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ABSTRACT

Improving the efficiency and operation of powemngmission is important due to
the continual increase in demand for electric poweaddition, many remote areas
throughout the world lack sufficient access to &leity. Unfortunately, utilities cannot
satisfy the high demand of power by building newpostations because of economic
and environmental reasons. However, utilities cangase generation and transmission
line efficiencies by controlling the power flow thugh their systems. One new attractive
technology that enables the control of power flawhie system is Voltage-Source-

Converter High Voltage Direct Current (VSC-HVDCaiismission.

Multi-terminal-HVDC (M-HVDC) can be built using VS€&chnology. A model
of a three-terminal VSC-HVDC system is presentethis thesis. One of the converters
is used to regulate the DC voltage while the otlersserters control the active power
independently and bi-directionally. The vector ecohstrategy and pulse width
modulation (PWM) technique are described and impleted in PSCAD/EMTDC. In
addition, the region of controllability as a furwstiof power flow has been analyzed.
Furthermore, the steady-state and dynamic respmhvaacteristics as a function of

capacitor size has been investigated.
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1. INTRODUCTION

Improving the efficiency and operation of energ@ngmission is important due to
the continual increase in demand for electric poweaddition, many remote areas
throughout the world lack sufficient access to &leity. Unfortunately, utilities cannot
satisfy the high demand of power by building newpostations because of economic
and environmental reasons. However, utilities cangase generation and transmission
line efficiencies by controlling the power flow tugh their systems. One attractive
technology that enables the control of power flavthe system is High Voltage Direct

Current (HVDC) transmission.

HVDC links provide a good solution for transmittipgwer over long distances.
Typically, HVDC links are primarily used for vergng interconnections, asynchronous
interconnections (to connect different frequenciemaintain synchronism), and power
flow control. The conventional HYDC scheme, whighizes thyristors, is commonly
used to interconnect two AC systems. However, ticadil thyristor-based HVDC
systems have several limitations and undesiraldeackeristics such as being physically
large and requiring a strong AC network [1]. Rebgnoltage-source-converter-based
high voltage direct current (VSC-HVDC) technologsibeen developed to overcome
the disadvantages associated with the conventiévBIC systems. VSC-HVDC
technology employs modern semiconductor technodépgiech as the IGBT, that have the
ability to turn-on and turn-off with much higheeffjuencies. This enables the VSC-
HVDC to use vector control to obtain independemttaa of the active and reactive

power flow using a DQ transformation. Pulse-widtbdulation (PWM) techniques are



then used to create the desired voltage wavefousiitraking it possible to obtain high
performance of the converters and reduce harmohiesefore, VSC-HVDC technology
has considerable potential to increase power sysemmission capability over long

distances and control active and reactive powey ftalependently.

In contrast to the conventional two-terminal pdisHpoint HVDC connection, it
is straightforward to make multi-terminal connengan VSC-HVDC systems. Multi-
terminal HVDC (M-HVDC) links connect more than twonverters together providing
additional reliability through the ability to commsate for the loss of any single converter

in the system.

Many papers have been published on different aspédSC-HVDC systems. In
[1], the analysis of harmonics in subsea powersirassion cables used in VSC-HVDC
has been investigated and a mathematical modeSaf-MVDC system has been
developed. Analytic studies of interarea oscillattamping using active power
modulation of three- and four-terminal HVDC transsion have been presented in [2].
The operation and control of a M-VSC-HVDC systemdtishore wind farms has been
investigated using a designed droop-based cordharse in [3]. New models have been
presented for the STATCOM and VSC-HVDC aimed at @osystems state estimation
applications in [4]. A three phase dynamic phasodeh of HYDC systems has been
proposed to solve the dynamic characteristics®ttnverters for symmetrical and
asymmetrical faults conditions in [5]. In [6], a d& of VSC-HVDC system has been
proposed for optimal power flow solutions using @tbn-Raphson algorithm. DC
overvoltage control has been investigated duriegdls of converter in a M-VSC-

HVDC in [7].



This thesis focuses on the development of an inttkg@ control of the active
power flow and DC link voltage of a M-HVDC systeithe region of controllability as a
function of power flow will be analyzed. Furthermepthe steady-state and dynamic

response characteristics as a function of capagizerwill be investigated.



2. CONVENTIONAL HVDC AND VSC-HVDC SYSTEMS

2.1. INTRODUCTION

HVDC technology is a high power electronics tecbggldeveloped to increase
the efficiency of power transmission for long distes. In the 1950s, the Current-Source
Converter (CSC) (shown in Figure 2.1) was introdiuas the first conventional HYDC
technology [8]. This type of HVDC utilizes thyristealves to control power flow by
maintaining the DC current flow in one directiordazontrolling the direction of active
power flow with the polarity of the DC voltage [9h 2000, the first uses of Insulated-
Gate Bipolar Transistor (IGBT) valves for HYDC wadeployed in Australia with a 59
km, 180 MW, 80KV line [8]. This type of voltage soa converter (VSC) based HVDC
is known as VSC-HVDC, which has the ability to neseethe direction of power flow by
reversing the DC current but without reversing i voltage polarity [9]. Figure 2.2

shows an HVDC system based on VSC technology.

Sending End Receiving End
e Y Y Y ]
AC1 > < AC 2
Reactive —> Reactive
Active
Powe Powe
Powe

Figure 2.1. HVDC System Based on CSC Technologly Wityristors
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Reactive . Reactive
Active

Powe Powe
Powe

Figure 2.2. HVDC System Based on VSC Technologh WaBTs

Many HVDC projects have been implemented and sewénars are currently
under construction. Table 2.1 shows the major H\{idgjects that have been built
between 1954 and 2011 [8]. In addition, Table hdwss how the voltage levels of
HVDC projects have increased over the same timiegerhis reflects the growing

demands of electrical power and the developmeRMIDC systems over the years.



Table 2.1. Major HVDC Projects from 1954 to 2011

Project Name Location Year System Detalls
MW KV km

Gotland Sweden 1954 20 +100 96
Volgograd-Donbass Russia 1962 720 400  4F3
N. Z. Inter-Island N. Zealand 1965 600 £250 609
Sardinia Italy 1967 200 200 413
Pacific Intertie USA 1970 1440 400 1362
Nelson River Canada 1973 1854 +463 890
Cahora-Bassa MZ-ZA 1975 1920 1533 1456
Hokkaido-Honshu Japan 1979 300 250 167
Itaipu Brazil 1986 3150 600 785
Quebec-N. England Canada-USA 1990 2250 +450 1500
Directlink Australia 2000 180 +80 59
East-South Intercon. India 2003 2000 500 1450
Celilo USA 2004 3100 +400 1200
Norned NO-NL 2008 700 450 580
Yunnan-Guangdong China 2010 5000 +800 1418
Xiangjiaba-Shanghai China 2011 6400 800 2071

2.2. COMPARISON OF CONVENTIONAL HVDC AND VSC-HVDC

HVDC technology provides a good solution for trartsing electric power over
long distances. Today, there are two types of H\@y§tems: conventional HVDC and
VSC-HVDC. Conventional HVDC is characterized by-dimectional DC current flow
and the direction of active power flow is deternairiyy DC voltage polarity. In contrast

to conventional HVDC systems, VSC-HVDC systems reaerse the active and reactive



power flow by reversing the DC current and withmtersing the DC voltage polarity.
This makes the VSC-HVDC suitable for multi-termiv@C-HVDC (M-VSC-HVDC)
systems, as the DC voltage polarity will not changpen the power flow is reversed for a
single VSC. In M-VSC-HVDC systems, the individuadrismission lines share a
common DC voltage source and the power flow diogcts determined by the current

flow on the individual lines.

Another difference between conventional HVDC andCW3$VDC is that
conventional HVDC converters consume reactive pptirerefore, they require a strong
AC network for commutations. Since reactive posugsport is not required for VSC-
HVDC, these systems may connect to a weak AC syskable 2.2 presents a

comparison of the conventional HVYDC and VSC-HVDQ][1



Table 2.2. Comparison of Conventional HYDC and ISZBC

Criteria

Conventional HVDC

VSC-HVDC

Commutation

Line-commutated

Self-commutated

Controllability

Controls active power only

Control active and reactive
power independently

Power Direction
Control

By the polarity of the DC
voltage

By the polarity of the current

Reversal Capability

Limited power reversal
capability

Fast response for reversing
power flow

AC System

Requires a strong AC network

May connect to a we@lgrid

M-HVDC

Unsuitable for M-HVDC

Suitable for M-HVDC

Reactive Power
Supply

Need reactive power supply

No need reactive poweply

Physical Size

Larger than VSC-HVDC

Smaller than conventional
HVDC

I nstallation and
Operation Time

Takes more time than VSC-
HVDC

Takes less time than
conventional HVDC

2.3. HVDC SYSTEM CONFIGURATIONS

HVDC systems have several configurations that @améntified to satisfy an

effective function. The selection of the HVDC capitation depends on the function and

location of the converter station [10].

2.3.1. Monopolar HVDC System. Figure 2.3 shows monopolar system

consisting of two converters, which are separated single pole line and a positive or a

negative DC voltage. The ground is used for therneturrent. A metallic return

conductor may be used rather than using the graaradreturn current [10].




AC1 AC 2

@—@—El ;z'“_@_@

Figure 2.3. Monopolar HVDC System

2.3.2. Bipolar HVYDC System. The bipolar HYDC configuration shown in
Figure 2.4 consists of two monopolar systems tceisee the power transfer capacity.
Each system can operate as an independent sysberth iheutrals are grounded.
Therefore, the system can continue to transmit p@wen in the case that the other line
is out of service. The two lines are used as p@sédnd negative poles, and in that case

that both poles have equal currents, the grounetuis theoretically zero [10].

AC1

RS Z e
- B0
o -0~

Figure 2.4. Bipolar HVDC System
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2.3.3. Back-to-Back HVDC System. In Back-to-Back HVDC systems as shown
in Figure 2.5, the two converter stations are latithe same location and there is no long
distance transmission of power over the DC linas Type of configuration can be used
to interconnect two AC systems with different fregaies (i.e. 60Hz and 50Hz) and/or
non-synchronous systems [10]. Back-to-Back HVD&teays may also be used to

interconnect two AC systems that experience diffycsiynchronizing.

AC1 AC 2
O—O X F A O®
wn T Y

Figure 2.5. Back-to-Back HVDC System

2.3.4. Multi-terminal HVDC System (M-HVDC). M-HVDC systems connect
more than two converters together providing adddlaeliability through the ability to
compensate for the loss of any single convertén®tystem as shown in Figure 2.6.
Typically, one of the converters regulates the @Gage and the others converters
control the power flow. This configuration will lasscussed in greater detail throughout

this thesis work.
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AC1 AC 2
D@ AmOm®
AC 3

AmOm®)

Figure 2.6. Multi-terminal HVDC System-Three Ter@iis

2.4.M-HVDC CHALLENGES

Although M-HVDC systems may provide more relialgilind stability to the
transmission system, there are some challengesiigttbe overcome.

2.4.1. Protection. DC circuit breakers are not yet commercially auadaor
high power levels. Currently, the only way to claddC fault is to open the circuit
breaker on the AC side. Furthermore, it is diffi¢ca determine the fault location on the
DC side within an M-HVDC. M-HVDC requires a verysfgwithin 1ms) fault detection
on the DC side fault and locating the DC side faLa{.

2.4.2. Power Flow Control. Typically, one of the converters within M-HVDC
system controls the DC side voltage. The other eders independently control the
power flow. With one converter controlling the D@Gltage while the remaining
converters controlling the active power flow, thexa danger of losing one or more
converters because the DC voltage control convagsumes the entire power balance,
thereby stressing the converter. This is partitplanportant challenge because the AC
system connected to that particular converterexfierience a large change [12] if any of

the converters are suddenly lost.
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3. MODELING OF M-VSC-HVDC

3.1. INTRODUCTION
The VSC is one of many devices that have been dpgdlto make the high-
voltage side of the network electronically contble. This group of devices is called
flexible ac transmission system (FACTS). Many operel problems in power systems
have been solved using HVDC and FACTS devices.oAigih most of the existing
HVDC installations are two terminal installationtss possible to connect three or more
terminals using voltage source converters (VSCs¢rdfore, HYDC and FACTS devices
may contribute more features to transmission aftetal power than in the case of using
conventional AC transmission. Some of these featare:
e Power transmission over long distances
e Bi-directional power flow
e Fast response and accurate control of power flow
e Connecting two AC systems with different frequesme without being synchronized
In contrast to the traditional thyristor HYDC systethe VSC-HVDC system has

the following features [11]:

e Multi-terminal-HVDC systems have non-complex toppés

e A VSC-HVDC system has the ability to independertintrol active and reactive
power flow or control the DC side voltage insteddhe active power flow

e VSC-HVDC systems require lower cost for filteringh@rmonics if suitable PWM
techniques are used

e A VSC-HVDC system requires less time for instattatand operation
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3.2. VSC-HVDC SYSTEM

3.2.1. Configuration. Figure 3.1 shows the basic structure of a two |8A\&C-
HVDC system. A two level VSC consists of a sixqaubridge employed with
semiconductors switches (IGBTs) and parallel diaaesected in the opposite direction
to allow power to flow in either direction. Thetisformer is used to interconnect the
VSC with the AC network with a voltage level sui@abo the converter. The DC
capacitor reduces the voltage ripple on the DC. didaddition, a filter can be used to
isolate the harmonics due to switching of the IGBW&y from the AC system. The
shunt capacitances, shunt resistances, and sediestances of the DC links are
neglected. Only the series resistances are coesiderthe DC links for long distances.
By using Pulse Width Modulation (PWM) techniqueshahigh switching frequencies,
the waveform of the converter AC voltage can bate@ to be almost sinusoidal. Thus,
the phase angle and magnitude can be instantayesjskted by changing the PWM
pattern. The ability to change either the phaséeamgmagnitude means that it is

possible to control the active and reactive powsv independently.
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o o o o DC link
g N\‘ -
{ :
|
i JH} 1 WA
1
AC System : A :
L R , |
@—@—rw—«m : B Ic
1
Transformer : C :
1 |
: d d d :
1 ]
\ J -
\\ ____________ _/'

Figure 3.1. Basic Configuration of VSC-HVDC

3.2.2. PWM Techniques. The switches in the VSCs can be turned on or off as
required by applying signals at the gate of IGBThere are several techniques used to
generate these signals for VSCs such as sinugewldl, optimized PWM, and space
vector PWM. Sinusoidal PWM, which will be consideiia this thesis, is the simplest
technique. As shown in Figure 3.2, sinusoidal PWavigyates the desired output voltage
by comparing a high frequency triangular waveforartier” with the sinusoidal
reference waveform. If the reference waveform miagiei is larger than the carrier
magnitude, the switch is turned on. However, iftdference waveform magnitude is

smaller than the carrier magnitude, the switcliised off.
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‘ ~  Reference
MW\ Carrie
=== Gate Signal
\ii/. N

plyulysiyulpulpuipsiysiyuiy

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Figure 3.2. Sinusoidal PWM Pattern

3.3. MULTI-TERMINAL-VSC-HVDC SYSTEMS

Multi-terminal-VSC-HVDC (M-VSC-HVDC) links connedbgether two or more
converters providing additional reliability througre ability to compensate for the loss
of any single converter of the system [7]. A thieeninal VSC-HVDC system is

illustrated in Figure 3.3.

AC 1 VSC#1 VSC#2 AC 2
(D)—QD—o% - —O—®)
VSC#3 AC 3

W—OO—™)

Figure 3.3. Three-terminal VSC-HVDC Configuration

3.3.1. Operating and Control Principlesof M-VSC-HVDC. Figure 3.3 shows

a M-VSC-HVDC system consisting of three converté®&C#1, VSC#2, and VSC#3,
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which are directly connected with a DC link. VSQgtbvides the DC side voltage
control and power exchange balance among the ciemse¥SC#2 and VSC#3 provide
active power flow control. The steady state pou@wfcan be controlled in either
direction at VSC#2 and VSC#3. Consequently, botiC¥&Sand VSC#3 can operate in
either rectifier or inverter mode. The general colmipproach will be made for one VSC
and will be used for all the others VSC-HVDC teraisithroughout this thesis work.
However, different control strategies will be emy@d depending on the required control

of each converter either power flow control or D&tage control as shown in Figure 3.4.
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Figure 3.4 Simplified Circuit Diagram of VSC-HVDC ©ntroller:

The inner current controller, which is always eqa@ with a phase lock loc
(PLL) to determine the phase angle and frequergtamaneously, is the fundamer
part of the VSC control. The inner current congotiepends on the synchronotr
rotating eference frame for observing all tAC voltage and current quantities involv

in the VSCs.
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3.4. CONTROL STRATEGY

In this section, controls for different modes of G:51VDC system will be
discussed. The vector control method will be useahéke the active and reactive current
linear. Hence, static errors in the control systam be avoided by using PI controllers.
The basic structure of VSC-HVDC system controlisven in Figure 3.4.

3.4.1. Vector Control. Different control strategies have been developede
control of VSC-HVDC. One of the methods for contwbVSC-HVDC is known as the
vector control method, which is transforming a iphase system into a two-phase
system by usingg-axis transformations. As shown in Figure 3.5, gecontrol works
by transferring the vectors of AC currents andagdis to two-phase constant vectors in
steady state and therefore static errors in the@osystem can be avoided by using Pl
controllers. Thus, vector control systems can lggl ts obtain independent control of the

active and reactive powers.

t abctodq ) p t

Figure 3.5. DQ-axis Transformation Principle
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For analysis of the VSC-HVDC, considering the cotefesystem connected to
AC network and the currentg,, are injected to the converter. The AC network agdts
are defined as ¥an., and the converter input voltages M., and resistancdR} and
inductancel() between the converter and the AC network, as showhe system of

Figure 3.4. The voltage at the AC network sidehef¢onverter can be expressed as:

dlgpe
Vx,abc = Rlgp. + L dtb + Vr,abc (31)

Applying thedq transformation equation (3.1) yields:

dig Vyed—Vrd R . .

— ==t wi 3.2
dt L Ld q (3.2)
Bg _ TxaVra Ry o (3.3)
dt L L 4q d '

wherew is frequency of the fundamental component in tien&twork.

The active power injected into or absorbed fromARenetwork is given by:
3 . .
P; = > (Vxala + Vxqlq) (3.4)
3.4.2. Inner Current Controllers. An inner current controller is developed

based on equations (3.2) and (3.3) as shown in&ig8. |4 andl, are reference

currents for thel-axis andg-axis current controllers respectively.
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Figure 3.6. Inner Current Controllers

Vqsand V qare thedqg reference frame voltages which are transferredgabc frame
and V anc. V:anc are the reference voltages for the PWM.

3.4.3. Outer Controllers. The active current referentg can be used to control
either the active power flow or the DC voltage leagwill be illustrated in the next
section.

3.4.3.1 Active power control. Thedq reference frame is selected in a direction
such that the-axis is in phase with the AC source voltage. Theans that
Vyq =0
Therefore, equation (3.4) can be rewritten as
pP; = %vx,did (3.5)

Equation (3.5) implies that the active power floande controlled by the active
currentiy. Therefore, the output of the active power coitgrakill be the reference input
to the active current controllés of the inner current controllers in Figure 3.6eTattive

power controller is shown in Figure 3F. is a reference active power flow.
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Figure 3.7. Active Power Controller

3.4.3.2 DC voltage control. From the active power balance of the VSC-HVDC
in Figure 3.4, the relation can be as followinghfigng the converter losses):
P = Ppc + Pegp (3.6)
whereP; refers to the power transferred from the AC sotweeard the DC lines, anébc

andPcy refer to the power flowing into the DC lines ané fDC capacitor respectively.

Ppec = Vpclpe (3.7)

Pcap = VDCIcap (3.8)
av

Ieap = C=25 (3.9)

From equations (3.5), (3.6), (3.7), (3.8) and (39 differential equation for the DC

voltage is:
dVpc _ 3ledl'd _
67 —_ _ZVDC IDC (310)

Equation (3.10) indicates that the DC voltage cardntrolled by the active
currentiy. Although thdpcin equation (3.10) can be represented as a feeaidr

control in the DC voltage controller, the DC vokagan be controlled without a feed
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forward control loop because the PI controller thesability to maintain the DC voltage

constant. Thus, the DC voltage controller will lsesaown in Figure 3.8.

Voc' Pl =l

Vbe

Figure 3.8. DC Voltage Controller

Figure 3.9 shows the active power output of VSG¥#2afcommanded output of
200 MW. At 3.0 seconds, the commanded outputeafss signal is changed to 300
MW. Although the active power output of VSC#2 ridattacks the commanded
reference signal, the DC link voltage remains neeshstant throughout the change in

active power as shown in Figure 3.10.

Figure 3.11 shows the active current of the VS@#@ the active current
reference signal. In Figure 3.12, the output ofabiéve power controller will be the
reference input to the active current controlieof the inner current controllers in Figure

3.13.
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Figure 3.9. Active Power Flow Control With 200 MW&a300 MW as Reference Signals
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Figure 3.10. DC Voltage Control With 100 kV as Refece Signal
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4. SYSTEM STUDY AND SIMULATION RESULTS

4.1. SYSTEM DESCRIPTION

The interconnection of three AC grids through aage source converter based
M-HVDC system was simulated in PSCAD/EMTDC. Theaglation was designed to
illustrate the bulk power transfer over the DC limkile achieving an independent
control over active power and DC voltage. In addifithe region of controllability as a
function of power flow will be analyzed. Furtherrepthe steady-state and dynamic
response characteristics as a function of capagsizerwill be investigated.

Controlling the DC voltage inside a M-HVDC transsi@® system is very
important because a constant DC voltage on a M-HWagasmission network will allow
the active power to be distributed among the cdeverTypically, the control of a M-
HVDC transmission system is obtained as follows oconverter controls the DC voltage
while the other converters control the active pofiex.

The three-terminal VSC-HVDC network shown in Figdr& was implemented in
PSCAD/EMTDC. The control of this model is organizsdfollows: VSC#1 is used to
control the DC voltage, whereas VSC#2 and VSC#3iseel to control the active power
in either direction independently. The line impedssdata for the AC network are
presented in Table 4.1 (MVA base for all the ACtegsis 100MVA). Table 4.2 presents

the load flow data for the system.
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Figure 4.1. Multi-terminal HVDC System

Table 4.1. Lines Impedance Data for the Three-teshtlVDC System

FromBus ToBus R(pu) X(pu) B (pu)

1 7 0 0.15 0

2 8 0 0.15 0

3 14 0 0.15 0

4 13 0 0.15 0

5 18 0 0.15 0

6 17 0 0.15 0

7 8 0.0025 0.025 0.0437b
8 9 0.001 0.01 0.0175
12 13 0.001 0.01 0.0175
13 14 0.0025 0.025 0.04375
16 17 0.001 0.01 0.0175

17 18 0.0025 0.025 0.04375
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The VSC-HVDC lines data (on Basg 3100 kV and 400 MW) are:
Rpc=0.55Q Gc=800uF
All the transformers in the system have the samampeters as follows:
Base, 900 MVA, 20 kV/230 kV, 15%
The generators’ dynamdata for the three-terminal HVDC system are:
Base, 900 MVA, 20 kV, 60 Hz
X, =18pu X, =03pu Xy =025pu X,=17pu X, =0.55pu
X/ =0.25pu Tj, =8s Tio =0.03pu  Tjo = 0.4pu 70 =005s

R, =0.0025pu H = 6.5 (For G1 and G2) H = 6.175 (For G3, G4, G5 and G6)

Table 4.2. Load Flow Data for the Three-terminall{¥ System

Bus  V(pu) 6() P.(MW)  Q(MVAR  Qc(MVAR)
1 103 202 - - -
2 101 105 - - -
3 103 -6.80 - - -
4 101 -17.0 - - -
5 103 -6.80 - - -
6 101 -17.0 - - -
9 - - 967 100 9971
12 - - 1767 100 9971
16 - - 1767 100 9971
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4.2. ACTIVE POWER CONTROL STUDIES

The M-HVDC system has been studied and simulatéliffatent operating
conditions to analyze and observe the active ponaasmission over the DC link. The
region of controllability as a function of poweoW will be determined. Furthermore, the
steady-state and dynamic response characterist@$umction of capacitor size will be
investigated.

4.2.1. Normal Operation. The system has to be examined under normal
condition to verify that it is working properly. \C3t1 maintains the DC voltage at 100
kV as shown in Figure 4.2, and the other convecerdrol the active power as needed.
Table 4.3 and Figure 4.3 show that the active pdf®eandP,,) can be independently
controlled in either direction under normal opergtconditions. Note that

P = _(Pr1+Pr2)

Main : Graphs =
= Voo WSCH] Dll=
120 ———— .
100 r
a0 | [ r [
&0
2 40 ]
20 4
0
140 = \do_VSC#Z G
120 4 L
100
r 8 i [
&0
40 |
20 4
0
= Vo VSC#3 G
120
100 T
a0 r
50 4
40
20

= 0.0 5.0 10.0 15.0 20.0 25.0 30.0

Figure 4.2. DC Voltage of the Normal Operationtfug Three-terminal HVYDC
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Table 4.3. Series of Test Scenarios for Normal &yt
Time (S) Ps Prq Pr, Pc1 Peo Pg3 Pcs Pcs Pcs
From | To | (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
0 5 -140 100 50 530 270 870 1070 845 1010
5 10 | -520 400 150 425 10 1010 1420 895 1130
10 15 | -230 300 -50 505 210 965 1305 795 890
15 20 | 114 100 -200 595 440 870 1070 715 700
20 25| 314 -100 -200 650 570 770 830 715 700
25 30 | 740 -300 -400 750 860 666 585 613 460
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4.2.2. Region of Controllability. The operating boundaries of controllability as
a function of power flow are important to determihe converter rating power flow.
Hence, the region of controllability ensures ti&t $ystem is stable as long as the
converter rating power is considered. The operdimgndaries of controllability can be
investigated using a series of test scenarios Apgihg the specified power flow; and
Pr.as shown in Table 4.4. The DC voltage is spec#ietio0 kV for all scenarios. For
exampleP;; is specified at -400 MW whilB,, is increased in 200 MW steps until it
reaches its peak value of 2200 MW as illustrateéignre 4.4. In another scenari®; is
specified at 1200 MWvhile Py, is increased in 200 MW steps until it reaches @020
MW as illustrated in Figure 4.5. Therefore, the maxn power of the converter VSC#1
flows to the AC grid is -2765 MW. Note that the a&ge sign means that the active
power flows from the DC link to the AC network.

Because of the similarity between aBand are&, both areas have the same
operating boundaries. From Figure 4.6, akean provide up to 1565 MW to the DC link
(Psmax), and each of ardaandC can provide up to 2200 MW to the DC lirRr{ maxand
Pr2max). Note thatPr; andPr, obviously cannot both be 2200 MW simultaneously
becausdsis limited to -2765 MW. Under normal operation, tb&al power losses in the
DC links are relatively small, and therefore netgdc However, the power losses cannot
be ignored if the system operates near the redicordrollability limit because the
losses in the DC links then become relatively laflyeore cases are provided in

Appendix A)
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As seen in Figure 4.6, Pr1+Pr2+#®aear the region of controllability limit due
to the power losses in the DC links. The powerdsg$§R) at some points are relatively
high, and hence the efficiency is low. In this syst the DC links are specified at 100
kV. This voltage level may result in relatively higurrents if high power (e.g. 1600
MW) transfers with the HVDC links. Thus, transmitjiwith high current over long
distances with HVDC will result in extensive povesses. For instance, the active
power R, and R, are specified at 1000 MW and 1400 MW respectivahd therefore
Ps=-2125 MW and the losses is 275 MW. The effiggandhis case is 88.54%.
However, the efficiency can be improved by incregshe DC voltage level. For
example, the efficiency has been improved to 96.46%e same specified power in the

last example with ¥c=200 kV.

Figure 4.7 and Figure 4.8 show the HVDC power fifficiency at 100 kV and
200 kV respectively. There are few cases in whighactive power flow reaches nearly
an efficiency of 100% with ¥c=100 kV as illustrated in Figure 4.7. However, Many
cases come close to efficiency of 100% witht%200 kV. Therefore, the efficiency can

be improved by increasing the DC voltage to hidaeel.
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Table 4.4. Series of Test Scenarios for Operatiogn8aries Investigation

Prq Pr, Ps
-1600 1800 525
-1600 2000 380
-1600 2200 240
-1400 400 1340
-1400 600 1160
-1000 -400 1565
-1000 -200 1350
1200 1800 -2600
1200 2000 -2765
1400 1400 -2450
1400 1600 -2608
1400 1800 -2765

4.2.3. Capacitor Size Effect. The size of DC side capacitor is an important part
for the HVDC systems because the current flows¢oDC side of the converter
containing harmonics, which will result in a ripmle the DC side voltage. The
magnitude of the ripple voltage depends on the D€ sapacitor size. In this section, the
level of controllability as the DC capacitor sisediecreased will be investigated, and how
different values impact the speed of response laadynamic performance at M-HVDC.

4.2.3.1 Casettl. In this case, the DC capacitor size is 860 which is the
capacitor size used in all of the previous resltsseen in Figure 4.9, the active power

controller has a fast response for a step chantfeeimput reference. Furthermore, the
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DC voltage has almost no ripple because the capai#e is relatively large. However,

the active power controller has a time delay anersivoot as shown in Figure 4.9.
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Figure 4.9. Active Power and DC Voltage Step Respat Capacitor Size of 8Q&

4.2.3.2 Caset2. In this case, the DC capacitor size has been demlda 2Q.F.
The active power controller response has improws@ibse the response has less time
delay and overshoot as shown in Figure 4.10. Howéere is a limitation in choosing a

smaller size of capacitor as it will affect the dymic operation of the HVDC system.
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Thus, a smaller size of capacitor means high rigpleage at the DC side as shown in

Figure 4.10. (More cases are provided in Appendix B
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Figure 4.10. Active Power and DC Voltage Step Raspat Capacitor Size of 26

The design of DC side capacitor is an important foairthe design of HVDC
systems because the use of PWM in VSC resultsriermuharmonics occurring in the
DC side of the VSC-HVDC. These current harmoniasseaipple on the DC side
voltage. The use of DC capacitor results in smadil voltage. However, the DC

capacitor size should be designed based on theufarm
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2
16@
2 Sp

where$, is the nominal powel/y is the DC voltage andis the time constant, which is
equal to the time needed to charge the capacdor f#ero to rated voltage. A smaller
time constant means faster response and highde npfiage. In contrast, a larger time
constant provides slower response and smallereryppgltage. Thus, the time constant is
suggested to be betweems and 10ms.

In case#2, the DC voltage cannot remain at thetagjue with a capacitor of 20
uF because the time constansg 0.25ms, which is too small. However, the DC voltage
has almost no ripple with a capacitor of @#0because the time constant isri€) which

is relatively good.
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5. CONCLUSIONS

A model of a three-terminal VSC-HVDC system is preged in this thesis. The
vector control strategy is described and implene®md®SCAD/EMTDC. The simulation
results has shown that operation of M-VSC-HVDCas$ble with one VSC terminal
regulating the DC voltage while the others convertantrol the active power flow
independently and bi-directionally. The region ohtrollability as a function of power
flow is a very important from the stability pointwew. The region of controllability is
the region of stability. Hence, the region of cotiathility ensure that the system is stable
as long as the converter rating power is considéfedhermore, the steady-state and
dynamic response characteristics as a functiompdator size has been investigated.
From the simulation results, it is concluded that active power controller has a fast
response for a step change in the input refereamokthe DC voltage has almost no ripple
if the capacitor size is relatively large. Howewvbe active power controller response is
improved when the capacitor size is decreasedoAgh a smaller capacitor size
provides faster response, there is a limitatiochioosing a smaller size of capacitor as it
will affect the dynamic operation of the HVDC systeThus, a smaller size of capacitor

means high ripple voltage at the DC side.



APPENDIX A.
REGION OF CONTROLLABILITY TEST SCENARIOS



This table shows test scenarios of region of cdlatrity at Vpc=100 kV.

Pr1 Pr2 Ps PLosses
(MW) (MW) (MW) (MW)
-1600 1800 525 725
-1600 2000 380 780
-1600 2200 240 840
-1400 400 1340 340
-1400 600 1160 360
-1400 800 990 390
-1400 1000 820 420
-1400 1200 660 460
-1400 1400 500 500
-1400 1600 344 544
-1400 1800 190 590
-1400 2000 40 640
-1400 2200 -100 700
-1200 200 1225 225
-1200 400 1040 240
-1200 600 860 260
-1200 800 685 285
-1200 1000 515 315
-1200 1200 350 350
-1200 1400 192 392
-1200 1600 35 435
-1200 1800 -115 485
-1200 2000 -265 535
-1200 2200 -405 595
-1000 -400 1565 165
-1000 -200 1350 150
-1000 0 1150 150
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-1000 200 950 150
-1000 400 760 160
-1000 600 580 180
-1000 800 405 205
-1000 1000 235 235
-1000 1200 75 275
-1000 1400 -86 314
-1000 1600 -240 360

8('30 12'00 -17'95 265

800 1400 -1955 245

800 1600 -2115 285

800 1800 -2265 335

800 2000 -2410 390

800 2200 -2560 440
1000 1000 -1800 200
1000 1200 -1965 235
1000 1400 -2125 275
1000 1600 -2280 320
1000 1800 -2430 370
1000 2000 -2575 425
1000 2200 -2730 470
1200 1200 -2130 270
1200 1400 -2290 310
1200 1600 -2445 355
1200 1800 -2600 400
1200 2000 -2760 440
1400 1400 -2450 350
1400 1600 -2608 392
1400 1800 -2765 435
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APPENDIX B.
DC CAPACITOR SIZE EFFECT
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