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Synopsis

It is said that the electric power system is thestmoomplex system ever built by
mankind. Over the past fedecades, many software packages focusing on thg sfu

this complex system have been developed. Thesevageft packages range from
academic/ research based to industrial/lcommerceded software. Before any
component/ device is installed in the power systémyndergoes rigorous research,
simulation and testing. Once the component/ devécesonnected to the power system,
it is very difficult, if not impossible, to do argxperiment on the actual system without
compromising the system’s security. The softwareigtion tool can help to predict the
behaviour of the whole system and individual congmis under steady-state and

transient condition quickly.

High Voltage Alternating Current (HVAC) systems baween used to transmit power for
many years; however for long distance they haveoimecimpractical, as they incur
higher losses when compared to High Voltage Di@uatrent (HVDC) systems. The
terminal reactive power on the transmission linesaases as a function of the power
transmitted along the lines, where it can causevoltages in the system if the line
supplies too much reactive power or undervoltadethe line consumes too much
reactive power. HVDC has become the preferred ehéoc bulk power transmission
because of its efficiency, high controllability atiee ability to interconnect two systems
operating at different frequencies. Moreover, it geen in literature that HVDC
transmission systems increase the stability of paystems, as the power angle reduces
when an HVDC system is used in parallel to the HV#&Gtem, thereby reducing the
voltage difference between the sending and recgiemds of a transmission system,

hence helping the system recover from transiemdloigy after a fault.

Several academic and industrial simulation tooés wsed to study HVAC systems, but
only afew of these are applied to HVDC systems. Thesailsiton tools differ in their
component modelling and hence different resultshinige obtained for the same power

system model. In this dissertation, three simutatamls, namely DigSILENT (industrial-
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grade tool) and Matlab PST and PSAT (academic-b&sald) are investigated. Their
features and capabilities are compared based opawmnt modelling and tool flexibility

in terms of data input, modelling, ease of usegmaghical representation.

In this dissertation the HVDC system used was thedified form of the Cigre
Benchmark. The system is modified in terms of tloevgr and current ratings. Two
power system models are investigated, a Single Madhfinite Bus system and a Two-
Area Multi Machine system. Under normal operatiogditions, the rectifier station is
set to use Current Control (CC) and the invertatiat is set to use Constant Extinction
Angle (CEA).

Two transmission schemes have been investigatedd@H¥nd HVAC-HVDC for the
SMIB and TAMM systems.

The load flow of the SMIB HVAC system indicates ttlthe system transmits close to
1000 MW of power from the external grid to the laamhnected close to the generator.
The small signal stability study was performed uritteee control scenarios: Generator
in manual control, generator with Automatic Voltageegulator (AVR) only and
generator with AVR and Power System Stabilizer (Pi8Salled on the generator. Both
the HVAC and HVAC-HVDC systems were stable for @tee scenarios. The small
signal stability of the system improved when onlyRAwas used and improved further
when the PSS was used with the AVR. The transigfilgy on the SMIB system was
performed for the scenario where AVR and PSS weeel LuiThe disturbance applied was
a three-phase fault lasting for 50 ms. This fawdswleared by removing the faulted line.
For all the software packages investigated bothstttemes with HVAC and HVAC-
HVDC were stable. Overall the results in DIgSILENihd PST were very similar,
whereas PSAT gave different results for the HVAGtem. For the HVAC-HVDC
system, PST gave higher values for the voltageagtide power responses owing to the
interaction of the HVAC system with the HVDC systathis specific software package

for the Singe Machine Infinite Bus system.
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When the studies were performed using the TAMMeayst the load flow for the HVAC
system showed that approximately 380 MW were temsfl from area 1 with two
generators to area 2 with two generators, one oftwis the swing bus, and that this
power was split equally between the two HVAC traissmon lines. The small signal
stability analysis for the HVAC scheme was perfadno@der the three control scenarios
previously described (generators with manual cénggenerators with AVR only and
generators with AVR and PSS). Under manual conthd, inter-area and local modes
were stable across all packages. When only the A4R used in all generators, the
damping ratio for the inter-area mode became ulestmbDIigSILENT and PST and
remained stable in PSAT with a slight reduction.t@s other hand, the local modes were
stable across all packages. When the PSS was addbhd AVR, the inter-area modes
became stable in DigSILENT and PST. In PSAT thersarea mode remained stable.
The performance of the HVAC-HVDC system was simitathat of the HVAC system.
The transient stability of the system was perforrhgdapplying a three-phase fault that
lasted for 50 ms and was cleared by removing thétef@d line. The HVAC system
showed similar behaviour across all packages; hemevPSAT the results obtained had
a smaller range than in DigSILENT and PST than oMeskin the SMIB cases. The
system stabilized more quickly in PSAT than in DIgSNT and PST; however it had
more oscillations in PSAT.

It has been observed that different results araioéd in different software packages
when using the same system to perform studies ssclsmall-signal and transient
stability. From the results obtained in this disstion DigSILENT is the only software
package for all studies (considered in this dissient) that can be presentad standard
software to use on HVAC or HVAC-HVDC systems, sintds the only software
package that behaves as expected for all sceramitise different systems. PST can be
fully trusted when performing HVAC studies alones the results agree with the
examples used in literature. When considering tNAG-HVDC systems, the SMIB
system has very high oscillations on the transstability studies due to the HVDC
system, which disagree with the expectations. Hewethe Two Area Multi-Machine
system behaves quite as expected for all studi®aTFhas to be investigated in more

detail as it has large inconsistencies with theeottvo software packages and literature

Vi
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on the HVAC system, introducing serious doubt abibuaccuracy. Further work is

necessary to determine the causes of these inteamsiss.
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Chapter 1

Introduction

With the increase in power demand over the past yfears, HVDC has become the
preferred alternative to the conventional AC traission system in the transmission of
bulk power over long distances [1 - 3]. This is dweits economic and technical
advantages in long distance power transfer. HVEX@gamission systems offer suitable
solutions for interconnecting HVAC systems with feliént frequencies and HVDC
systems can deliver more power over longer distamdth fewer losses. HVDC systems
also offer high controllability of the power trangted [1].

When compared to HVAC transmission system, the HV@&hsmission system is
considered a new type of technology, because inbaseen in use for as long as the
HVAC system for bulk power transmission. Many saftes packages can study the
performance/behaviour of power systems that use EMAansmission lines, but not
many cater for HYDC system studies. Only a limiteoinber of software packages allow
HVDC systems to be studied, and from these, three \selected and were investigated
in this dissertation.

1.1 Background to dissertation

The demand for stable electric power is increasmé&outhern Africa and across the
word. Many of the existing transmission systemscareected with HVAC transmission
lines. However, because of controllability, low des and the ability to interconnect
systems with different frequencies, HVDC systenesrayw being widely used across the
globe. Before any device is installed, it needbdcstudied in order to detect and correct
any possible flaws. Not many software packagesvalyDC systems modelling and not
many have been studied in detail when it comesMDE systems. This dissertation is a
stepping stone on studies of some of the softwackapes that allow HVDC system
modelling, as this dissertation contributes to likerature that is already available on

HVAC-HVDC system modelling and on the comparisothafse software packages.
1
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In this dissertation, three software packages akestigated; namely DigSILENT,
Matlab PST and Matlab PSAT. The differences amdwegitin terms of their modelling

capabilities, power flow studies and stability asak are described.

1.2 Objectives of the dissertation

The objectives of this dissertation are to:

* Investigate the HVAC and HVDC modelling capabistief the different software
packages used

* Investigate the steady state of the HVAC and HVDGtems across all three
software packages

e Study the small signal and transient stability foe HVDC system when
interconnected to an HVAC system

 Compare the performance of the three software ggskan terms of the steady
state performance, small-signal stability perforogarand transient stability

performance

1.3 Methodology

A literature review was conducted in order to iase the researcher’'s knowledge on the
topic covered in this dissertation and to know whas$ already been done in this field.
Two base systems where studied: a Single MachifeitthBus system (SMIB) and a
Two-Area Multi-Machine system (TAMM). Both HVAC anHVAC-HVDC systems
were studied for each base system and the res@dte wompared across the three
packages. The steady state results were validatdd]iand for stability studies, the
results were compared among the software packeagpgebs &mail communications with
the software technical support were exchangedawfglany queries encountered during
the research, (see Appendix E). Since the developBSAT could not be reached the
researcher made use of the PSAT forum availabla frahoo but with little help from

the forum.
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1.4 Limitations and Scope

The dissertation only covers HVAC and hybrid HVAGABIC systems for the base
systems discussed above because of the inabiliyatibb PST and PSAT to model the
HVDC system without a HVAC system connected in [i@rdao the HVDC system.
When studying transient stability, only three-phBIS8AC line faults are considered. This
is to maintain the uniformity of the applied fau#tsross all three software packages, as
PSAT only models three-phase faults on the HVAGesys No modelling was done from
base level, where the user built the componentsdmnecting the different controllers
that make up the component, as the software paskdm@ot allow changes to be made.
Although DIgSILENT has the ability to model fromdaalevel, the licence used does not
cater for DIgSILENT Simulator Language (DSL). Thesults presented are from

simulations performed across the three softwar&ggges used in this dissertation.

1.5 Outline of the Dissertation

The dissertation is summarized as follows:

Chapter 1 Gives an introduction to the dissertation and flyridints at what is
discussed further.

Chapter 2  Discusses HVDC systems with regard to the advastagystems
configurations, HVDC transmission line modellingdathe conversion
process for AC to DC and the control of tH¢DC system.

Chapter 3  Describes the different AC components such asrgars, transmission
lines, Automatic Voltage Regulator (AVR), Power t&ys Stabilizer
(PSS), transformers, loads and bus classificatiothe systems and how
they are modelled.

Chapter 4  Presents the features and capabilities of thes thoftware packages used
and how they are used to model the HVAC and HVD@monents.

Chapter 5  Presents the results for the Single Machine itefiBus (SMIB) HVAC
and HVAC-HVDC systems for the steady state, smgha stability and
transient stability. It further compares the reswalbtained across the three

packages.
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Chapter 6

Chapter 7

Systems
Presents results for the Two-Area Multi-Machif@¥M) HVAC and

HVAC-HVDC systems for the steady state, small-sigsiability and
transient stability. It further compares the reswalbtained across the three
packages.

Summarises the results of the simulations, drawlasions based the
simulation results and makes recommendations aggestions for further

work.
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Chapter 2

HVDC System Configurations and Modelling of

Components

2.1 Introduction

High-Voltage Direct Current (HVDC) was first use¢g Marcel Deprez in 1881. He

designed a system that could transmit 1.5 kW af ®\er a distance of 56 km, and since
then many HVDC transmission systems have been wigadd around the world [4]. The
first HVDC transmission systems used mercury-ateevaystems, but with the advent of
thyristor valves for converter stations, HVDC beeamuch more attractive to use.
HVDC systems have the ability of controlling theagy transmitted, and when used in
parallel with HVAC transmission lines can improve tstability of the system [1 — 3, 5 -
6].

2.2 Advantages of HVDC transmission systems

HVDC has the following advantages:

e Bulk power can be transmitted across the HVDC systdor underground and
submarine cables - at above 30-50 km (break-evelardie); the HVDC system
becomes more economical as no reactive power casapen is needed as in the
case of HVAC lines/ cables. For overhead lines, slgstem becomes more
economical above 500-800 km (break-even distart#)e distance is less than
the break-even distance stated above for overhieed bBnd cables, the AC
transmission system is more economical than thesyd@m.

* HVAC systems that cannot be interconnected bedhesehave different nominal
frequencies can be interconnected using an HVD@sys

» Corona loss and radio interference are reduced/iDEisystems.
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 No reactive power compensation is needed for HVD&st however the
converter stations require 50-60% of the active grotvansmitted as reactive
power in order to operate

* The length of the line is not restricted by stapili

 The HVDC transmission system has lower losses wdwmmpared to the AC

transmission system.

2.3 HVDC system configurations

2.3.1 Monopolar HVDC link

The Monopolar link has one conductor, usually ofjateve polarity and for the return
uses ground or water. A metallic conductor is uskdre the resistivity of the soil is too
high or where interference with underground/undégwstructures is possible. Figure 2.1

shows a Monopolar system using earth as a retdm[pa5 - 7].

HYDC System

<

& AC
System 12 Pulse System

|z Converter <k

Figure 2.1: Monopolar HVDC link

2.3.2 Bipolar HVDC link

The Bipolar link, shown in figure 2.2, has two cantbrs, one of positive and the other
of negative polarity. Each terminal has two cormexrtof the same rated voltage and the
junctions between the converters are groundedchdrevent of a fault occurring in one of
the conductors, the other can still operate byyaagrhalf of its rated capacity or more by
using the overload capacities, making this systearenreliable than the Monopolar

system [1,5 - 7].
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Figure 2.2: Bipolar HVDC link

2.3.3 Homopolar HVDC Link

The configuration for a homopolar link is shownfigure 2.3. It comprises two or more
conductors, all of the same polarity, and it usesigd as the return path. It usually uses

negative polarity, as it causes less radio interfee due to corona [1].

HYDC System
. i
{1 B4t
Syt — — Syt
sz _ &b
{>

Figure 2.3: Homopolar HVDC link

2.3.4 Back-to-back HVDC Link

The Back-to-back link, shown in figure 2.4, is natipm used where two AC systems of
different frequencies need to be interconnecteithénsame location. It is generally used
to interconnect asynchronous systems. An exampleuofi a system can be found in
Japan, where half the country operates at 50 Hztendther half at 60 Hz and a back-to-
back Shin-Shinano HVDC system is used to connesetitwo systems [2, 5].

7
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HwDC System
—

Sisfem@_ ZE— '%Z @ S'g.':'ﬂ:tzem

———

Figure 2.4: Back-to-back HVDC Link

2.3.5 Multi-terminal HVDC link

Multi-terminal HVDC links are found when two or neoHVDC converter stations are
interconnected with HVDC transmission lines or eablf the system is connected to the
same voltage it is called a parallel Multi-termisgstem, shown in figure 2.5. If one or
more converter stations are connected in serieg laast one pole, it is called a series
Multi-terminal system, shown in figure 2.6. Wher tharallel system is combined with a
series system, the system is called a hybrid Meftrinal system. Multi-terminal links

are not economically viable owing to the additioo@adt of substations [7].

HYDC System

Lo ADlE| ¥ [FCD g

Figure 2.5: Parallel Multi-terminal HVDC link

HYDiC System

. H .
e QD2 £|CD .,

Figure 2.6: Series Multi-terminal HVDC link

2.4 HVDC Transmission lines

On HVAC systems, HVAC cables require compensattatians to counter the effect of
the high capacitance on distances above 50 km. H¥¢&tles become convenient and
economical for distances longer than 30-50 km ay tio not absorb or produce any
reactive power. HVDC overhead lines become moren@wical for bulk power
transmission when used for distances above 50kkB80&s fewer conductors are used to
transmit the same quantity of power at three-plizse an AC system would need.

8
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The HVDC transmission lines are modelled usirgguivalent circuit, as shown in figure
2.7. The modelling of the line is similar to theeoamployed in HVAC transmission
lines, with the HVDC lines operating at a steadytestfrequency of 5 Hz and during

transient ranging between 90-100 Hz [7 - 10].

I I
—» —>
. Z=R+iX, ®
1"."3 1 — —— I 1-!-:
2 2
L e

Figure 2.7: Equivalents circuit of a transmission line

From the above equivalent circuit, the sending end voltage andecu are derived:

Vs :(1+£ZJVR+ Zl, (2.1)

IS:Y(1+XZJVR+(1+I Zj I (2.2)
4 2

where:

Vs andls are the sending end voltage and current, resgdgtiv
V; andl, are the receiving end voltage and current, resggti
Z =R + jX is the series impedance of the line

Y is the shunt admittance of the line

The transmission line modelling is similar to threeaised for the HVAC system.

2.5 AC to DC conversion

To convert the power to DC power and vice-versajveder stations are used. To

convert from AC into DC, a rectifier station is dsand to convert from DC into AC, an
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inverter station is used. In what follows, a twosiaal DC link is assumed, with the

control in the multi-terminal DC systems being s$ami

HVDC converters are connected to the AC system bgns of converter transformers. A
12-pulse converter bridge is normally built by ceating two 6-pulse bridges in series.
The bridges are then connected separately to thesystem by means of converter
transformers; normally one transformer has a Y-¥iding structure and the other has a

Y-A winding structure, as shown in Figure 2.4 [7, 11].

Ac Side
|| ¥
N — Y
FlIE || ; =
C
. T A T Side EZ
A 12 Pulse
) converter unit
hical symbol
R | "

Figure 2.8: 12- pulse valve bridge circuit with twoconverter transformers, with one transformer in

star-star and the other in star-delta configuration[7]

Assuming that the AC system as well as the convédesformer can be represented as
ideal systems, the line-to-neutral voltages wowdd b

V, =Vcoswt+ 60 )

V,; =V coswt— 60 ) (2.3)

V. =V cost- 180

Denotingat by 6, the line-to-line voltages are then given by:

Vie =V~ =/3Vcos@+ 30)
Vi, =V, —V, =+/3Vcos@P- 90 ) (2.4)
Ve =V, -V, =+/3Vcos@+ 150

10
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where:

Va, VB, Vc — instantaneous line-to-neutral voltages
Vac, Vea, Veg — instantaneous line-to-line voltages
V — peak line-to-neutral voltage

The power transfer on a DC system is a functiothefvoltage magnitude between the

sending and receiving end. The power flows fronhhalow voltage magnitudes.
Each pulse in the 6-pulse bridge has a segmen@®bwer the full cycle of 360°. The

average DC voltage is obtained by integrating tkevaltage over a period of 60°, taking
into account the delay angle

3 a
Voo = [ V0o (2.5)

(60-a)

The voltages at the rectifier and inverter statiaresgiven by:

3?2

Vocw = — BTVzecCOSO (2.6)
32

Voc(y =7 BTV cosy (2.7)

The current flowing through the DC link is given as

_ VDC(R) _VDC(I)

= 2.8
© R +R_-R (2.8)

where:

Vpc — average DC voltage

Vocry Vocq) — rectifier and inverter DC voltages

Vrec Vinv — rectifier and inverter rms line-to-line AC vaiies
11
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Roc — HVDC line resistance
Rr, R — rectifier and inverter resistances
B — number of converter bridges in series
T — transformer turns ratio
a — delay/firing angle

y — extinction angle

From equations 2.6 and 2.8, the output power atetigfier station Ppc(r)) is given by:
Focm = Vocn | oe (2.9)

Under steady-state conditions, the conversion efgpdrom AC into DC and vice versa,
the reactive power required by the converter statis 50-60 % of the active power being
converted [1, 2]. A reduction in the voltage leadsan increase in the reactive power

consumed by the converter station [2, 5].

During the conversion process, harmonics are gexteian the AC and DC sides of the
converter stations. These harmonics affect theitgquaf power that is supplied by
interfering with other telecommunication systemgerbeating capacitors and generators

in the vicinities of the converter stations.

The harmonics present on the AC side are of therord

h=nptl (2.10)
The harmonics present on the DC side are of therord

h=np (2.11)

Because these harmonics are harmful to the sysiléens are used on both the AC and
DC sides to mitigate the effect of the harmonidsege filters also serve as sources of

reactive power to the system.

12
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2.6 HVDC systems control

HVDC systems offer very high levels of controllatyilby maximizing the flexibility of
the power controlled while maintaining stable aateperations of the HVDC system.
Adequate control strategies must be employed orrdbtfier and inverter stations to
achieve this state of operation.

From equations 2.8 and 2.9, the voltage, currepowrer at any point on the DC line can
be controlled by controlling the internal voltag@éscr) and ¥pc()). Power reversal can
be obtained through the reversal of polarity ofdivect voltages at both ends of the line.
To ensure that the voltage on the line remainsedogshe rated voltage, the firing angle
at the rectifier is limited to a minimum of 5° hwis normally in the range of 15 — 20°.
The extinction anglg at the inverter is normally operated at 15° foH5®ystems and
18° for 60Hz systems. Under normal operating coyust the rectifier operates at
Constant Current (CC) while the inverter operatéh ®onstant Extinction Angle (CEA)
[1, 22].

Figure 2.5 shows the actual characteristic of arDB\Wectifier that has two segments
(FA and AB) - where FA corresponds to minimum igmtangle and is a representation
of the constant ignition angle (CIA) control andysent AB represents the normal CC
control mode. FAB shows the complete characterstithe rectifier at normal voltage
and when the voltage is reduced, the segmentsstiiéirto F’A’B. The characteristics of
the inverter are given by DGH, where segment DGesgnts CEA and segment GH

represents CC.

Under normal operating conditions, the rectifiemtrtols the direct current and the
inverter controls the direct voltage. This opermtiondition is shown as point E in figure
2.5. If there is a nearby fault, causing the restifoltage to drop, a new operating (E’)
condition is established. In this operating comwdifithe roles of rectifier and inverter are
reversed; in other words, the inverter takes oher current control and the rectifier
establishes the voltage. This is knownragle shift

13
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Rectifier (CIA)

Vs /
- E_@ﬂtage A Inverter (CEA)
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Figure 2.9: Actual V-I characteristics of HYDC con\erters under steady state [2]

2.7 Summary

This chapter discussed the modelling of HVDC systefhe different types of HVYDC
configurations such as Monopolar, Bipolar, Bacleamk and Multiterminal were
described. The HVDC transmission line modelling wdiscussed. The process of
conversion from AC to DC was explained with thephef mathematical equations. The
different types of HVDC system controls such as ant Current (CC) and Constant
Extinction Angle (CEA) used in this thesis were laped.

The modelling of HVYDC systems using the three safewvpackages are discussed in
chapter 4.

14
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Chapter 3

Power System Component Modelling

3.1 Introduction

Electric power generation, transmission and distidm are interconnected by a network
of transmission lines linking generators and loadsne of which cross entire continents.
The supply of electric power presents a varietgl@fllenges as the systems become more
and more complex [1, 12, 13]. To be able to prtedie correct behaviour and
performance of such systems, engineers must eheaipselves with powerful tools that

can analyse these systems.

A model is a set of equations that describes thetioaship between the inputs and
outputs of a system. Simple models of componergsnat adequate or reliable for
accurate description of power system dynamics. ysanchic and complex as systems
may be, they can be simplified into smaller submyst on which the dynamic

characteristics can be modelled and analysed dadily

When generating electric power, it must always mé#te load demand and the losses on
the system. If subjected to a disturbance, prarctystems must be able to detect and
eliminate a minimal number of faulted componentstlo®m power system, in order to
enhance the stability and recovery of the powetesy$13].

In this chapter, the modelling of different compoiseof the power system is discussed.
In Fig 3.1, an example of a modified model of agknMachine Infinite Bus (SMIB)
systemis shown, to illustrate the different componentsduscross all systems. These
components are applicable to both the Single Machifinite Bus system and the Two-

Area Multi-machine system which have been useeéstscases in this research project.

15
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The components are:
e Synchronous generator equipped with an excitatigstesn comprising an
Automatic Voltage Regulator (AVR) and a Power Systtabilizer (PSS)
* Two winding transformer
e Transmission line(s)
* Load

* Infinite bus

N

@ ‘ () Line (7]

Bus=1 Bus3

Y

Fid Load

Figure 3.1: Example of a Single Machine Infinite Bs System

Busz2

3.2 Synchronous generator

Synchronous generators form the most importantcgoaf electric power generation in
power systems. Understanding generator charaatsrizhd their accurate modelling is
very important to the study of power system stgbidince maintaining synchronous
generators in synchronism is very important to powtbility [1]. Modelling of

synchronous generators is therefore very imporanteliable power system stability

analysis.

3.2.1 d-qgrepresentations

To perform power system studies, synchronous gemsrare used. These generator
models range from the simplest classicdl® @rder) to the more detailed” 8order
generator models [1, 13 - 16], depending on thdilgta studies that need to be

performed on the system. For the classical mdtiel,voltage behind the transient is
16
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assumed to be constant [1, 12, 15, 17, 18] whewe decay and damper windings are
neglected. For theBorder and higher models, rotor characteristicsrepeesented by a
field winding and amortisseur on the direct axisakis) and/or quadrature axig- (@xis)

for a more complete synchronous machine modeleasrtiter increases.

Table 3.1 shows the number of rotor circuits inheacodel, with the model order
indicating the number of state variables associatitd each machine model. Thé' 6
order machine model is preferred for representieground rotor in stability analysis [1,
15, 17] and this machine model is used in thisaiese The variables commonly used to
represent the"Sorder generator model are rotor angle, rotor arguklocity, field flux

linkage,d-axis amortisseur flux linkage, twgpaxis amortisseur flux linkages, (om, ¥,

Wids Wig W2q)-

Table 3.1: Number of rotor circuits in generator malels [15]

Machine model No. of windings
d-axis g-axis
3¢ 1 0
4" 1 1
5" 2 1
6" 2 2
™ 3 2
g" 3 3

From [15], the linearized generator equations ofiemoand rotor circuit equations for a

6™ order generator model are given as:

17
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AJ=whw,
: 1
Aw=— (AT -AT - K Aw
2H ( m e DA m)
. _ @R Wy R,
AY :—fdAwad _o—dA‘//fd +apley
Ly L
. w (3.1)
Ay, = “Ry AY,, - R Ay,
L Lig
_ @R,

A[:lqu - T(Awlq _Awaq)

q

A[:IUZq = a).liqu (Aqu _Awaq)

2q

where:

wo — base angular velocity

H — onertia constant

Tm— mechanical torque

Te — electrical torque

Kp — damping torque coefficient

Lt — field winding leakage inductance

L1qg— d-axis amortisseur reactance

Liq Log— I and 2° g-axis amortisseur reactances
&q — field voltage

R.4 — d-axis amortisseur resistance

Riq, Req— I and 29 g-axis amortisseur resistance
Wad, Waq—d and g-axis mutual flux linkages

w14 — d-axis amortisseur flux linkage

v1g w2q— 1 and 29 g-axis amortisseur flux linkage

In power systems analysis, synchronous machine Is@te usually represented using

operational-impedance and coupled-circuit methdd$. [Synchronous machine data are

usually specified in terms of standard parametalsy known as derived parameters

(transient and sub-transient inductances and tiomstants) and can be obtained from

manufacturers data and/or field tests. Models ssped by the operational-impedance
18
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method use data specified in standard parameteratpwhereas models represented by
the coupled-circuit method use data specified isidoparameter format, also known as
fundamental parameter format (resistances and fadoes). If a machine is modelled
using the coupled circuit method, standard parammetee converted to basic parameters.

Fig. 3.2 shows the operational-impedance df aler machine.

(X';-X)
g Koo ey
E, + T 1E + ] XX Y,
» @ > sT—-O T F? 1+s ' TIT XY Iﬁ
Y RS X
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. + () d-axis
, _ X' X DK XD
Fi ; carent =+ é - X |*
Ied'rd ren (xld_xjtxd_xrd) Iy
i XX [¢
XX
> (X' -X) Y.,

| ] (X' -X"D)
P STrqo E-I—S T“uu T (X'"_XI

XX alia
(b) g-axis
XXX XD
é‘—z T ¢ |
) X" XXX ) q
XX [

Figure 3.2: Representation ofi-axis andg-axis of the 6th order generator model using operatnal-

impedance method [25]

In Fig. 3.3, a coupled-circuit method representatib the direct axis and the quadrature

axis of a & order machine is shown.
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Figure 3.3: Representation ofi-axis andg-axis of the 6th order generator model using coupte

circuit method [1]

3.2.2 Saturation modelling

Figure 3.4 depicts the open circuit curve usedefasent the saturation characteristic of
a loaded generator. The air gap line shows the Qesuit Characteristic (OCC) if

magnetic saturation is neglected.

Air gap
line
4
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Figure 3.4: Open circuit saturation curve [1, 25]

Saturation representation is considered an importactor when modelling a
synchronous generator. Nevertheless, no standatiothés used when modelling the

saturation of a generator for small signal stabibtudies [15, 19]. Most software

20



Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HVYAC-HVDC

Systems
packages represent saturation with the total sataranethod. It uses th&§, o and S, »
parameters, which correspond to the 1.0 pu andi.fux linkage (terminal voltage)
respectively [15]. The field currentkio lsio la12 and lgi2 shown in figure 3.4

contribute to the saturation parameters in the form

S, = Lo~ le1o (3.2)

I B1.0

S,= Lo~ le1o - =14 550 (3.3)
612 12,

3.3 Excitation system

The AVR performs control and protective functiohsitt are essential to a satisfactory
performance of the generator. Excitation systeme lag a basic requirement - the supply
and automatic adjustment of the field current ef $gnchronous machine generator. This
IS in order to maintain the terminal voltage, as tutput varies within the continuous
capability of the generator. In addition, it mustdble to respond rapidly to a disturbance
in order to enhance the transient stability of slgstem, and to modulate the generator
field to enhance the small-signal stability [1,.18]

There are three different types of excitation gystenamely DC excitation systems

(which utilise a DC generator with commutator), ARcitation systems (which use

alternators and either stationary or rotating fiee to produce the direct current needed)
and Static excitation systems (in which the powgesupplied through transformers and
rectifiers) [1, 13, 15, 18, 20].

The excitation system employed in this dissertat&lmown in Fig. 3.5, is the AC4A
excitation system model. The excitation systentlicg model is provided in the form of
a series lag-lead network with transient gain réduoc[1]. From left to right, the first
block is a lead-lag block (excitation system siahtion) which is similar to a single time
constant block, followed by a high value gain, whtekes the highest value from the
inputs as the output and the last block represantamplifier.
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Figure 3.5: Type AC4A excitation system model [1,® 25]

3.4 Power System Stabilizer (PSS)

Power system stabilizeese used to damp power system oscillations. Theyausiliary
stabilizing signals to control the excitation syst&n order to improve power system
dynamic performance. Commonly used signals arestiadt speed, terminal frequency
and power [1, 18, 20]. An example of a PSS is shbelow in figure 3.6. From left to
right, the first block represents a stabilizingcuait for the PSS and the last two blocks

allow two stages of lead-lag compensation, asysebhstantd; to T,

UPPER LIMIT

w . sk 1+sT ~ 1+sT 3 /-Vs
1+sT | 1+sT2 | 1+sT4 / i

LOWER LIMIT

4

Figure 3.6: Power System Stabilizer (PSS) [1, 205PR

3.5 AC Transmission lines

There are different models of transmission lineseyl can be modelled using T or
nominal circuits; however the representation bystleguivalent circuit is normally used
when modelling AC transmission lines (see sectiof).2For 60 Hz AC lines, the

transmission lines may be classified accordindnéirtiength:
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e Short lines: lines normally shorter than 80 km,resented by the nominal
circuit where the shunt admittances are neglected

e Medium lines: lines whose length range from 80 kmapproximately 250 km,
represented by the nominatircuit

* Long lines: lines longer than 250 km are represkbiethe nominatk circuit [1,
21]

3.6 Transformers

Transformers are used because of their capabditgither step up or step down the
voltage across the power system. Since it is resilde to generate and consume power
at high voltages, it is normally stepped up for powransmission after generation and
stepped down for consumption. Figure 3.7 below shawstandard equivalent circuit for

a two-winding transformer,

O

Figure 3-7: Standard equivalent circuit for an ided two-winding transformer [1, 13]

where:

Vp andip are the primary voltage and current, respectively
Vs andis are the secondary voltage and current, respegtivel
Z. is the transformer impedance

nis the turns ratio
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The representation shown in figure 3.7 is widelgdisor power flow and stability
analysis, but in digital computer analysis a maalistic representation must account for

winding parameters as well as exciter current [22].

3.7 Loads

The stable operation of a power system relies @nabhility of a continuous match
between the electrical power generated and thérieildoad. For power system studies,
load representation is simplified owing to its cdexity, and load models are classified
as static or dynamic models. With dynamic loadgytiary rapidly with changing
voltage and frequency and are given by differerftiattions of bus voltage magnitudes
dependent on the past instant [1, 23]. When peifanstability studies on a power
system, it is often advised to use dynamic modgllin 13, 23]. However, dynamic load
models will not be discussed in detail, as theyrarteused in this dissertation. Static load
models are not dependent on time and the relatidheoactive and reactive power is

given as algebraic functions of the voltage anfteyuency at any instant of time.

Static load models, which are used for active agattive power, are expressed in a
polynomial or exponential form, and a brief destoip of these models excluding
frequency dependence follows below.

ZIP or polynomial model

The characteristics of this load model can be ifladsinto constant impedance)(
constant currentl) and constant poweP) in accordance with their relationship to the
voltage. For constant impedance the power deperdendhe voltage is quadratic, for
constant current it is linear, and for constant @gwhe power is independent of changes
in voltage. The coefficients; to p; andq; to gs; are the parameters of the model, which
define the proportion of each component, ¥pdP, andQy are the initial condition of the

system.

P= F{ pl(vl] + pz[%]"‘ ps} (3.5)
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Q= Q{q(vlj + 0{%} Og] (3.6)

Exponential model

Equations 3.7 and 3.8xpress the power relationship to the voltage agxgonential

function.
(VY
P= %(\ZJ (3.7)
_(vY
Q—Q)(\TOJ (3.8)

The parameters for this model axeandb, which are the exponent values for different
load model behaviour. The values for the initidkage, active and reactive power atg

Po and Qo respectively. To represent constant power, cohstament or constant
impedance the exponeragsand/ orb are set to 0, 1 and 2 respectively.

3.8 Summary

This chapter illustrated the modelling of the diffiet components of a power system with
the help of mathematical equations and diagrams €bmponents discussed are
synchronous generators, AVRs, PSSs, AC transmisisies), transformers and loads. The
modelling of these components in the packages umséus dissertation is discussed in
the next chapter.
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Chapter 4

Features and Capabilities of DigSILENT, Matlab
PST and PSAT

4.1 Introduction

Since the beginning of electrical engineering, nlode and simulations have been the
basic means of investigating important phenomengadwer systems. Since power
systems are the backbone of industry, power sysenulation is becoming more
important than ever before, as the demand for@atpower is continuously increasing
and more power systems need to be built to catethfs increase in demand. A better
understanding of systems prior to their manufackeaels to optimally designed devices,
and an analysis of the impact of the introductibnew devices prior to their installation
into the electrical network results in optimizedwso systems and fewer surprises. All
this is possible by applying modern power systemuation tools that have been

developed and improved over time.

Power systems software packages for power systatysas can be divided into two
classes, industrial-grade commercial software pgekand educational or research based
software packages. Commercial software packagetablaon the market are usually
well tested and computationally efficient. Howeveducational or research based
software packages can prove to be quite diffiauluin and their accuracy and efficiency

are not as good as those of the commercial packages

In the following section, an overview of the ditet software packages used in this

dissertation is given.
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4.2 DIgSILENT Power Factory

DigSILENT stands for Digital Simulation and Electal Network calculation program
and it was developed by DIgSILENT Power Factoryislan industrial based software
package that has been in operation for more thare@ts [24].

DigSILENT has the ability to simulate load flow,ufaanalysis, harmonic analysis and
stability analysis for AC, DC and AC-DC systems. Model components, DigSILENT

makes use of a graphical user interface (GUI), wiiee components are dragged from
the library available and dropped onto the maireescr New components could not be
developed from scratch using DigSILENT simulatargaage (DSL). However, this was
not pursued in this dissertation as the licencel usees not include DSL. This limits the

flexibility of the user on this software package.

The load flow in DIgSILENT is performed using thewton Raphson method. HVDC

systems (converter stations) can be modelled iaild@hd it also allows the converter

stations to be modelled using voltage, active poweactive power, current, Gamma and
external control. DigSILENT can model AC systemg; Bystems and AC-DC systems.
Different types of AC and DC faults can be simufaite DigSILENT.

AC faults can be applied to the transmission liaed buses, as well as on synchronous
machines. These faults can range from single-plaasis to three-phase faults. DC faults
are single-phase faults and can be performed orcdheerter stations and on the DC
lines. The action of circuit breakers is perfornbgdremoving a specific line or generator
after a fault.

4.3 Power System Toolbox

The Power System Toolbox (PST) is Matlab run redeaoftware that was developed by
Joe Chow. It allows users to model components antbpns AC and AC-DC system
analysis in a Matlab environment. It consists oftlsta m-files, data files and power

system application files. These files are easilgeasible for system and component
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modifications. PST provides dynamic models of maekiand controls for performing

damping controller designs, transient and smaltaigtability simulations [25].

PST models HVDC systems and it allows the user ¢dify the systems, but the user
must know the software in detail in order to maul fise of this option. Power flow

analysis is performed using the Newton Raphson odethihe system converter stations
are modelled using voltage, power and inverterrotstPST can only model AC faults -
the faults range from single-phase faults to thplease faults. However, faults can only
be applied on transmission lines. The action afutiroreakers is performed by removing
a line - whenever a fault is applied a line mustré@oved to clear the fault, in other
words, if a fault is applied on a line, the faudinoot be cleared while the line on which

the fault occurred remains operational.

Some of the data, such as the frequency and bagg k¢ input whenever small signal

and transient stability studies are performed.

4.4 Power System Analysis Toolbox (PSAT 2.1.4)

Power System Analysis Toolbox (PSAT) is an acadeviatlab toolbox used for static
and dynamic analysis of electric power systemsvds developed by Federico Milano
and is open-source software. PSAT includes powaw,flcontinuation power flow,
optimal power flow, small-signal stability analysisd transient stability that can be used
on AC and AC-DC systems. It uses Newton Raphsoorighgn to perform power flow

analysis.

All operations can be assessed by means of grdphsea interfaces (GUIs) and a
Simulink-based library provides a user-friendlyltémr network design [26]. PSAT can
only model three-phase AC faults. These faults lmamodelled on transmission lines
and buses. Faults can be cleared by removing thedpplied or disconnecting the line
to which it has been applied in the case of trassion lines. To disconnect a line, circuit

breakers are used. If the fault is applied on aitasgemoved by clearing the fault.
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4.5 Components and data format in DigSILENT, PST and PSAT

Table 4.1 shows the components used in DigSILENST Bnd PSAT. Each component modelling is describecdach software

package.

Table 4.1: Components and data format in DigSILENTPST and PSAT

Component

DigSILENT

PST

PSAT

HVDC system

In DIigSILENT, the converter stations a
already modelled and the user cannot mo
the converter type. The rectifier/inverter mo
is handled internally like a current source. T
dynamic comes from the HVDC controll
DSL) and from th
model No HVDC

(modelled in not

rectifier/inverter itself.

modes are displayed when the small-sig

stability analysis is performed. The parameters

(rated DC voltage and current, nominal tu
ratio and firing angle, minimum and maximu
turns ratio for the converter transform
minimum and maximum firing angle, minimu
extinction angle, actual winding ration a
firing angle for the converter transforme
commutation reactance and phase shift for
converter transformer) are entered by inser

their values in the spaces provided.

r;’ST models a HVDC system using thi
diflifferent matrix files. The first matrix file i
delcsp_con which models the rectifier an
haverter converter stations. The data file
plgiven as:

edcsp_con =1...

A1 B1 C1 D1 E1 F1 G1 H1

nak B2 C2 D2 E2 F2 G2 HZ2];

nghere:

MA1/A2 — HVDC converter number
ei31/B2 — AC bus number connected to HVI
mconverter station
ndC1/C2 — converter type:
Br, 1 — rectifier
the
imyl/D2 — HVDC rated voltage (kV)

E1/E2 — commutating reactance (Ohms/brid

2 —inverter

eBSAT models the HVDC system usi
5 Hvdc.congiven in the matrix form:
dHvdc.con =1...

iBrom bus (i) Tobus () MVA kV (i) kV
() Freq kv (DC)
kA (DC) Xg Xu
Ke Roc

|R0max IROmin IIOmax IIOmin];

Tapratiq Tapratio K,

Loc Ormax Ormin 7Y Imax Y Imin

where:

G1VDC system is connected. The MVA is t
system’s power rating and Freq is the po
The

reactances (¥ Xu), the tap ratios for th

system’s  frequency. transform
rectifier and inverter transformers (Taprati

and Tapratig), integral gain () proportional

busesi andj are the AC buses to which the

9

ne
ver

er

D

o

jedain (Ks) and the maximum and minimu
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Rectifiers and inverters are modell

separately by choosing orientatioR for
rectifiers and for inverters.

Rectifiers and inverters have some in
parameters that are present on both conve
and are displayed/ input in the following forn

Converter type (DC voltage rating, D

current rating, nominal turns ratio and

nominal firing angled))
Activation of theThyristor option on the
Diode/Thyristor converter type

Activation of the built-in converter

station transformer

The remaining rectifier parameters are inpu
follows:

e Firing angle control is set by choosir
current control from a menu that conta
DC voltage (Vdc), AC voltage (Vac
active power (P), reactive power (Q

current (I), Gamma angle or extinctig

angle. The values for the parameters mid P1 Q1 R1 S1 T1 Ul V1 Wil

a, maxa and miny are then input in thg

spaces provided

p1/G2 — rectifier min and max firing angie

btthe second matrix file isdcl_con which

rteredels the HVDC line, and is given as :

F1/F2 — number of bridges in series

H1/H2 — inverter min and max extinction ang

Y

ndcl_con =1...
CA1l A2 1 J KL MN O]

where:

| — HVDC line resistance (Ohms)

J — HVDC line inductance (mH)

K — HVDC line capacitanceufF)

L — rectifier smoothing reactance (mH)
M — inverter smoothing reactance (mH)
A&— HVDC line rating (MW)

O — current margin for inverter current contrg

"9
nghe third matrix file isdcc_con which models

)gnd is given as:

flcc_con =1...

hA2 P2 Q2 R2 S2 T2 U2 V2 W2

,the controls for the HVDC converter stations,

reference currents for the rectifier and inverter

(IROmax IROminv IIOmax and |0min respectively) are
lgiven in pu. The values forgR and Lyc are
entered as the resistance and reactance fg

entire length of the line. The HVYDC system|in

PSAT has three modes which are givenl@s:
Xr, X (state variables for the DC current,

rectifier and inverter reactance respectively).
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e The converter transformer is represen
by the following data: tap-changer (set

fixed tap-changer), actual winding rati

commutation reactance and transformé&1/R2 — output gain

phase shift

« DC power set point

The DC line is modelled similarly to the A
line (see AC transmission line); however, un
the line type, DC is used instead of AC. T
removes the three-phase and zero sequ

impedance from the modelling of the line.

The parameters for the HVYDC system can

found in Appendix B.

tedhere:
t&®1/P2 — proportional gain
0Q1/Q2 — integral gain

S1/S2 — max integral limit
T1/T2 — min integral gain
U1/U2 — max output limit
CV1/V2 — min output limit
H&¥1/W2 — control type:

his 0 — inverter control

ance 1 — rectifier current control

2 — rectifier power control

¢ote that Al, B1 ...

rectifier parameters and A2, B2 ...

is used to represent
is used
represent the inverter parameters. The HV
system in PST has five modes givemagonr,

v_coni, i_dcr, i_dci, v_dcc

the

DC

Synchronous

generator

DigSILENT has two synchronous genera
models - salient pole {Sorder) and round rota
(6" order). The B order machine uses w, g,
we W' g andy’” o as state variables arig), as
turbine output. The machine is set as
generator from the generator/ motor option.
model the synchronous generator, the follow]
data must be input into thgpedata window:

S, V, power factor, type of connection (

IoFhe generators can be modelled from
r simplest model (classical model with two-st
variables) to the most complex (sixth org
model which uses, o, E'y, E'q, yigand yyq as
the state variables for the machines), except
Tihird order model. The turbine output in P
rmptained as mechanical torqdg. The sixth
order machine was used in this dissertation.
D,

tHESAT models generators from the classical
ateodel (with two state variables) to the most
eromplex (eighth order model which usgso,
E'a Eq E"a. E"q ww and y,q as the state
theriables for the machines) and the turbjne

50utput is represented as mechanical torfe

The sixth order machine (without the two last

variables from the eight order model) is the
the studies

only model considered for
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Y, YN)

d-axis and g-axis synchronous, transi
and subtransient reactances;,(Xq, X'q,
X g X a X7 )

d-axis and g-axis open-circuit
constants and open-circuit subtransi

time constants @, Tqo, Tao’s Tqo”)

(XQ, RO! X21 RZ)

(X1, Xrl)

Saturation parameters (§£SG.)

Round rotor (activated from the rotor ty|
menu)

Inertia (H) and mechanical dampir

coefficient (D)

Bus modelling for the generator is done on
synchronous generator load flow window.
set a slack bus, the reference machine op
must be selected from the load flow windg

The external grid uses a generator model V

high inertia and high power internally. Th

model is slightly different from the standa
synchronous generator therefore it has

more state variable than the synchron

tim

Zero and negative sequence impedaj

Stator resistance (rstr), leakage reacta

The machine data are implemented in a
enector matrix in the filemac_con Only the

data for one machine is presented below

goe repeated for the number of machines ad

crfithe synchronous machine data are in the fo

mac_con =[...

nMac# Bus# MVA X R, Xy X4 X'y
T do T do Xq X,q X" q T,qo T qo do
neé So S

where:

yMac# and Bus # are the machine and
numbers respectively

d\/IVA — the base MVA

X, — leakage reactance

R, — resistance

ﬂg&j — d-axis synchronous reactance

T&C 4 — d-axis transient reactance

tind— d-axis subtransient reactance

WT’dO — d-axis open-circuit time constant
ith
Sonstant

ra(q — g-axis synchronous reactance
Dﬁ(éq — g-axis transient reactance

H0& o — d-axis subtransient reactance

T’ 40— g-axis open-circuit time constant

order to add more machines the data need

— d-axis open-circuit subtransient tin

operformed in this dissertation.
The (Model#) allowed to be input in th
synchronous generator modelling window
s2t03, 4, 5.1, 5.2, 5.2, 6 and 8 where they
deelated to the different generator models.
nRSAT, the ¥ order model has three differe
types, hence 5.1, 5.2 and 5.3. Type 5.1 dses

are

are

n

nt

o, €, €7, €"q, type 5.2 used, w, €'y, €”y, €’y
and type 5.3 uses whedew, w1, yq, yq as the
state variables.

The machine data given in the row vector

D

bosatrix is Syn.con Only the data for on
machine are presented below. To add more
machines, the data need to be repeated fof the
number of machines added. The synchronous

machine data are in the form:

Syn.con =1...

Bus# MVA kV Freq Model# X Ry
Xa Xg X'q Tao T'a0 Xq Xg X'g
G0 T'q0 M2H) D Ky Kpvp 7o Taa
Sio S

where:
bus # - bus number to which the machine i

connected
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generator (sat_filt). See also the screens

below in figure 4.1:

sH0t o — Qg-axis open-circuit subtransient tin
constant

d0 and d1 are the damping coefficients

Name Grd Object modfied | Cbiect... [ Mode Index

Extemal Giid(1}; phi

Bxtemal Grid(1); psiD

= Si0and 9, are the saturation parameters

Bxtemal Grid(1); psiQ Edemal Grid(1

Extemal Grd(1

The data can be found in Appendix B.

). )
) )
) )
Extemal Grid(1); psie )
): Edemal Gid(1)
3 )

Bxtemal Grid(1); psic

Extemal Grid(1}; sat_fit Extemal Grid{1

Bxtemal Grid (1) speed

Edemal Grid(1)
Mechine(2)! +

WMachine(2)

Machine(2) WMachine(2)

The machines can be modelled as slack,

Machine(2) WMachine(2)

Maching(2) WMachine(?)

and PQ. The matrix usedlisis and is given in

LIS P Y e

1
1
1
1
1
1
1
1
1
1
1
1
1

Machine(?) WMachine(?) |psic

Maching(2) WMachine(2) |zpeed

Figure 4.1: Slack bus state variable snapshg

PV and PQ buses are set by selecting
voltage and power factor options respectiv,
from the mode of local voltage controll
section. The values for the active pow
voltage and reactive power are later input
the spaces provided. The external grid is u
as an infinite bus in DIgSILENT for the SMI

simulations.

Under the dispatch section on the synchron
generator menu, the input mode (default, |
Pco®, Sco®, Qco®, SP and SQ) is selecte
The values for active power, reactive pow
voltage, angle and frequency are also in

under the dispatch section. Reactive and ag

the form:

t Bus =[...

Bus# V(pu) angle(degrees) g.Kpu)
t@Bedpu)  RoadPU)  QoadPu)  Gun(PU)
EBohun(PU) A Qenmax  Quenmin ViatedKV)
NV max(PU)  Vimin(PU)];

er,

where:

s¥@pu) - voltage magnitude in pu

Bangle(degrees) - voltage angle in degrees
Pged(pU) — generator active power in pu
QqedPU) - generator reactive power in pu

ORS.{pu) - load active power in pu

P@yad(pu) — load reactive power in pu

dGgnun{pu) — shunt conductance

eBshun{PU) — shunt susceptance

pAL— bus type:

tive 1 — swing/ slack bus

nd1VA — base MVA

kV — voltage rating
Freq — frequency rating
Model # - machine model number
M(2H) — mechanical starting time (2 x inert
constant)
D — damping coefficient

My and K - speed and active power feedbs
gain respectively

Ye Yo - percentage of active and react
power ratios respectively. The input are eit
Oor1l

Taa - d-axis additional leakage time constan

The description for all other parameters is

same as in PST.

The data can be found in Appendix B.

The generators are modelled as slack/sw
bus, PV bus and PQ machines. They
modelled separately irSW.con (used for
slack bus in the case of a multi-mach
system and used as external grid in the cas
a single machine infinite bus system, as s
on the m files) for the swing/slack bu
PV.confor the PV bus anB8Q.confor the PQ

ia

ve

ner

t

the

ing

are

e of

een

n
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power limits, as well as active power ratin
are required. The parameters can be foun

Appendix B.

s, 2—PV bus

d in 3—-PQ bus

Qgenmax— generator maximum reactive power
Qgenmin g€NErator minimum reactive pow
Viaed KV) — rated voltage

Vmax{pPU) — maximum voltage

Vmin(PU) — minimum voltage

To model an infinite bus, the vectidr_con is
used. This vector has the length of the num
of machines installed in the system, and o
the machine with a 1 represents the infinite
while the others are represented by O.
example, if six machines are installed in
specific system, but the "4 machine on
mac_conis to be modelled as an infinite by
ib_conwill be:

Ibcon=[0 0 0 1 0 O

bus. They are given as:

SW.con =1...
eBus# MVA KV V § Qna
Vmin Po v Refbus status];

Qmin Vmax

where:
Bus # - bus number
MVA — base MVA

blev — rated voltage

nly — voltage in pu

bds- voltage angle

FdDmax — Maximum reactive power in pu
&min — Maximum reactive power in pu
Vmax - Maximum voltage in pu

SY min — Minimum voltage in pu
P, — active power guess (supply) in pu

v — loss patrticipation factor

If Refbus and status are set to zero the
means that it is not set as the reference
and disconnected. If set to 1, it is set as

reference bus and is connected.

PV.con =]...
Bus# MVA kV R
Vmin v Status]

Qmax Qmin Vmax

n it
bus
the
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The parameters are the same as in SW.con.

PQ.con =1...
Bus# MVA kV R Q Viax Vmin U]

The parameters are the same as in SW.con.

AVR excitation

system

DigSILENT has 60 different types of AVR i
its library of which 15 are IEEE-based mode
The AVR used in DigSILENT is the ESAC44
in figure 4.2. The shaded blo

represents the voltage transducer, used to {

shown

and rectify the synchronous generator term
voltage. The voltage transducer is given
DigSILENT as part of the AVR system,

14sTe
14sTg

Vi

Vrer

Figure 4.2: ESAC4A AVR block diagram

where:
T, — input filter time constant
Ty, Tc — voltage regulator time constants

K, — amplifier gain

NPST has four types of AVR models, namely
Isimple AVR, DC1, DC2 and ST3. All thes
\,AVRs are |IEEE models. The simple AVR
ckised in PST and the modelling is done with
iltaatrix exc_con described below:

nekc_con =...

A Mac# T Ka Ta To To Vimax Vimil;

where:

A — AVR type:
0 — simple AVR
1-DC1
2-DC2
3-ST3

Mac # - machine number

T, — input filter time constant

Ty, Te — voltage regulator time constants
K, — amplifier gain

Ta— amplifier time constant

Vimax Vimin— Maximum and minimum voltag

HeSAT has three types of AVR models: AVR
gypes I, Il and lll. All these AVRs are IEEE
isnodels; the AVR Type Il is used in thjs

thlssertation as it can easily be simplified into

the IEEE AC4A AVR when compared to the

other types. The modelling is done with the

matrix Exc.con described below and shown

in figure 4.4:

Exc.con =1...

Mac# AVRtype Vmax Vimn Ka Ta Ki Tt

0 Te T, Ac B status];

where:

Mac # - machine number

AVR type:

1-Typel

2 —Typelll

3-Typelll

Vimax Vrmin— Maximum and minimum voltage
eregulator output
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T, — amplifier time constant

Vimax Vimin — Maximum and minimum voltag
regulator output

Vimax Vimin — Maximum and minimum intern

signal

Time constants g and Tz are normally smal
and hence can be neglected [20] andi¥Kset
to zero. The values for other parameters ca

found in Appendix B.

regulator output
€Vimaxs Vimin — Maximum and minimum intern

signal

3]
The diagram for the AVR in PST is similar
to the one used in DIgSILENT, figure 4.2.

The data used can be found in Appendix B.

n be

K, — stabilizer gain

Al T, — amplifier time constant
T; — stabilizer time constant
K¢ — amplifier gain

Te — field circuit time constant
T, — input filter time constant

Ae, Be— T'and 2 ceiling coefficients

The coefficients Aand B shown in Exc.cor

are the saturation coefficients, and status (
or connected respectively..Aand B are not

used in this dissertation as they are the cei

coefficients for the limiter, which has be

G

eliminated in the simplification.

D or

1) is used to show if the AVR is disconnected

ng
2N

1+sTp 1+sTe

Figure 4.3: Type Il AVR block diagram

The data used can be found in Appendix B.

Power

System

DigSILENT has 19 different types of PSS th

at

Twpey of PSSs are available in PST. Ty

pe Five tydeP3Bs are available in PSA
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Stabilizer

can be wused to damp power

oscillation(s) on the systems’ modelled. T

PSS used in DigSILENT is the STAB1 sho
in figure 4.3,

UPPER LIMIT|

1+sT1
1+sT2

1+sT3
TS

1+sT

/

LOWER LIMIT

Figure 4.4: STAB1 PSS block diagram

where:
K — washout gain

T — washout time constant
Ty, T Ts,

constants

T, — stabilizer lead-lag tim

The parameters used can be found in

appendix B.

syste

vionly type 1 is used and discussed in
The PSS

pss_conand is given by:

dissertation.

| pss_con=]...

A Mac# K T T T, T3 T,

Lower limit];

Upper limit

where:
A — PSS type:
1 — speed input
2 — power input
F Mac # - machine number
K — washout gain
T — washout time constant
*P‘, To, Ts, T, — stabilizer lead-lag tim
constants

used in DigSILENT, figure 4.4.

B.

nisuses the generator speed as the input and tiaeh type supports three types of input:

h2 uses the generator electric power as the inputtor speed, the generator active power

is modelled usjnig this dissertation is Type Il (because it is

The diagram is similar to the one shown

The data for the PSS can be found in Apper

htee generator terminal voltage. The PSS u

one that is closest to the ones used in the g

software packages and does not require m

o model used. PSS signal indicates the in
signal to the PSS. Figure 4.5, depicts H
type Il which is used in this dissertation.

UPPER

h

14sT1
14sT2

w sKT

14875 1
|
14sT

145T4 14sTe

/

LOWER UMT

(@]

Figure4.5: Type Il PSS block diagram
where:

K — washout gain

the
and

sed

ther

uch

simplifications as the other types require) and
the input used is the speed. The PSS is
modelled usind®ss.comand is given by:

Pss.con =1...

AVR# PSSmodel# PSSsignal saWs Vsmin

Ke Tw Tt T, T3 T4,

The PSSmodel# is the model number of the

PSS (1, 2, 3, 4 or 5) that specifies the type of

put
SS
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T — washout time constant

T,, T, T; T4 — stabilizer lead-lag tim
constants

Te — field circuit time constant

By setting E to zero the block diagram no
the one used

becomes similar to

DigSILENT and PST.

The parameters can be found in Appendix B

AC
Transmission

lines

Transmission lines can be modelled usingla PST, the AC transmission line is modell

nominal © circuit model with lumped

parameters, or can be modelled as a distrib

parameter line. The distributed parameter

is almost equivalent to using an infinite numbdrine = [...

of n sections with lumped resistance. T

model is a single-frequency model a

produces constant surge impedance [27, 28].

The transmission line model used in t
dissertation is the lumped parameters mo
The data input is in the following order:

¢ Number of parallel lines

e Length of line (km)

« Rated voltage (kV)

« Rated current (kA)

* Nominal frequency (Hz)

using a nominalr equivalent with lumpeq
Ufgarameters. The modelling is done uslimg

irdata matrix given by:

nisrom bus (i) To bus (j) R(pu) X(pu) B(p

nthp ratio tap phase tapmax tapmin taps

where:

NiR — resistance

dX.— reactance

B — susceptance

Tap ratio — transformer tap ratio

Tap phase — transformer tap phase
Tapmax, tapmin — maximum and minimy
transformer tap ratios

Tapsize — transformer tap size

eBSAT models AC transmission line(s) usin
nominalr equivalent with lumped paramete
The modelling is done usingine.con data

matrix, which is given by:

Line.con = ...
From bus# To bus# MVA kV Fre
zbhelength 0 R X B 0 0 Prax

Shad;

where:

R — resistance

X —reactance

B — susceptance

Imax— Maximum current
NMPmax — Maximum real power

Shax— Maximum apparent power

If the length of the line is specified R, X al

J a

nd
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¢« Overhead line (activated from a dr
down menu)

e System type (AC with 3 phases)

« Parameters for negative and posit
sequence per length. Ohm/km for R,
anduS/km for B.

¢ Short-circuit location for faults under th

RMS simulation menu

The parameters can be found in Appendix B

A he data format above represents a single

to the system the format must be repeated.

ve

found in Appendix B.

e

between two buses, hence for each line addset to zero R, X and B must be in pu for

Y he data used for the systems studied can Ieits for the line respectively. The value

liBemust be inQQ/km; however if the length i

entire length of the lineyky, Prnax and Sax are

the current, active power and apparent po

denotes that those values are not applicab

this specific modelling.

The data used for the systems studied ca

found in Appendix B.

D

wer

e in

n be

Transformers

Six different types of transformers can
found in the DIigSILENT component librar
ranging from two-winding transformers, aut
transformers to three-winding transforme
Only the two-winding transformers we
discussed in this dissertation. The data is in

in the following order:

¢ Number of parallel transformers

e Three-phase transformer (activated fr
the Technology drop-down menu)

* Rated power

¢ Nominal frequency

¢ Rated voltage (HV and LV sides)

«  Transformer vector group

ytransformers. Their data representation is d
o line, where R and B are set to zero for t
relissertation and only X is used.

re

put

bm

* Negative sequence impedance (% shprt-

bé&ransformers are modelled as two windingransformers are modelled as two windi

otransformers with no iron losses. Their d
niepresentation is done ihine.con, and is

given as:

Line.con=1...
FromBus# ToBus# MVA kV Freq O
Vratio R X 0]

R and X are given in pu and the value
denotes that those values are not applicab

the specific modelling.

ata
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circuit voltage)
e X/Rratio
e Phase shift

The data for the transformer can be found in

Appendix B.

Loads

Loads can be modelled as static or dyna
loads in DigSILENT. However, only stat
the stud

performed in this dissertation. The data for

loads were considered for

loads are input in the following order:

loads). Only static loads were considered.

e P,Q balanced load (activated from the

input mode drop down menu)
e Active power
* Reactive power
* Voltage
e Load scaling factor to change the lo

values

The load data can be found in Appendix B.

mioads can be modelled as static loads (consthowads can be modelled as static log
cpower, constant current, constant impedancg (epnstant power, constant current, cons
e combination of the three), or as dynamimpedance or a combination of the th

tHeads (induction machines, voltage-dependakitown as ZIP), or as dynamic loads (induct

machines, voltage-dependant loads). O
static ZIP loads were considered, and th
modelling is done irtwo data matrices. Th
first is PQ.con, described above, and
second isPl.con, which models a ZIP load
shown below:

Pl.con =1...

Bus# MVA kv Hz g d B, b b &

u]

The conductance (g), susceptance (b), ag
and reactive current and poweg, (lo, P, and
Q, respectively) are given in pu percentage
pu).

tive

(%
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4.6 Summary

The modelling of the HVDC systems in the differenftware packages was discussed in
this chapter. Also included was the different mbdgl of synchronous generators in

terms of the variables used by each package. THe awl PSS diagrams were included
for each package to show the difference in the timamameters used. Load modelling

was also examined.
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Chapter 5

Simulation Results for the Single Machine Infinite
Bus System (SMIB)

5.1 Power system descriptions

This chapter presents the simulation results ferSmgle Machine Infinite Bus (SMIB)
system. It covers the load flow, small signal atahsient stability analysis for the SMIB

system.

Figure 5.1 and figure 5.2 show the single line dhagfor case 1 (HVAC system) and
case 2 (HVAC-HVDC system) respectively. The systanesrated at 1000 MVA, 500 kV
and operate at 50 Hz.

) 250 km | 250 km (D cen

Grid

‘ 250 km | 250 km 4@
|

Load

Figure 5.1: SMIB HVAC Power System Model

The HVAC system is composed of an external grithbnite bus (Grid) with a voltage
rating of 345 kV that igonnected to bus 1 and a generator (Gen) withtag®lrating of
230 kV connected to bus 2. The generator was satgply 1000 MW to the load. A load
of (2000 + j 1000) Mvar is connected to bus 2; @ kG double circuit of 500 kV HVAC
transmission lines, rated at 1000 MVA, is connedtetiveen bus 3 and bus 5. These
lines are modelled using the equivalennodel. Two transformers rated 1000 MVA are

connected between buses land 3 and 2 and 5. A Y0@&pacitor was connected to bus
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2 to supply some of the reactive power consumeithéyoad so that the generator did not

supply all the reactive power that the load consime

HYDC link

& 7
| | 500 km | 1]

Lt T )

Rectifier Inverter
Zen

290 km | 250 km
=rid ] (Ej )_

@ 250 km | 250 km e
1 3 4 5 2 T
ge— Load

Figure 5.2: SMIB HVAC-HVDC Power System model

The HVAC-HVDC system is similar to the HVAC systerhpwever a HVDC
transmission line is added between bus 1 and wigh®ut altering the previous HVAC
system. The HVDC system uses a modified CIGRE bmack model [29]. This is a
monopolar system rated 500 kV, 1000 MVA, 2 kA HVIMK with 12 pulse converters
on both the rectifier and inverter sides. The HVI& is of the same length as the
HVAC lines, 500 km long. To control the power tramded across the HVDC link,
current control is used on the rectifier statiohjak is set to 0.5 kA and CEA is used on
the inverter side. With this current setting, apmately 250 MW is expected to be
transmitted through the HVDC line. No filters werged as PST and PSAT do not cater
for the modelling of these components. Hence thgathof harmonics on the system as a
result of the HVDC system is not discussed.

The simulations in this section are separated tihtee parts, namely load flow, small
signal stability and transient stability.

5.2 Load flow study

The load flow results for the two cases are dissdid&low.
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5.2.1 Case 1: HVAC

The double-circuit HVAC transmission system is ugedtransmit power from the
external grid to the load, as the generator closiné load cannot supply all the power
required by the load. Tables 5.1, 5.2 and 5.3 sti@woltages and powers, both active
and reactive, at all the buses in the system.

For table 5.1, the lowest voltages are observdauatl (slack bus) and bus 2 (PV bus)
where the voltages are fixed at 1 pu, and the Bighaltage of 1.07 pu is observed at bus
4, in the middle of the HVAC transmission lines. the load angle increases between the
sending and receiving ends, the transmitted powereases accordingly and this is
accompanied by a reduction of the voltage in thedhei of the HVAC transmission line
(bus 4) and an increase in the current. When tipesife happens, in other words, if the
load angle decreases, the voltage in the middtaeoHVAC line is expected to increase
and the current is expected to decrease, accongpdmyiea reduction in the power
transmitted. This can be seen in table 5.4, wheeddad angle decreased and the mid-

point voltage increased when compared to table 5.1.

Table 5.1: Voltage magnitude and angle for HYAC SMB system

Element Rated voltage Voltage (pu) and angle (deg)
(kV)

DigSILENT PST PSAT
Bus 1 345 100° 100° 70°
Bus 2 230 1[1-25.38° 11-25.39° 11-25.45°
Bus 3 500 1.0571-5.64° 1.05]-5.64° 1.05]-5.65°
Bus 4 500 1.070-12.92° 1.07-12.93° 1.00-12.97°
Bus 5 500 1.037-19.83° 1.08]-19.84° 1.081-19.89°

The direction of real power flow in the system fiem the grid to the load; hence the
negative signs seen in tables 5.2 and 5.3 mearthtbgbower at that specific bus for a
specific element is in the opposite direction. Aaraple can be seen in table 5.2 in the
column DIgSILENT. Looking at the HVAC transmissidme 1 it is connected at bus 3
and bus 5. Power flows from bus 3 towards busdn(fgrid to load), hence the positive
value. At bus 5, the direction of flow of powerdsvards, hence the negative value at bus
5 when considering the HVAC line 1.
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Table 5.2: Active power for SMIB HVAC system

Element Bus Active power (MW
DigSILENT PST PSAT
Ext Grid 1 1027.51 1027.6 1030.5
Gen 2 1000 1000 1000
HVAC Line 1 3 513.75 513.8 515.3
5 -500 -500 -500
HVAC Line 2 3 513.75 513.8 515.3
5 -500 -500 -500
Load 2 2000 2000 2000
Cap 2 0 0 0
Table 5.3: Reactive power for SMIB HVAC system
Element Bus Reactive power (Mvar)
DigSILENT PST PSAT
Ext Grid 1 -396.93 -400.8 -401.68
Gen 2 14.21 14.8 13.55
HVAC Line 1 3 -264.6 -264.5 -267.45
5 202.4 201.9 198.39
HVAC Line 2 3 -264.6 -264.5 -267.45
5 202.4 201.9 198.39
Load 2 1000 1000 1000
Cap 2 700 700 700

The external grid supplies approximately 1027 MWDIgSILENT and PST and about
1030 MW in PSAT. In DIigSILENT and PST, each of tH¥ AC transmission lines
transmits about 513 MW from the external grid te tbad located at bus 2. In PSAT
about 515 MW was transmitted from the external ¢pidhe load located at bus 2. Each
HVAC line has an active power loss of approximatelgs %. Because the HVAC lines
transmit power below their SIL (1000 MW), the reaet power generated by the
capacitive reactance of the lines is much highan tthe reactive power absorbed by the

inductive reactance of the lines, hence the lingply reactive power at both ends.

5.2.2 Case 2: HVAC-HVDC system

In this case, the HVDC system is used in paraligh the HVAC system and the power
transfer across the systems is divided equally &etwthe HVAC and HVDC
transmission lines, in other words, 50 % of thaltpbwer is transmitted in each line. The

voltage and power of the system are given in tablés5.5 and 5.6.
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Table 5.4: Voltage magnitude and angle for SMIB HVA-HVDC system

Element Rated voltage Voltage (pu) and angle (deg)

(kV) DigSILENT PST PSAT
Bus 1 345 100° 100° 100e
Bus 2 230 10-12.35° 11-12.39° 11-12.39°
Bus 3 500 1.063-2.77° 1.06]-2.77° 1.061-2.77°
Bus 4 500 1.10-6.4° 1.11-6.4° 1.11-6.45°
Bus 5 500 1.061-9.61° 1.061-9.65° 1.061-9.65°
Bus 6 500 1.06 1.06 *
Bus 7 500 1.03 1.03 *

* Not displayed in PSAT

According table 5.4, the lowest voltage is obseraethus 1 (slack bus) and bus 2 (PV
bus), where the voltages are fixed at 1 pu. Thbdsgvoltage in the system of 1.1 pu is
at bus 4.

The direction of power flow in the system is frone grid to the load. The negative signs,
in table 5.5 and table 5.6, show that the powethatbus, for a specific element, is
flowing in the opposite direction (from the loadtbh@ grid).

Table 5.5: Active power for HVAC-HVDC SMIB system

Element Bus Active power (MW
DigSILENT PST PSAT
Ext Grid 1 1022.72 1022.9 1022.9
Gen 2 1000 1000 1000
HVAC Line 1 3 255 255.8 255.9
5 -250.78 -251.5 -251.22
HVAC Line 2 3 255 255.8 255.9
5 -251.78 -251.5 -251.22
HVDC Line 6 511.69 511 511.04
7 -498.47 -496.9 -497.52
Rectifier 1 511.69 511 511.04
Inverter 2 498.47 496.9 497.52
Load 2 2000 2000 2000

Table 5.5 shows that the external grid supplies@pmately 1022 MW to the system
and close to 511 MW is transmitted through the HVID€ with an active power loss of
approximately 1 %. Each HVAC line transmits clos€51 MW to the load at bus 2 and

experiences real power losses of approximatelyd d the power.
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Element Bus Reactive power (Mvar)
DigSILENT PST PSAT
Ext Grid 1 -303.4 -306.5 -307.8
Gen 2 55.16 50.77 48.05
HVAC Line 1 3 -304.64 -304.4 -306.04
5 -273.53 -273.1 -271.54
HVAC Line 2 3 -304.64 -304.4 -306.04
5 -273.53 -273.1 -271.54
HVDC Line 6 0 0 0
7 0 0 0
Rectifier 1 239.28 235.7 236.53
Inverter 2 -242.32 -241.1 -235.77
Load 2 1000 1000 1000
Cap 2 700 700 700

From table 5.6, it can be seen that the HVAC lisapply reactive power, as they
transmit active power below their SIL. The HVDCdinloes not produce any reactive

power.

5.3 Small signal stability

The results shown in this section are for the smsiglhal stability analysis of the SMIB
system. Three control strategies are considered:

1. Manual control (ho AVR and no PSS)

2. Control with AVR only

3. Control with AVR and PSS

For the simulation results presented in this diaten, the synchronous machine is
modelled using the "6 order model with no turbine governor; hence sixde® are
expected in the results for the small signal stgbénalysis. The AVR and PSS used
have been described in sections 3.3 and 3.4.,matiteidifferent software packages they
add a different number of states as seen in Apge@dind Appendix DThis is because
each software package models the grid differerfige table C1 in Appendix C). The
parameters for the AVR and PSS can be found in AgipeB. For the AVR and PSS
used, it depends on the block diagram used in essftware package. Taking
DigSILENT as an example, for the AVR, one has toTdeand Tc to zero and this gives
an additional zero state.
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HVDC links interact with the torsional modes ofliume generators and can significantly
alter the stability of these modes of oscillation groviding negative damping - this
interaction is a function of the HVDC control acticdCurrent control in a DC system is
the parameter that contributes to the negative dagngf rotor oscillations. The HVDC
converter appears as a constant power load to Gheahsmission system, at least within
the bandwidth of the current controller [30 - 35].

HVDC systems were not designed to damp electronmechlaoscillations, but if HVDC
modulation control is implemented correctly, themgéng of electromechanical
oscillations can be increased [1, 36]. No HVDC miatian control was used in this

dissertation.

Modulation control can be implemented in DigSILENiGwever DSL is needed to make
use of this property. In PST, modulation controln@ available but the user has the
ability to use feedback controllers for HVDC systerRSAT has no HYDC modulation

control available or feedback controllers for HVIBgstems. PSAT does not display the

damping ratio for the modes; hence they have tabrilated manually.

5.3.1 Case 1: HVAC system

Tables 5.7, 5.8 and 5.9 show the eigenvalue refudteach of the software tools. For
tables 5.8 and 5.9, the values presented in beldhar percentage changes observed with
respect to the values given in the previous tadohel, the equation used to calculate the

percentage changes is given as:

f-f,

%Af = ( j x100% (5.1)

0

%AJ = (%j x100% (5.2)

0
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where:

Af , A - change in frequency and damping ratio respdgtive

f, { - current/actual values of frequency and dampatip respectively
f,, {, - previous values of frequency and damping raspectively

The complete tables can be seen in Appendix C.

e System with no AVR and no PSS

The generator is modelled using"adder model without a speed governor.

Table 5.7: SMIB HVAC with no AVR and no PSS

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Local mode -0.4394 + 6.0672 -0.4383 +j6.2591 -0.7283 £ j6.3054
f= 0.965; f= 0.996; f= 1.0035;
£=0.0723 (=0.0699 (=0.1147

* System with AVR only
The AVR used is the AC4A excitation system moddie parameters used for this
model are the amplifier gain gK amplifier time constant ¢J and input filter time

constant (7).

Table 5.8: SMIB HVAC with AVR only

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Local mode -0.6734 +j5.6603 -0.78 +j5.87 -0.9385 +j6.1026
f=0.9;6.74 % f=0.93; 6.63 % f=0.9713;3.21 %
£{=0.118163.47 % £ =0.13;85.98 % {=0.152;32.52 %

e System with AVR and PSS

The AVR used remains the same and a PSS is addbe &ystem. The parameters
for this PSS are the washout gain (K), washout tooestant (T) and the lead-lag
time constant (1, T, Tz and T,). The input for the PSS is the rotor spesjl (

51



Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HYAC-HVDC
Systems
Table 5.9: SMIB HVAC with AVR and PSS

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
1&2 -1.563 £)5.1205 -1.7813 +5.2425 -1.3942 +j5.8975

f= 0.8149:9.45% | f= 0.8344;10.23% | f= 0.9386; 3.36 %
£ =0.2919:147.16 % | { =0.3217147.46 % | {=0.230151.38 %

When no AVR or PSS is used, the system is stablehawn in table 5.7. When only the
AVR is used the system remains stable and showsoirement as the damping ratio
increases (63.47 % in DigSILENT, 85.98 % in PST &2db2 % in PSAT) and the

frequency of oscillation decreases (6.74 % in DigENT, 6.63 % in PST and 3.21 % in

PSAT). When AVR and PSS are incorporated in theegear, the system is stable. The
performance of the system improves further, as seetable 5.9; the damping ratio

increases (147.16 % in DIigSILENT, 147.46 % in P®d &1.38 % in PSAT) and the

frequency decreases (9.45 % in DIgSILENT, 10.23n8T and 3.36 % in PSAT).

PSAT shows the smallest improvement for both ferdamping ratio and the frequency
of oscillation of the local mode. Parametets K; and T, in PSAT are set to zero to

simplify the model and make it similar to the modséd in DigSILENT and PST. Note

that if the direction of power flow was from thengeator to the grid, the AVR would add
negative damping, agreeing with the example shawiundur [1]. But because the

direction of power flow is from the grid to the tb@which is in the same location as the
generator) the AVR adds positive damping to theéesgsand not negative damping as
observed in the literature.

5.3.2 Case 2: HVAC-HVDC system
Tables 5.10, 5.11 and 5.12 show the eigenvaludtsesu the local model HVYAC-HVDC

system for all the software packages for the diffiéiscenarios. For tables 5.11 and 5.12,
the values presented in bold are the percentagegelaobserved with respect to the
values given in the previous scenario. The condtioemain the same as in case 1.

Complete tables can be found in Appendix C.
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e System with no AVR and no PSS
Table 5.10: SMIB HVAC-HVDC system with no AVR and ro PSS

Mode Eigenvalue ,frequency, damping ratio
DigSILENT PST PSAT
Local area -0.3009 +j6.4045| -0.4849 +j6.7043 -0.7263 £ j6.4062
f= 1.0193; f= 1.067; f= 1.0196;
£ =0.0469 (=0.0721 (=0.1126

» System with AVR only
Table 5.11: SMIB HVAC-HVDC system with AVR only

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Local area -0.6414 +£j5.6508| -0.9900 + j6.0500 -0.9058 +j6.2434

f=0.899;11.8% | f= 0.9600;10.03% | f= 0.9937;2.54 %
£=0.1128140.51% | £=0.1600;121.91 % | {=0.143627.53 %

* System with AVR and PSS
Table 5.12: SMIB HVAC-HVDC system with AVR and PSS

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Local area -1.7653 £j4.3767| -2.7207 £j5.0313 -1.3664 +j6.0381

f= 0.6968;29.02% | f= 0.8008;19.88 % | f= 0.9609; 3.41 %
£ =0.3741231.65 % | { =0.4757197.31% | {=0.220753.69 %

From table 5.10 it can be seen that the systertaideswhen no AVR or PSS is used.
From table 5.11, it can be seen that when the A¥/Rdided to the system, the damping
ratio increases (140.51 % in DIgSILENT, 121.91 %P®&T and 27.53 % in PSAT) and
the frequency of oscillation decreases (11.8 %igSD_.ENT, 10.03 % in PST and 2.54
% in PSAT). When the AVR and PSS are used in tls¢esy, the system performance
improves by increasing the damping ratio of thetesys(231.65 % in DigSILENT,
197.31 % in PST and 53.69 % in PSAT) and decreasiadrequency of oscillation on
the local area mode (29.02 % in DigSILENT, 19.884°ST and 3.41 % in PSAT).
PSAT shows the smallest improvement in system padace when compared to the

other packages.

Comparing the HVAC system to the HVAC-HVDC systerhen no AVR or PSS is
used, the frequency of oscillation of the local malhigher in the HVAC-HVDC system
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and the damping ratio is smaller in the HVAC-HVDgstem. However, in PST and
PSAT, the damping ratios are almost the same fer HWAC and HVAC-HVDC
systems. When only the AVR is used, the frequeriaysoillations has higher values on
the HVAC-HVDC system and the damping ratio is higinethe HVAC system, with the
exception of PST. When the AVR and PSS are incatpdrinto the systems, the HVAC
system has lower frequency values on the HVAC-HV)Stem and the damping ratio
has higher values in the HVAC-HVDC systems with éixeeption of PSAT.

Literature [31, 32] suggests that HVDC links proglmegative dumping at generators and
this phenomenon can be observed when the HVAC mysecompared to the HVAC-
HVDC system. DIgSILENT is the only package amohg three where the damping
ratio is smaller on the HVAC-HVDC system for thedé different scenarios, namely
when no AVR or PSS is used, when only the AVR iduand when both the AVR and
PSS are used.

5.4 Transient stability

A three-phase fault is applied at one of the linesveen bus 3 and bus 4. This fault is
applied at t = 1s, lasts for 50 ms and is cleagedemoving the faulted line. The effects
of this fault on the HVAC and HVAC-HVDC systems gmesented in this section. The
results presented here are for the systems thatpoate the AVR and PSS. The results
for the systems that do not incorporate these otsnglystems can be found in Appendix
C.

In a system where HVDC transmission lines are dpdran parallel with HVAC
transmission lines, the system is prone to bothstesmt and voltage instability and the

risk increases during disturbances [37, 38]

5.4.1 Case: HVAC system with AVR and PSS

The simulation results obtained for this system sltewn in figures 5.3 — 5.11. The
generator terminal voltage on the different packaigeshown in figures 5.3 — 5.5; the
rotor angle results are shown in figures 5.6 —am@ the active power results ateown

in figures 5.9-5.11.
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* Generator terminal voltage

Before the fault is applied, the terminal voltadetlte generator is 1 pu, which is
confirmed by the load flow. The voltage response¢hef machine in DigSILENT is
displayed in figure 5.3. After the fault has begpleed, the voltage reaches a
minimum of 0.67 pu, a maximum of 1.07 pu and settee1 pu in about 4 seconds.
The voltage response for PST is shown in figure &Here the voltage reaches a
minimum of 0.66 pu, a maximum of 1.12 pu and setttel pu within 4 seconds. The
voltage response for PSAT is shown in figure 5fferathe fault is applied, the
voltage reaches a minimum of 0.77 pu, a maximuth @3 pu and settles to 1 pu after
about 3.5 seconds at 1 pu.
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Figure 5.3: Voltage response in DigSILENT
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Figure 5.5: Voltage response in PSAT
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* Generator rotor angle

The rotor angle response in DIigSILENT is shownigurfe 5.6. After the fault has
been applied the rotor angle reduced from -7588% and after the fault had been
cleared it stabilized and settled at -80° aftee&sads. The rotor angle in PST, shown
in figure 5.7, reduced from 11° to 0° when the tfavhs applied and once it was
cleared it reached a maximum of approximately 1B&§®re settling at a new rotor
angle of 12° within 4.5 seconds. Figure 5.8 shdwesresponse of the rotor angle
when the fault was applied in PSAT. The rotor angéeluced from 14° to
approximately 8° and settled at the pre-fault valithin 4 seconds. The response in
DigSILENT and PST was as expected as the absolalige vof the rotor angle
increased after the fault had been cleared andotbe angle settled at a higher value

than the pre-fault value.
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Figure 5.6: Rotor angle response in DigSILENT
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Figure 5.7: Rotor angle response in PST
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Figure 5.8: Rotor angle response in PSAT
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* Generator active power

In figure 5.9 - 5.11, the active power obtainedDigSILENT, PST and PSAT is
shown. The active power response in DIgSILENT iswahin figure 5.9, where the
active power reaches a maximum of 1.5 pu, a minino@i®.8 pu and settles after 4
seconds. The response in PST is shown in figur@, Svheret reaches a maximum
of 1.56 pu, a minimum of 0.66 pu and settles afteseconds. The response in PSAT
is shown in figure 5.11, where it reaches a maxinofirh.92 pu, a minimum of 0.68
pu and settles after 3.5 seconds. All software pge& perform as expected, since the
generator increases its supply to the load in mspdo the fault. However PSAT

gives higher overshoot values when compared totther software packages.
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Figure 5.9: Active power response in DigSILENT
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Figure 5.10: Active power response in PST
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Figure 5.11: Active power response in PSAT
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5.4.2 Case 2: HVAC-HVDC system with AVR and PSS

The simulation results obtained for this system sirewn in figures 5.12 — 5.20. The
generators’ terminal voltages on the different pges are shown from figures 5.12 —
5.14; the rotor angle results are shown in figusels — 5.17 and the active power is
shown in figures 5.18-5.20.

* Generator’s terminal voltage

The terminal voltage for the generator in DigSILENfigure 5.12), reaches a
minimum of 0.69 pu during the fault and when theltfas cleared it reaches a
maximum of 1.07 pu. The voltage stabilizes in lédsmn 3 seconds. As shown in
figure 5.13, the terminal voltage of the generatips in PST from 1 pu to 0.61 pu
during the fault and after the fault has been ele@dhne voltage reaches a maximum of
approximately 1.14 pu before stabilizing to 1 pteabnly 7 seconds. In figure 5.14,
the voltage response of the generator in PSAT splayed. During the fault the
terminal voltage reduces to 0.76 pu and when thk i cleared reaches a maximum
of 1.07 pu before it settles at approximately sels. When compared to the HVAC
system, the HVAC-HVDC system has more oscillaticarsl these observation
supports what is discussed in [37, 38], where isteted that in a system where
HVDC transmission lines are operated in parallehudVAC transmission lines, the
system is prone to both transient and voltage ligtaand the risk increases during
disturbances. This is because when the HVDC schefiteed with classical constant
power controls, it deprives the parallel AC systeom much needed synchronizing
torque during disturbances. This is visible in 8T the voltage and active power

responses.
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Figure 5.12: Voltage response in DigSILENT
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Figure 5.13: Voltage response in PST
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Figure 5.14: Voltage response in PSAT

* Generator rotor angle

Figures 5.15, 5.16 and 5.17 show the rotor anggpamse of the generator in
DigSILENT, PST and PSAT respectively. In DigSILENAe rotor angle reduces

from -71° to 85° and then increases to -79° bedetding to -80° in 4 seconds. In

PST, the rotor angle reduces from approximately dé®e the fault is applied to

approximately -36° and settles to 19 ° in less th@nseconds. The rotor angle

response in PSAT shows that the angle reducesglthin fault from the pre-fault

value of approximately 19° to 14.3° and stabiliaeshe initial value in 6 seconds.
Only the responses seen in DIgSILENT and PST atipeevith expectation that the

absolute value of the rotor angle must increasma fitee pre-fault value and settle at a

higher post-fault value when the fault is applied a line is removed.
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Figure 5.15: DigSILENT rotor angle response
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Figure 5.16: PST rotor angle response
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Figure 5.17: PSAT rotor angle response

» Generator active power

Figures 5.18, 5.19 and 5.20 show the effect offthdt on the generator’'s active
power output for DIgSILENT, PST and PSAT respedyivin DigSILENT the active
power increases to a maximum of 1.6 pu after th# fa applied and a minimum of
0.48 pu before stabilizing at 2.5 seconds. In P&iFing the fault the generator’s
active power reaches a minimum of -2 pu and oneefdhlt is cleared the active
power reaches a maximum of 4.8 pu before settlingpproximately 4 seconds. In
addition there are some oscillations up to abobits2conds. The behaviour seen in
PST is not expected, as the active power is suppasgcrease and not decrease in
order to cater for the load requirements. This behe may be due to the interaction
of the HVAC system with the HVDC system for thiseslic software package for
the single machine infinite bus system. In PSATe t#ictive power reaches a
maximum of 1.4 pu and a minimum of 0.8 pu. The eyysisettles in less than 7
seconds. The HVAC-HVDC system has larger overshadtsn compared to the
HVAC system.
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Figure 5.18: DigSILENT active power response
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Figure 5.19: PST active power response

66



Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HYAC-HVDC

Systems

Generator active power
5 T T T

active power [pu]
=

3 I I I I I I I I I
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

time [s]

Figure 5.20: PSAT active power response

5.5 Summary

All packages obtained similar results for the Idiagv, for both the HVAC system and
the HVAC-HVDC system. When the load flow was peried on the HVAC system, it
was found that the voltages ranged from 1 to 1108gross the buses on the system, with
the highest voltage encountered at bus 4 in thellmidf the HVAC transmission lines.
Close to 500 MW was transmitted through the HVAGed. Each line had a loss of
approximately 4.2 MW, corresponding to 1.65% of goever transmitted through each
line. The active and reactive power across the gk differed slightly owing to
modelling differences discussed in chapter 4. TWNAB-HVDC system transmitted the
same amount of active power with each system, HAAG HVDC, transmitting 50% of
the power. It was observed that the voltages rariged 1 to 1.1 pu, with the highest
voltage at bus 4, in the middle of the HVAC transsion lines. The HVDC buses were
operating at 1.04 pu and 1.03 pu for the rectéied inverter stations respectively. The
HVDC system had a power loss of approximately 1%levthe HVAC lines had a

combined loss of 1.5%. The power being absorbethbyexternal grid reduced when
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compared to the HVAC system. This is due to thd fhat the converter stations

consumed some of the power on the conversion pafesC to DC.

When small-signal analysis was performed on the B\&ystem it was observed that the
system was stable for all scenarios (with no AVR an PSS, with AVR only and with
AVR and PSS) across all packages. The dampingedbttal area model improved when
the AVR was incorporated and further improvemens watained when the AVR and
PSS were used on the generator. However, the changgamping ratios observed in
PSAT were smaller when compared to DIgSILENT and.P®e HVAC-HVDC system
was found to be stable for all scenarios and itakketl in a similar manner when
compared to the HVAC system. When the AVR was ipocmated, the damping of the
system as well as the frequency improved. WhenAW& and PSS were used, the
damping and frequency improved further. The HVACIH{Y system improved by a
higher percentage if compared to the HVAC systeon.bi6th the HVAC and the HVAC-
HVDC systems, PSAT gave higher values for the dampatios and frequency of
oscillations than those observed in DigSILENT agd P

A three-phase fault was applied at bus 3 on the 8\&&d HVAC-HVDC systems. The
HVAC system remained stable across all three pakagith DigSILENT and PST
having similar voltage and active power respongas. effect of the fault was less severe
in PSAT; however it displayed more oscillations fime voltage and active power
responses. Of the three packages, only the rogie aasponse seen in DiIgSILENT and
PST agreed with the expectations. When the HVAC-I@\Eystem was subjected to the
same fault, the system remained stable acrosaeklages. PST however displayed very
large oscillations for the active power, which fgiauted to the interaction of the HVAC

system with the HVDC system for the single machnfi@ite bus system.
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Chapter 6

Simulation Results for the Two-Area Multi-machine

system

6.1 Introduction

The results shown in this section are for the TweaAMulti-machine Systenit covers

the load flow, small signal and transient stabidibalysis.

Figure 6.1 and figure 6.2 show the single line dhag for case 1 (HVAC system) and
case 2 (HVAC-HVDC system) respectively. In bothesasthe base MVA and base
voltage for the systems are 100 MVA, 230 kV respebt and operate at 60 Hz.

The HVAC system is composed of four generators withating of 20 kV and 900 MVA.

Generators 1, 2 and 4 are respectively connectbddes 1, 2 and 4 which are PV buses,
and set to supply 700 MW. Generator 3 is the ref@eenerator and is connected to bus
3 (slack bus). All other buses in the system ataséQ buses. Generators 1 and 2 are in

area 1 and generators 3 and 4 are in area 2. Rotwansferred from area 1 to area 2.

The system has two loads. The first load of (97&00) MVA is connected to bus 7 and
the second load of (1767 + j 100) MVA is connectetus 9. To boost the voltage in the
system, capacitor banks are connected to bused 9.ak capacitor bank (cap 1) of 300
Mvar is connected to bus 7 and another capacitok b@ap 2) of 450 Mvar is connected
to bus 9. Areas 1 and 2 are connected through ak we of double-circuit HVAC
transmission lines rated at 230 kV. These trangomsBnes are 220 km each. The
transformers connected between buses 1 and 5 and & in area 1 and between buses 3
and 11 and 4 and 10 in area 2 are rated at 900 BRAGA.

The HVAC-HVDC system is similar to the HVAC systerhpwever a HVDC

transmission line is added between bus 7 and wigh®ut altering the previous HVAC
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system. The HVDC system used is modified from th&RE benchmark model [29]
(power and current ratings modified). This is a opolar system rated at 500 kV, 230
MVA, 0.46 kA HVDC link with 12 pulse converters dioth the rectifier and inverter
sides. To control the power transmitted acrosH¥BC link, current control is used on
the rectifier station, which is set to 0.4 kA. Nibef's were used, as PST and PSAT do not
cater for the modelling of these components; howee¢ much difference in the results

Is expected owing to the absence of filters. Thstesy parameters are given in Appendix
D

In both systems, power flows from area 1 to aréa Qupply load 2 that is much bigger

than the total available generation in area 2.
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Figure 6.1: HVAC system
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Figure 6.2: HVAC-HVDC system
6.2 Load flow

The load flow results for the two cases are dissdi®®low.

6.2.1 Case 1: HVAC system

The double-circuit HYAC transmission system is usedransmit power from area 1 to
area 2, as the generators in area 2 do not geraratggh power to supply load 2. Tables

6.1, 6.2 and 6.3 show the voltages and powers titeabusbars in the system.

The negative signs seen in table 6.2 and tabled® from the assumption that the flow
of power on the transmission lines is from bus Bue 9. For example, in table 6.2, when
looking at HVAC lines 1 and 2, at bus 9 the valoe the active power is negative

because power is flowing toward bus 9.
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Table 6.1: Voltage magnitude and angle for HYAC TAMM system

Element Rated voltage Voltage (pu) and angle (deg)
(kV) DigSILENT PST PSAT
Bus 1 20 1.03018.78° 1.03118.81° 1.03118.94°
Bus 2 20 1.0109.13° 1.0119.15° 1.01]19.27°
Bus 3 20 1.031-6.8° 1.081-6.8° 1.081-6.8°
Bus 4 20 1.010-16.79° 1.00-16.79° 1.00-16.8°
Bus 5 230 1.01112.36° 1.0012.37° 1.0012.52°
Bus 6 230 0.9912.45° 0.9912.46° 0.9912.59°
Bus 7 230 0.991-5.65° 0.991-5.65° 0.991-5.52°
Bus 8 230 0.981-18.72° 0.981-18.72° 0.98]-18.65°
Bus 9 230 10-31.49° 11-31.52° 1]-31.55°
Bus 10 230 10-23.42° 11-23.44° 11-23.44°
Bus 11 230 1.021-13.35° 1.021-13.36° 1.00-13.36°
Table 6.2: Active power for HYAC TAMM system
Element Bus Active power (MW)
DigSILENT PST PSAT
Genl 1 700 700 700
Gen 2 2 700 700 700
Gen 3 3 715.62 715.67 715.91
Gen 4 4 700 700 700
HVAC Line 1 7 200.73 200.73 200.71
9 -191.78 -191.76 -191.68
HVAC Line 2 7 200.73 200.73 200.71
9 -191.78 -191.76 -191.68
Load 1 7 967 967 967
Load 2 9 1767 1767 1767
Cap1l 7 0 0 0
Cap 2 9 0 0 0
Table 6.3: Reactive power for HVAC TAMM system
Element Bus Reactive power (Mvar)
DigSILENT PST PSAT
Genl 1 144.1 144.67 146.18
Gen 2 2 136.11 137.2 141.07
Gen 3 3 131.62 132.23 135.67
Gen4 4 97.34 98.52 106.67
HVAC Line 1 7 0.93 1.36 4.63
9 -50.45 -50.72 -52.95
HVAC Line 2 7 0.93 1.36 4.63
9 -50.45 -50.72 -52.95
Load 1 7 100 100 100
Load 2 9 100 100 100
Cap1l 7 300 300 300
Cap 2 9 450 450 450
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The lowest voltage is 0.98 pu obtained at bus 8, @e highest voltage of 1.03 is
observed at buses 1 and 3. Generator 3 suppliegsxamately 716 MW and all other
generators supply 700 MW. The active power deliereross the HVAC line at bus 9 is
close to 382 MW, with each HVAC line having a ladé<lose to 4.5%. The generators in
PSAT supply a relatively larger amount of reactpever when compared to PST and
DigSILENT (the difference being in the range of%.5n generators 1 and 3 to 8 % in
generator 4). The transmission lines absorb moestike power in PSAT when
compared to PST (close to 32 % at bus 7) and DNIL (close to 80% at bus 7), and
the reasons may be linked to the internal modellihthe software packages, since the
transmission line modelling that was chosen dquivalent circuit with lumped

parameters) was the same for all the packages.

6.2.2 Case 2: HVAC-HVDC TAMM system

As in the HVAC case, power is transferred from akda area 2. The lowest voltage on
the system is observed at bus 7 (0.98 pu) andigirest voltage of 1.03 pu is observed at
buses 1 and 3. The HVDC line operates at a volbddeO1 pu in DigSILENT and PST,
as seen in table 6.4. PSAT does not display thegelfor the HVDC line. The voltages
at buses 12 and 13 differ, but the software packagend them off to 1.01 pu. From
table 6.5, it is seen that the HVDC line transnuksse to 200 MW with a loss of
approximately 0.5% and the HVAC lines each transiase to 100 MW with a loss of
approximately 2% each. When compared to the HVASlesy, the HVAC transmission
lines experience half the power loss in the HVACIH{Y system. Generator 3 supplies
approximately 703 MW and all other generators sypil0 MW (Table 6.5). In PST,
generators 1 and 2 in area 1 supply slightly meeetive power than in DigSILENT and
PSAT. The rectifier stations consume approxima@yMvar in DigSILENT and PSAT
and 82 Mvar in PST, while the inverter stations stone close to 113 Mvar in
DigSILENT and 98 Mvar in PST and PSAT (Table 6.6).
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Table 6.4: Voltage magnitude and angle for HYAC-HVIEZC TAMM system

Element Rated voltage Voltage (pu) and angle (deg)
(kV) DigSILENT PST PSAT
Bus 1 20 1.0316.56° 1.0316.67 1.0316.4%
Bus 2 20 1.010-3.14° 1.011-3.04° 1.01]-3.2°
Bus 3 20 1.031-6.8° 1.031-6.8° 1.081-6.8°
Bus 4 20 1.010-16.51° 1.00-16.51° 1.00-16.5°
Bus 5 230 1.0100.12° 1.0110.21° 1.0110.05°
Bus 6 230 0.997-9.85° 0.991-9.79° 0.991-9.91°
Bus 7 230 0.987-18.05° 0.981-18.07° 0.98-18.11°
Bus 8 230 0.9971-24.76° 0.99]-25.79° 0.991-24.76°
Bus 9 230 10-31.24° 11-31.24° 1]-31.2°
Bus 10 230 10-23.17° 11-23.19° 11-23.15°
Bus 11 230 1.010-13.24° 1.00-13.25° 1.000-13.24°
Bus 12 500 1.01 1.01 *
Bus 13 500 1.01 1.01 *
* Results not displayed in PSAT
Table 6.5: Active power for HVAC-HVDC TAMM system
Element Bus Active power (MW)
DigSILENT PST PSAT
Genl 1 700 700 700
Gen 2 2 700 700 700
Gen 3 3 703.07 703.36 703.09
Gen 4 4 700 700 700
HVAC Line 1 7 100.69 100.58 100.9
9 -98.41 -98.25 -98.59
HVAC Line 2 7 100.69 100.58 100.9
9 -98.41 -98.25 -98.59
HVDC Line 12 199.74 199.7 199.35
13 -198.78 -198.7 -198.25
Rectifier 7 199.74 199.7 199.35
Inverter 9 198.78 198.7 198.25
Load 1 7 967 967 967
Load 2 9 1767 1767 1767
Cap1l 7 0 0 0
Cap 2 9 0 0 0
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Table 6.6: Reactive power for HYAC-HVDC TAMM system

Element Bus Reactive power (Mvar)
DigSILENT PST PSAT
Genl 1 158.3 168.2 157.39
Gen 2 2 170.32 193.81 168.08
Gen 3 3 137.79 136.29 135.29
Gen4 4 119.2 115.17 131.11
HVAC Line 1 7 -24.16 -27 -21.95
9 9.05 12.89 12.08
HVAC Line 2 7 -24.16 -27 -21.95
9 9.05 12.89 12.08
HVDC Line 12 0 0 0
13 0 0 0
Rectifier 7 87.3 82.87 86.77
Inverter 9 113.18 99.71 97.74
Load 1 7 100 100 100
Load 2 9 100 100 100
Cap1l 7 300 300 300
Cap 2 9 450 450 450

6.3 Small Signal Stability

The results shown in this section are for the smsigtal stability analysis of the Two-
Area Multi-machine system. The eigenvalues, dampiagos and frequencies are
presented for different excitation system controhtegies, namely without AVR and
PSS, with AVR and no PSS and with AVR and PSS.

To calculate the percentage changes, the folloeqgtions are used:

f-f,

%Af = ( j x100% (6.1)

0

%AJ = (%] x100% (6.2)

0
where:

Af , A - change in frequency and damping ratio respdgtive

f, { - current/actual values of frequency and dampatip respectively

f,. {, - previous values of frequency and damping raspectively
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6.3.1 Case 1: HYAC TAMM system

Tables 6.7, 6.8 and 6.9 show the eigenvalue reatiie the system has no AVR, with
only AVRs in the system and with AVRs and PSSsllimachines. As in the case of the
SMIB systems, the bold values in tables 6.8 andsB®@w the percentage changes that
occurred in the system as AVRs and PSSs were afldigdout any AVR and PSS, the
system has 24 modes which come from the f8uor@ler machines. The negative sign for
the frequency indicates that it has decreased,ewth negative sign for the damping

ratio indicates that it has decreased making theéefs) less damped.

* No AVR
Table 6.7: TAMM HVAC system with no AVR and no PSS
Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Inter-area -0.1402 + j3.5166 -0.0949 +j3.5115 -0.1234 +j3.5172
(f= 0.5596¢ = (f= 0.5589¢ = (f= 0.5598¢ =
0.0398) 0.027) 0.035)
Local area 1 -0.6058 +j6.9444| -0.5463 +j7.0662 -0.826 +j7.3831
(f= 1.1052¢ = (f= 1.1246¢ = (f= 1.1751¢ =
0.0869) 0.0771) 0.1112)
Local area 2 -0.6029 +£j6.7156| -0.5496 *j6.8386 -0.8054 +j7.1386
(f= 1.0688¢ = (f= 1.0884¢ = (f= 1.1361¢ =
0.0894) 0.0801) 0.1121)

With no AVRs on the generators (Table 6.7), thdesysis stable, with all software
packages having similar results for the frequerfaysacillation of the inter-area mode.
DigSILENT gives the highest damping ratio of 0.038Bthe inter-area mode, while
PST shows the lowest damping ratio of 0.027. Ferltital area modes, PSAT has
higher frequency of oscillation (1.1751 Hz and $13Hz) and damping ratios
(0.1112 and 0.1121). DigSILENT has the lowest fezguy of oscillation for the local
area modes and PST has the lowest damping ratios.
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Table 6.8: TAMM HVAC TAMM system with AVR only
Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT

Inter-area 0.0615 +j3.9477 0.04 £j3.98 -0.1104 +j3.5933
(f=0.6283;12.28% (f= 0.63;12.72 (f= 0.5719;2.16%

£ =-0.0156:-139.2%) | {=-0.01;-137.03%) | £ =0.0307-12.29%)

Local area 1 -0.6246 +j7.2932 -0.55 +j7.56 -2.0997 +j6.0771
(f= 1.16075.02% (f=1.2,6.7% (f= 0.9672;17.69%

£ = 0.0853-1.84%) £ =0.07;-9.2%) £ =0.3266193.7%)

Local area 2 -0.6272 +£j7.0773 -0.57 £j7.34 -2.2697 + j6.2366
(f= 1.12645.39% (f= 1.17;7.49% (f= 0.9926; 12.64%

£ =0.0883-1.23%) £ = 0.08;-7.08%) £ =0.3419204.99%)

As the generators are equipped with AVRs only,system becomes unstable (when
looking at the inter-area mode), as seen in TalkBefér DIGSILENT and PST,
agreeing with what is expected from the system wdrép AVRs are used. The inter-
area mode for PSAT, on the other hand, remaindest@his is in disagreement with
the expectation that the inter-area mode will bezamstable when only the AVRs
are used on the generators. The frequency of asoill increases while the damping
ratio decreases for the inter-area mode acrogzaakages. PSAT shows the lowest
percentage change for the frequency of 2.16%, WDIgSILENT and PST show a
change of approximately 12%. The damping ratio shdlhe lowest percentage
change of 12.29% in PSAT and a change of 139% 3iiélolin DIigSILENT and PST
respectively. For the local area modes, DigSILEMd@ BST show that the frequency
increases and damping ratios worsen, as is expadted only AVR is being used.
However, PSAT shows that the frequency of osadlatand damping ratio improve
for the local area modes which does not agree wiiht is seen in literature. The
same behaviour seen in PSAT was observed in thlkestperformed by Mudau in

[13] where it was the only package, out of threehehave in this manner.
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* AVR and PSS
Table 6.9: TAMM HVAC system with AVR and PSS

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Inter-area -0.7542 +j3.9597 -0.76 +£j3.93 -0.4832 +j3.4782
(f= 0.6302;0.3% (f= 0.63;0% (f= 0.5536;3.2%
£ =0.18711299.4%) ¢ =0.19;2000%) £ =0.1376;348.2%)
Local area 1 -1.5533 +£j10.0525 -1.47 +j10.27 -1.8766 +j8.6159
(f= 1.5999;37.8% (f= 1.63;35.8% (f= 1.371341.78%
£ =0.1527;79%) £ =0.14;100%) £ =0.2128-34.84%)
Local area 2 -1.7059 +j9.6841 -1.65 +j9.91 -1.8349 +j8.3361
(f= 1.5413;36.83% (f= 1.58;35.04% (f= 1.3267;33.66%
¢ =0.1735:96.49%) £ =0.16;100%) £ =0.2149-37.14%)

When the generators in the system are equippedAV®Rs and PSS (Table 6.9), the
system in DigSILENT and PST becomes stable. Thepdanratio and frequency of

oscillation improve for the inter-area mode. In SIGENT and PST, the frequency
remains quasi-steady and the damping ratio impréwepproximately 0.19. PSAT

shows the same pattern, but with smaller percenthgages and smaller frequency
of oscillation (~ 0.56) and damping ratio (~ 0.1#).PSAT, the frequency increases
and damping ratios deteriorate for the local areden when compared to using only
AVRs on the system. This behaviour is not expectsdwhen the generators are
equipped with AVRs and PSSs, the damping ratioggpected to increase. However
it still shows the highest damping ratios for tloedl area modes and the lowest
frequency of oscillation when compared to DigSILEAd PST.

6.3.2 Case 2: HVAC-HVDC TAMM system

In tables 6.10, 6.11 and 6.12, the results fordtmall signal stability analysis on the
HVAC-HVDC system are presented. Table 6.10 depiesesults for the system with no
AVR. Table 6.11 shows the results with only AVRstalled on the generators and table
6.12 shows the results for the system with AVRsR86s installed on all generators.

* No AVR

The system is stable across all packages when iRsfWe used. DigSILENT has the
highest damping ratio of 0.0871 (1879.8 % more tR&T) for the inter-area mode,
followed by PSAT with 0.0272 (518.2 % more than P®%Mhile PST has the lowest
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damping ratio of 0.0044. The frequency of oscitlatior the inter-area mode shows
the lowest value of 0.2941 Hz in PST, followed b§035 Hz in DIgSILENT (37 %
more than PST) and the highest of 0.6584 Hz in PS¥B.9% more than PST).
Damping ratios for the local area modes have the$t values in PST, followed by
DigSILENT, and PSAT shows the highest values. Tregufencies of oscillation for
the local modes are to a certain extent similanscall packages. The big differences
in the damping ratios and frequency of oscillatioresy be due to the modelling of the
HVDC system (looking at section 4.5 it can be st in DigSILENT the HVDC

system has no modes, in PST has five modes an8A[T Ras three modes).

Table 6.10;: HYAC-HVDC TAMM with no AVR and no PSS

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Inter-area -0.2216 £j2.5355| -0.0082 +j1.8481 -0.1125 +j4.1371
(f= 0.4035¢ = (f= 0.2941¢ = (f= 0.6584¢( =
0.0871) 0.0044) 0.0272)
Local area 1 -0.6105 +£j6.9798| -0.5479 +j7.2696 -0.9041 +j8.2515
(f= 1.1109¢ = (f= 1157 = (f= 1.3133¢ =
0.0871) 0.0752) 0.1089)
Local area 2 -0.61 +£j6.7179 -0.571 £j6.8461 -0.8846 +j7.93
(f= 1.0692¢ = (f= 1.0896¢ = (f= 1.2621¢ =
0.0904) 0.0831) 0.1109)
« AVR only

When AVRs are added to the generators, the inea-arode becomes unstable for
DigSILENT and PST, while it remains stable in PSARd this behaviour is similar
to case 1. Literature supports the behaviour se®@igSILENT and PST for HVAC;
however no example has been encountered where HNARE were incorporated.
PST shows that the damping ratio for the inter-anede is affected negatively when
AVRs are incorporated into system, while PSAT shoavs improvement. The
damping ratios for the local modes show large imenoent in PSAT where they are
almost three times better than when no AVR was .uBgSILENT shows a slight
reduction in damping ratios and PST shows a sligiprovement on the damping
ratios for the local area modes. For the inter-aremle, it is observed that the
behaviour in DIgSILENT and PST is similar to casesdggesting that when only the

AVR is used, the inter-area mode becomes unsthbteno comments can be made
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on what the correct values are for the frequencg damping ratios for this

benchmark system since the three packages useptebsan the values obtained.

Table 6.11: HVAC-HVDC TAMM with AVR only

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Inter-area 0.1351 +£j3.1059 0.45+j1.78 -0.1454 +j3.9585
(f= 0.4943:-22.5% (f= 0.28;5.04% (f= 0.63;4.31%
{=-0.0434:149.8%) | (=-0.24;-5554.5%) { =0.0367;34.9%)
Local area 1 -0.6066 + j7.0689 -0.57 +j7.49 -2.0325+ j6.0937

(f= 1.1251:1.28% | (f= 1.19;-2.85% | (f= 0.9698:26.16%
¢ = 0.0855;1.84%) {=0.08;6.38%) | =0.3164:190.54%

Local area 2 -0.6389 +j7.3403 -0.63+7.35 -2.2817 £j6.2314
(f= 1.1682;-9.26% (f= 1.17;-1.12% (f= 0.9918;21.42%
£ =0.0867; 4.1%) £ =0.09;8.3%) £ =0.34382210.01%

* AVR and PSS

The system is stable when AVRs and PSSs are usedl generators. DigSILENT
and PST show similar results for the inter-areanfulag ratio~ 0.6) and local area
modes (damping ratie 0.14 and 0.18 for local modes 1 and 2 respeciiveI$AT
shows a reduction in the damping ratios for thell@eea modes when compared to
the case without PSS; however it has the highesipae ratios when compared to
the other two packages. PSAT has the highest freyuef oscillation for the inter-
area mode while having the highest frequency ferltital area modes and PST has
the lowest frequency for the inter-area mode whdging the highest frequency for
the local area modes. Assuming that the behavibtireosystem is the same as in the
HVAC case, the system does behave as expectedyBIENT and PST.

Table 6.12: HYAC-HVDC TAMM with AVR and PSS

Mode Eigenvalue, frequency, damping ratio
DigSILENT PST PSAT
Inter-area -2.0782 +£j2.7819 -1.15+j1.52 -0.3991 +j3.5758

(f= 0.442810.42% | (f= 0.24;14.29% | (f= 0.5691.9.67%
¢ = 0.5985;1479.1% ¢ = 0.6;350%) ¢ = 0.1109224.25%

Local area 1 -1.4997 £j10.3563 -1.45 +j10.1 -1.766 +j8.0331
(f= 1.6482-46.49% | (f= 1.61;-35.29% | (f= 1.2785-31.83%
(=0.1433,67.6%) £ =0.14;75%) { =0.215;-32.05%)

Local area 2 -1.6373 +£j9.6649 -1.77 £9.92 -1.8225 +j8.3421
(f= 1.5382-31.67% | (f= 1.58;-35.04% | (f= 1.3277-33.86%
(=0.167;92.27%) { =0.18;100%) £ =0.2134-37.93%)
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6.4 Transient Stability

A large disturbance was applied to the system énfolhm of a three-phase fault at bus 8
and this fault was cleared by removing the transioisline between bus 8 and bus 9.
The fault is applied at 1 s and lasts for 50 ms $ame fault is applied on the HVAC
system as well as on the HVAC-HVDC system. The Itesare discussed below. The

results discussed below are for the case whergytem includes AVRs and PSSs only.

6.4.1 Case 1. HVAC TAMM system
Figures 6.3 to 6.11 show the effect of the faulttbe HVAC system. Figures 6.3-6.5

show the effect of the fault on the terminal voéiagf the generators, figures 6.6-6.8
show the effect on the rotor angle and figures®19- show the effect on the active
power output of the generators.

» Generator terminal voltage

When the fault is applied, in DIgSILENT and PSTg(fies 6.3 and 6.4 respectively),
the lowest voltage of 0.82 pu is reactedhe terminals of machine 4 and once the
fault is cleared the maximum voltage of 1.09 pwbserved at the terminals of
machine 1. The system settles in approximatelycéra#s. When the fault is applied
in PST, the lowest voltage of 0.86 is observedhattérminals of machine 4 and when
the fault is cleared the maximum voltage of 1.08dsn at the terminals of machine 1.
The system in PSAT shows more oscillations andeseitt approximately 9 seconds.
As seen in table 6.9, PSAT has the lowest dampatig of all software packages;
hence in responses to the fault, it is the systesh has most oscillations. In other
words, it is less damped. The effect of this lowungang ratio can be seen in figure
6.5.
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Figure 6.3: Generator terminal voltage responses iDigSILENT
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Figure 6.4: Generator terminal voltage responses iRST

82



Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HYAC-HVDC

Systems

Generator terminal voltage

T T T T
Machine 1
Machine 2
———— Machine 3 H
----- Machine 4
_ /'\\o’ Vi o N et s e e e e e e o ]
> —
2
Q
&
6 -
>
0.9+ i
0.85 N
08 | L L | L L L | L
0 1 2 3 4 5 6 7 8 9 10

time [s]

Figure 6.5: Generator terminal voltage responses iRSAT

* Generator rotor angle

Figure 6.6 and figure 6.7 show the result for therangles in DiIgSILENT and PST.
During the fault, the rotor angles increase owingthe excess energy that the
machines have. This kinetic energy causes andsers the machines rotor angular
velocities. After the fault is cleared, the rotorgées of machines’ 1 and 2 settle at a
slightly higher value than the initial. This is dtethe increase in machine speeds
from the machines in one area with respect to theroarea. The rotor angle for
machine 4 returns to a lower value than its prét-feaiue in DIgSILENT and PST
and it returns to its pre-fault value in PSAT. Toéor angle for machine 3 is at zero
in PST and in PSAT, while in DIgSILENT it is at apgimately -53°. This is due to
the fact that DigSILENT automatically calculates tiotor angle, taking machine 3 as
the reference. In PST and PSAT, the results arengas individual rotor angles for
each machine. To obtain the graphs displayed bé&bovhe rotor angle, machine 3
was used as the reference machine, and hencettiieangle is at zero. The response
of the rotor angles in PSAT, where the rotor angkesll machines return to the initial

value once the fault is cleared, is not ideal. Tfibecause when a line is removed a
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new operating angle is expected and machines 2 aned supposed to settle at higher
values. In DIigSILENT and PST the system settlempproximately 8.5 seconds,

while in PSAT the system settles in approximateb/seconds.

Generator rotor angle
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Figure 6.6: Rotor angle responses in DigSILENT
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Figure 6.7: Rotor angle responses in PST
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Figure 6.8: Rotor angle responses in PSAT
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* Generators’ active power

Figure 6.9 shows the active power output for alichimaes in DigSILENT, where
machine 2 has the lowest power output of 2.1 pinduhe fault and once the fault is
cleared machine 4 has the maximum output of 8.2pd,the system settles in under
7 seconds. Figure 6.10 displays the output for R8iEere machine 2 has the lowest
power output of 1.9 pu during the fault and mackireas the maximum output of 8.5
pu once the fault is cleared. The system in PSilesein approximately 7 seconds.
Figure 6.11 depicts the results for the power aduipuPSAT. During the fault,
machine 2 shows the lowest power output of apprateig 3.4 pu and once the fault
is cleared machine 1 shows the highest outputpd.with the system stabilizing at
approximately 6 seconds. The impact of the fauthmthree packages is less severe
in PSAT even though it has smaller oscillationg that longer when compared to
DigSILENT and PST, making the system in PSAT motzust.
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Figure 6.9: Active power responses in DigSILENT
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Figure 6.10: Active power responses in PST
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Figure 6.11: Active power responses in PSAT
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6.4.2 Case 2: HYDC-HVAC TAMM system

Figures 6.12-6.20 show the effect of a three-ptiask# on the HVAC-HVDC system.
Figures 6.12-6.14 show the effect on the termimmdiage of the machines, figures 6.15-
6.17 show the rotor angle response and figures-&2a®@ show the response of the

machines’ active power across the three packages.

* Generators’ terminal voltage

Figures 6.12, 6.13 and 6.14 show the responsesh@fntachine voltages for

DigSILENT, PST and PSAT, respectively. It can bers&om figure 6.12 and figure

6.13 that the system stabilizes in less than 4rgkcaDuring the fault, machine 4
reaches the lowest voltage of 0.82 pu and machireadhes the highest voltage of
1.08p.u. The voltage responses in PSAT, showrgurdi 6.14, have more oscillations
and take longer to stabilize, approximately 6 sdsouring the fault, machine 4
reaches a minimum voltage of 0.86 pu and machineathes a maximum of 1.08

when the fault is cleared.
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Figure 6.12: Generator terminal voltage responsesiDigSILENT
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Figure 6.13: Generator terminal voltage responsesiPST
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Figure 6.14: Generator terminal voltage responsesiPSAT
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* Generators’ rotor angle

Figures 6.15, 6.16 and 6.17 show the results fmtlachine rotor angle differences,
taking machine 3 as the reference rotor angle. Tdter angle response in

DigSILENT, shown in figure 6.15, settles in lesarth3.5 seconds, while the rotor
angle responses for PST and PSAT, shown in figar&§ and 6.17, respectively
settle at approximately 5 seconds. DigSILENT digpléne rotor angle with respect to
machine 3, while PST and PSAT display individuabraangles as discussed in the
previous section 6.4.1. The graphs displayed hezee walculated manually. The

response of the rotor angles of machines 1 andcdses in DIgSILENT and then

increases settling at a higher value. This behav®uot normal as the rotor angles
are expected to increase when the fault is appliedPST the rotor angles of

machines 1 and 2 increase and settle at a highee ¥aan expected and in PSAT
they do increase; however they settle at the saahgewvonce the fault is cleared.
When comparing the HVAC-HVDC system to the HVAC teys, among the three

packages, the HVAC system operates and settleglarirotor angle values. In the

HVAC-HVDC system the rotor angle values may be $nabecause half of the

power is still transmitted through the HVDC system.
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Figure 6.15: Rotor angle responses in DigSILENT
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Figure 6.16: Rotor angle responses in PST

91



Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HYAC-HVDC
Systems

Generator rotor angle

34.38 T \ T \
Machine 1
28.65 - Machine 2 |
———— Machine 3
----- Machine 4
22.92 - B
— 17.191 =
(=2}
[}
oA
v —//_\/v_
> 11.46+ =
c
©
S
e 573t e
O e s s s s s s ]
-5.73 - B
——————————————— \_’,"—-“———-‘~~———---—-——'--————'—————————————————-————
-11.46
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

time [s]

Figure 6.17: Rotor angle responses in PSAT

* Generators’ active power

The responses of the machines’ electric power laogvis in Figures 6.18, 6.19 and
6.20. In DIgSILENT the electric power of machingetluces to 2.3 pu and that of
machine 2 reduces to 2.8 pu during the fault; aftex cleared machine 4 reaches a
maximum of 8 pu before stabilizing in 3 secondsP8II' machine 2 shows the lowest
active power at 2.3 pu and machine 4 is at 2.5pingd the fault. When the fault is
cleared, machine 4 displays the maximum at 8.4 pd the system settles in
approximately 6 seconds, as shown in figure 6.1 dlectric power displays more
oscillations in PSAT (figure 6.20) when comparedfte other packages. The active
power at machine 4 dips to 4.3 pu, that at macBimeduces to 4.35 pu during the
fault and machine 1 reaches a maximum of 7.7 puthadsystem settles after 5

seconds.
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Figure 6.18: DigSILENT active power responses
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Figure 6.19: PST active power responses
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Figure 6.20: PSAT active power responses

6.5 Summary

The performance of the HVAC system is similar asral packages. Each of the HVAC
lines has a loss of 4.5% of the power transmitféden the load flow is performed on the
HVAC-HVDC system, the HVDC line has a loss of 0.6%the power transmitted while
each of the HVAC lines has a loss of 2%. The HVAEZEKL system has fewer losses
than the HVAC system. The power supplied by geperdtreduces, as the losses on the

system decrease when compared to the HVAC system.

When small signal stability is performed, it is ebged that in PSAT the system is stable
for all scenarios (with no AVR and no PSS, with AV¥RIly and with AVR and PSS)

disagreeing with literature on the case where &WRs are used, as according to the
literature the system becomes unstable. In DigSILEMd PST the system is stable
when no AVR or PSS is used, as well as when AVR R8& are incorporated on the
generators. When only the AVR is used, DIgSILENT &8T show that the system is
unstable, as stated in literature. When small $igtability is performed on the HVAC-
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HVDC system, the system is stable for all scenanoBSAT. In DIgSILENT and PST
the system is unstable when only the AVR is used?3T, the damping ratio when no
AVR or PSS is used is much smaller than in therofiaekages. The damping ratio is
similar for DiIgSILENT and PST when AVR and PSS ased; however PSAT shows the
smallest damping ratio, almost five times smalfi@ntin the other packages, which is not
desirable, as the highest damping ratio is whatesired. The results obtained in this
simulation, which are in accordance with the reswolbtained by Mudau [13], for the
HVAC case without AVR, raise the question of thewmacy of PSAT, since it disagrees

completely with literature.

When the transient stability was performed, wherly the case that incorporates AVR
and PSS was considered, on the HVAC system themystas stable across all packages.
PSAT had more oscillations on the voltage and agigwer curves when compared to
DigSILENT and PST. It also had the smallest vasiain terms of the voltage and active
power, as it had the smallest drop and the smahestase once the fault was cleared.
The voltage settles in almost 8 seconds acrospaakages, while the active power
stabilizes in 7 seconds across all packages. ThAGIMVDC system remains stable
across all packages and after the fault has beamed the system stabilizes much faster
when compared to the HVAC system, settling in lden 5 seconds in most cases.
DigSILENT and PST show similar results, with sndifferences on the minimum and
maximum values for the voltage and active powet,tbe trend is very similar for both
packages. PSAT, on the other hand shows more aismis for the HVAC-HVDC

system when compared to the other packages
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

A comparative study of three software packages,etamigSILENT, Matlab PST and
PSAT, has been carried out in this dissertatione Tomparisons of the software
packages are primarily aimed at their modelling atéigies and performance when
studying HVDC systems. DigSILENT was found to motted HVDC system and other
HVAC components in more detail than PST and PSAdwdver no modifications are
allowed without using the DSL (DIigSILENT Simulatidranguage). PST and PSAT
allow users to modify the HVDC system and other gonents, but in-depth knowledge
of these software packages is needed to beneifit fluos option, as these packages are
based on Matlab. The modelling differs from packem@ackage even though the order
of the generators, HVDC systems and all other corapts are assumed to be the same.
These differences can be observed easily on the pgrameters entered in each software
package. Unfortunately, in DIgSILENT the user dneshave access to the codes used to
run all the simulations. In PST and PSAT the user &iccess to the m-files that make up
the systems used. From the load flow, small-sigmal transient stability studies, the

following conclusions were drawn:

7.1.1 SMIB systems

The load flow on the HVAC system showed that théwsre packages obtained similar
results for the bus voltages and active power ggediby the external grid and generator.
The reactive power obtained across the three pasksigowed different results for the
power supplied by the generator and the power Abdoby the external grid. These

differences are not very significant.

When the small signal stability study was perfornoedthe HVAC system, the system
was found to be stable across all packages fothilee scenarios (no AVR and no PSS,
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only AVR used and when AVR and PSS were used omgéinerator). PSAT showed the
lowest percentage change for the three packagen thleeAVR was added as well as
when the AVR and PSS were used on the generatg&IDENT and PST showed results
that were not far from each other when lookinghat damping ratio, frequency and the
percentage changes. Across all packages the regudisd with the expectation, since the
direction of power flow was from the grid to theatb (which is in the same location as
the generator), hence the AVR adds positive damfonthe system and not negative,
damping as observed in the literature.

When the three-phase fault was applied on the HV&&tem, the system regained
stability in approximately 4 seconds. The voltagel active power responses for the
generator displayed similar results (larger impawctthe system) for DigSILENT and
PST. The graphs obtained on PSAT have more osoiltwhich can be linked to the
simplifications done on the AVR used. Looking atk thesponses from PSAT in
Appendixes C and D, under manual control, it carséen that PSAT does not have as
many oscillations as DIgSILENT and PST.

The load flow for the HVAC-HVDC system also disptalysimilar results for the bus
voltages as well as the active power supplied bygégnerator. However, the HVAC lines
have a cumulative loss of 1.5%, while the singleD/Iline has a loss of 1% of the
power transmitted. The reactive power absorbecbyekternal grid and supplied by the
generator are also different across the packagesp@red to the HVAC system, the
reactive power increased to cater for the reacpioerer consumed by the converter
stations. The reactive power consumed by the comvestations differs for the three
packages, as the modelling of the converter statiothe different software packages is
different.

The small-signal stability studies for all scenarghowed that the system is stable across
all packages. When the AVR and PSS were incorpiatéhe system the damping ratio
increased, improving the stability of the systerBAFP showed the smallest percentage
changes as the scenarios changed while DigSILENdWweth the highest percentage
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changes. When controllers such as AVR and PSS uwsa@, PST displayed the highest

values for the damping ratios, making the systemrerstable in PST.

The HVAC-HVDC system has higher damping ratios wisempared with the HVAC
system. This means that when a fault is appliedH¥AC-HVDC system can respond
better to it as the system is more stable. Comgatie HVAC system to the HVAC-
HVDC system, when no AVR or PSS is used, the fraquef oscillation of the local
mode is higher in the HVAC-HVDC system and the dmmpratio is lower in the
HVAC-HVDC system. However, in PST the damping raisolower in the HVAC
system. When only the AVR is used the frequencgatiillations has higher values on
the HVAC-HVDC system and the damping ratio is higimethe HVAC system with the
exception of PST. When the AVR and PSS are incatpdrinto the systems, the HVAC
system has lower values on the HVAC-HVDC system tlleddamping ratio has higher
values on the HVAC-HVDC systems, with the exceptd®PSAT.

The fault applied on the HVAC-HVDC system showst tie system regains stability in
all packages. PST shows that the voltage and agioxger responses have larger
oscillations and take longer to stabilize when cared to the results obtained in
DigSILENT and PSAT. The HVDC system may contribtgevoltage instability on the

SMIB system in PST based on the results obtainethis dissertation agreeing with
literature, which states that when the HVDC schesmétted with classical constant
power controls, it deprives the parallel AC systtfmm much needed synchronizing

torque during disturbances.

For the Single Machine Infinite Bus system, it d@nsaid that DigSILENT is the only
software package that behaves as expected fowdies. PST has very large oscillation
when the transient stability studies are performethg to the interaction of the HVAC
with the HVDC system. PSAT behaves as expectedhirsingle machine infinite bus

system for all studies; however the values diffgnicantly from those in literature.
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7.1.2 TAMM systems

The load flow performed on the HVAC system showsilgsir responses across all

packages.

The small-signal results for the HVAC system shdwattthe system is stable under
manual control across all packages. PST has theslovalues for the damping ratios for
the inter-area mode as well as for the local ma@iek PSAT has the highest values for
the damping ratios for the local area modes. DI§BIL has the highest damping ratio
for the inter-area mode. Between PST and PSAT, BT agrees with literature on the
HVAC system, while PSAT displays inconsistencieemwlonly AVR is used for the two
area multi machine system. When only AVR is ud®8AT shows that the system is
stable even though the damping ratio has worsened229 %. This behaviour is
unexpected, as according to the literature theesyst expected to be unstable. In
DigSILENT and PST the system is unstable, as ther-srea mode has a negative
damping ratio. DIgSILENT and PST show similar résuvhen compared to PSAT.
When the PSS is added to all machines the systgainge stability, with the damping
ratio for the inter-area mode improving and becanpositive.

Transient simulation results for the HVAC systerowtthat DigSILENT and PST yield
very similar results for the voltage, rotor andiaetpower generator responses. PSAT
shows more oscillations on the graphs displayed lagla smaller voltage and active
power drop as well as smaller maximum voltage actie power output. However,
when no AVR or PSS is used on the system, when amdgo the DIgSILENT and PST,
the responses for the voltage, rotor angle andreagibwer show fewer oscillations.
Hence it can be assumed that the simplificationgedm the AVR in PSAT have led to
these oscillations. The simplifications were doeeduse PSAT does not have the simple
AVR that was used in the other packages. Nonee{jinerators exceeded its capacity in

response to the fault on the system.

The HVAC-HVDC system results for the load flow sgud similar across all packages,

and when compared to the HVAC system, an improveimsearoticed as the losses on the

transmission lines decrease. Consequently, theeagibwer supplied by generator 3
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reduces to 703 MW. The reactive power supplied H®/ generators increases, as the

converter stations need reactive power for thaiwveosion process.

The small-signal results for the HVAC-HVDC systelmow that the system is stable
without AVR. The inter-area modes are very différaoross all packages, resulting in
different damping ratios for the inter-area modeoss all packages. These differences in
the results obtained are due to the different mimadebf the HVDC system. In PST the
HVDC system has five modes, PSAT has three modd<DagSILENT has no modes.
PST shows the lowest damping ratio of 0.0044, wiMgSILENT has the highest
damping ratio of 0.0871. The damping ratios for lineal area modes differ across the
packages, with PST having the lowest damping ratiod PSAT having the highest
damping ratios.

When only AVR is used on the generators, the systecomes unstable in DIgSILENT
and PST, as the damping ratio for the inter-aredentmecomes negative. In PSAT, the
system remains stable, as the damping ratio imgroye34.9% for the inter-area mode,
remaining positive. When the PSS is added to alegaors, the system becomes stable
in DIgSILENT and PST and it remains stable in PS&ven though the damping of the
local modes has decreased. When compared to theCHMAtem, the HVAC-HVDC
system is much more stable when considering theasicewhere AVR and PSS are used
on all generators. The damping ratio for the irsteza mode is approximately three times
better in the HVAC-HVDC system. The damping ratar the local area modes are
almost the same in both the HVAC and HVDC systekssuming (since there is no base
for comparison) that the behaviour of the HVAC-HVIB¢stem is similar to that of the
HVAC system, the performance of the HVYAC-HVDC systis as expected.

The transient results for the HVAC-HVDC system ioyed when compared to the
HVAC system, as the settling time reduced to apipnately 4 seconds. The voltage and
active power output for the generators showed ammgsults in DigSILENT and PST.

None of the generators was overloaded in respanetfault on the system.

As in the Single Machine Infinite Bus system, DIGQENT is the only software package
recommended for all studies (considered in thisedistion) that can be presentasl
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standard software to use on HVAC or HVAC-HVDC syste PST can be fully trusted

when performing HVAC studies only as the resultseagwith the examples used in
literature. When considering the HVAC-HVDC, the Twaea Multi-Machine system
behaves quite as expected for all studies. PSATdks investigated in more detail as it
displays large inconsistencies with literature ba HVAC system, introducing serious
doubts about its accuracy for the HVAC-HVDC systas well. Further work is

necessary to determine the causes of these intemsiss.

7.2 Recommendations

In this dissertation, it has been observed thdemint results are obtained for different
software packages when using the same power systedel in the small-signal and

transient stability studies. Among the three sofevpackages, the one that always
behaved as expected is DIigSILENT. Therefore, th&Bwaee that the researcher

recommends for load flow, small signal and transgability studies on both HVAC and

HVAC-HVDC systems is DigSILENT. PST performed muwn#iter than PSAT, hence |

recommend that PST be considered as a stepping; dtowever the user cannot fully

trust the results for the HVAC-HVDC system for thiegle Machine Infinite Bus system.

Further work is necessary to determine the causissdbehaviour.

When selecting software packages to study HVDCesyst it is advised that these
software packages be from the same class - in atbefs, compare commercial software
packages as a group and academic software packagegroup. Commercial packages
are well tested and in most cases computationéfigient; however they can be very
cumbersome for educational or research purpose®sobt cases, these packages do not
allow one to change the source code or add newitilges. For research purposes
flexibility and the ability to prototype easily araore important, hence open research
tools are advised and in-depth knowledge of theselemic tools is needed. Research
packages that allow complete and detailed systewhehiog - in other words, that can
model components such as reactors, filters etccem@nmended in order to make a fair

comparison of the software packages.
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Based on the work done in this dissertation, theABVHVDC system is recommended

for power transmission as it offers fewer lossed snmore stable in both small-signal

and transient studies.

| recommend that in future the effect harmonics #Heuse of filters to filter out these

harmonics be studied as well.
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Appendices

Appendix A:

Appendix B:

Appendix C:

Appendix D:

A brief description of small signalcatransient stability is given in this

appendix.

This appendix gives the data for tidIE5 TAMM and HVDC system
used in chapters 5 and 6, as well as the AVR aiRidaa

This appendix presents the resultaiobtd when the small signal and
transient stability studies were performed on théAB and HVAC-
HVDC SMIB systems.

This appendix presents the resultsaiabtd when the small signal and

transient stability studies were performed on théAB and HVAC-
HVDC TAMM systems.
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Appendix A
Small Signal and Transient Stability

Small signal stability

Small signal stability can be described as theitgbdf a power system to maintain
synchronism when subjected to small disturbanasd) as small variations in the loads

and generation.

Instability can occur either as a result of a syemdtrease in the rotor angle due to
insufficient synchronizing torque or as a resultrofor oscillations which increase in

amplitude due to insufficient damping torque.

Small signal stability of power systems focus oa fibilowing types of oscillations:

e Local modes are the modes that are associated théthswinging of units at a
generating station with respect to the rest ofpibwer system. They are localized at a

power station or are a small part of a power system

* Inter-area modes are the modes that are assoeiéted group of machines in one
part of the system oscillating against a group{shachines in another part(s) of the
system. This mode results from a weak tie(s) imtenecting the different parts of the

system.
* Control modes are the modes that are associatdd gemerating units and other

controls. The instability of these modes is a restilpoorly tuned exciters, speed

governors, HVYDC converters and static var compensat
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* Torsional modes are the modes that are associdthdtive turbine-generator shaft
system rotational components. Interaction with &ticin controls, speed governors,
HVDC controls and series-capacitor-compensateds limay cause instability of
torsional modes [2].

Transient stability

Transient stability of a power system refers to albdity of a system to remain stable
under transient disturbances, in other words, raainsynchronism when subjected to
severe disturbances such as faults and switchinignes. The stability of a system is
primarily dependent on the initial state of theteys as well as on the severity of the
disturbance.

Under transient stability, two forms of instabilican be encountered: a case where the
rotor angle keeps increasing steadily until synclsm is lost owing to insufficient
synchronizing torque, known as first-swing, or aecahere the system is stable in the

first-swing, but the oscillations keep growing ogito insufficient damping torque [2].
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Appendix B

Systems Data

B1 Single machine infinite bus system

The data presented below are valid for both forHMAC and HVAC-HVDC systems.
However, the HVDC data only apply to the HVAC-HVIEMIB system. The data are
given both in pu and in Sl units, as DIgSILENT u$&#aunits while PST and PSAT use

pu units for most of the components.

Table B.1: HVDC Converter station parameters

Parameter Rectifier Inverter
Rated DC voltage (kV) 500 500
Rated power 1000 1000
min a 15 -
maxo. 26 -
min y - 135
maxy - 170
Commutation reactance 3 3
Control type CC CEA
Current setpoint (kA) 0.97 -

Table B.2: HYAC / HVDC Transmission Line parameters

Parameter HVDC Line HVAC Line
Sl/km* pu/km Sl/km* pu/km
Resistance (R) 0.0281 0.0001124 0.0281 0.0001124
Reactance (X) 0.027 0.000108 0.27 0.00108
Susceptance (B) 0.433 0.0001075 4.3 0.001075
Rated voltage (kV) 500 500
Rated Current (kA) 2 0.125
Length (km) 500 500

* The Sl used for R, X and B are Ohms (R, X) asd(B).

Table B.3: Transformer parameters

Parameter HVDC Trs HVAC Trs
Trl Tr2 Tr3 Tr4
Voltage (kV) 345/500 500/230 345/500 500/230
Nominal Power (MVA) 1000 1000 1000 1000
Reactance (pu) 0.15 0.15 0.1 0.1
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Synchronous generator data
Xq4=1.81 X4=0.3 X"4=0.23
Xq=1.76 4w=0.65 X'3=0.25
X =0.16 R =0.003

T'4w0=8s T’4 =0.03s

Tw=1s T’ =0.07s

Asat=0.031 B4=6.93

H=3.5

AVR
Ka =200 Ta=0.05s |k=0.01s

PSS
K=20 T=10s
T1=0.05s $=0.02s £=3s 4=5.4s

B2 Two Area Multi-machine System

Table B.4: HVYDC Converter Station parameters

Parameter Rectifier Inverter
Rated DC voltage (kV) 500 500
Rated power 500 500
min o 15 -
maxa. 40 -
min y - 135
maxy - 170
Commutation reactance 3 3
Control type CC CEA
Current Setpoint (kA) 0.395 -
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Table B.5: HVAC / HVDC Transmission Line parameters

Parameter HVDC Line HVAC Line
Sl/km* pu/km Sl/km* pu/km
Resistance (R) 0.0281 0.0001124 0.0529 0.0001
Reactance (X) 0.02 0.0001 0.529 0.001
Susceptance (B) 0.439 0.00011 3.371 0.001
Rated voltage (kV) 500 230
Rated Current (kA) 0.46 1
Length (km) 220 220

Table B.6: Transformer parameters

Parameter HVDC Trs HVAC Trs
Tr Tr Tr Tr
Voltage (kV) 230/500 500/230 20/230 230/20
Nominal Power (MVA) 900 900 900 900
Reactance (pu) 0.15 0.15 0.15 0.15

Synchronous generator data
Xq=1.8 X3=0.3 X"q4=0.25
Xq=1.7 Xq=055  X7%3=0.25
X =0.2 R = 0.0025
T4o=8s T"40=0.03s
T'w©=0.4s Ty=0.05s
a=0.015 Bx=9.6
wn =0.9
S0=0.039 $,=0.223
Kp=0
H = 6.5(For machines 1 and 2) H =6.175(for maws 3 and 4)

AVR
Ka =200 Tn=0.05s |k=0.01s
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PSS
K=20 T =10s
T1=0.05s $=0.02s t=3s 4=5.4s
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Appendix C
SMIB Small Signal and Transient

Simulations

SMIB eigenvalues, frequency and damping ratios

Presented in the tables below #re complete eigenvalue, frequency and dampingsati
for the HVAC and HVAC-HVDC systems discussed irsttissertation.

Table C.1: HVAC SMIB manual control

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -0.4394 +j6.0672 -0.4383 +j6.2591 -0.7283 £ 6.3054
(f= 0.965; = (f= 0.996; = (f= 1.0035¢ =
0.0723) 0.0699) 0.1147)
3 -36.5165 -36.2238 -34.2857
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
4 -20.5015 -21.7903 -21.9745
(f=0¢=1) (f=0,£=1) (f=0¢=1)
5 -10 -1.3436 -1.4223
(f=0;(=1) (f=0¢=1) (f=0=1)
6 -10 -0.2569 -0.0672
(f=0¢=1) (f=0¢=1) (f=0¢=1)
7 -1.4421
(f=0,£=1)
8 -1
(f=0,=1)
9 -1
(f=0,£=1)
10 -0.2439
(f=0,=1)
11 -0.0106
(f=0,=1)
12 0
(f=0,£=1)
13 0
(f=0,=1)
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Table C.2: HVAC SMIB with AVR only

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -0.6734 +j5.6603 -0.78 £j5.87 -0.9385 + 6.1026
(f= 0.9; (f= 0.93; (f= 0.9713( =
(=0.1181) (=0.13) 0.152)
3 -101.1472 -95.5613 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
4 -43.6611 -23.3436 -1000000
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
5 -20.7289 -19.491 + j14.3765 -108.46 + j27.34
(f=0;¢=1) (f= 2.288; = (f=4.35;{=0.973)
0.8048)
6 -5.7474 + j15.638 -19.491 - j14.3765 -108.46 - j27.34
(f= 2.488; = (f= 2.288; = (f=4.35;{=0.973)
0.3449) 0.8048)
7 -5.7474 -j5.638 -1.0519 -21.739
(f= 2.488; = (f=0;¢=1) (f=0;¢=1)
0.3449)
8 -10 -8.729 +j22.438
(f= 0;¢=1) (f=3.571;{ = 0.375)
9 -10 -8.729 - j22.438
(f= 0;¢=1) (f=3.571;{ = 0.375)
10 -1.1695 -1.19500
(f=0;{=1) (f=0;¢=1)
11 -1
(f=0,=1)
12 -1
(f=0,£=1)
13 -0.00004
(f=0,=1)
14 0
(f=0,=1)
15 0
(f=0,=1)
16 0
(f=0,£=1)
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Table C.3: HVAC SMIB with AVR and PSS

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -1.5632 +j5.1205 -1.7813 +j5.2425 -1.3942 +5.8975
(f= 0.8149 = (f= 0.8344¢ = (f= 0.9386¢( =
0.2919) 0.3217) 0.2301
3 -101.1488 -95.5888 -1000000
(f=0¢=1) (f=0¢=1) (f=0,¢=1)
4 -41.6568 -36.1421 -1000000
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
5 -34.8025 -21.7165 -108.15 + j27.05
(f= 0;¢=1) (f= 0;¢=1) (f=4.3;{=0.969)
6 -20.4873 -16.382 + j18.7405 -108.15 - j27.05
(f=0;¢=1) (f= 2983 = (f=4.3;£=0.969)
0.6581)
7 -3.6784 +j17.0186 | -16.382 -j18.7405 -100
(f= 2.708; = (f= 2983 = (f=0;¢=1)
0.2113) 0.6581)
8 -3.6784 -j17.0186 -1.0197 -32.537
(f= 2.708; = (f=0;¢=1) (f=0;¢=1)
0.2113)
9 -10 -0.1009 -22.099
(f=0¢=1) (f=0¢=1) (f=0¢=1)
10 -10 -7.3 +j22.579
(f=0;¢=1) (f=3.594;C = 0.325)
11 -1.1309 -7.3-j22.579
(f= 0;¢=1) (f=3.594;( = 0.325)
12 -1 -1.174
(f=0;£=1) (f=0;¢=1)
13 -10 -0.1
(f=0,=1) (f=0,=1)
14 -0.2269
(f=0,=1)
15 -0.00002
(f=0,=1)
16 0
(f=0,£=1)
17 0
(f=0,£=1)
18 0
(f=0,=1)
19 0
(f=0,£=1)
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Table C.4: HVAC-HVDC SMIB manual control

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -0.3009 + j6.4045 -0.4849 +j6.7043 -0.7263 £ j6.4062
(f=1.0193¢ = (f= 1067 = (f= 1.0196¢( =
0.0469) 0.0721) 0.1126)
3 -35.6644 -36.4086 -34.4018
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
4 -17.0484 -21.53 -21.852
(f=0¢=1) (f=0¢=1) (f=0¢=1)
5 -10 -1.5902 -1.4276
(f=0¢=1) (f=0£=1) (f=0¢=1)
6 -10 -0.5087 -0.0693
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
7 -1.2832 0 -42.9474
(f=0¢=1) (f=0,£=1) (f=0¢=1)
8 -1 0 -0.816
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
9 -1 0.0417 0
(f=0;(=1) (f= 0;{=-1) (f=0¢=1)
10 -0.1625 0.4433 +j1.4184
(f=0;0=1) (f= 0.2257;
{ =-0.02983)
11 -0.0062 0.4433 - j1.4184
(f=0;¢=1) (f= 0.2257;
{ =-0.02983)
12 0
(f=0,=1)
13 0
(f=0,£=1)
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Table C.5: HVAC-HVDC SMIB with AVR only

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -0.6414 +j5.6508 -0.99 +6.05 -0.9058 + 6.2434
(f= 0.899; (f= 0.96; (f= 0.9937¢( =
(=0.1128) (=0.16) 0.1436)
3 -101.4737 -95.51 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
4 -43.9541 -23.479 -1000000
(f=0;(=1) (f=0¢=1) (f=0=1)
5 -20.3219 -19.626 + j14.6993 -108.53 +j27.43
(f=0;¢=1) (f= 2.339% = (f=4.37;{ =0.955)
0.8004)
6 -3.2506 + j18.974 -19.626 - j14.6993 -108.53 - j27.43
(f= 3.019¢ = (f= 2.339% = (f=4.37;{ =0.955)
0.1688) 0.8004)
7 -3.2506 - j18.974 -1.0662 + j0.0868 -42.85
(f= 3.019¢ = (f= 0.0138¢ = (f=0;¢=1)
0.1688) 0.0.9967)
8 -10 -1.0662 —j0.0868 -21.687
(f=0;¢=1) (f= 0.0138¢ = (f=0;¢=1)
0.0.9967)
9 -10 -0.0705 -8.756 +j22.488
(f= 0;C=1) (f= 0;¢=1) (f=4.365;{ = 0.411)
10 -1.2139 0 -8.756 - j22.488
(f= 0;¢=1) (f=0;£=1) (f=4.365;{ = 0.411)
11 -1 0 -1.2285
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
12 -1 1.7968 -0.813
(f=0,¢=1) (f=0,¢=-1) (f=0¢=1)
13 -0.00035 0
(f=0;£=1) (f=0;¢=1)
14 0
(f=0,=1)
15 0
(f=0,£=1)
16 0
(f=0,=1)

119




Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HVAC-HVDC

Systems

Table C.6: HYAC-HVDC SMIB with AVR and PSS

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -1.7403 £j4.3126 -1.8351 +j5.169 -1.3664 + 6.0381
(f= 0.686;( = (f= 0.823; = (f= 0.9609¢( =
0.3742) 0.3346) 0.2207)
3 -101.4792 -95.5373 -1000000
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
4 -39.9048 +j5.0329 -36.2402 -1000000
(f= 0.801¢ = (f=0;¢=1) (f=0;¢=1)
0.9921)
5 -39.9048 - j5.0329 -21.5054 -108.24 +j27.16
(f= 0.801¢ = (f=0;¢=1) (f=4.33;{=0.945)
0.9921)
6 -18.9241 -16.788 +j19.1014 -108.24 - j27.16
(f=0;¢=1) (f= 3.0401¢ = (f=4.33;{=0.945)
0.6602)
7 -10 -16.788 -+ j19.1014 -100
(f=0;¢=1) (f= 3.0401¢ = (f=0;¢=1)
0.6602)
8 -10 -0.9455 +j0.2204 -42.135
(f=0;¢=1) (f= 0.0351¢ = (f=0;¢=1)
0.9739)
9 -1.2053 -0.9455 - j0.2204 -33.307
(f=0;¢=1) (f= 0.0351¢ = (f=0;¢=1)
0.9739)
10 -1 -0.1086 -21.933
(f=0;(=1) (f=0=1) (f=0¢=1)
11 -1 -0.0682 -7.319 +j22.588
(f=0;¢=1) (f=0;¢=1) (f=3.595;C = 0.439)
12 -0.02375 +j21.9075 0 -7.319 - j22.588
(f= 3.486;( = (f=0;¢=1) (f=3.595; = 0.439)
0.0011)
13 -0.02375 —j21.9075 0 -1.209
(f= 3.486;( = (f=0;¢=1) (f=0;¢=1)
0.0011)
14 -0.2237 2.2033 -0.813
(f= 0;¢=1) (f= 0;¢=-1) (f= 0;¢=1)
15 -0.00015 -0.1
(f=0,=1) (f=0,=1)
16 0 0
(f=06=1) (f=0¢=1)
17 0
(f=0,=1)
18 0
(f=0,=1)
19 0
(f=0,£=1)

120




Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HYAC-HVDC

Systems
The figures below display the voltage, angle and/apower response of the machine in
the SMIB system for the HVAC and HVAC-HVDC systemrgder manual control only.

HVAC system

Generator voltage
1.1 T T T

1.05- B

0.951- B

0.9~ -

0.85- B

voltage [pu]

0.75- B

0.7- -

0.65- B

0.6 ! ! ! ! ! ! ! ! I J
0 2 4 6 8 10 12 14 16 18 20

time [s]

Figure C.1: DigSILENT voltage response

Generator terminal voltage
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voltage [pu]
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0.7 =

0.65 =
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time [s]

Figure C.2: PST voltage response
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Figure C.3: PSAT voltage response
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Figure C.4: DigSILENT rotor angle response
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Generator rotor angle
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Figure C.5: PST rotor angle response
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Figure C.6: PSAT rotor angle response
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Figure C.7: DIgSILENT active power response
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Figure C.8: PST active power response
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Generator active power
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Figure C.9: PSAT active power response

HVAC-HVDC SMIB system
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Figure C.10: DigSILENT voltage response
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Generator terminal voltage
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Figure C.11: PST voltage response
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Figure C.13: PSAT voltage response
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Figure C.13: DigSILENT rotor angle response
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Figure C.12: PST rotor angle response
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Figure C.15: PSAT rotor angle response
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Figure C.16: DigSILENT active power response
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Figure C.17: PST active power response
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Figure C- 18: PSAT active power response
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Appendix D
TAMM Small Signal and Transient

Simulations

TAMM eigenvalues, frequency and damping ratios

In the tables below, the complete eigenvalues,uagies and damping ratios for the
HVAC and HVAC-HVDC Two-Area Multi-Machine systemsisdussed in this

dissertation are presented.

Table D.1: TAMM HVAC with manual control

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -0.1402 +j3.5166 -0.0949 +j3.5115 -0.1234 +£j3.5172
(f= 0.5596¢ = (f= 0.5589¢( = (f= 0.5598¢( =
0.0398) 0.027) 0.035)
3&4 -0.6058 +j6.9444 -0.5463 +j7.0662 -0.826 +j7.3831
(f= 1.1052¢ = (f= 1.1246( = (f= 1.1751¢ =
0.0869) 0.0771) 0.1112)
5&6 -0.6029 +j6.7156 -0.5496 + j6.8386 -0.8054 +j7.1386
(f= 1.0688¢( = (f= 1.0884¢( = (f= 1.1361¢ =
0.0894) 0.0801) 0.1121)
7 -37.2402 -37.2323 -38.8628 +j0.4617
(f=0;¢=1) (f=0;¢=1) (f= 0.0735¢ =
0.9999)
8 -37.1782 -37.1659 -38.8628 - j0.4617
(f=0;¢=1) (f=0;¢=1) (f= 0.0735¢ =
0.9999)
9 -34.9853 -36.1519 -38.4332 +j0.573
(f=0;¢=1) (f=0;¢=1) (f= 0.0912¢ =
0.9999)
10 -33.9951 -35.9607 -38.4332 - j0.573
(f=0;¢=1) (f=0;¢=1) (f= 0.0912¢ =
0.9999)
11 -33.2392 -35.0513 -33.9525
(f=0,¢=1) (f=0,¢=1) (f=0¢=1)
12 -33.1067 -34.1425 -32.5531
(f=0¢=1) (f=0¢=1) (f=0¢=1)
13 -26.7786 -30.2705 -24.0365
(f= 0;(=1) (f= 0;¢=1) (f= 0;(=1)
14 -25.4189 -29.1942 -21.8372
(f=0¢=1) (f=0¢=1) (f=0¢=1)
15 -5.6582 -4.7782 -6.8135
(f= 0;0=1) (f= 0;¢=1) (f= 0;(=1)
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16 -5.6106 -4.7738 -6.7595
(f=0;6=1) (f=0;6=1) (f=0;€=1)
17 -4.2087 -3.2222 -4.6339
(f=0;6=1) (f=0;6=1) (f=0;¢=1)
18 -3.3841 -2.3807 -3.5529
(f= 0;¢=1) (f=0;¢=1) (f=0,0=1)
19 -0.3851 -0.2873 -0.2028
(f=0;€=1) (f=0;6=1) (f=0;¢=1)
20 -0.1995 -0.1872 -0.19861
(f= 0;¢=1) (f=0;¢=1) (f=0,0=1)
21 -0.1882 -0.1675 -0.0812
(f= 0;¢=1) (f=0;¢=1) (f=0,0=1)
22 -0.0521 -0.0199 -0.0109
(f=0;€=1) (f=0;6=1) (f=0;¢=1)
23 -0.0296 0.0033 0
(f= 0;¢=1) (f= 0;5=-1) (f= 0;£=1)
24 0 0.0182 0
(f=0;6=1) (f= 0;¢=-1) (f=0;€=1)
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Table D.2: TAMM HVAC with AVR only

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 0.0615 +j3.9477 0.04 +j3.98 -0.1104 +j3.5933
(f= 0.6283( = - (f= 0.63;(=-0.01) (f= 0.5719¢ =
0.0156) 0.0307)
3&4 -0.6246 +j7.2932 -0.55 +j7.56 -2.0997 +£j6.0771
(f= 1.1607¢ = (f= 1.2;£=0.07) (f= 0.9672¢ =
0.0853) 0.3266)
5&6 -0.6272 +£j7.0773 -0.57 +j7.34 -2.2697 +j6.2366
(f= 1.1264¢ = (f= 1.17;{ = 0.08) (f= 0.99261 =
0.0883) 0.3419)
7 -101.015 -101.19 -1000000
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
8 -100.9567 -101.08 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
9 -100.5957 -100.63 -1000000
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
10 -100.5771 -100.62 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
11 -42.4138 -42.13 -1000000
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
12 -42.2865 -41.94 -1000000
(f=0,¢=1) (f=0,¢=1) (f=0¢=1)
13 -41.9621 -41.67 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
14 -41.8372 -41.59 -1000000
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
15 -32.6163 -36.16 +j0.03 -97.7895
(f=0¢=1) (f=10.01¢=1) (f=0¢=1)
16 -32.5376 -36.16 - j0.03 -97.7336
(f= 0;¢=1) (f= 0.01;¢ = 1) (f= 0;¢=1)
17 -27.0379 -31.02 -97.5537
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
18 -26.2525 -30.43 -97.4929
(f=0¢=1) (f=0¢=1) (f=0¢=1)
19 -8.5521 +j9.2746 -8.15 +j9.71 -50.7555
(f= 1.4761¢ = (f= 1.55:¢ = 0.64) (f= 0;¢=1)
0.6779)
20 -8.5521 - j9.2746 -8.15-j9.71 -50.6054
(f= 1.4761¢ = (f= 1.55;{ = 0.64) (f= 0;C=1)
0.6779)
21 -8.4383 + j9.5285 -8.06 +j9.87 -49.7038
(f= 1.5165( = (f= 1.57;{ = 0.63) (f= 0;¢=1)
0.6629)
22 -8.4383 - j9.5285 -8.06 - j9.87 -48.783
(f= 1.5165¢ = (f= 1.57;{ = 0.63) (f= 0;¢=1)
0.6629)
23 -6.0587 +j14.7519 -5.23 +j15.58 -39.5047
(f= 2.3478¢ = (f= 2.48:(=0.32) (f= 0;¢=1)
0.3799)
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24 -6.0587 - j14.7519 -5.23 -j15.58 -39.2782
(f= 2.3478¢ = (f= 2.48;{=0.32) (f=0;¢=1)
0.3799)
25 -4.8022 +j16.5549 -4.51 +j16.67 -25.1813
(f= 2.6348( = (f= 2.65;{=0.26) (f=0;£=1)
0.2786)
26 -4.8022 - j16.5549 -4,51 - j16.67 -23.6787
(f= 2.6348¢ = (f= 2.65;{=0.26) (f=0;¢=1)
0.2786)
27 & 28 -4.1148 +j0.0189 -3.58 +j0.03 -5.3531 +j0.057
(f= 0.0031¢ = (f= 0.001;£=0.999)| (f= 0.001;{=0.999)
0.9999)
29 -3.9989 -3.42 +j0.02 -3.9575 +j13.9698
(f=0;¢=1) (f= 0.001,=1) (f= 2.223;{ = 0.282)
30 -3.9531 -3.42 +j0.02 -3.9575 -j13.9698
(f=0;0=1) (f= 0.001=1) (f= 2.223;, =0.282)
31 -0.0006 0 -3.9563 + j14.081
(f= 0;¢=1) (f= 0;¢=1) (f= 2.241:{ = 0.289)
32 0 0 -3.9563 - j14.081
(f=0;¢=1) (f=0;¢=1) (f= 2.241;{ = 0.289)
33 0 -2.8336 +j15.5391
(f=0;0=1) (f= 2.473,,=0.178)
34 0 -2.8336 - j15.5391
(f=0;¢=1) (f= 2.473;,=0.178)
35 0 -1.8979 + j15.9954
(f=0;¢=1) (f= 2.546; = 0.116)
36 0 -1.8979 - j15.9954
(f=0;0=1) (f= 2.546; = 0.116)
37 -4.9497
(f=0,=1)
38 -4.6634
(f=0;¢=1)
39 -0.0003
(f=0;¢=1)
40 0
(f=0,¢=1)
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Table D.3: TAMM HVAC with AVR and PSS

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -0.7542 +j3.9597 -0.76 +j3.93 -0.4832 +£j3.4782
(f=0.6302; = (f= 0.63;;=0.19 (f= 0.5536% =
0.1871) 0.1376)
384 -1.5533 +10.0525 -1.47 +j10.27 -1.8766 +j8.6159
(f = 1.5999; = (f= 1.63;{=0.19 (f= 1.3713¢ =
0.1527) 0.2128)
5&6 -1.7059 +j9.6841 -1.65 +j9.91 -1.8349 +j8.3361
(f=1.5413( = (f= 1.58:=0.19 (f= 1.3267¢ =
0.1735) 0.2149)
7 -101.0153 -101.19 -99.9191
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
8 -100.9575 -101.09 -99.9172
(f=0¢=1) (f=0¢=1) (f=0¢=1)
9 -100.5962 -100.63 -99.9101
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
10 -100.5777 -100.62 -99.9079
(f=0¢=1) (f=0¢=1) (f=0¢=1)
11 -49.6375 -49.66 -49.9852
(f=0;(=1) (f=0(=1) (f=0=1)
12 -49.5594 -49.59 -49.9728
(f=0,¢=1) (f=0,¢=1) (f=0¢=1)
13 -49.3694 -49.37 -49.9072
(f=0¢=1) (f=0¢=1) (f=0¢=1)
14 -49.2942 -49.3 -49.9004
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
15 -43.042 + j0.0459 -42.89 -37.846 +j0.2004
(f= 0.0073¢ = (f=0;¢=1) (f= 0.0319¢ =
0.9999) 0.9998)
16 -43.042 - j0.0459 -42.83 -37.846 - j0.2004
(f= 0.0073¢ = (f= 0;¢=1) (f= 0.1333( =
0.9999) 0.9998)
17 -42.995 + j0.0078 -42.7 +j0.02 -37.3616 +j0.8378
(f= 0.0012¢ = (f= 0.00005 = (f= 0.0319¢ =
0.9999) 0.9999) 0.9997)
18 -42.995 - j0.0078 -42.7 - j0.02 -37.3616 - j0.8378
(f= 0.0012¢ = (f= 0.00005 = (f= 0.0319¢ =
0.9999) 0.9999) 0.9997)
19 -32.7498 -36.11 +j0.02 -33.6512
(f=0;¢=1) (f= 0.00006 = (f=0;¢=1)
0.9999)
20 -32.6402 -36.11 - j0.02 -32.7602
(f= 0;¢=1) (f= 0.00006 = (f= 0;¢=1)
0.9999)
21 -27.0322 -31 -24.1707
(f=0¢=1) (f=0,£=1) (f=0¢=1)
22 -26.2555 -30.43 -21.9012
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
23 -7.7581 + j6.5745 -7.05 +j7.08 -6.2616
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(f= 1.0464( = (f= 1.13;{=0.71) (f= 0L=1)
0.7629)
24 -7.7581 - |6.5745 -7.05 - j7.08 -6.2088
(f= 1.0464% = (f= 1.13;{=0.71) (f= 0;¢=1)
0.7629)
25 -7.4619 + j6.9437 -6.81 +7.38 -4.7651
(f= 1.1052¢ = (f= 1.17;{ = 0.68) (f= 0;¢=1)
0.7321)
26 -7.4619 - j6.9437 -6.81 -j7.38 -4.1357
(f= 1.1052{ = (f= 1.17;{ = 0.68) (f= 0;¢=1)
0.7321)
27 -5.1282 +j14.7275 -4.37 +j15.65 -0.9885 +j2.8136
(f= 2.3439¢ = (f= 2.49;{=0.27) (f= 0.4478( =
0.3288) 0.2911)
28 -5.1282 - j14.7275 -4.37 - j15.65 -0.9885 - j2.8136
(f= 2.3439{ = (f= 2.49;{=0.27) (f= 0.4478( =
0.3288) 0.2911)
29 -4.1886 -3.71 -0.9857 +j2.7391
(f= 0;¢=1) (f= 0;¢=1) (f= 0.4359{ =
0.2936)
30 -4.0509 -3.55 -0.9857 - j2.7391
(f= 0;¢=1) (f= 0;¢=1) (f= 0.4359% =
0.2936)
31 -3.978 +}16.6268 -3.67 +16.75 -0.4717 +j0.1235
(f= 2.6462{ = (f= 2.67;{=0.21) (f= 0.0197¢ =
0.2327) 0.9326)
32 -3.978 - |16.6268 -3.67 - j16.75 -0.4717 - j0.1235
(f= 2.6462{ = (f= 2.67;{=0.21) (f= 0.0197{ =
0.2327) 0.9326)
33 -3.2338 -2.97 +j0.02 -0.3144 + j4.9257
(f= 0;¢=1) (f= 0.000002f = 1) (f= 0.7839% =
0.0623)
34 -3.1354 -2.97 -j0.02 -0.3144 - j4.9257
(f= 0;¢=1) (f= 0.000002f = 1) (f= 0.7839¢ =
0.0623)
35 -1.2321 -1.22 -1
(f=0¢=1) (f=0,¢=-1) (f=0¢=1)
36 -0.3716 -0.37 -1
(f=0¢=1) (f=0;¢=-1) (f=0¢=1)
37 -0.1782 -0.18 -1
(f=0¢=1) (f=0¢=1) (f=0¢=1)
38 -0.1089 -0.18 -1
(f=0¢=1) (f=0¢=1) (f=0¢=1)
39 -0.1775 -0.18 -0.1808
(f=0¢=1) (f= 0;¢=-1) (f=0¢=1)
40 -0.1036 -0.1 -0.1791
(f=0¢=1) (f=0,(=-1) (f=0¢=1)
41 -0.1033 0.1 -0.1786
(f=0¢=1) (f=0¢=1) (f=0¢=1)
42 -0.1029 -0.1 -0.103
(f=0¢=1) (f=0¢=1) (f=0¢=1)
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43 -0.00001 0 -0.1029
(f=0;6=1) (f= 0;¢=-1) (f=0;€=1)
44 0 0 -0.1021
(f=0;6=1) (f=0;¢=-1) (f=0;¢=1)
45 0 -0.00002
(f=0;0=1) (f= 0;C=1)
46 0 0
(f=0¢=1) (f= 0;¢=1)
47 0 0.3376 + j4.8408
(f=0;0=1) (f= 0.7704¢ =
0.0663)
48 0 0.3376 - j4.8408
(f=0;¢=1) (f= 0.7704¢ =
0.0663)
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Table D.4: TAMM HVAC-HVDC with manual control

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -0.2216 +j2.5355 -0.0082 +j1.8481 -0.1125 +j4.1371
(f= 0.4035¢ = (f= 0.2941% = (f= 0.6584¢ =
0.0871) 0.0044) 0.0272)
3&4 -0.6105 +j6.9798 -0.5479 +(7.2696 -0.9041 +j8.2515
(f= 1.1109% = (f= 1.157% = (f= 1.3133¢ =
0.0871) 0.0752) 0.1089)
5&6 -0.61 £j6.7179 -0.571 £]6.8461 -0.8846 £j7.93
(f= 1.0692% = (f= 1.0896% = (f= 1.2621¢ =
0.0904) 0.0831) 0.1109)
7 -37.639 -37.2108 +j0.0219 | -38.7881 +j 0.4205
(f= 0;¢=1) (f= 0.0035¢=1) (f= 0.0669% =
0.9999)
8 -37.1986 -37.2108 - j0.0219 | -38.7881 -j 0.4205
(f=0;¢=1) (f= 0.0035¢~1) (f= 0.0669¢ =
0.9999)
9 -36.2741 -36.2701 -38.2382 +j0.5923
(f=0;¢=1) (f=0;¢=1) (f= 0.0943¢( =
0.9999)
10 -34.0842 -35.563 -38.2382 - j0.5923
(f=0;¢=1) (f=0;¢=1) (f= 0.0943¢( =
0.9999)
11 -33.1789 -35.1976 +j0.62 -33.966
(f= 0;¢=1) (f= 0.0987¢~1) (f= 0;¢=1)
12 -33.0755 -35.1976 + j0.62 -32.3862
(f= 0;¢=1) (f= 0.0987¢=1) (f= 0;¢=1)
13 -26.2621 -30.9087 -23.9157
(f=0,¢=1) (f=0,¢=1) (f=0,¢=1)
14 -25.32112 -29.4792 -20.5934
(f=0¢=1) (f=0¢=1) (f=0¢=1)
15 -5.6033 + j0.0155 -4.7784 -6.7938
(f= 0.0025¢ = (f= 0;¢=1) (f= 0;¢=1)
0.9999)
16 -5.6033 - j0.0155 -4.6961 -6.7265
(f= 0.0025¢ = (f=0;¢=1) (f=0;¢=1)
0.9999)
17 -4.0015 -3.6848 -4.5856
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
18 -3.3087 -2.824 -2.8377
(f=0¢=1) (f=0,£=1) (f=0¢=1)
19 -0.378 -0.2191 -0.1978
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
20 -0.2132 -0.1762 -0.1753
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
21 -0.1944 -0.1172 -0.0427
(f=0¢=1) (f=0,£=1) (f=0¢=1)
22 -0.0919 -0.0256 +j0.0112 -0.0238
(f= 0;¢=1) (f= 0.0018% = (f= 0;¢=1)
0.9159)
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23 -0.0372 -0.0256 +j0.0112 0
(f=0;¢=1) (f= 0.0018¢ = (f=0;¢=1)
0.9159)
24 0 -0.0881 +j5.3325 0
(f=0;¢=1) (f= 0.8487¢ = (f=0;¢=1)
0.0165)
25 -0.0881 -5.3325 -4668.5834
(f= 0.8487¢ = (f=0;¢=1)
0.0165)
26 0 -1.8398
(f=0;(=1) (f= 0;¢=1)
27 0 -1
(f=0,¢=1) (f=0,=1)
28 1.2623
(f=0,0=-1)
29 19.2651
(f=0,¢=-1)
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Table D.5: TAMM HVAC-HVDC with AVR only

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 0.1351 +j3.1059 0.45 +j1.78 -0.1454 +(3.9585
(f= 0.4943( =- (f= 0.28;=-0.24) | (f= 0.63;;=0.0367)
0.0434)
384 -0.6066 +j7.0689 -0.57 +j7.49 -2.0325 +(6.0937
(f= 1.1251¢ = (f= 1.19;{ = 0.08) (f= 0.9698% =
0.0855) 0.3164)
5&6 -0.6389 +j7.3403 -0.63+7.35 -2.2817 +6.2314
(f= 1.1682¢ = (f= 1.17;{ = 0.09) (f= 0.9918% =
0.0867) 0.3438)
7 -101.1399 -100.19 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
8 -100.7694 -100.66 -1000000
(f=0(=1) (f=0¢=1) (f=0¢=1)
9 -100.596 -100.62 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
10 -100.5364 -100.51 -1000000
(f=0,(=1) (f=0,¢=1) (f=0,=1)
11 -42.4368 -42.16 -1000000
(f=0¢=1) (f=0¢=1) (f=0¢=1)
12 -42.1881 -41.75 -1000000
(f=0,(=1) (f=0,¢=1) (f=0,=1)
13 -42.0081 -41.65 -1000000
(f=0,(=1) (f=0,£=1) (f=0,¢=1)
14 -41.5889 -40.64 -1000000
(f=0,¢=1) (f=0,=1) (f=0,=1)
15 -32.6133 -36.52 -4647.3226
(f=0,(=1) (f=10¢=1) (f=0,(=1)
16 -32.5206 -36.15 -97.8023
(f=0,(=1) (f=10¢=1) (f=0(=1)
17 -26.6932 -31.5 -97.7264
(f=0,(=1) (f=0¢=1) (f=0(=1)
18 -26.2604 -30.77 -97.5395
(f=0¢=1) (f=0¢=1) (f=0¢=1)
19 -8.486 + j8.8003 -8.2 +j9.56 -97.4633
(f= 1.4006% = (f= 1.52;{ = 0.65) (f= 0;¢=1)
0.6941)
20 -8.486 - j8.8003 -8.2-j9.56 -49.681 +j0.7262
(f= 1.4006% = (f= 1.52;{ = 0.65) (f= 0.1156% =
0.6941) 0.9921)
21 -8.4739 +j9.5301 -8.07 +9.68 -49.681 - j0.7262
(f= 1.5182¢ = (f= 1.54;(=0.64) (f= 0.1156% =
0.6642) 0.9921)
22 -8.4739 - j9.5391 -8.07 -j9.68 -49.995 +j0.2479
(f= 1.5182¢ = (f= 1.54;{=0.64) (f= 0.0395% =
0.6642) 0.9979)
23 -7.0175 +j12.2862 -5.93 +)14.68 -49.995 - j0.2479
(f= 1.9554¢ = (f= 2.34;{=0.37) (f= 0.0395% =
0.4959) 0.9979)
24 -7.0175- j12.286: -5.93 - j14.68 -39.4542
(f= 1.9554( = (f= 2.34;{=0.37) (f= 0;(=1)
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0.4959)
25 -4.7867 +}16.5639 -2.66 +(16.63 -39.0873
(f= 2.6362( = (f= 2.65;{=0.16) (f= 0;¢=1)
0.2786)
26 -4.7867 - j16.5639 -2.66 - j16.63 -25.3154
(f= 2.6362¢ = (f= 2.65;{=0.16) (f= 0;¢=1)
0.2786)
27 -4.1358 +j0.08879 -0.34 +j5.03 -23.7012
(f= 0.0141% = (f= 0.8;{=0.07) (f= 0;¢=1)
0.9998)
28 -4.1358 - j0.08879 -0.34-j5.03 -4.7946 + j15.7036
(f= 0.0141¢ = (f= 0.8;{=0.07) (f= 2.4993{ =
0.9998) 0.2826)
29 -4.0235 -3.96 -4.7946 - j15.7036
(f= 0;¢=1) (f= 0;¢=1) (f= 2.4993{ =
0.2826)
30 -3.9448 -3.45 -4.7563 + j15.7189
(f= 0;¢=1) (f= 0;¢=1) (f= 2.5017% =
0.2752)
31 -0.0015 -3.42 -4.7563 - j15.7189
(f= 0;¢=1) (f= 0;¢=1) (f= 2.5017% =
0.2752)
32 0 -3.39 -3.168 +j15.9559
(f= 0;¢=1) (f= 0;¢=1) (f= 2.5394% =
0.2293)
33 0 -0.04 -3.168 - j15.9559
(f= 0;¢=1) (f= 0;¢=1) (f= 2.5394{ =
0.2293)
34 0 0 -1.9202 +j16.3007
(f= 0;¢=1) (f= 0;¢=1) (f= 2.5943{ =
0.1276)
35 0 0 -1.9202 - j16.3007
(f= 0;¢=1) (f= 0;¢=1) (f= 2.5943{ =
0.1276)
36 0 1.34 -5.3206
(f=0(=1) (f=0,¢=-1) (f=0,(=1)
37 21.08 -5.2845
(f=0;(=-1) (f=0¢=1)
38 -4.8775
(f=0,8=1)
39 -4.657
(f=0,(=1)
40 -1.3497
(f=0,=1)
41 -1
(f=0¢=1)
42 -0.0003
(f=0,=1)
43 0
(f=0,=1)
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Table D.6: TAMM HVAC-HVDC with AVR and PSS

Mode Eigen-value (frequency, damping ratio)
DigSILENT PST PSAT
1&2 -2.0782 +£j2.7819 -1.15+j1.52 -0.3991 +j3.5758
(f= 0.4428( = (f= 0.24;{ = 0.6) (f= 0.5691f =
0.5985) 0.1109)
3&4 -1.4997 +j10.3563 -1.45 +j10.1 -1.766 £j8.0331
(f= 1.6482¢ = (f= 1.61;{ = 0.14) (f= 1.2785¢ =
0.1433) 0.215)
5&6 -1.6373 £)9.6649 -1.77 £9.92 -1.8225 +j8.3421
(f= 1.5382¢ = (f= 1.58;( =0.18) (f= 1.3277¢ =
0.167) 0.2134)
7 -101.1406 -101.19 -4647.3226
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
8 -100.7701 -100.66 -100.0233
(f=0¢=1) (f=0¢=1) (f=0¢=1)
9 -100.5965 -100.63 -100.0226
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
10 -100.5371 -100.61 -100.021
(f=0¢=1) (f=0¢=1) (f=0¢=1)
11 -49.6074 -49.72 -100.0204
(f=0;(=1) (f=0(=1) (f=0¢=1)
12 -49.4361 -49.4 -50.0674
(f=0,¢=1) (f=0,¢=1) (f=0¢=1)
13 -49.3568 -49.34 -50.0569
(f=0¢=1) (f=0¢=1) (f=0¢=1)
14 -48.9741 -47.13 -50.0171
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
15 -43.3134 -43.62 -50.0094
(f=0¢=1) (f=0¢=1) (f=0¢=1)
16 -43.118 +j0.0511 -42.87 -38.9599
(f= 0.0081¢ = (f= 0;¢=1) (f= 0;¢=1)
0.9999)
17 -43.118 - j0.0511 -42.81 -38.0887
(f= 0.0081¢ = (f=0;¢=1) (f=0;¢=1)
0.9999)
18 -43.0973 -42.65 -34.7112 +j0.0259
(f= 0;¢=1) (f= 0;¢=1) (f= 0.0041f =
0.9999)
19 -32.7082 -36.36 -34.7112 - j0.0259
(f=0;¢=1) (f=0;¢=1) (f= 0.0041¢ =
0.9999)
20 -32.6281 -36.13 -31.5173
(f= 0;¢=1) (f= 0;¢=1) (f= 0;¢=1)
21 -26.6874 -31.46 -30.5926
(f=0¢=1) (f=0¢=1) (f=0¢=1)
22 -26.2637 -30.77 -23.7364 +j1.6829
(f=0;¢=1) (f=0;¢=1) (f= 0.2678( =
0.9589)
23 -7.533¢ +[6.642: -7.24 +j6.97 -23.736: - j1.682¢
(f= 1.1049¢ = (f= 1.11;(=0.72) (f= 0.2678( =
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0.7354) 0.9589)
24 -7.5335 - j6.6423 -7.24 -j6.97 -22.4214 +j2.5826
(f= 1.1049¢ = (f= 1.11;(=0.72) (f= 0.4118% =
0.7354) 0.8817)
25 -7.3667 +j5.7679 -6.89 +7.13 -22.4214 - [2.5826
(f= 0.9179¢ = (f= 1.13;{ = 0.69) (f= 0.4118% =
0.7874) 0.8817)
26 -7.3667 - j5.7679 -6.89 - j7.13 -22.5898
(f= 0.9179¢ = (f= 1.13;{ = 0.69) (f= 0;¢=1)
0.7874)
27 -4.9049 + j12.0259 -5.27 +j14.42 -22.4709
(f= 1.9139¢ = (f= 2.29:¢=0.37) (f= 0;¢=1)
0.3776)
28 -4.9049 - j12.0259 -5.27 - j14.42 -10
(f= 1.9139¢ = (f= 2.29:¢=0.37) (f= 0;¢=1)
0.3776)
29 -4.2743 -4.22 -10
(f=0¢=1) (f=0¢=1) (f=0¢=1)
30 -4.1208 -3.44 -10
(f=0¢=1) (f=0¢=1) (f=0¢=1)
31 -3.9544 +j16.6217 -2.44 +j18.37 -10
(f= 2.6454% = (f= 2.92;(=0.13) (f= 0;¢=1)
0.2314)
32 -3.9544 - j16.6217 -2.44 -j18.37 -6.1012
(f= 2.6454% = (f= 2.92;¢=0.13) (f= 0;¢=1)
0.2314)
33 -3.1661 + j0.0659 -2.92 -6.0658
(f= 0.0105% = (f= 0;¢=1) (f= 0;¢=1)
0.9998)
34 -3.1661 - j0.0659 -2.88 -4.8262
(f= 0.0105% = (f= 0;¢=1) (f= 0;¢=1)
0.9998)
35 -1.2449 -0.99 +j1.81 -4.2166
(f= 0;¢=1) (f= 0.29:¢ = 0.48) (f= 0;¢=1)
36 -0.3712 -0.99 - j1.81 -1.35
(f= 0;¢=1) (f= 0.29;C = 0.48) (f= 0;¢=1)
37 -0.1781 -0.18 -1
(f=0;(=1) (f=0;(=1) (f=0,(=1)
38 -0.1777 -0.18 -0.7897 +j2.8601
(f= 0;¢=1) (f= 0;¢=1) (f= 0.4552( =
0.2666)
39 -0.1561 -0.18 -0.7897 - j2.8601
(f= 0;¢=1) (f= 0;¢=1) (f= 0.4552( =
0.2666)
40 -0.1159 -0.13 -0.7675 +j2.9378
(f= 0;¢=1) (f= 0;¢=1) (f= 0.4676% =
0.2421)
41 -0.1035 -0.13 -0.7675 - j2.9378
(f= 0;¢=1) (f= 0;¢=1) (f= 0.4676% =
0.2421)
42 -0.1033 -0.1 -0.4683 +j0.1273
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(f=0,=1)

(f=0=1)

(f= 0.0203( =

0.8012)

43

-0.00006
(f=0;6=1)

-0.4683 -0.1273
(f= 0.0203 =

0.8012)

44

0
(f=0;(=1)

-0.1811
(f=0;(=1)

45

0
(f= 0:¢=1)

-0.1791
(f= 0;¢=1)

46

0
(f= 0:£=1)

-0.1787
(f= 0;(=1)

47

0
(f=0,=1)

-0.1031
(f=0;(=1)

48

0
(f= 0;¢=1)

-0.1028
(f= 0;¢=1)

49

(f=0,¢=-1)

-0.1019
(f=0,=1)

50

-0.00002

51

(f=0,=1)
0

(f= 0;¢=1)

52

0.0487 +j4.6935

(f= 0.747¢ =
0.0107)

53

0.0487 - j4.6935

(f= 0.747¢ =
0.0107)

54

0.6615 + j4.6106
(f= 0.7338 = -

0.1379)

55

0.6615 - j4.6106
(f= 0.7338 = -

0.1379)
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The figures below, display the voltage responseyleamesponse and active power
response for the four generators in the Two AredtiNWlachine system for the HVAC

and HVAC-HVDC systems under manual control only.

HVAC system

Generator terminal voltage

1.15 : : :
1.1+ -
1.05
1
_, 095 -
=}
2
] | - -
E 0.9
S
0.85 -
0.8F ! i
0.75F Machine 1| _|
Machine 2
0.7 ————— Machine 3| |
----- Machine 4
0.65
0 5 10 15 20 25 30 35 40

time [s]

Figure D.1: DigSILENT voltage
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Generator terminal voltage
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Figure D.2: PST voltage
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Figure D.3: PSAT voltage
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Generator rotor angle
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Figure D.4: DigSILENT rotor angle
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Figure D.5: PST rotor angle
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Generator rotor angle
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Figure D.6: PSAT rotor angle
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Figure D.7: DigSILENT active power
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Generators active power
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Figure D.8: PST active power
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Figure D.9: PSAT active power
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HVAC-HVDC TAMM system
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Figure D.11: PST voltage
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Figure D.12: PSAT voltage
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Figure D.13: DigSILENT rotor angle
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Generator rotor angle
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Figure D.16: DigSILENT active power
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Figure D.17: PST active power
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Generator active power
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Figure D.18: PSAT active power
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Appendix E

E-mail Communications with software

technical support

E1l Communication with DigSILENT

Email communication about HVDC generic equations:

"DIgSILENT Support"
From: o Thursday - November 25, 2010 12:53 PM
<support@digsilent.de>

To: "Albino UBISSE" <ALBINO.UBISSE@uct.ac.za>
Subiject: RE: HVDC generic equations
AttachmentsMime.822 (6 KB) [View] [Save As

Hello Albino

More, or different) equations are possible, sifmeDSL language provides
the user with a lot of flexibility in terms of defhg the controllers. For

the converters the equations are as stated in dimeiah

Regards

Peter Lilje (support@digsilent.de)

DIgSILENT GmbH
Heinrich-Hertz-Str. 9 Tel : (+49) 7072 - 9168 50
72810 Gomaringen Fax : (+49) 7072 - 9168 88

Germany http://www.digsilent.de
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From: Albino UBISSE [mailto:ALBINO.UBISSE@uct.ac)za
Sent: Montag, 22. November 2010 10:39

To: support@digsilent.de

Subject: RE: HVDC generic equations

Hi Peter,

Thanks for your reply. | do know that more extersinodelling of
controllers can be done using DSL, however, thenke that we have
does not include DSL. Hence | would like to knowhi& equations for
the modelling of the HVDC system available from libeary are the ones
available on the 6 pulse converter manual or mquatons can be

obtained.

Kind Regards,

Albino Ubisse

>>> "DIgSILENT Support" 11/22/10 9:28 AM >>>
Hello Albino

It is the user who decides how the controllersnapelelled. These are
defined in DSL, through block diagrams and equati@md include state
variables. You need to study the controllers tolsme they are

modelled.

The mathematical model is the combination of thele®of the
individual
components. The models of the power componentss(litnansformers,

converters) are described in the manual.

For details on the models | recommend that youystined manual as well
as

the controllers. The eigenvalue analysis usesdhesquations as the
RMS

time-domain simulation. The EMT time-domain simidatuses the more

detailed models - including switching of individubjristors.

155



Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HYAC-HVDC
Systems

Kind regards

Peter Lilje (support@digsilent.de)

DIgSILENT GmbH
Heinrich-Hertz-Str. 9 Tel : (+49) 7072 - 9168 50
72810 Gomaringen Fax : (+49) 7072 - 9168 88

Germany http://www.digsilent.de

From: Albino UBISSE [mailto:ALBINO.UBISSE@uct.ac)za
Sent: Donnerstag, 18. November 2010 15:56
To: undisclosed-recipients:

Subject: HVDC generic equations

Good day,

| am investigating the modelling of HVDC systems tgrms of the
mathematical equations), however the manual ivegt explicit on this

regard.

I would like to know how the controllers are modkleith regards to
their state variables and how it affects the ssighal stability of a
system. | read in literature that it affects thesitonal modes of a
generator, but little is said as to how it affettis electromechanical

modes (inter-area and local modes).

Can | also get the mathematical modeling of the i@\ ystem, including

converters and lines.

Are there any assumptions or any modificationshenHVDC system when

performing small signal stability and transient g ?

Email communication about component modelling:
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From:
DIgSILENT Support (support@digsilent.de)

Sent: 24 August 2010 10:36:11 AM

To: 'ALBINO UBISSE' (avubisse@hotmail.com)

Dear Albino Ubisse,

Thank you for your request!

Please use for further questions you official registered email address otherwise support is not
possible.

The external grid uses internally a generator model with high inertia and high power. The model
is slightly different from the standard synchronous generator therefore it has one more state
variables than the synchronous generator (sat_filt). See also the screenshot below:

The rectifier/inverter model is a internally handled like a current source. The dynamic comes from
the HVDC controller (modeled in DSL) and not from the rectifier/inverter model itself.

Please don’t hesitate to contact us again for further questions or comments.

Kind regards / Mit freundlichen Grf3en,

DIgSILENT Support
Dipl.-Ing. Stefan Weigel

DIgSILENT GmbH E-Mail : support@digsilent.de
Heinrich-Hertz-Strasse 9  Tel : (+49) 7072 9168 50
72810 Gomaringen Fax :(+49) 7072 9168 88
Germany Website : http://www.digsilent.de

USER REG STRATI ON. | MPORTANT NOTE:

From: ALBINO UBISSE [mailto:avubisse@hotmail.com]

Sent: Dienstag, 24. August 2010 01:06

To: support@digsilent.de

Subject: Component modelling

Good day,

My name is Albino Ubisse. I am using DigSILENT to perform small signal stability on a HVAC-
HVDC system and would like to get some clarification on a few points I found out when using this
software.

When modelling HVDC, what states are present in the modelling?

I ask this because I found in literature that when modelling HVDC the following states are used
(X_dcr, X_dci, I_dcr, I_dci, Vdc) or (Xccc, I_dcr, Idci). And when i perform small-signal stability
analysis, i see that the HVDC system does not have any states present on the eigenvalue results.

When modelling the external grid, what assumptions are made?
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I as this because I saw that the external grid have 7 states associated to it. What states are
these?

Hope to hear from you soon.
Regards/ Cumprimentos
Albino Ubisse
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E2 Communication with Graham Rogers (PST)

"Graham Rogers"
From: Sunday - September 12, 2010 4:45 PM
<cherry@eagle.ca>

To: "Albino UBISSE" <ALBINO.UBISSE@uct.ac.za>
Subiject: RE: Small Disturbance on PST with HVDC
Attachments Mime.822 (3 KB)

No, but it has the ability for you to use a usdiragml model for a
feedback controller in an HVDC system. There i€aample in Chapter 10 of

my book, 'Power System Oscillations'.

From: Albino UBISSE [mailto:ALBINO.UBISSE@uct.ac)za

Sent: Friday, September 10, 2010 7:59 PM

To: cherry@eagle.ca

Subject: Small Disturbance on PST with HVDC

Good day,

I would like to know if the HVDC system in PST iguépped with
supplementary control to improve the damping ofdleetromechanical modes
of ac oscillations?

If yes, how do | make use of this property?

If no, can | models such in PST? how would | do it?

Best Regards,

Albino Ubisse
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From: "Graham Rogers" <cherry@eagle.ca> Thursdaye 4, 2009 3:40 PM
To: ""Kehinde Awodele™ <kehinde.awodele@uct.ac.za>
Subject: RE: Assistance on HVDC power flow simuatAttachments: dtestdc.m (10 KB)

These programs are set up to model interconnected ac systems with imbedded HVDC links. It is
not possible to model isolated dc links. To model these | would suggest that you r student uses
MATLAB’s Simulink.

You may be able to get away, in PST and the MATNET programs by setting up a small ac systen
in which the dc line is embedded by modifying dtestdc which is supplied. However, even for this

small system, the system does not recover form a three phase fault.

Graham Rogers

RR#5 Colborne, Ontario
Canada KOK 1S0
phone: (905)349-2485

http://www.eagle.ca/~cherry

From: Kehinde Awodele [mailto:kehinde.awodele@uct.ac.za]

Sent: Thursday, June 04, 2009 6:03 AM

To: cherry@eagle.ca

Subject: Assistance on HVDC power flow simulation

Dear Mr Graham,

The forwarded mail was sent by Mr Albino Ubisse, one of our postgrads.

He has difficulty in performing power-flow simulations with DC line only in PST and MatNetEig.

H
e has succeeded with AC lines and hybrids.
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We will appreciate your assistance as to how he should proceed.

Expecting your response.

Thank you.
Kind regards,

Mrs Kehinde Awodele.
Lecturer

Electrical Engineering Dept,
University of Cape Town.

161



Comparison of DigSILENT, Matlab PST and PSAT fea@y State and Stability Studies on HYAC-HVDC

Systems

E3 Communication From Federico Milano (PSAT)

To psatforum@yahoogroups.com
From¥ederico Milano (Federico.Milano@uclms
Sent: 07 October 2010 10:54:54 AM

To: psatforum@yahoogroups.com

Dear All,

HVDC systems have been little tested in PSAT. Wheet up the HVYDC mdoel | was able to make it work
but all parameters have to be carefully choséas.diso possible that putting a PV generator and\é@bC

terminal at the same bus creates problems.

| have also heard that there is some bug showinghgm using two or more HVDC. This is possibly @bu

but | have not had time to chase it so far.

Best regards,

Federico

Dr. Federico Milano

Associate Professor

Electrical Engineering Department,
Univ. Castilla - La Mancha,
Campus Universitario, s/n,
13071 Ciudad Real, Spain

Email Federico.Milano@uclm.es
Tel. +34 - 926 - 295219
Fax +34 - 926 - 295361

Web Site http://www.uclm.es/area/gqsee/Web/Federico/
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