-, ¢, and0- axes gives:

(2.23)
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(2.24)

(2.25)

The total flux linkages related to, , and are represented by the stator self inductances

, and

(2.26)

(2.27)

(2.29)

The leakage inductanarie to flux that does not link any rotor circuit and the mutual irzohoet
due to flux that links the rotor circuits are the two portions of the stator self inductemitesiq0
axes, the stator leakage inductances are approximately[84lial he statoiselfinductances are

represented as:

(2.29)
(2.30)
(2.31)

where is thestator leakage inductances, and  arethemutual inductance due to flux links
the rotor circuiton d- andg- axes.
The per unit approach is used in this part to simplify mathematical equations and make the

equivalent circuits of th&M model easier to comprehenihe stator base quantities are chosen

arbitrary, and the rotdrasevalues are determined in relation to the stator base quafdies
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(2.32)

(2.33)

(2.34)

where subscript means the base quantity of the variable is the stator nominalurrent,

is stator line to neutral peak nominal voltaged is single phase nominal power.

The following are the rotor bas@luesin relation to the stator basalues

(2.35)

(2.36)

(2.37)

(2.39)

(2.39)

(2.40)

(2.41)

(2.42)
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(2.43)

(2.44)

(2.45)

(2.46)

A superbar is used to identify per unit quantities and demonstratedlaionshipgo the actual
values.Using thebase values defined in equatiofs32)-(2.46), the per unit inductance of
equationg2.23), (2.24), and(2.25) are:

(2.47)

(2.49)

(2.49)

In equationg2.47), parameters and are:

(2.50)

(2.51)
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Referenc¢35] demonstrated the importancepafameters and . To simplify equation$2.47)

and(2.48), the following assumptions are ugéé, 37}

, and (2.52)

Also, the following parameters are defined:

(2.53)
(2.54)

(2.55)

(2.56)

Using defnedparameters in equatiofi®.53)-(2.56),the per uniflux equations(2.47), (2.48), and

(2.49) arerepresented as

(2.57)

(2.59)

(2.59)

Applying thetransformerof (2.17) in (2.2), the stator voltage equationstie dgO frameare

(2.60)
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Therefore

(2.61)

where generator states,, , , , and are stator voltage and current dg) axes. ,

,and are flux ondqO axes.

a) d-axis equivalent circuit

b) g-axis equivalent circuit
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c) O-axis equivalent circuit
Figure2.2 dg0-axes equivalentircuits

Figure 2.2|shows the equivalent circuits of SM g0 frame, which represents equatid@$7),

(2.59), (2.59), and(2.61).

To find the per unitform of (2.61), the per unit ofderivativetermis required

(2.62)

where is per unit derivative and is the per unit time. Theéme basevalueis the time it takes

for the rotor to rotate ahesynchronous speed for one electrical radig).

Therefore the per uniform of (2.61) is:

(2.63)

Hereafter, the SM equations are presented in theigeform. The superbar, which distingbies

per unit variables, is removed from the notation.
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The aim is to find stator voltages based on the stator currents and rotor transient and
subtransient quantities. The rotor currents are obtained by rewriting equélibidsand (2.58)

depending on the rotor flux.

(2.64)

(2.65)

The first cycles of a transient in tegstemafter a disturbance have higher frequency oscillations
than the rest cycleBue to the existence of resistors ampers) in the systems, the frequency of
the oscillations reduceslThe transient behaviour of the SM depends on the number of damper
circuits In a SM having two daness, he fast oscillationsareknown as sultransient and lower
frequency oscillations are known as transient. To model machingasdient, thevhole circuit

Is consideredThen duringlow frequencyoscillations,the damper with lower time constant can

be neglected.

The subtransient emf proportional tbaxisflux, ,is defined ashesubtransientlux ond-axis
when the circuit is open, arkde flux is propotional tesubtransientemf on theg-axis. Therefore,

is theflux on thed-axiswhen thecircuit is open
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Figure2.3 Equivalent circuit of sutransient emf proportional taxis flux

According tgFigure2.3

As illustrated i

Figure2.3

the subktransientemf proportional tad-axis flux is:

(2.66)

subtransient inductance is the equivalent inductance od-#gxis with

thefield voltage andlampercircuits

(2.67)

The relation othe current on thd-axis, , in equation(2.64) can be written as:

(2.69)

And equation2.68) is rearranged as:

(2.69)
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Replacing equation®.66) and(2.67) in equation(2.69) gives

(2.70)

The subtransient emf proportional paxisflux, , isdefined ashesubtransientlux on g-axis
when the circuit is open, arde flux is propotional tassubtransientemf on thed-axis. Therefore,

is theflux on thed-axis when theircuit is open

Figure2.4 Equivalent circuit of sultransient emf proportional @paxis flux

According tgFigure2.4| the subtransientemf proportional tag-axis flux is:

(2.71)

As illustrated ifFigure2.4{ subtransient inductance is the equivalent inductance og-#éxes with

the two circuits.

(2.72)

The relation of the current on thjeaxis, , in equation(2.65) can be written as:

.73
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And equation2.73) is rearranged as:

(2.74)
Replacing equation@.71) and(2.72) in equation(2.74) gives:

(2.75)
The transient emf proportional tbaxisflux, , is defined aghetransientflux on d-axiswhen

the circuit is open, antihe flux is propotional tahetransientemf on theg-axis. Therefore, is

theflux on thed-axis when theircuit is open

Figure2.5 Equivalent circuit otransient emf proportional waxis flux

According tgFigure2.5| the transient emf proportional tiee d-axis flux is

(2.76)
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As illustrated ifFigure2.5( transient inductance is the equivalent inductance ot #xes with the

field voltage.

.77

The transient emf proportional tpaxisflux, ,is defined ashetransientflux on g-axiswhen

the circuit is open, antihe flux is propotional tahetransientemf on thed-axis. Therefore, is

theflux on thed-axis when theircuit is open

Figure2.6 Equivalent circuit of transient emf proportionalg@xis flux

According tgFigure2.6

thetransientemf proportional tog-axis fluxis:

(2.79)

As illustrated ifFigure2.6 transient inductance is the equivalent inductance ogréxés with the

first damper.

(2.79)
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Transient time constant is the total equivalentetioonstant on each axis considering the first
damper. The transient opeircuit time constant od-axis is calculated based on circuit shown in

Figure2.5

(2.80)

The transient open circuit time constant gaxis is calculated based on circuit shown in

Figure2.6

(2.81)

Subtransient time constant is the total equivalent time constant on each axis considering the two
dampers. The sdtransient opertircuit time constant oml-axis is calculated based on circuit

shown ir[FigureZ.S

(2.82)

The subtransient opertircuit time constant om-axis is calculated based on circuit shown in

Figure2.4

(2.83
where , , , , ,and are synchronous, transient, and-st#msieninductanceon the
dandgaxes. , , ,and  aretransient and sutransient open circuit time constants on

thed- andg- axes.
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Equationq2.64) and(2.65) are rearranged after replacing the stated parameters

(2.89)
(2.85)
The field voltage om-axisflux, , Is defined as the emf on tHeaxisflux caused by the field
current. Therefore, isthe emf flux on thd-axisflux whenthe , ,and are dismissed
(2.86)

In the following equations theger unitinductancearereplaced byper unitreactanceThe per unit
reactance is:

(2.87)

Using equatior{2.61) and definedlux in equation(2.70) and(2.75), the stator voltage a+ and
g- axes are:

(2.89)

(2.89)

Using equatior{2.61) andtheflux relationin equationg2.59), the stator voltage obraxisis:

(2.90)

where and  are respectively resistance and reactance connected to the neutral of machine.
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Replacingequation(2.84) and(2.85) in equation(2.3) gives:

(2.92)

(2.92)

(2.93)

(2.94)

The SM terminal power is:

(2.95)

7TKHQ XVLQJ WKH LQYHUVH RI 309),kh%¥qveilof?Q5yiskvtiktenbas) HT XDWL

(2.96)
where theproductof two matricess:

(2.97)
Therefore, the SM terminal power digO axes is

(2.98)

Replacingequation(2.61) in equation(2.98) gives:

(2.99)
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Theout powerof SM can beseparatedby three termsthe armature resistance loss

(2.100)
Electromagnetic powegalso known as aigap powey.

(2.101)
and rate of armature magnetic energy change:

(2.102)

Electromagnetic torque is calculated by dividihg electromagnetic power (equati@101)) by

themechanical rotoangular velocity (). The relationship of per unit mechanieald electrical

rotor angular velocitys:

(2.103

where and is pole pair number.
Therefore, the electromagnetic torque in per ignit
(2.109

In equation(2.104), flux on d-axis ( ) andflux on g-axis ( ) are respectivelygiven by

rearranging equati@(2.70) and(2.75) as:

(2.105

(2.106)
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The balance between mechanical and electromagnetic torque cause acceleration or deacceleration

in rotor angular speedhe relatimship known as Swing equation in per unit34]:

(2.107)

where , ,and are synchronous, mechanical and rotor angular speed respectivalyd

are respectively electromagnetic and mechanical torquand arethemoment of inertia

andtheviscous friction coefficient (or damping factor).

A balancedhree phase terminal voltagase

(2.108)

where , the phase of voltage pha&, is:
(2.1209
and isthe initial phaseRl YROWDJH SKDVH 3D’

Then, thedg D[HV YROWDJHV XVLQJ 3DURIYar UDQVIRUP RI HTXDWL

(2.110

or:

(2.111)
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Initially the rotor angular velocity ( ) is equal to synchronous angular velocity ). Therefore,

the voltage on thdg-axes can be represented as:

Figure2.7 Representation afg¢-axes voltage

In|Figure2.7| istheangle betweeng-axis and terminal voltagandit is defined as:

(2.112)

Replacing equation@.1) and(2.109) in (2.112) gives:

(2113

The terminal voltagescillateswith synchronous angular velocity () and thedg-axesrotateby
the rotor angular velocity ( ). Therefore, the angular velocity ofis the relativeangular velocity

of rotor and synchronous ( ).

Thederivativeof equation(2.113) is:

(2.114)

Note thatunit of equationg2.112), (2.113), and(2.114) are in radian.
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2.1.1 Discretized equations

Power system simulators solve differential equations ofrigvork by numerical methods.
Integration rules discretize differential equations and cortkiernto set of algebraic equations.
The tool solves algebraic equations in each time sk@E section contains the discretized
equations for the time domain model of a synchronous machine using the Trapezoidal rule.

To make(2.91) £2.94) shorter, the below parameters are defif3&d.

(2.115

(2.116)

(2.117)

(2.118

(2.119

(2.120)

(2.121)

(2.122)
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Rewriting (2.91) £2.94) gives:

(2.123

(2.129

(2.129

(2.126)
Thetransient emf owl-axis, given in(2.123), is discretized as follows

(2.127)
where the history term is:

(2.128
The subscriptn means the value of variable at theth time steps ( ). The
subtransient emf owl-axis given in(2.125), is discretized as follows

(2.129

where the history term is:

(2.130)
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The transient anthe subtransient eng on thed-axis as a function of input current and history
term are found by rearranging equati¢2d27) and(2.129):

(2.131)

(2.132)

The transient emf og-axis, given in(2.124), isdiscretized as follows

(2.133

where the history term is:

(2.134)



38

The subtransient emf omg-axis, given in(2.126), isdiscretized as follows

(2.135

where the history term is:

(2.136)

The transient anthe subtransient end on theg-axis as a function of input current and history

term are found by rearranging equati¢2433) and(2.135):

(2.137)

(2.139)
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Thevoltageon d-axis, given in(2.88), isdiscretized as follows

(2.139

where the history term is:

(2.140)

To definethe voltage ord-axis voltageas a function ofnput currentsequations(2.132) and

(2.138) are replaced if2.139. Then, the obtained functionnsarrangeds follow:

(2.141)
where IS:

(2.142
and is given by:

(2.143

The Is constant and  is a function of rotor speed.
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The total history term af-axis voltage in equatiof2.141) is:

(2.1449
Thevoltageon g-axis, given in(2.89), isdiscretized as follows

(2.149
where the history term is:

(2.146

To definethe voltage ong-axis voltageas a function ofnput currentsequations(2.132) and
(2.138) are replaced if2.145. Then, the obtained functionnsarrangeds follow:

(2.147)

where is given by:

(2.148)



and is given by:

The is constant and  is a function of rotor speed.

The total history term df-axis voltage in equatiof2.147) is:

Thevoltageon O-axis, given in(2.90), isdiscretized as follows

where IS given by:

and the history term d¥axis voltage in equatiof2.151) is:

41

(2.149

(2.150)

(2.151)

(2.152)

(2.153
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Theangular speedjiven in(2.107), is discretizedas follows

(2.159
In (2.154), the history term of mechanical angular speed is:

(2.155
The rotor anglegiven in(2.114), isdiscretized as follows

(2.156)
In (2.156), the history term ofotor angles:

(2.157)

2.1.2 Norton equivalent circuit of SM

The voltage relation of SM in theégO-frame is expressed as follows using equati@hs4]),
(2.147), and(2.151):

(2.158)

where the matrix is the SM equivalent impedancedigl-frame.It should be noted that the

dgOimpedance is not constant and is a function of rotor speed.

(2.159
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and , vector of history term, is:

(2.160)

To addthe equivalent SM model to thIANA matrix, the dqO frame model explained in

(2.158) needs to transform theabcframe.

a) b)

Figure2.8 a) Time domain SM, b) Equivalent circuit

Figure2.8|shows the TD Norton equivalent circuit by Trapezoidal rlilee equivalent impedance

and history terms itheabcframe shown ifFFigure2.8|are computed as follows:

(2.161)

(2.162)

The equivalent impedance of a linear component, such as an inductor or a capacitor, is constant,
and the history term calculated using the Trapezoidal method is dependent on the component's
voltage and current in the last time step. The equivalent impedai®,ain the other hand, is

not constant, and the history term is affected by present and prior $tatstain the proper SM
equivalent, the present states are estimated in each time step, and the equivalent model is computed
based on the predicted vatud~ollowing that, the network equations are solved and the SM's
existing states are determined. If the new states have the same values as the predicted value, the
predictionis correct. If not, the corresponding model is calculated usinghéwevalues. his

iterative procedureis continued until the solution converges to a state that is acceptable to the

machines.
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2.1.3 Simulation steps

The following are the steps inTd simulation approach:

1. Calculate thehree phase Loaffow: to simulate unbalancatetwork from initial state, a

threephase load flow is used

2. Initialization

a.

d.

Convert the loads to constant impedanagber load models, such as constant
power or constant current, are also possible. The focus of this thesis is on the

modelling of SM, andhe basic load model with constant impedance is employed
Calculatethe equivalent circuit of elements by discretized method

Build theadmittance submatrix 8ANA (equation(1.8)) of the network (exclude

the SMs) During the simulation, the impedance of all components except SM
remains constant. To avoid having repetitive computation, the constant portion of
the admittance submatrix is computed during the lmm&tion phase, and the

variable part is added to the admittance submatrix during the simulation

Calculate the history terms for the first tirstep based on the lodldw results

3. Dynamic simulation

a.

Calculatethe equivalent impedance anithe injection curent using equations
(2.161) and(2.162) for all SMs

. Add theequivalenimpedancef SMs to admittance submatrix of MANAddthe

injection current of SMs to the vector, and solve

Updatedg0-axes currentsequations(2.141), (2.147), and(2.151)), rotor speed
(equation(2.154)), androtor angle(equation(2.156)) for all SMs

. If the angular speerklativeerror of all SMsis less than the allowed error for two

consecutive iterations, the solution is eerged, and can proceed to step 3.e. If not,

the solution has not converged, and the next iteration should begin at step 3.a.

Calculatethe F R Q W U R O GortbevhBxiRiIRE&steD
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f. Predict the rotor speeds of all SMs and determine rotor angles based on
calculated rotor speeds

g. Calculate the history terms of all elements except SMs (the history term of an

inductor, for example, as indicated in equatibs)), then update the vector and
proceed to step 3.a for the next time step
The prediction of variables in step 3.e reduieration number. A linear function based on the

previous and current variables is used to predict thahlas at the initial iteration of the next time

step. The function is:

(2.163
where is the predicted value for the next time step and are the value ofonverged
solution at the current and previous time step, respectively
For an iterative solution, thelativeerror of a variable is:

(2.169

where represents the relative error of variabkst then-th time step for thg-th iteration.

2.2 Dynamic phasor model of synchronous machine

The DP model is based on the same premise 8&xmeodel of an SM in thdgOframe discussed
in the preceding section. To identify the DP model of SM, the appfoacbhmputing variables in
thedqgOframe fromthe abcframe for each Fourier coefficientesbe determined.

Note that the lower letters represent time domain quantities, upper letters represent Fourier series

coefficient for the dynamic phasor quantities.

A threephase unbalanced current can be presented as:

(2.165
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where variable can be the voltage or current of the system. Subsgrjptsandz are positive,

negative, and zero symmetrical components. And the ietrenssformation matrix  is:

(2.166)

The relationship between current$ dg0 frame and symmetrical components is given by
combining equation@.165 and(2.166):

(2.167)

where

The following result is achieved by multiplying and then simplifying the two matrices in
equation(2.167):

(2.168)

The symmetrical components basedlwetfirst Fourier coefficient is as follows:

(2.169



47

where , , and arethe positive, negative, and zero symmetrical components of the first
Fourier coefficientrespectively. , , and are respectively the positive, negative, and
zero symmetrical components of the negative first Fourier coefficient.

When equation§2.168) and(2.169) are added together, the following result is obtained:

(2.170)

Equation(2.170 shows that in amabcframe with a fundamental frequency, tthg@axes have dc
and second harmonic components, wherea8-thes has the fundamental frequency component.
The components of the two matrices in equat@h70 that contain the positive and negative
second Fourier coefficient are excluded to produce the zero Fourier coefficientslofatitg-

axes. As a result, the following outcome is obtained:

(2.172)

According to equatiorf2.170), the relation betweethe secondFourier coefficienton d- andg-

axes and sequence componesits

(2172

and the negative secoR@durier coefficient of theé- andg- axes is:

(2173

According to equatio2.170), the zero sequence is:

(2.174)
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The following procedure establishes relationships between negative and positive Fourier
coefficients of the symmetrical components:

(2.175

Equation(2.175) is conjugated as:

(2.176)

Applying the conjugation to the transfaatron matrix andthe applyingproperty of(1.14) on the
variablesrom theabcframe, gives:

(2.177)

The following is the result of rearranging equat{@ri77):

(2.179)

When equation§2.175) and(2.178) are compared, the following results are obtained:

(2.179
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According to equatio2.179), the property of equatiofi.14) is not valid for Fourier coefficients

of symmetricakcomponents. In other word,  is not equal to

Using the relation of equatio(2.179), the zero Fourier coefficienbf the d- and g- axis in

equation(2.171) can be expressed as follows:

(2.180
(2.18)
or:
(2.182
(2.183
where and are the real and imaginary paftthe complex number.
The first Fourier coefficient on thedxis, according to equatid@.174), is:
(2.189

According to equation.182) and(2.183), the transition from zero Fourier coefént of thed-

andg- axes tahefirst Fourier coefficient opositivecomponents is:

(2.185

According to equatiof2.172), the transition from zero Fourieoefficient of thed- andg- axes to

thefirst Fourier coefficient ohegativecomponents is:

(2.186)
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The following conclusions for the representatiodg®frame under unbalanced circumstaraed

fundamentafrequencyare reached using the preceding discussion.

- Equationg2.182) and(2.183 show that the positive sequence of stator behaves as a zero

Fourier coeffcient ( ) on thed- andg- axes

- Equation(2.172) shows that the negative sequence of stator behaves as a second Fourier

coefficient ( ) on thed- andg- axes

- Equation(2.184) showshat the zero sequence of stator behaves as a first Fourier coefficient
( ) on theO-axis, and equatiof2.170) express that zero segnce of the stator does not

appear on thd- andg- axis

The DP model can be obtained form i@ model in sectiorP_.l as well as the DP propertigs

sectionfL.1.2

The DP relation of thd-axis stator voltage is obtained by calculating the zero and second Fourier

coefficients from equatio(2.89).

(2.187)

The zero Fourier coefficient of tlikaxis stator voltage is the zero Fourier coefficient of each term
in equaion (2.187):

(2.189)

The zero Fourier coefficient of derivate terms, according to the property of DP provided in

equation(1.12), are:

(2.189)

(2.190
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The zero Fourier coefficient term pfoduct of twoTD variables according to th®P propertes
in equatios (1.13) and(1.14), is:

(2.191)

Therefore, the zero Fourier coefficient of thaxis stator voltage is:

(2.192)

The same methodology used to get the zero Fourier coefficient ohikie stator voltage, equation
(2.192, may be used to compute the other SMiagmpns of the DP model. The second Fourier

coefficient of thed-axis stator voltage, according to equati@ri8?), is:

(2.193

Equations(2.192) and (2.193), which represent the zero and second Fourier coefficients of the

d-axis stator voltage, may be summed by the bellow exquat

(2.194)

The DP relation of thg-axis stator voltage is obtained by calculating the Fourier coefficients from
equation(2.89).

(2.195

wherek, the Fourier coefficients faf-axis stator voltage, can be zero or two.
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The DP relation of the -@xis stator voltagesi calculated by applying the DP properties to

equation(2.90) and computing the model's Fourier coefficient.

(2.196)

wherek, the Fourier coefficients for-@xis stator voltage, is one.

The DP relation of thg-axis transient emf is obtained by calculating the Fourier coefficients from
equation(2.91).

(2.197)

wherek, the Fourier coefficients fafaxis transient emf, is zero or two.

The DP relatiorof thed-axis transient emf is obtained by calculating the Fourier coefficients from
equation(2.92).

(2.198)

wherek, the Fourier coefficients fal-axis transient emf, is zero or two.

The DP relation of thg-axis subtransient emf is obtained by calculating the Fourier coefficients

from equation(2.93).

(2.199

wherek, the Fourier coefficients far-axis subtransient emf, is zero or two.

The DP relation oftte d-axis subktransient emf is obtained by calculating the Fourier coefficients

from equation(2.94).

(2.200)
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The DP relabn of mechanical angular speed is obtained by calculating the Fourier coefficients
from equation(2.107).

(2.201)

wherek, the Fourier coefficients for mechanical angular speed, is zero or two. It should be noticed

that for the zero Fourier coefficient, equals 1 pu, while for the other Fourier coefficients,

equals zero.

The DP relation of the rotor angle is obtained by calculating the Fourier coefficients from equation
(2.114). The rotor angle used in equati@1.69) is a time domain variable, therefore it is calculated

for the zero Fourier coefficient.
(2.202

The DP relation of thd- andg- axes flux are obtained by calculating the Fourier coefficients from
equationg2.105 and(2.106), respectively

(2.203
(2.209)
wherek, the Fourier coefficients for the flux, is zero or two.

2.2.1 Discretized equations

The discretized equations of the DP model of synchronous machine employing the Trapezoidal

rule are provided in this section.

Equations(2.197)-(2.200) are rewritten using stated parameters in equat{@risl5-(2.122),
yielding:

(2.205)
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(2.206)

(2.207)

(2.208
Thetransient emf omj-axis given in(2.205), is discretized as follows

(2.209
where the history term is:

(2.210

The number of Fourier coefficients is denoted by the subdcnyhile the value of the vable at
then-th time step ( ) is denoted by the subscript

Thesubtransient emf owl-axis, given in(2.206), is discretized as follows

(2.211)

where the history term is:

(2.212)
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To derive thearansient andhe subtransient emf on thd-axisdepending on the input current, the
set of equation2.209) and(2.211) arerearrangegyielding the following result:

(2213

(2214

Thetransient emf omgj-axis, given in(2.207), is discretized as follows

(2.215

where the history term is:

(2.216)
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Thesubtransient emf omg-axis, given in(2.208), is discretized as follows

(2.217)

where the history term is:

(2.219

To derive thdéransient andhe subtransient emf on thg-axisdepending on the input current, the

set of equationf.215) and(2.217) arerearrangegyielding the following result:

(2.219

(2.220)
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Thevoltageon d-axis, given in(2.194), is discretized as follows

(2.221)

where the history term is:

(2.222)

To definethe voltage ong-axis voltageas a function ofnput currentsequations(2.214) and

(2.220) are replaced if2.220. Then, the obtained functiomrearrangeds follow:

(2.223)
where IS given by:
(2.224)
and is given by:
(2.225)

Unlike , Which is constant, Is variable and depends on rotor speed.
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The total history term af-axis voltage in equatiof2.223) is:

(2.226)
The voltageon g-axis,given in(2.195), is discretized as follows

(2.227)
where the history term is:

(2.228

To definethe voltage org-axis voltageas a function ofnput currents(2.214) and(2.220) are

replaced in(2.227). Then, he obtained function ieearrangeas follow:

(2.229



where is given by:
and is given by:
Unlike , Which is constant, is variable and depends on rotor speed.

The total history term af-axis voltage in equatiof2.223) is:

59

(2.230)

(2.231)

(2.232)
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The first Fourier coefficient of positive sequence voltage according to eq2ti8s) is:

(2.233

The first Fourier coefficient of negative sequence voltage aceptdiequatiorf2.186) is:

(2.234)

To have DP model of SM in symmetrical components, equéi@B3) needs to be rewritten as:

(2.235

and equatiorn2.234) needs to be rewritten as:

(2.236)

The equivalent impedance and history tarm(2.235 and (2.236) are defined as below. The

equivalent impedance is:

(2.237)

(2.239

and history term is:

(2.239
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(2.240)

The history term depends bothpresent and pricstatesTo obtain the proper SM equivaleat

iterative solveis required.

Thevoltageon 0-axis,given in(2.196), is discretizedas follows

(2.241)
where is given by:

(2.242
and the history term d@Faxis voltage in equatiof2.241) is:

(2.243
Themechanical angular speegiyen in(2.201), isdiscretizedas follows

(2.244)

where the history term is:

(2.245
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The rotor angle used in equati(ihl68) is a time domain variable, therefore it is calculated for the
zero Fourier coefficieniThe rotor anglegiven in(2.204), is discretizedas follows

(2.246)
where the history term is:

(2.247)

2.2.2 Norton equivalent circuit of SM

The DP model of SM by symmetrical componernssexpressed as follows using equations
(2.235), (2.236), and(2.241):

(2.248
where the matrix is the SM equivalent impedartmg symmetrical components$ should be
noted that thelg0impedance is not constant and is a function of rotor speed.

(2.249
and , vector of history term, is:

(2.250

To addthe equivalent SM model to th®IANA matrix, the symmetrical componentsiodel
explainedn (2.248) needs to transform theabcframe.
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a) b)

Figure2.9 a) Synchronous machine, b) Equivalent SM circuit, DP models

Figure2.91shows the DP Norton equivalent circuit by Trapezoidal ithe. equivalent impedance

and history terms itheabcframe shown ifFigure2.9jare computed as follows:

(2.251)

(2.252)

The equivalenimpedance of a linear component, such as an inductor or a capacitor, is constant,

and the history term calculated using the Trapezoidal method is dependent on the component's

voltage and current in the last time step. The equivalent impedance of SM;, otinéin hand, is

not constant, and the history term is affected by present and prior states.

2.2.3 Simulation steps

The following are the steps inzP simulation approach:

1. Calculate thehree phaséoadflow: to simulate unbalanced network from initshte, a

threephase load flow is used

2. Initialization

a.

b.

Convert the loads to constant impedances
Calculatethe equivalent circuit of elements by discretized method

Build the MANA matrix (equatiorf1.8)) of the network (exclude the SMs)

. Calculate the history terms for the first tirstep based on the load flow results
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3. Dynamic simulation

a.

Calculatethe equivalent impedance aritle injection current using2.251) and
(2.252) for all SMs

Add the equivalenimpedanceof SMs to admittance submatrix of MANAddthe

injection current of SMs to the vector, and solve

Updatethe dg0-axes currentéequationg2.235), (2.236), and(2.241)), rotor speed
(equation(2.244)), and rotor angle (equati@@.246)) for all SMs

. If the angular speed relative error of all Si#ess than the allowed error for two

consecutive iterations, the solution is converged, and can proceed 3cestépot,
the solution has not converged, and the next iteration should begin at step 3.a.

Calculatethe FRQWUROOHUV Y P RGeHiCeri®or {He daxt fiReXSteép H U

Predictthe SM quantities of rotor speed, rotor angleandg- axes currentef zero

and second Fourier coefficients

. Calculate the history terms of all elements except SMs (the history term of an

inductor, for example, as indicated in equaii®19)), then update the  vector

and proceed to step 3.a for the next time step

The prediction of variables in ste B2duces the number of iterations. Equa{@t©63) represents
the prediction relationship. In ste3the relationshipf relativeerror is given a§2.164).

2.3 Three phase phasodomain of synchronous machine

In 3pPD method of SM, the electromechanical transients are represented by the zero Fourier
coefficient, and notzero Fourier coefficient transients are ignored. Therefore, the zero Fourier

coefficient of thed-axis stator voltage, according ({@88), is:

(2.253



and the second Fourier coefficient of thaxis stator voltage is:

The zero Fourier coefficient of tlgpaxis stator voltage, according (@89), is:

and the second Fourier coefficient of tiexis stator voltage is:

The zero Fourier coefficient of theaXis stator voltage, according (@90), is:

The zero Fourier coefficient of tlgeaxis transient emf, according (.92), is:

and the second Fourier coefficient of tiaxis transient emf is:

The zero Fourier coefficient of tltkaxis transient emf, according (2.92), is:

65

(2.254)

(2.255

(2.256)

(2.257)

(2.258)

(2.259

(2.260)
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and the second Fourier coefficient of thaxis transient emf is:

(2.261)
The zero Fourier coefficient of tlgeaxis subtransient emf, according {@.93), is:

(2.262)
and the second Fourier coefficient of tiaxis subtransient emf is:

(2.263)
The zero Fourier coefficient of tltkaxis subtransient emf, according {@.93), is:

(2.264)
and the second Fourier coefficient of thaxis subtransient emf is:

(2.265)

The zero Fourier coefficient of the mechanical angular speed is obtained by calculating the zero

Fourier coefficients from equatiq@.107).

(2.266)

and the second Fourier coefficient of the mechanical angular speed is:

(2.267)
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The relation of the rotor angle is obtained by calculating the Fourier coefficients from equation
(2.114). The rotor angle used in equat(@168) is a time domain variable, therefore it is calculated
for the zero Burier coefficient.

(2.268)

The relation of thal- andg- axes flux are obtained by calculating the Fourier coefficients from
equationg2.105 and(2.106), respectively

(2.269)

(2.270)

wherek, the Fairier coefficients for the flux, is zero or two.

2.3.1 Discretized equations

The discretized equations of tBpPDmodel of synchronous machine employing the Trapezoidal

rule are provided in this section.

Equationg(2.258), (2.260), (2.262), and(2.264), the zero Fourier coefficient diie transient and

thesubtransient endare rewitten using stated parameters in equat(@ikl5-(2.122), yielding:

(2.271)

(2.272)

(2.273

(2.274)
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Thezero Fourier coefficient of transient emf graxis given in(2.271), is discretized as follows

(2.279

where the history term is:

(2.276)

Equation(2.272), the zero Fourier coefficient of stitansient emf ord-axis, is discretized as

follows:

(2.277)

where the history term is:

(2.279

To derive the zero Fourier coefficient thfe transient andhe sub-transient end on thed-axis

depending on the input curre(®,275 and(2.278) arerearrangegdyielding the following result:

(2.279
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(2.280)

Thezero Fourier coefficient of transient emf diaxis given in(2.273), is discretized as follows:

(2.281)

where the history term is:

(2.282)

The zero Fourier coefficient of sulbansient emf ord-axis given in(2.274), is discretized as

follows:

(2.283

where the history term is:

(2.284)
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To derive the zero Fourier coefficient thfe transient andhe subtransient end on theg-axis
depending on the input curre(®,281) and(2.283) arerearrangegyielding the following result:

(2.285

(2.286)

Thezero Fourier coefficient al-axis voltagegiven in(2.253), is discretized as follows:

(2.287)

where thehistory term is:

(2.289)
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To derive the zero Fourier coefficient of voltage ondkexis depending on the input current, the
set of equation&.280) and(2.286) are replaced in equati@@.287), yielding the following result:

(2.289)
where is given by:

(2.290
and is given by:

(2.291)
The is constant and is a function of rotor speed.

The total history term in equati¢@.289) is:

(2.292)
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Thezero Fourier coefficient af-axis voltagegiven in(2.255), is discretized as follows:

(2.293

where the history term is:

(2.294)

To derive the zero Fourier coefficient of voltage ondtexis depending on the input current, the

set of equation@.280) and(2.286) are replaced in equati@¢®.293), yielding the following result:

(2.295)
where is given by:

(2.296)
and IS given by:

(2.297

The is constant and is a function of rotor speed.
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The total history term df-axis voltage in equatiof2.2959) is:

(2.298)

The first Fourier coefficient of positive sequence voltage according to eq(2ti8s) is obtained
by combhing equation$2.289 and(2.295):

(2.299

In the SM model, the negative sequence component is caused by the second Foudmmtseffi
Since the second Fourier coefficient in a traditional phasor deriviime does not exisino
numerical approach is required to discretize it. Equa(i25%9), (2.261), (2.263), and(2.265) are
rewritten using stated parameters in equat{@risl5)-(2.122), yielding:

(2.300

(2.301)

(2.302)

(2.303
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To derive the second Fourier coefficienttioé transient andhe subtransient end on theg-axis
depending on the input curre(2,300 and(2.301) arerearrangegyielding the following result:

(2.304)

(2.305)

To derive the second Fourier coefficienttloé transient andhe subtransient eng on thed-axis

depending on the input curref2,302 and(2.303 arerearrangegyielding the following result:

(2.309)

(2.307)

Thesecond Fourier coefficient afaxis voltagegiven in(2.254), is discretized as follows:

(2.308)
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To derive the second Fourier coefficient of voltage ondtagis depending on the input current,
the set of equation&.305) and(2.307) are replaced in equatid2.308), yielding thefollowing

result:

(2.309
where IS given by:

(2.310
and is given by:

(2.31))
Unlike , Which is constant, is variable and depends on rotor speed.
The total history in equatiof2.309) is:

(2.312

Thesecond Fourier coefficient gfaxis voltagegiven in(2.256), is discretized as follows:

(2.313
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To derive the second Fourier coefficient of voltage ongtagis depending on the input current,
the set of equation&.305) and(2.307) are replaced in equatid®.313), yielding the following

result:

(2.319
where IS given by:

(2.319
and is given by:

(2.316
Unlike , Which is constant, is variable and depends on rotor speed.
The total history term in equati¢@.314) is:

(2.317)

The first Fourier coefficient of positive sequence voltage according to eq(2t8e) is obtained
by combining equation&.309) and(2.314):

(2.319
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To have3pPDmodel of SM in symmetrical components, equaii2299 needs to be rewritten
as:

(2.319

and equatiori2.318) needs to be rewritten as:

(2.320

The equivaknt impedance and histotgrm of (2.319) and (2.320 are defined as below. The

equivalent impedance is:

(2.321)

(2.322)

and history term is:

(2.323

(2.324)

The history term depends bothpresent and prior statéBo obtain the proper SM equivaleat

iterative solveis required.

Sincethe first Fourier codicient in a traditional phasor has no derivative equations, no numerical
approach is required to discretize The voltage on O-axis, given in(2.257), is discretized as

follows:

(2.325
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where is given by:

(2.326)
Themechanical angular spegglven in(2.266), is discretized as follows:

(2.327)
where the history term is:

(2.328

The second Fourier coefficient of mechanical angular spgeen in(2.267), is discretized as

follows:

(2.329

The rotor angle used in equati¢hl68) is a time domain variable, therefore it is calculated for the

zero Fourier coefficientTherotor angle given in(2.269), is discretized as follows:

(2.330

where the history term is:

(2.331)
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2.3.2 Norton equivalent circuit of SM

The 3pPD model of SM by symmetrical componenssexpresseds follows using equations
(2.319), (2.320), and(2.325):

(2.332
where the matrix is the SM equivalent impedarnzge symmetrical components should be
noted that thelg0impedance is not constant aisda function of rotor speed.

(2.333
and , vector of history term, is:

(2.339

To addthe equivalent SM model to th®IANA matrix, the symmetrical componentsiodel
expressed i(2.332) needs tahetransform taheabcframe.

a) b)

Figure2.10a) Three phase phasdomainSM, b) Equivalent circuit3pPDmodel

Figure 2.10| shows the3pPD Norton equivalent circuit by Trapezoidal rul€he equivalent

impedance and history termsthre abcframe shown ifFigure2.10jare computed as follows:

(2.335)
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(2.336)

The equivalentimpedance of a linear component, such as an inductor or a capacitor, is constant,
and the history term calculated using the Trapezoidal method is dependent on the component's
voltage and current in the last time step. The equivalent impedance of SM,athaghéand, is

not constant, and the history term is affected by present and prior states.

2.3.3 Simulation steps
The following are the steps in3@PDsimulation approach:

1. Calculate thehree phase Loaffow: to simulate unbalanced network from initial stae,

threephase load flow is used
2. Initialization
a. Convert the loads to constant impedances
b. Calculatetheequivalent circuit of elements by discretized method
c. Build theMANA matrix (equatior(1.8)) of the network (exclude the SMs)
d. Calculate the history terms for the first tisiep based on the load flow results
3. Dynamic simulation

a. Calculatethe equivalent impedance arte injection current usind2.335 and
(2.336) for all SMs

b. Addtheequivalenimpedancef SMs to the admittance submatrix of MAN&dd
theinjection current of SMs to the vector, andolve
c. Updatethedg0-axes currents (equatiof&319), (2.320), and(2.325)), rotor speed

(equation(2.327)), and rotor angle (equati¢@.330)) for all SMs

d. If the angular speed relative error of all Sess than the allowed error for two
consecutive iterations, the solution is converged, and can proceed to skeqpo3,e.

the solution has not converged, and the next iteration should begin at step 3.a.

e. Calculatethe FRQWUROOHUVY PRGHO RI JHUR )RXULHU FRHI
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f. Predictthe SM quantities of rotor speed, rotor angleandg- axes currents ofezo
and second Fourier coefficients, then proceed to step 3.a for the next time step

The prediction of variables in ste Beduces the number of iterations. Equa{@t©63) represents

the prediction relationship. In step 3.d, the relationshiglative error is given a2.164).

2.4 Phasor domainmodel of synchronous machine (traditional)

The traditionalPD methodonly considers the power system's positive sequence, ignoring the
negative and zero symmetric components. As a resule@Dapproach models electromechaiica
transients under balanced conditions. Ondth@ndg-axes, the zero Fourier coefficient is used to
describe the electromechanical transient. The second Fourier coefficient does not exist in the SM
model since the negative component is not modelleckisytetem. Also, th@-frame does not exist

in the SM model because the zero symmetrical component is not modelled in the system.

Moreover, the traditiond?D methodheglects the transients of rotor on the stator ( and

). The equations of theD methodare summarized as bellow.

(2.337)

(2.339)

The zero Fouriecoefficient ofthe transient andhe subtransient emf equations are the same as
expressed i(2.258), (2.260), (2.262), and(2.264) at sectiorp.2)

The zero Fourier coefficient of the mechanical angular spedotasned by calculating the zero

Fourier coefficients from equatid@.107).

(2.339
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The rotor anglePD relation is the same as the equation giveli2i268. Calculating the zero
Fourier coefficients from equatiof2.105 and(2.106), respectively, yields theD relation of the

d- andg-axes flux.

(2.340)

(2.341)

2.4.1 Discretized equations

The discretized equations of tR® model of synchronous machine employing the Trapezoidal

rule are provided in this section.

The equation$2.279), (2.280), (2.285), and(2.286) can be used for discretiz&D model of zero

Fourier coefficient ofthetransient andhe subtransient ens.

Equation(2.337), the zero Fourier coefficient dfaxis voltageis discretized as follows:

(2.342)

where the history term is:

(2.343

To derive the zero Fourier coefficientttie voltage on thel-axis depending on the input current,

the equatior{2.280) is replaced in equatiof2.342), yielding the following result:

(2.349
where is given by:

(2.345)
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and is given by:

(2.346)

The total history term in equatid@.344) is:

(2.347)

Thezero Fourier coefficient af-axis voltagegiven in(2.338), is discretized as follows:

(2.348)

where the history term is:

(2.349

To derive the zero Fourier coefficienttbie voltage on the-axis depending on the inputircent,
the (2.286) is replaced ir{2.348), yielding the folowing result:

(2.350
where is given by:

(2.35)
and IS given by:

(2.352

The total history term af-axis voltage in(2.350) is:

(2.353
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The first Fourier coefficient athe positive sequence voltage according2d 85) is obtained by
combining(2.344) and(2.350):

(2.354)

The solver needs to have a voltagerent function of positive sequence fundamental frequency
for (2.359):

(2.355

The equivalent impedance and history teoh(2.355 are defined as belawlhe equivalent

impedance is:

(2.356)

and the history term is:

(2.357)

The history term depends on not only the quantities in the previous time step, but also the quantities

in the current time step. Therefore, an iterative solve is requirealve the model.

Themechanical angular speegglven in(2.339), is discretized as follows:

(2.359
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where the history term is:

(2.359
Therotor angle given in(2.268), is discretized as follows:

(2.360
where the history term is:

(2.36])

2.4.2 Norton equivalent circuit of SM for phasor-domain solution

The traditionalPD methoduses the positive sequence representation of the system. Theadd
equivalent SM model to thidodal matrix theequation(2.355) is used.

a) b)

Figure2.11a) Synchronous machine, b) SM Equivalent circuit in phdsanain

In|Figure2.11fthe injected currens:

(2.362)

The history term of SM model is a function of state of the netwockiraént state of the network.
Thus, an iterative method is needed to solve a system of equations that includes SM models.
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2.4.3 Simulation steps

The following are the steps inRD simulation approach:

1. Calculate the psitive sequencwadflow: the PD method peent the positive sequence of

the system, therefore, the lefldw ignores the negative and the zero sequences
2. Initialization
a. Convert the loads to constant impedances

b. Build the impedancematrix of the systemThe equivalent impedance of the
machine is assued to be constant in traditional PD method; therefore, unlike TD,
DP, and 3pPD, the equivalent impedance of the SMs is added in this step

3. Dynamic simulation
a. Calculatetheinjected current of SMs using equati(@i362)

b. Add the injected currents to vector of the nodal analysis, andlse
equation(1.7)

c. Updatethedgaxes currents (equatio(@344) and(2.350), rotor speed (equation
(2.359), and rotor angléequation(2.360)) for all SMs

d. If the angular speed relative error of all SMs be less than the allowed error for two
consecutive iterations, the solution @weerged, and can proceed to step 3.e. If not,
the solution has not converged, and the next iteration should begin at step 3.a.

e. Calculatethe FRQWUROOHUVY PRGHO RI |JHUR )RXULHU FRHI

f. Predictthe SM quantities of rotor speed,top angle d- andg- axes currents and go

step 3.a for the next tim@oint

The prediction of variables in ste B2duces the number of iterations. Equa{@t©63) represents

the prediction relationship. In step 3.d, the relationshiglative error is given a2.164)
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2.5 Comparison ofmethods TD, DP, 3pPDand PD

The test systemased in this sectiois referred to as 116MD. The system voltage level is 345/138

kV at transmission, and 25 kV at distribution level. The total number of power transformers is 173

the saturation of transformers is excluded ia ghudy The model further embeds 20 power plants

with a total installed capacity of 3800 MW and 91 electric loads. There are 177 transmission lines

with a total length of 10063 km. The models of synchronous machines (SMs) include mechanical

and electric® G\QDPLFV WXUELQH(JRYHUQRU FRQWURO V\VWHP Z|

power system stabilizer (PES

Figure2.12 IEEE-118 beachmark
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The same numerical integration procedures are utilised to make comparisons on the same premise.
To discretize derivative equations, the Trapezoidal laxkwardEuler numerical integration
methods are used. The primary numerical solution is the Trapendigigiation technique, with

two halved timesteps ofbackwardEuler integration employed to reduce numerical oscillations
after a discontinuity To ensure a consistent computational environment for comparison, all
techniques areodedin MATLAB. The devebped TD technique is validated using EMBmce

the traditionalPD methoddoes not simulate unbalanced events, a thhese fault is applied to

the study system and the simulation results obtained from different methods are compared. The
fault occurs orBus TwinBrch_138 012 at 0.1 second and is removed after 100ms. The simulation
is performed for one second. The output waveform ofdpPD, andPD approaches are in phasor
domain. At the end of the simulation, the phasor resutsonverted to TD indepeiently.

Figure2.13 Electrical power and bus voltage waveformg, 10 R



89

The electrical power and bus voltage waveforms of the machine of the simulating techniques using

t 10 R are shown ifFigure2.13] The results areomparable in the steady state, while there is

considerable inconstancy during transient dynamics.

Figure2.14 Electrical power and bus voltage waveforms, 10 2 (zoom)

The simulation results during the tréerg evolutionusing t 10 /&R are shown ip

Figure 2.14] This section provides a visual examinatiamd section.5.1 offers an analytical

study to compie the resultsThe 3pPD performs better than the PD in presenting electrical power
transientseven thougloth the 3pPD and the PD do not replidasttransients. Furthermore, the
DP technique doeasot produce the same outcomes as the TD method.
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Figure2.15 Electrical power and bus voltage waveform, 500 ”

The electrical power and bus voltage waveforms of the machine are simulatedavgbrame
step of t 500 A, and the results, as well as the reference, are sh({ﬁgdreZ.lS The result

of TD with t 10 R is the referencéAfter damming the fast transient, the results are sinitlar.

demonstrates that increasing the time step hasigroficantimpacton the electromechanical
transient.
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Figure2.16 Electrical power and bus voltage waveformt, 500 ”(zoom)

The simulation results during the transient evolution usiti)g 500 /2 are shown ifFigure2.16

Evenusing large time stepthe 3pPD outperforms the PD in terms of displaying electrical power
transientsand the accuracy of both the TD and the DP diminishes, and the DP does not outperform

the TD.
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Figure2.17 Electrical power and bus voltage wavefornt, 2ms

The electrical power and bus voltage waveforms of the machine are simulated with a very large
time step of t 2ms, and the results, as well as the refeegrare shown iEigureZ.l? The

result of TD with t 10 R is the referencelhe result accuracy of the approaches, particularly

the TD, falls when a verjarge time step is used.
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Figure2.18 Electrical power and bus voltage wavefornt, 2ms (zoom)

The simulation results during the transient evolution usitig 2ms are shown ifFigure2.18

The accuracy of techniques for modelling transient evolution drops considerably when a very large

time step is applied, and the results become extremely similar.
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2.5.1 Accuracy evaluation

Although thepresentedvaveformsin SectiorE determine the differences between the solution

approachesdn this sectiorthe error of methods are measuredchdpercenageof 2-norm relative

error[39] is employed t@wompare the results:

(2.363

where s the reference result whichtie TD response witht 10 2. s the resulfrom the

evaluated
To compare phasor domain results with the reference, the results of DP, 3pPD, and PD are

converted to time domaiim this section, the simulations are performed using different numerical

integraton timesteps to evaluate accuracy as a function of-steg.

Table2.1

Table2.1 Error % of electrical power/voltage

D DP 3pPD PD
10 - 2.78/1.95 | 3.85/3.17 | 4.92/3.45
100 | 1.10/0.17 | 2.84/2.23 | 4.01/3.22 | 4.97/3.53
200 | 2.03/0.23 | 2.90/2.36 | 4.13/3.26 | 4.93/3.55
500 | 3.20/0.77 | 2.86/2.54 | 4.13/3.56 | 4.91/3.87
1000 | 2.57/1.97 | 2.60/3.54 | 3.78/4.44 | 4.86/4.85
2000 | 3.05/6.55 | 2.64/6.15 | 3.48/7.58 | 4.77/8.4
5000 | 6.39/24.53| 2.71/27.75| 4.04/28.65| 4.38/28.08

illustrates electrical power and bus voltage errors as a function of simulatieetéme

The elative error is computed at a time frame of 200 to 250 The. DP approach is more

successful when the tirsep is significantly increased, but it is less accurate in the interval where

the transient is concentrated.
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2.5.2 Computing time

This section comparethe time efficiency ofTD, DP, 3pPD and PD methodson the given
benchmarkTheDP,3pPD, andPD methods use phasfar calculating the simulatiod o compare
computing timeonly the time of dynamic simulation is calculated, in other woedime of load
flow, initialization, andhe resultonvertingtime of phasor domain methodsot considered’ he

Table2.2|and

Table 2.3[show the computation time of eventSdction 2.5 using different time steps for the

iImplementednethods

The TD approach is 5.58 times quickiean the DP technique in the nib@rative solution and 2.31
times quicker than th@pPDapproach. In addition, the TD approach simulates 0.7 times slower

than thePD approach.

Table2.2 Computing tims for noniterative solution

TD DP 3pPD PD
10 286.00| 1611.17] 674.19| 199.70
100 28.27 | 162.03 | 66.47 | 20.08
200 14.49 | 81.34 | 33.56 | 10.19
500 585 | 3245 | 13,53 | 4.19
1000 289 | 16.50 | 6.75 2.07
2000 1.45 8.28 3.39 1.02
5000 0.64 3.28 1.37 0.42

Table2.3 Computing time for iterative solution

TD DP | 3pPD | PD
10 | 698.90] 2114.46] 1115.98] 252.64
100 | 71.87 | 222.05] 112.23] 31.65
200 | 36.53| 115.13| 63.97 | 17.21
500 | 17.64| 50.01 | 25.93 | 6.92
1000 | 8.75 | 24.12 | 13.40 | 3.89
2000 | 4.43 | 1357 | 7.28 | 2.05
5000 | 2.28 | 5.76 | 3.21 | 0.95
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The TD approach is 2.92 times quicker than the DP method and 1.57 times quicker 8pditithe
technique when employing the iterative approach. In addition, the TD approach simulates 0.43

times slower than thD approach.

The number of equations represegtthe networkvith SMsis the same for the TD, DP, aBgPD
methods. Since th8pPD approach does not have derivative part in representing equations of
inductors and capacitors, it does not have a historic term. As a result, it runs faster than the DP
metod. Unlike theTD method which uses real numbers in all calculations, the phasor domain
approaches employ complex numbers, which mkesomputatiorheavyfor the DP 3pPD, and

DP methods.

Considering the mentioned reasombenusing the same timstep the DP an@pPDmethods run
simulation slower than the TD method.

2.6 Conclusion

The section of the thesidescribe the EMT-type and phasor domain simudat methods with
emphasis on the SM mod@&ased on the presented simulations, it is shown that thenéRod

due to its dual D and phasedomain) nature is more accurate than the pure phasor domain
methods 8pPDandDP). The accuracies and limitations3§PDandDP methods are compared,

and the differences are explained.

Although the DP method can capture faster Efyife transients, it does not deliver the same
accuracy as the pure TD method. Moreover, it is shown that for larger time steps, the accuracy of
the DP nethod deteriorates, and its computational performance does not surpass the TD method
for the same numerical integration tirstep. It is also demonstrated that the TD method can
maintain sufficient accuracy at very high numerical time steps if it emplioyly &erative process

for the solution of its synchronous machine equations. It appears that despite its theoretical
advantages, the DP method remains on average 2.9 times slower than the full TD method. This
conclusion is based on comparing codes exgame development environment and for different

network conditions and fault cases.
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Chapter3 '3 6<1&+521286 0%$&+,1( ,03529(" 02" (/

The SM modepresented isectionR.2lmodelszero and second harmoniesidthe SM contrdlers

include zero harmoni&ection?.5indicates that the DP model does not deliver the semsient

result as the TD technique despite using a serglttime step.This chaptemproposes mimproved
synchronous machine model bdson the DP metho@he model employs harmonics to presents
an accurate simulatioihe first step is obtaining the relation afrimonics on th@ower system

and synchronous machines.

3.1 Transformation symmetrical components todgO-frame

A threephaseset ofunbalanced curremir voltagewith harmonics can be presented as:

(3.2)

where is thevector of thregphase currerdr voltage is time, istheharmonic number,
is synchronous rotating speed and arek-th Fourier coefficienand angleof SKDVH 3D”
variable respectively

Equation(3.1) can berewritten with exponential Fourier series as:

(3.2)

where is k-th exponential Fourier coefficient & K D V durtéht or voltage

fork o (3.3
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and the below equation gives the negative Fourier coefficients, wherg the conjugation of a
phasor.

fork <0 (3.4

The following equation expresses the relationship between -phi@se and symmetrical

component variables:

(3.5)

where subscriptp, n, andz are positive, negative, and zero sequence components.

Replacing equatior{3.5) into (2.18) gives the relation betweerdqOframe andsymmetrical

components$or a Fourier series

(3.6)

where
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The equatior§3.6) is simplified as follows:

(3.7)

Thedg0-axes variables can be expressed separately using eqi3afijon

(3.8)

(3.9)

(3.10)

Equatiors (3.8) and(3.9) illustrates that the variables on bakhandg- axes have relation with the
Fourier coefficients of both positive and negative sequence compogiepistion(3.10) shows

the variables on-@xis has relation with the Fourier coefficients of zeeguence component.

Rearranging equatior{8.8) and(3.9) gives:

(3.11)

(3.12)

According toequation(3.11), thek-th exponential Fourier coefficienn d-axisis:

(3.13)

Thek-th exponential Fourier coefficient on theaxis, according to equatidB.12), is:

(3.14)
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Thek-th exponential Fourier coefficient on thegis, according to equatidB.10), is:
(3.15

Equations(3.13), (3.14), and(3.15) can be summed in one set of equationnid relation ofthe

dgO-frameandsymmetricakcomponentsor k-th Fourier coefficient

(3.16)

The transformatiorfrom symmetrical components dqO-framefor k-th Fouriercoefficient the

inverse oftransformation irequation(3.16), is:

(3.17)

According to guation(3.17), thepositive and negative sequenadghe k-th Fourier coefficient

can be written as

(3.19)

(3.19)

or

(3.20)

(3.21)
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In case of having an unbalanced system, the negative sequence of fundamental frequency causes
second harmonic on thee andg- axes (equation(3.21)), then the second harmonic dnandg-

axes produce the positivend negativesymmetrical componesibf third harmonidn the network
(equationg3.13) £3.14)). Subsequently, theegativesequence of third harmonic makes fitngrth

harmonic on thel- andg- axes (equatioi3.21)). This circle continues for the odd harmonics of
symmetrical components and the even harmonids afhdg- axes.

3.1.1 Discretized equations

The k-th Fourier coefficient of positive sequence voltage according to eqed8@0), (2.194),
and(2.195) is:

(3.22)

The k-th Fourier coefficient of negative sequence voltage according to eqyati), (2.194),
and(2.199) is:

(3.23)

To havek-th harmonic ofSM { BP modelby symmetrical components, equati(®22) needs to

be rewritten as:

(3.24)

and equatiorn3.23) needs to be rewritten as:

(3.25)
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The possible solution of finding paraters of equation.24) and(3.25) is to defineequivalent

impedance and history term as below. The equivalent impedance is:

(3.26)

(3.27)

and history term is:

(3.29)

(3.29)

The history term depends on not only the quantities in the previous time step, but alsmthies|

in the current time step. Therefore, an iterative solve is required to solve the model.

Equation(2.196), O-axis voltageis discretized as follows:

(3.30)

where is given by:
(3.3
and the history term of-8xis voltage in equatiof2.241) is:

(3.32)
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3.1.2 Norton equivalent circuit of SM

The k-th harmonic of SM] BP model by symmetrical componeigsexpressed as follows using
equationg3.24), (3.25), and(3.30):

(3.33

where the matrix is the k-th harmonic SM equivalent impedancéy symmetrical

componentslt should be noted that the0impedance is not constant and is a function of rotor

speed.

and

(3.34)

, vector of history term, is:

(3.35)

To add equivalenk-th harmonicSM model to the MANAmatrix, the symmetrical components

model expressed in equati¢®33) needs to transform tbcframe.

Figure3.1

a) b)

Figure3.1 a) Synchronous machine, b) Equivalent SM circuit, DP models

shows the Norton equivalent circuit by for #xeh harmonic
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The equivalent impedance and history terfRigure3.1|are:

(3.36)

(3.37)

Unlike equivalent circuit of inductor and capacitor, dgiivalent impedance and history term of
SM model are a function of state of the network at current state of the network. Thus, an iterative

method is needed to solve a system includes SM models.

3.1.3 Simulation steps
The following are the steps inzP simulaton approachlusing harmonics
1. Three phase Loaflow
2. Initialization
a. Convert the loads to constant impedances

b. Calculate equivalent circuit of elements by discretized metfuwdnetwork

harmonics
c. Build the MANA matrix (equatiorf1.8)) for network harmonicgexclude the SMs)

d. Calculate the history terms for the first tisiep based on the load flow résy
computethe history term for the fundamental frequency, whereas the history term

for the other harmonics is zero.
3. Dynamic simulation
a. Calculate unknowns for all harmor(gtart from fundamental frequency ( ))

i. Calculate equivalent impedance and injection current using equédi8fs
and(3.37) for all SMs

ii. Add equivalent impedance of SMs to the admittance submatrix of MANA,

add injection current of SMs to the vector, and solve
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iii. Updatedg0-axes currents (equationi®.235), (2.236), and(2.241)), rotor
speed (equatiofR.244)), and rotor angle (piation(2.246)) for all SMs

iv. If stgps 3.a.ito 3.a.iii are done for all harmonidben go stef.b;if not, go

to 3.a.i for the next harmonic

b. If the relativeerror of rotor speed for all SMs be less than accepted error, then the
solution is converged and go to step B.therelativeerror of rotor speed of one or
more SM(s) be more than accepted error then the solution is not converged, so go

to step 3.a fothe next iteration
c. &DOFXODWH FRQWUROOHUVY PRGHO RI DOO KDUPRQL

d. Predict SM quantities of rotor speed, rotor angleand g- axes currents odll

Fourier coefficientgorrespondingo harmonics

e. For all Fouriercoefficients corresponding harmonicalculate the history terms of
all elements except SMs (the history term of an inductor, for example, as indicated

in equation(1.19)) andupdate the  vector Thenproceed to step 3.a for the next
time step

The prediction of variables in step 3.e reduces the number of iterations. E¢Ra@represents
the prediction relationship. In step 3.d, the relationship betweenethaive error is given as
equation(2.164).

3.2 Dynamic phasormodel of synchronous machinecontroller

The SM's control devices regulate the machine's terminal voltage and electrical output power in
order to maintain system stabilitfhe SM variables determine the input of the contrall@he
output of the exciter and turbine controller affects the field voltage and mechanical power of the

SM. As a result, the SM's harmonics cause harmonics in the controllers, and the controller's

harmoncs induce harmonics in the SM's field voltage and mechanical power. Sedipesents
WKH PRGHO RI KDUPRQLF IRthis $éttibnteorfiportahbeof . SMEcGnktoller

model considering harmonis presented.
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The exciter output is controlled by adjusting the exciter's field current. The exciter's output then
regulates the rotor's magnetic field, resulting in a constant voltage output from the generator. The
magnitude of the generator's terminal voltage anatitgut of the power system stabiliser are the
exciter's inputsThe terminal voltage, input of exciter controller, is the root sum squateaoid

g- axis voltages.
(3.39

where is the terminaloltage, and are voltages on- andg- axes,respectivelyln TD
calculations and are obtained from equatio(&88) and(2.89), respectively.

Although highgain, fastresponsdime excitation controllesubstantiallyhelpstransient stability,

it can compromise smadiignal stability (damping torque). The power system stabiliser (PSS)
makes a beneficial contribution by dampening generator rotor angle swings that occur over a wide
frequency range. Generator rotor angle swings or generator elepthgat can both be used as

PSS inputs. The excitation systeanreceive a control signal from the outmitPSS controller.
Several types of controllers are available, and in gettszahput of exciter and PSS collection is

d- andg- axis voltages andtational angular speed, and the output is field voltage oth&ixés.

Figure3.2 TD exciter with PSS input

A TD excitation controller witherminal voltage and PSS ingu$ shown irEigureS.Z is the

rotor angular speed, is the fieldvoltage on thel-axis, and areexciter inputs, with
beingconnected tthe PSS output signal and beingconnected tthe measured terminabpltage.

is obtained from equatiaf2.107), and is used in equatiof2.91).

The DP model ofSM controller has input/outpythasorsaccording to the calculag Fourier

coefficients ands computed for all available harmonics.
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Figure3.3 DP exciter with PSS

Figure3.3|shows a dynamiphasor excitation controller with terminal voltage and PSS inputs. The

subscript indicates the number of Fourier coefficient. i calculationsof the k-th Fourier

coefficients , , and are respectivelyobtained from equation&@.194), (2.195, and
(2.201). Thek-th Fourier coefficient ofl-axis field voltage , isused in equatio(2.197).
and arek-th Fourier coefficient oéxciter inputs, with  being the PSS output signal and

being the measured terminal voltage.

3.2.1 Controller model without harmonics

Fundamental frequency @bsitive sequence is the basic component in the power system. Th
network maincomponent causeero Fourier coefficient od- andg- axes.To reducecalculaton

for theDP methodthe controllermodelwithout harmoniceomputeghe zero Fourier coefficient
andignoresharmonics on controller devicéBherefore, ie output of excitehas thetermwith the

zero Fourier coefficient and all otheoefficients have zero amplitudéhe mechanical torque in
equation (2.201) and electrical field voltage ow-axis in equation(2.197) are equal zero

for

3.2.2 Controller model with harmonics

Harmonics occur in the SM when the network contains harmonics or is unbalanced. To improve
accuracy 6 DP model, the nonzero Fourier coefficients are calculated for the controllers.
For , the mechanical torque in equati@i201) and electrical field voltage on tltkaxis in

equation(2.197) are known, and the controlles inodelled for all simulated harmonics.
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The terminal voltageequation(3.38), is a nonlinear relation whiaxistsin all exciter modelsThe
DP method is chllenging for modelling nonlinear elements. The next procedures attempt to

determine the terminal voltage's Fourier coefficients.

The voltages on thé andg- axes are represented by the Fourier series:

(3.39)

(3.40)
Thesquare ofl-axis voltage, , is:

(341
Expanding equatio(B.41) gives:

(3.42
or:

(3.43
Resorting equatio(3.43) gives:

(3.44)

In equation(3.44), the Fouriercoefficients are separated as follows:

(3.45)
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Then, rearrangequation(3.45) asfollows:

(3.46)

The same procedure can be done to find squargaais voltage.Therefore,Fourier serieof

terminal voltages:

(3.47)

To find root of equatioit3.47), the following relation is used.

(3.48)

The equatior{3.48) can be utilised when term is substantially smaller than term and term
is significantly greater than term. The amplitude of harmonics in the system are smaller than the
fundamentalfrequency Therefore using approximate equatiof8.48), the Fourier series of

terminal voltage equation3.47), can be written as follows

(3.49)

where in equation(3.49) is:

(3.50)

and in equation(3.49) is:

(3.51)
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3.3 Simulation results

In this section, the twareasystem[34] is used toevaluate impact of simulation harmonics
synchronous machineghe network has four synchronous machines, four transformers, two loads,
and eight lines. Aine-to-line fault S KDV H 3DoccwdRore ks number 6 at 0.@esndand

is remova after 100 . The simulations are run on the samplatformusing10 integration

time step.To distinguish between the proposed DP method that considers harmonics and the
approach that does not, the proposed method is referred to as Harmonic Dynamic Phasor (DPH),
while the methd that does not consider harmonics is referred to ag ®Walidate the proposed
method, the results are comparedhe TD methodFundamental, third, and fifth harmonics are

used to simulate the power system. For the SM and controllers, the zero ¢sequensecond,

fourth, and sixth harmonics are simulated in accordance with the system harmonics.

Figure3.4 Two area test case

The following figure shows theodel of exciter and PSS used in tive-areatest caseThe same

model is used for the four SM in the test case.
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Figure3.5 TD exciter and PS$&odel of the test case

In|Figure3.5 is the terminal voltage reference, is thedeviation of rotor angular speed

and is the Laplacevariable is the gain of controller, and is the constant coefficient of

transfer functionThe parametersf the controller are defined in refererjéd].

Thecontrol model€onsistof transfer functions connected to each atfibe simulatorsliscretize
the differential relation to calculate output afach transfer functionThe following process

demonstrates how to compute a transfer function.

(352

Equation(3.52) is an example of a transfer functjomhere and are respectively the input and

the output of firstordertransfer function.

(3.53)

The converted relation of equati@®52) from the transfer function to the differenti@lationis
equation(3.53). The samentegration rule used to discretize relation of tieéwork elements and

SM employed to compute controller models.
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(3.54)

Equation(3.54) is thediscretized of equatiof8.53) usingthe Trapezoidal integration rule.

TheDP relationof equation(3.53) using DP property of equatidt.12) is:

(3.55)

where means the number of Fourier coefficient

The discretize@quation(3.55) usingthe Trapezoidal integration rule is:

(3.56)

Initializing calculations are used to start the simulation. Thinalue of the variables in a power
system simulation is determined by load flow calculations. The SM controller, like the model of

power systenelementsmust be initialised to begin simulation from a steady state.

Because the twarea system is a balkeed network, there is no negative component at steady state,
and hence no harmonic in the SM and network at the system's starting condition. As a result, the
amplitude of nonzero Fourier coefficient variables is equal to zero in this scéndiatization is
requiredfor the zero Fourier coefficient model of controllers.

The value of a variable ¢he first moment of simulatiois:

(3.57)
where isvalue of variable athe simulationbeginning and  means value of vable at one
step before starting the simulation.

The R X W SetdNF§urier coefficient dhe output okquation(3.56) is:

(3.58)
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where and are respectively the zero Fourier coefficients of the transfer function's input

and output at the start of the simulation.

3.3.1 Control modeler with out harmonics

This section shows the result of the TD, DP, and DPH methods for the scenario described in

SectionB.3 The DPH method simulates network and SM haricg® Harmonicsare not used to

model thecontrollers instead, only the zero Fourier coefficient is used.

The angular speed and field voltage results are shoWigure 3.4{for SM number 3. The SM

number 3 ionnectedo bus number 3, which h#fse mostsevere transiemh the system

The output of DP and DPHs in phasor domainTo comparelD, DP, and DPHresults,phasor

domain resultsre converted tdD as follows:

(3.59)

where isTD variable, and is phasordomainvariable ofk-th Fourier coefficient

Figure3.6 Field voltage ord-axis

Figure3.6|shows the simulation of field voltage using TD, DP, and DPH methods. For DPH, the

harmonics are not modeled in controllddsiring occurring the fault (from to ), the
filed voltage of TD has a second harmonic component which is not simulated by DP and DPH

methods.
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To show the accuracy of a method, the absolute error is used:
(3.60)
where is the exact value and is the approximation value.

The absolute error of DP and DPH are calculated using equat&fl). The resit of TD is used

as exact value.

Figure3.7 Error of field voltage om-axis

Modeling harmonics in synchronous machines without taking controllers into consideration offers
minimal advantage, as showr{Fi'rgureB.? The absoluterrors of the DP and DPH techniques for

field voltage are similar.

Figure3.8 Angular speed



115

Figure3.8|depicts the machine's angular speed as simulated by the methods. Both the DP and DPH

approaches exhibit considerable inconsistencies, especially as the system stabilizes.

Figure3.9 Angular speed (zoom)

Figure 3.9|shows the angular speed of the machine when a fault is applied. There is a second

harmonic on the TD result which DRditnulated satisfactorily, but the DP is not able to model the

second harmonic.

Figure3.10 Error of angular speed (zoom)

The DPH approach has more accuracy than the DP method to simulate the angular speed error

when the fault is applied, shownkingure3.10| It is becaus®PH modelsthe second harmonic of

the angular speed.
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Figure3.11 Bus voltage

The bus voltage waveforms of the machine of the DP and DPH are shorigure 3.11} The

inconstancy during transient dynamissonsiderable.

Figure3.12 Bus voltage (semsteadystate zoom)

The bus voltage waveforms of the machine during ste@dystateare shown ifFigure 3.12

Because othe error in the angular speed, a shift of phase appwamltage terminal of the

machine.
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Figure3.13 Error of bus voltage

The error of the voltage bus is presentg8igure3.13| The applying the harmonics to the model

of the machine a little improved the accuracy of the DP method.

Figure 3.14 Bus voltage (transient zoom)

During the fault, the bus voltages simulated by the DP and DPH are ide‘ﬁﬁigate 3.14);

nevertheless, when compared to the TD technique, the DP and DPH exhibit considerable errors.
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Figure3.15 Error of bus voltage (transient zoom)

During the fault evqutioTEigureS.lS illustrates that the DPH does not provide a more accurate
result than the DP.

Figure3.16 Error of bus voltage (sersiteadystate zoom)

Figure3.16|indicates that the DPH approach improves bus voltage slightly when compared to the

DP method irsemisteadystate.

Although DPH models harmonics generateth the system and the SMsimulation results

demonstrate that the DPH model is inaccurate.
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3.3.2 Control modeller with harmonics

In this section, harmonics are modeled in both SM and controllers for DPH method. The method
explained in Sectiqf.Z.Z is used to model harmonics of the SM controllers (DPH method). To
demonstrate the influence of the suggested approach, the results of DPH method calculating

harmonics in network and SM and ¢atler, DP method utilising just fundamental frequency, and

time domain are shown.

Figure3.17 Field voltage ord-axis

Figure3.17|shows field voltage evolution during fault. Comparing simulated field voltages shows

that modeling harmonics in exciter cause more accurate result for DPH method.

Figure3.18 Error of Field voltage omwl-axis
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Figure3.18[shows the absolute error of field voltage obtained from DPH and DP comparing to TD

method The absolute error of DP and DPH are calculated using eqat@®h The result of TD

is used asheexact value.

Figure3.19 Angular speed

Figure 3.19|shows that the DPH method delivers a more accurate angular speed than the DP

method.

Figure3.20 Angular speed (zoom)

When a fault is impose

gFrigure 3.20

represents the machine's angular speed. On the TD result,

there is a second harmonic that DPH successfully modelled, but the DP is unable to model the

second harmonic.
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Figure3.21 Error of angular speed

Figure3.21)shows that applying harmonic on both machine and controller significantly improves

the accuracy of the DPH method.

Figure3.22 Error of angular speed (zoom)

Figure3.22|depicts the angular speed error of the DP and DPH results during fault evolution. The

accuracy of the DPH approach is greatly enhanced by the suggested method.
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Figure3.23 Error of bus voltage

The bus voltage error of the DP and DPH methods are prese|rﬁtigdui53.23 The DP technique
has a persistent error in the machine's angular speed, the phase of terminal voltage increases with

time, and as a consequence, the DP method's error increases gradually.

Figure3.25

machine's

Figure3.24 Bus voltage (transient zoom)

presents the bus voltage of the TD, DP, and DPH metApgdying harmonics to the
controller produces an accurate field voltage, allowing the DPH approach to

appropriately represettie machine's terminal voltage.
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Figure3.25 Error of bus voltage (transient zoom)

Figure 3.25/demonstrates that tHePH approach performs much better than the DP method in

modeling bus voltage during fast transient dynamics.

Figure3.26 Bus voltage (sermsteadystate zoom)

In|Figure3.26| the DP has a voltage shift of phase after the removing theTaalproposed DPH

on the other hangyroperlymodelsthe voltage.

3.4 Conclusion

This chapter covers the approach for computegrionics in the SM as well as controllers for the
dynamic phasor method. Initially, the findings show that using the fundamental frequency of SM

in the DP model alone does not produce the same results as using the TD approach. Furthermore,
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while includingharmonics into the SM model improves simulation results significantiichis
insufficient. The results are then greatly improved by introducing harmonics to the controllers using

the proposed idea of computing the nonlinear component of the exciter.
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Chapter4 '<1$0,& 3+$62%$6(' 6,08/$7,21 2)
*(20$*1(7,& ',6785%$1&(6

This chapterproposes a dynamic phasor (B#gsedtechniquefor simulation ofgeomagnetic
disturbance (GMD) impact on a powsystem GMD allows quasdc geomagneticaljnduced
currents to circulate through transmission lines and groundeevbitdge transformers, causing
transformer saturation, increased reactive power losselspaiential voltage control issues.
Nonlinear effects and the dynamic interplay of fundamental frequency -dgiaand loworder
harmonic components generate these phenonfégr@asolution of GMD system impacts needs
advanced simulation tools and methodpds due to the complexity of these phenomémahe
literature, there ardhree types of approaches for simulating GMD system impd4ty:
electromagnetic &amsientbased (EMT)41, 42] andloadflow-based (LFJ43-46], and transient
stability (TS)}typemethodq47, 48] The EMT method provides an accuratéution The phaser
based method is fast; however,niéglects to account famonlinear effects and the dynamic
interactionsmakingit is less accurat@.he purpose of this section is to suggest a novel application
for the DP technique. In comparison to the phdmmed method, the suggested-d3ed
methodology allows modellingf @MD effects, providing a more accurate solution. It also allows
for a large simulation timestep, which reduces simulation tim&€onducted simulations
demonstratethat the proposed DRethod provides an accuracy comparable to that of the EMT
method. Theefore,the proposed metharffers an efficient solution method for GMD simulation.

4.1 Recall onGeomagnetic Disturbance

Solarmass energetic particles emitted from the sun's outer layer generate a Geoelectric Field (GEF)
on transmission lines, resulting in Geomagnetic Disturbance (GMD). The GEF generates
Geomagnetically Induced Currents (GICs) that flow through transmissiondmeégrounded
transformers at low frequencies (0.1 Hz or low&Qcording to the flow of quasic currents in

the transformer winding, the operating point of the magnetisation characteristics shifts to one side,
creating a lengthy urdirectional saturabin of the transformeilhe main negative effects of uni
directional saturation on the electric grid are: first, increased transformer magnetization currents
and reactive power losses, which can cause voltage regulation issues or even voltage instability;

second, transformer hotspot formation on windings and/or structural parts due to the extension of
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the magnetic flux beyond the transformer core; and third, transformer hotspot formation on
windings and/or structural parts due to the extension of the magdluetbeyond the transformer
core[40].

4.2 GMD Model

Modeling transformer saturation is required to simulate GMD.

Figure4.1 Transformer with saturation model

Figure 4.1| demonstrates singlephasetransformer with saturation moderhe saturation is

modeled by a nonlinear inductarthe magnetizing branch., ,and are voltages of primary,
secondary, and magnetizatjoaspectively. and areequivalentesistance ofopper loss on
primaryandsecondaryvinding, respectively. and are equivalenihductanceof flux leakage
on primary and secondary winding, respectively.is equivalent resistance of transforncere

loss is equivalent inductance of transfornsaturation

Different sorts of Fhase transformers can then be constructed utilising various winding
connections.To depict saturation, the first step is to model the nonlinear inducter.TDh
nonlinear inductor model is discussed in this section. The DP model is then produced by utilising
the TD model.
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4.2.1 Nonlinear inductor

The magnetizindgranch of transformer can be maetéby anonlinearinductor. The inductoris

defined byarelation ofcurrentandmagnetic flux.

(4.0)

where and are flux and current of magnetization branch.is the function of flux by
currentvariable.

Generally this relation $ givenby piecewisesegmentsnd issymmetric with respect to thogigin.

Figure4.2 Current and magnetic flux relation obmlinearinductor

Figure4.2|shows current and magnetic flux relatioraefonlinear inductar and are flux

and current at the knee paitductor is lineardr flux and current less than the knee point

Therelation ofvoltageandflux is:

(4.2)
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4.2.1.1 Time domainmodel

To simulate nonlinear inductance, the TD solution of refer@@ffor nonlinear components is

used Assume that th8ux-currentareoscillatingat apiecewise

Figure4.3 Linearizing relation of dlux-current at aegment

In[Figure4.3 is flux of linearized equatioat asegmentvhencurrent is zeroThenrelation of

the piecewise can be written as:

(4.3)

where IS the slope of the fluxelation at thesegment

Assume that the flugurrent are oscillating at a piecewise rtheplacing equatio@.3) in equation

(4.2) gives:

(4.4)

Using Trapezoidal integration rule, equat{d®) is discretized as:

(4.5)
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The subscript means the variable value at théh time-point ( ). The distance between

the timepoints is the numerical integration tirstep ().

Therefore, a TD mdinearinductor and the Norton equivalent model using Trapezoidal rule can
be shown as:

a) b)

Figure4.4 Nonlinearinductor andequivalent circuit

where , the history term, is:

(4.6)

and , the equivalent impedangs:

4.7)

Unlike linear inductancéseeequation(1.4)), the equivalent impedance of nonlinear inductance is

not constant.The Newton iterative solution is used to determine the solutiothefsystem

containingnonlinearcomponentsThe matrix becomes the Jacobian matrix of the Newton

solution after linearizing nonlinear device equations at each solutiorpbmég[30].

The properties of nonlinear components may be represented bywpsecknear curves in most

EMT simulations. The Newto#Raphson (NR) technique is highly efficient under this assumption,
but it is prone to get stuck in an infinite loop, resulting in noreogence. First, the NR technique

Is changed to use the information from both axes of the nonlinear features, resulting in a biaxial
NR approach. With more computing, the biaxial NR technique exhibits a substantial improvement

in convergence performandeollowing that, an iterative technique is presented that incorporates
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the conventional NR, the biaxial N80, 51] The suggested technique converges wime

iterations.
Thefollowing are the steps in a GMD simulation using TD approach

1. Three phase Loaffow: to simulate unbalanced netwaffom initial state, a threphase

load flow is used.
2. Initialization

a. Convert the loads to constant impedances: other load models like constant power or
constant current can be used. In this thesis,atwesfis on the modeling of SM and

the simple load maal, constant impedance is implemented.
b. Calculate equivalent circuit of elements by discretized method

c. Build the admittance submatrix BFANA (equation(1.8)) of the network (exclude
the SMs and onlinearinductancep During the simulation, the impedance of all
components except SM and transformers remains constant. To avoid having
repetitive computation, the constant portion of the admittance submatrix is
computed during the initialization phase, and the variable part is added to the

admittance submatrix during the simulation.
d. Calculate the history terms for the first tisiep based on the lodldw results
3. Dynamic simulation

a. Calculate equivalent impedance angkction current for all SMs (using equations
(2.161) and (2.162) and all mnlinear inductances (using equationg.6)
and(4.7))

b. Add equivalent impedance of SMs andnfinearinductances to the admittance
submatrix of MANA, add injection current of SMs armhfinearinductances to the

vector, ad solve

c. Updateworking segment of nonlinear inductors ahgD-axes currents (equations
(2141, (2.147), and (2.151)), rotor speed (equatiof2.154)), and rotor angle
(equation(2.156)) for all SMs
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d. If the rootmeansquare error of bus voltage for two consecutive iterations be less
than accepted error, then the solution is converged and go to step 3.e. If not then the

solution is not converged, so go to step 3.a for the next iteration
e. Calculate controll& VY PRGHO IRU WKH QH[W WLPH VWHS

f. Predict the rotor speeds of all SMs and determine rotor angles based on the
calculated rotor speeds

g. Calculate the history terms of all elements except &Mk ronlinearinductances

(the history term of an inductor, for example, as indicated in equdtis)), then

update the vector and proceed to step 3.attoe next time step

4.2.1.2 Dynamic phasor model

The TD solution of referenc9] for nonlinear components is used find the DP model of a
nonlinear inductar The current based on the Fourier serfesving thezero and fundamental

frequency componésis:

(4.8)

Assume that the flugurrent are oscillating atmecewise, the replacing equatiof®.8) in equation
(4.3) gives:
(4.9

The relation otheflux and current for a segment (equat{dr8)) cannot be decoupled for thero

and fundamental frequency componeiitse proposes method is to assignto the fundamental

harmonic and assume the zero harmonic as a linear inductance with the parameter of the knee point.

Therefore:

(4.10)

(4.11)

(4.12)
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where , theinductance of the zero harmonic, is:

(4.13)

According to theDP property okequation(1.14), the following relation can be written:

(4.14)
Therefore, voltage relation using Fourier series is:

(4.15
Separating harmonimoefficientsgives:

(4.16)

(4.17)
Using Trapezoidal integration rule, equas@#.16) and(4.17) arediscretized as:

(4.18)

(4.19)
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Therefore, DP nonlinear inductor and the Norton equivalent model using Trapezoidal rule can
be shown as:

a) b)

Figure4.5 Nonlinear inductor and Equivalent circuit

where and , the history term for the zero and fundamental harmonécs
(4.20)
(4.22)
and and , the equivalent impedanéer the zero and fundamental harmones
(4.22
(4.23)

In simulation of GMD by DP method, the GEF impact is modeled bydh&frequencyharmonic.
The solver models the system for the zero and the fundamental freqlieesuperposition of the
zero and fundamental frequency harmonics lead to transformation satuféofollowing are

the steps in &MD simulationusing DPapproach:

1. Three phase Lahflow: to simulate unbalanced network from initial state, a tmiegse

load flow is used.
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2. Initialization

a. Convert the loads to constant impedances: other load models like constant power or
constant current can be used. In this thesis, the fucus is orotteding of SM and

the simple load model, constant impedance is implemented.
b. Calculate equivalent circuit of elements by discretized method

c. Build the admittance submatrix BMFANA (equation(1.8)) for zero and fundamental
harmonics.The MANA admittance submatrix for the zeirequency harmonic is
constant.To calculate he fundamental frequency submatrix admittantehe
network the SMs and nonlinear inductasare excludedDuring the simulation,
the impedance of all components except SM and transformers remains constant. To
avoid having repetitive computation, the constant portion of the admittance
submatrix is computed during the initialization phase, had/ariable part is added

to the admittance submatrix during the simulation.
d. Calculate the history terms for the first tisiep based on the lodldw results
3. Dynamic simulation

a. Calculate equivalent impedance and injection current for all SMs (using equations
(2.335 and (2.336) and all nonlinear inductances (using equatigd0)
to (4.23))

b. Add equivalent impedance of SMs and nonlinear inductances to the admittance

submatrix of MANA, add injection current of SMs and nonlinear inductaioce

vector, and solveoth and

c. Update working segment of nonlinear inductors dgd-axes currents (equations
(2.319, (2.320), and (2.325), rotor speed (equatio(2.327), and rotor angle
(equation(2.330)) for all SMs

d. If the rootmeansquare error of bus voltage for two consecutive iterations be less
than accepted error, then the solution is converged and go to step 3.e. If not then the

solution is not converged, so go to step 3.a for the next iteration
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e. 8DOFXODWH FRQWUROOHUVY PRGHO IRU WKH QH[W W

f. Predict the rotor speeds of all SMs and determine rotor angles based on the

calculated rotor speeds

g. Calculate the history terms of @llements except SMs and nonlinear inductances
(the history term of an inductor, for example, as indicated in equitis)), then

update the vector and proeed to step 3.a for the next time step

4.3 Simulation results

This section contributes to a comparison of results obtained from time domain and dynamic phasor
methods. All implemented methods use an iterative solution for saturation of transfoFmers.

validae the methods, results are compared to TD method using an integration time step 100

Initially, the proposed DP methad transformer saturatiomodeling is validatedAn overvoltage
is applied to transformer connecteds 4 of IEEEL18 bus, and the magnetization currents of DP
and TD methods are comparéuthis test, there is no zero frequency harmonic and the simulation

is done for the fundamental harmonic.

Figure4.6 Magnetization current
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Figure4.7 Magnetization current (zoom)

Figure4.6landFigure4.7[show that the transformer saturation can be modeled by the DP method.

The proposed DP method of GMD modeling is validatedGEF is applied to IEEEL18 bus
system and the magnetization currents of DP and TD method#esteated In this testthe GEF
is modeled at zero frequency harmonic system, and the transformer satigatiodeled at the

fundamental frequency harmonic

At , @ GMD is applied to system creating an electric field with a constant amplitude of
GEF = 5V/km positioned along an axis, which makes an angle with respect to the

southaorth axis. This constant GEF allows obtaining the system step response, illustrating

saturation time delays, and performing future mettuzachethod comparison.

The test system is referred to as-13M@ID. The system voltage level is 345/138kV at transmission,

20kV at generation, and 25kV at distribution level. The total number of power transformers is 173
including the model of nonlinear iron coiiéhe model further embeds 20 power plants with a total
installed capacity of 3800 MW and 91 electric loads. There are 177 transmission lines with a total
length of 10063 km. The models of synchronous machines (SMs) include mechanical and electrical
dynamicV WXUELQH(JRYHUQRU FRQWURO V\VWHP ZLWK DXWRPD!
stabilizer (PSS). 1:&MD models GEFs as a lumped controllable dc voltage source in series with

the transmission line model; the voltage is determined based on theddR#nates of line

terminals and GEF amplitude and orientation specified by the user. Substation grounding has also
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been incorporated. Further modeling data ofGMD can be found if41]. Note that, the models
of overexcitation limiter (OEL) for SM, and doadtapchanger (OLTC) of load transforrsere

excluded from the original benchmark.

The magnetizing branch voltage, current, and flux results are for generator transformer on
NwCarlsl 138 004 IRU SKDVH D" 7KH VLPXODWLRQV DUH SHUIRUPF
100

To validate the DP result is compared to the TD method. shows magnetizing branch current during
applying the GMD. The transformer saturates in one side according to GEF, and peak of current

increases to abo&0 A.

Figure4.8 Magnetization current

Figure4.9 Magnetization current (zoonow saturateyl
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Figure4.10 Magnetization current (zoonthigh saturated

Figure4.8|shows magnetization current of TD and DP metkaglre4.9|shows the magnetization

current for interval of 1.9 to 2 seconds, when the transformer saturation current is incleasing.

this stage of saturation, the DP method gives the sesuit as TD method.

Figure4.10[shows magnetizing branch current wiike transformer is deeply saturat@the DP

has some error due to the assumptibrcansidering thezerofrequencyharmonic model of

inductor as a linear inductor.

4.4 Conclusion

Theproposed DP method gives a transformer saturation model, then the saturation model is used
to simulate GMD impactsTo gain this aim, the system is modeledtfoe zero and fundamental
frequency harmonic of DP method. The zé&exuency harmonic model of inductor is assumed
linear, and the fundamental frequency uses the nonlinear model. The results show the DP is able

to simulate GMD while its accuracy decreafsgdeep saturation modeling.

Also, the DPmethod has more equation than T2 method. Since the system ieniinear DP
solves fundamental frequency and dc component dependently in each simulation time step. So that
the number of equations of Newtonwibn for DP method is about three times to the number of

equation thaTD method has.
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5.1 Thesis summary

The dissertation describes the ENype and phasor domain simulafor power systers Based

on thepresented simulations, it is shown that the DP method due to its dual (time domain and
phasor domain) nature is more accurate than the pure phasor domain nggRan@DP). The
accuracies and limitations &pPD and DP methods are compared, and thefaddnces are

explained.

Although the DP method can capture faster Etyfde transients, it does not deliver the same
accuracy as the pure TD method. Moreover, it is shown that for larger time steps, the accuracy of
the DP method deteriorates, and its corapoahal performance does not surpass the TD method

for the same numerical integration time step. It is also demonstrated that the TD method can
maintain sufficient accuracy at very high numerical time steps if it employs a fully iterative process
for the ®lution of its synchronous machine equatiolisappears that despite its theoretical
advantages, the DP method remains on average 2.9 times slower than the full TD method. This
conclusion is based on comparing codes in the same development environmientdaffierent

network conditions and fault cases.

In chapter 3s shown thatd have thesame results of DP and TD methpitiss necessary tmodel
harmonicin the power system as well as SM and controllersiffulate harmonics, the burden of
computatiom increases by the numberiiplemented harmonicés a result, theequired memory

and availablénarddrive space is severéiimesmore than the TD method.

To summarizethe DP methods well as TOcan simulat&EMT-type transientsAnd can employ
large time steps teimulate low frequency transienBut to have accurate resyl8P needs to

model harmonics rather than fundamental frequeviugh increases the computation burden.

5.2 Publications

1- R. Hassani, J. Mahseredjian, T. Tshigu, and U. Karaagac, "Evaluation of THDemain and

PhasorDomain Methods for Power System TranssghElectric Power Systems Research.
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2- R. Pourramezan, R. Hassani, H. Karimi, M. Paolone, and J. Mahseredjian, "Ainkeal
Synchrophasor Data Compressidviethod Using Singular Value Decomposition,” IEEE

Transactions on Smart Grid, ppl112021.

3- A. Haddadi, R. Hassani, J. Mahseredjian, L. Géajoie, and A. Rezaefare, "Evaluation of
Simulation Methods for Analysis of Geomagnetic Disturbance Systerpadts,” IEEE
Transactions on Power Delivery, vol. 36, no. 3, pp. 15886, 2021.

4- A. Haddadi, A. Rezaefare, L. GérinLajoie, R. Hassani, and J. Mahseredjian, "A Modified
IEEE 118Bus Test Case for Geomagnetic Disturbance Stiekes |1 Model Data,"IEEE
Transactions on Electromagnetic Compatibility, vol. 62, no. 3, pp98552020.

5- A. Haddadi, L. GérirLajoie, A. RezaeiZare, R. Hassani, and J. Mahseredjian, "A Modified
IEEE 118Bus Test Case for Geomagnetic Disturbance StiRbes!l: Simulaton Results,” IEEE
Transactions on Electromagnetic Compatibility, vol. 62, no. 3, pp99662020.

5.3 Future works

The main disadvantage of DP methodigh computation burdeit makes the run ofsimulations
slower than the TD methaased for the same detail and time stép.increase simulation time
one possible method is parallgimulation The computation of each harmonic can be done

dependenthat each time step point
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