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ABSTRACT

Unified Power Flow Controller (UPFC) is a part diet Flexible AC
Transmission System (FACTS). The main function &fRC is to control the real
and reactive power flow in transmission systenthatsame time UPFC will control
the voltage at the bus where it's placed. The nmirpose of this project is to
analyses the static and dynamic impact of UPFEaimsinmission line. There have two
software that used in this project which are MATLA®Yd PSCAD/EMTDC
software. The MATLAB software used to get the da&t can be used to model load
flow by using PSCAD/EMTDC software. This modeling galled the steady state
model (static). The model in PSCAD used to analylsesmpact of UPFC in electric
transmission line. For dynamic analyses, the maieteady state condition will
apply fault. The analysis for the system is madétaen the UPFC is applying to the
system and the result will be analyzed. In thisjgmothe optimum location for
placement of UPFC also has been discuss detaits sithulation results show that
the UPFC can control the active power, reactive ggoand the bus voltage which
connected to UPFC.
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ABSTRAK

Gabungan Pengawal Aliran Kuasa (GPAK) adalah salatu daripada
sebahagian Sistem Penghantaran Arus Ulang Alik silek (SPAUF). GPAK
berfungsi untuk mengawal aliran kuasa sahih daarakuasa regangan pada talian,
pada masa yang sama ia berupaya untuk meningkatbian pada bas yang
bersambung dengannya. Tujuan utama projek ini hdal@uk mengkaji dan
menganalis kesan GPAK pada sistem yang stabil a¢gtens yang mengalami
gangguan. Kaedah menganalisis ini dilakukan dengemggunakan dua jenis
perisian iaitu MATLAB dan PSCAD/EMTDC. Perisian MAAB digunakan untuk
mendapatkan data ketika sistem dalam keadaan siahik digunakan semasa
membuat model aliran kuasa dalam perisian PSCAD/B®I™odel dalam PSCAD
ini adalah model untuk sistem yang stabil. Pengsammh dilakukan untuk model
dalam PSCAD tadidan GPAK diletakkan pada sistengysdabil tadi dan dianalisis.
Untuk membuatkan sistem ini tidak stabil, ganggddetakkan pada sistem yang
stabil. Penganalisaan dibuat dan kemudian GPAKattkan pada talian dan sekali
lagi penganalisaan dilakukan. Penentuan tempat ywasgai untuk GPAK juga
dibincangkan dalam tesis ini. Hasil simulasi meokkan keupayaan GPAK untuk
mengawal kuasa sahih, kuasa regangan dan voltaa ppasl yang bersambung

dengannya.



CHAPTER

TABLE OF CONTENTS

TITLE
TITLE PAGE
DECLARATION
DEDICATION
ACKNOWLEDGEMENT
ABSTRACT
ABSTRAK
TABLE OF CONTENTS
LIST OF TABLES
LIST OF FIGURES
LIST OF SYMBOLS

LIST OF APPENDICS

INTRODUCTION

11
1.2
1.3
1.4

15

Introduction
Objectives

Scope of the Project
Literature Review

Thesis Structure

vii

PAGE

Vi
vii
Xi
Xii
Xiv

XV



UNIFIED POWER FLOW CONTROLLER (UPFC) AND

POWER FLOW
2.1 Introduction
2.2 Operation of UPFC

2.3
2.4

2.5

2.2.1 Advantages of UPFC

2.2.2 Theory of UPFC

Power Flow on a Transmission Line
UPFC Placement

Summary

UPFC MODELLING

3.1

3.2

3.3
3.4
3.5
3.6

Mathematical Model of UPFC

3.1.1 Analysis at the Input Converter
3.1.2 Analysis at the DC Link

3.1.3 Analysis at the Output Converter
Control of UPFC

3.2.1 Series Control Scheme

3.2.2 Shunt Control Scheme

Flow Chart of the Project

MATLAB Software

PSCAD Software

Summary

viii

10
14

14

15
16
18
19
20
20
21
24
25
26

26



RESULTSAND ANALYSIS

4.1
4.2

4.3

4.4

4.5

4.6

Introduction

Case Studies

Test System

4.3.1
4.3.2
4.3.3

4.3.4

Steady State Condition (Without UPFC)
Steady State Condition (With UPFC)
Dynamic Condition (Without UPFC)

Dynamic Condition (With UPFC)

Test Systerfl

4.4.1
4.4.2
4.4.3

4.4.4

Steady State Condition (Without UPFC)
Steady State Condition (With UPFC)
Dynamic Condition (Without UPFC)

Dynamic Condition (With UPFC)

Test Systerfil

44.1
4.4.2
4.4.3

4.4.4

Steady State Condition (Without UPFC)
Steady State Condition (With UPFC)
Dynamic Condition (Without UPFC)

Dynamic Condition (With UPFC)

Summary

27
28
28
29
31
34
35
38
39
40
42
44
46
47
48
54
54

56



5 CONCLUSIONSAND RECOMMENDATION

5.1 Conclusions 57

5.2 Future Recommendations 59

5.3  Costing and Commercialization 59
REFERENCES 60

Appendices A-D 63-91



TABLE NO.

4.1
4.2
4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Xi

LIST OF TABLES

TITLE PAGE
Actual Value of Power Flow and Voltage at 8SteState 29
Actual Value of Power Flow and Voltage at 8SteState 31
Comparison Model in PSCAD and MATLAB 39

Comparison the Real Power at Steady Stateamihwithout 40
UPFC

Comparison the Voltage at Steady State withvathout UPFC 40

Comparison Model in PSCAD and MATLAB for 14u8 47
Comparison the Real Power at Steady Stateamdhwithout 48
UPFC

Comparison the Percentage Increasing of Real Power 50

Steady State with and without UPFC

Comparison the Voltage at Steady State withvaithout 51
UPFC

Comparison the Voltage in p.u at Steady Stiateand without 52

UPFC



FIGURE NO.

2.1

2.2

3.1

3.2

3.3

3.4

3.5

3.6

3.7

4.1

4.2

4.4

4.5

4.6

4.7

4.8

LIST OF FIGURES

TITLE
Schematic Description of a UPFC
Transmission Line
Equivalent Circuit for UPFC in Transmissioméi
Series Inverter Open Loop Phase Angle Coetroll
DC Voltage Controller
AC Voltage Controller
Circuit for Firing Pulse Generation for Ser@snverter
Circuit for Firing Pulse Generation for Sh@anverter
Flow Chart of the Project
2-Bus Test System

Result of Simulation for 2-bus in Steady State

Result of Simulation for 2-bus in Steady Steith UPFC

Simulation Result in Dynamic Condition

Simulation Result in Dynamic Condition with &P

Xii

PAGE

10

15

21

21

22

22

23

24

28

30

33

34

36

Comparison Result 2-buses Test System in Dyn@ondition 37

Model 4-Bus Test System in Steady State

38



4.9

4.10

411

412

4.13

4.14

4.15

Result of Simulation for 2-bus in Steady Steith UPFC
Model 4-Bus Test System in Dynamic Condition
Simulation Result in Dynamic Condition

Simulation Result in Dynamic Condition witl?BC
Model for 14-Bus Test System in Steady State

Result of Simulation for 14-bus in Steadyt&taith UPFC

Comparison Result 14-buses Test System immDiynCondition

Xiii

42

43

44

45

46

53

55



Xiv

LIST OF SYMBOLS

- Real Power

- Reactive Power
- Apparent Power
- Current

- Resistor

- Voltage

- Reactance

- Line Conductance
- Line Supceptances

- Phase Angle



LIST OF APPENDICES

APPENDIX TITLE
A Load Flow from MATLAB
B Test Systenh - 2-Bus Test System
C Test Systenil- 4-Bus Test System

D Test Systenill - 14-Bus Test System

XV

PAGE

63

67

70

77



CHAPTER 1

INTRODUCTION

1.1 | ntroduction

The power system is the interconnection of genggatinit to the load pass
through high voltage electric transmission line amdyeneral it's controlled by a
mechanical system. The power system can be dividaal several parts like
generation, substation and distribution. Genergtian is the main source that supply
to the load. In this area the value of voltagehewt 132 kV and above. While the
substation make a function like medium channelufisd transmits the power from
the generation to the load. At this area the valueoltage that used is about 11kV
and 66 kV. Then the distribution part is the lo@tle voltage flow is 240V for the
single phase and 415V for three phases.

In the recent year the power demand by consumerreister than the power
flow through the transmission line system. In orderprovide the power that
achieved a consumer demand the new generation beusbuild. Because of
economic and environmental reason rebuild the nemeation and transmission
system become more difficult. To overcome this f@oba new technologies was
develop to replace the mechanical control.

Flexible AC Transmission System (FACTS) which wasroduced by
Hingorani is apply to the transmission system toraase the controllability and

optimize the utilization for existing power systeagpability by replacing mechanical



controller with the reliable and high speed powecteonic devices [1]. The latest
generation of FACTS controllers is based on thecept of the solid state

synchronous voltages source (SVS) introduced byug$i in the late 1980 [5]. The

SVS behave as an ideal synchronous machine beitawsa generates fundamental
three phase balanced sinusoidal voltage of coabial amplitude and the phase
angle. Its can generated the reactive power arfd tvé approximate storage device
its also can exchange the real power with the atesy. The SVS can be implement
by used the voltage sourced converter (SVC).

The SVS can be used as a shunt or series comperigite operated in the
shunt compensator it's called as static conderSEATCON) and if in series it's
called static synchronous series compensator (SSBGY) the most versatile
controller in the FACTS family is unified power Wlocontroller (UPFC) because its
can operate as a shunt and series compensatotJHRE is a combination of two
SVS there are STATCON and SSSC.

The advantages of the SVS compensators over thaamieal and thyristor

compensators are:

* Improved performance and the operating charadterist
* Reduced the equipment size and installation labor.
 Uniform use of same power electronic device in aldht

compensation and control application.

1.2  Objective
The objective of this can be described as below:
a. To study the basic operation of UPFC

o To known the flow of the circuit of UPFC and howcén’s operate in

the transmission system.



b. To analyze the impact UPFC in transmission line
0 Analyze the impact of UPFC for the power flow irethteady state

condition and in transient (fault occur) in transsion line.

1.3  Scope of the Project

The scopes of this project are to:

a. Analysis the most suitable line to apply UPFC.
-Based on the modeling transmission system anddtee power flow
using software PSCAD and MATLAB, we can analysidolHine is
the most suitable line should be add UPFC

b. Analysis the static and dynamic impact of UPFC rans$mission
system.
-Analysis what the effect of the real and reactigewer in
transmission system with and without UPFC.
-The effect will happen to the power flow in transsion system if
the faults occur in transmission system and thecefbr the system

14 Literature Review

For economic and environmental reasons, the ndeusnpower controllers
that capable to increase the transmission capalailitl control the power flow is
most suitable than build a new transmission systElexible AC Transmission
System (FACT) is the most suitable devices to saéhie problem and the most
powerful controller in FACT is Unified Power Flowo@troller (UPFC). UPFC
consist of two converters that used to control pofiev trough the transmission

line.



In this section, literature review used to know tperation and the modeling
of UPFC. Based on the Hingorani [1], for the enmir@ntal reason most of the
transmission line are connected together (tie lifrem utility to another utility and
from utility to consumer. The increasing of the liree will make a system become
complex to control and at the same time system rhecmore dangerous because
fewer controllers to control the power flow. Flel@dbAC Transmission System
(FACT) was approach by Dr. Hingorani at 1988 frdilectric Power Research
Institute (EPRI). From his research, the high speed povestrelinic device was used
to increase the capability of power flow up to thel limit replace the mechanical

controller.

[2] Described about the capabilities of controllF?FC and the basic concept
for P and Q controller and compare it's to the mmyaventional. Based on [3], the
details of the UPFC operation and control will diss. [5], [11], [12], [17], [21] this
paper describe about the modeling of UPFC in teartgdynamic) stability.

Based on [9], [10], [19], [20], [22] propose a troh strategies to which
control the power in transmission line. A contrcheme and comprehensive analysis
for a UPFC on a basic theory. A UPFC rated at 10K¥Aesign in [22], which is a
combination of a series device, consists of threasp pulse width modulation

(PWM) converter and a shunt device consists oktptease diode rectifier.

[13], [14], [15] the simulation setup in PSCADdscuss detail in this paper.
[13] Shows the simulation with d-g conversion whimkans the three phase line will
convert in to d-q axis and then convert back tedlwhase system. [15] Used a direct

control and in this paper consist the control sah@mPSCAD.

Steady state impact of UPFC will discuss in [B8d [17]. This paper
presents the application of UPFC in steady statdysis and demonstrated the
capability of UPFC in control the real and reactpewer within any electrical
network.



15 Thesis Structure

This thesis was divided into five chapter. Firsggter is about introduction
of the thesis. In this chapter the objective arel sbope of the project will discuss
detail.In the second chapter the thory of UPFC taedbasic operation of UPFC will
discuss detail. Besides that the location to ptaedJPFC and the load flow analysis

also will discuss in the second chapter.

Chapter 3 will represent about the modeling of UPF8e mathematical
model of UPFC will explain details in this chaptBesides that the control scheme
in shunt and series converter for computer modehiiigexplain details. At the end

of the third chapter the methodology of this projpso will be discuss.

Chapter 4 is about the result of the modeling I€CRB with and without
UPFC will discuss. The impact of UPFC in steadyestandition and dynamic been
analysed. All the case studies will analysis irs ttihnapter. Lastly chapter 5 is about
learning outcome based on this project and theesigm to improve the system in

future. All the conclusion been discus in this dieap



CHAPTER 2

UNIFIELD POWER FLOW CONTROLLER (UPFC) AND POWER FLOW

21 I ntroduction

In recent year, the user of power in the worldinerease because the
increasing the number of consumer. The power thaplg to the consumer is less
than the power needed by consumer. To build a regmission line and substation
need the high cost. Based on this problem, thenaltiwe way is used the controller

with reliable and high speed power electronic devic

The UPFC is the most powerful and versatile ardelyi used to control the
power flow through the transmission system. Theeenaany countries used this type
of power flow controller in the European countryclsuas Britain. For example
Tenaga Nasional Berhad (TNB) also used the FACE wgfpcontroller to optimum

the power flow in their transmission system.

Static is an analysis at the steady state comditral dynamic is an analysis at
the transient condition such as faults occur imgnaission system. This chapter

described about basic principle of UPFC and thd ftzav analyses.



2.2 Operation of the UPFC

The UPFC is a device which can control simultanboals three parameters
of line power flow (line impedance, voltage and ghangle). It is a one of the
FACTS family that used to optimum power flow inrtsanission system. The UPFC
is a combination of static synchronous compensgd®FATCOM) and static

synchronous series compensator (SSSC).

2.2.1 Advantagesof UPFC

The UPFC is the most versatile of FACTS family. tian perform the
function of static synchronous compensator (STATQQO8fatic synchronous series
compensator (SSSC), and the phase angle reguBésides that the UPFC also
provides an additional flexibility by combining senof the function above. UPFC
can also have a unigue capability to control read aeactive power flow
simultaneously on a transmission system as welb asgulate the voltage at the bus

where it's connected.

The UPFC also can increase the capability of theepdiow to the load
demand until its reach its limit in the short perid\t the same time the UPFC also
can increase the security system by increaserthedf transient stability, faulty and
the over load demand. Lastly the UPFC also cancedhe value of the reactive

power and will optimum the real power flow troudje ttransmission line



2.2.2 Theory of UPFC

The UPFC consist of two converters such as figetevia

Transmission line _y Vpq
Series VoIt Vo
Supply _ Transformer
Transformer  Converter DC Link Converter 2
yeot! [6TO GTO
aa

el FEYEYE | | | YA e
Y% Y4 Yo e X X5 |
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Figure 2.1: Schematic description of a UPFC

The schematic description of UPFC is shown in Fegaul. These two types
of converter are from the voltage sourced convéM&C) that implement based on
the concept of the solid state synchronous voltagesce (SVS). It's consists two
VSC with a common dc link. This converter consist six valve of a gate-turn-on
(GTO) parallel with the reverse diode and dc capacAn AC voltage is generated
from a DC voltage through sequence switching of @&0s. The DC voltage is

unipolar and the DC current can flow freely in eitklirection.

By control the angle of the converter output vgdtawill control the real
power exchange between converter and the AC sydfethe output voltage of
converter is control to lead the AC system voltdge power flow is from direction
DC to AC side (rectifier) whereas if the controllé&gy the AC system voltage the
power flow is in the inverter condition. The invartaction is carried out by the
GTOs while the diode functions like rectifier. Tlaistion can not be simultaneously.



Controlling the magnitude output voltage of the \aaer will control the
reactive power. The reactive power will generatgadnverter if the output voltage
of the converter is greater than the AC systementhié reactive power will absorb if
the output voltage is less than the voltage aftfieside.

The DC storage capacitor used to provide commdmkcThe arrangements
of this converter function like as ac to ac comsert-rom transmission line the
powers is ac and provide the dc power at dc capacit The converter 1 used to
supply or absorb the real power via a shunt transo. Its also can generate and

absorb controllable the reactive power if it's degi

The converter 2 is the main function of UPFC batjan ac voltage with
controllable magnitude and phase anglat the power frequency, in series with line

via an insertion transformer.

The UPFC is a device that be placed between tvgsdsu Those busses can
be called as a UPFC sending bus and UPFC recelwirsg The converter 1 is
connected is shunt connected and the converteittieiseries connected. The shunt
converter is the STATCOM and the series convest&3SC. The UPFC is placed on
the high voltage transmission line. This arrangdmesquired to step-down

transformer to allow the use of power electronictfe UPFC.

The UPFC has many possible operating modes. Theat stonverter is
operating to inject a controllable curreng, into transmission line. The shunt
converter can be controller in two modes [5]. FissVAR Control Mode where the
reference input is inductive or capacitive VAR regu The shunt converter control
translates the var reference into a correspondmmtscurrent request and adjusts
gating of the converter to establish the desiredeot. For this mode of control a
feedback signal represent the dc bus voltageis\also required. Then the second is
Automatic Voltage Control Mode whereas the shunt reactive current is automatically

regulated to maintain the transmission line at ploént of the connection to a
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reference value. For this mode of control, voltégedback signals are obtain from

the sending end bus feeding the shunt couplingfoamer.

The series converter controls the magnitude agteaof the voltage injected

in series with the line to influence the power flowthe line. The actual value of the
injected voltage can be obtained in several wayst ks Direct Voltage Injected
Mode whereas the reference inputs are directly the nhadmiand phase angle of the
series voltagePhase Angle Shifter Emulation Mode is the reference input is phase
displacement between the sending end voltage andetteiving end voltage. Then
Line Impedance Emulation Mode means the reference is an impedance value td inser
in series with the line impedance. Las#ytomatic Power Flow Control Mode is the

reference inputs are values of P and Q to maimaithe transmission line.

2.3 Power Flow on a Transmission Line

In this section a power flow on the transmissior Ibetween bus s and bus r
will discuss details. The phasor voltage at the $us s=Vs<ds and the bus r is
VRr=VRr<r

Bus 5 P40 Bus R
L. R N 010
Line
— <+
- Pst)Qs PptiQr 5
Vs R

Figure 2.2: Transmission line.

Based on the Figure 2.2 lline referred to the aurrdow through the
transmission line and R and X referred to the tesiend the reactor at the line bus

S to bus R. The complex power at the sending bus §) is given by [10]
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Ss=Ps+Qs=Vsliine (2.1)

The R and Q are the real and reactive powers at the sendingByusising

the ohms law the current at the transmission larele written as

VS_VR _
R+ jX

(Vs VR) (GtjB) (2.2)

line=

Where the G=R— is the line conductance and B=_X— is the line
R? +X? R? +X?

susceptance. Based on the formula at (2.1) and, (2 new expression will be

obtain
S=Ps+Qs=Vsline
=¥ (Vs Vr) (G+]B)
= (¥- Vs Vg) (G+B) (2.3)
Using Euler identity V[ -8 = V(cosd — jsind)
Vs Vr= VO -8, V,0-3,
=¥Vr U-(3s —0g)
=3Nr (cOS (05 —0g ) —sin (05 ~Og)) (2.4)
So that the equation (2.1) can be express as

S=Ps+Qs=Vsliine
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= (V- Vs VR) (G+jB)
= (& Vs Vr (cos @s — 8z ) —sin (3 -3g)) (G+jB)  (2.5)

By separated the complex power into the real aadtiree power injection at
the sending end. The following equation will beaobt

R= Vs°G - Vs VRG cos B -8, ) — Vs VrB sin (85 -85 )
Qs= -Vs°B - Vs VRG sin (85 -8, ) + Vs VrB cos Bg - 8) (2.6)

Similarly, the real and reactive power injectiorila receiving end bus of the

transmission line can be written as [13]
Po= -R= VR°G + Vs VRrG c0s B —8;) - Vs VrB sin (85 -5 ))
Q0= -@= Vi’B - Vs VRG sin (85 -8 ) - Vs VrB cos @, —55)) (2.7)
The power losses in transmission line are
R = Ps(-Pr) = (Vs* + V&?) G -2 Vs VRG (cos @ — 85 )
QU= Qs(-Qr) = - (V5" + Vr’) B +2 Vs VB (cos @ — ;) (2.8)

For X>>R, the value of the conductance G will begyleeted and the
susceptance B value will be replaced by B>1<= -Based on this approximate, the

expression for the real power transmitted over lihe from the sending to the

receiving bus become

=- Vs VgB sin (68 —6R)
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V.V
= —SX R sin (0 —9)

VS VR

sind (2.9)

The angled = (&5 — 9y ), where the& is known as the power angle.

The reactive power at sending and receiving buseagxpress as

Q= -Vs’B + Vs VgB cos @ -3 )

V.S V.V
:73- % cos @ - 9dg) (2.10)

-Qr = VR’B - Vs VrB cos B - 5)

= + VSXVR cos @s —9) (2.11)

Based on the equation (2.9) to increase the amof@inteal power in

transmission line, the following items should be:

* Increase the magnitude of the voltage
* Reduce the line reactance

* Increase the power angle

From the equation (2.9) (2.10) (2.11), four parandhat effected the real
and reactive power flow through the transmissioe,lithere are § Vg, X, 6. The
power flow can be reversed by changing the sigth@fpower angle. The positive
sign will represent the power flow from the sendergl bus to the receiving end

bus and vice versa.
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24 UPFC Placement

The suitable location of UPFC is based on effentl dahe specific
characteristic. One of the method to determineldbation of UPFC is by made an
analysis the power flow for each the transmissio@. [But this method is not suitable
because it will take a long period to find where tuitable location for UPFC.
However there have a methods or guideline to kriwvspecific location of UPFC.
There have 2 ways to located the UPFC in the treassom system for increasing the

power flow and to allow the used of generation mesr@nomic.

First is located the UPFC at the line that havey Wew value of power. This
because its can allows more power flow trough timat [14]. The second step is
placed the UPFC at the line that have big loads TWPFC can control the power
flow through that line. At the same time its calowk the power flow to the other
line and its can protect the transmission from dead. The second step is more
effective. This is because if the reactive powethat line is big, the UPFC can

reduce the reactive power and increasing the @aepflow that line.

Besides that if the utility want to make a correstof voltage the UPFC also
can be injected to the bus that has a low voltBgevarying the control the voltage

at the location of UPFC will be increase.

25 Summary

In this chapter, the reason for choosing UPFC ded liasic operation of
UPFC is mentioned. Basically, the UPFC was selebwxhuse its can control the
real power flow and the bus voltage. Besides, ¢zl lflow for injection of UPFC
also was discussed in details. The most importangtis to determine the suitable
location for placement of UPFC. Based on the UPR&axteristic, the most suitable
line to placed UPFC is at the lines that have ahhpgpwer flow in electric

transmission system.
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CHAPTER 3

UPFC MODELLING

This chapter discusses about the modeling of UP$iiguPSCAD software
and the basic control model in PSCAD. The modethef UPFC is based on the
mathematical model of UPFC. The methodology of fgngect discussed at the end

of this chapter.

3.1 Mathematical Modd of UPFC

_> p
> q
AV ocer i ﬁ_leY\—\/la_
~ g
ﬁ '

T r 4 iseab,

Figure 3.1: The equivalent circuit for the UPFQransmission line.
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Figure 3.1 shows the equivalent circuit for the QPR transmission line.

This figure used to analyze the mathematical mtmdUPFC.

3.1.1 AnalysisAt Thelnput Converter

From the figure, the equation for the value i a #hunt converter can be

express like:
B Rsth O O .
i sha. X sh R W I sha W Vsa - Vsha
Tsno | = 0 -—=3 0 Tgho |+ X_B Voo =V
. ' sh H sh
i I V.-V
shc 0 0 _ Rsth | " shc sc shc
L X sh |
We can rewrite the equation as:
B Rsth O O
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Where:

wy Is the angular velocity for the voltage,

Rsh and X is the impedance at the shunt converter,
VsaVsh Vsc IS the sending bus,

VshaVshb Vshe IS the voltage at the shunt converter,

lsh is the shunt converter current.

Consider the vectorial transformation of variabieni three-phase quantities

to the synchronously rotating d-q planed refererextor and therefore the d-axis is

defined by sending bus voltage atVsp and \.[12].
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In the synchronous rotational reference frame the&ton 3.1 can be expressed as

( shd Jlshq)e]mtj_—h(kB ( shd + jishq o + X I,“V ” ( shd + vahq)e]“nj(gs)
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With the cc:% . Now
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