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Abstract

The recent developments in semiconductors and contropeegriit have made the volt-
age source converter based high voltage direct current (M80C) feasible. Due to the
use of VSC technology and pulse width modulation (PWM) the M BZIC has a num-
ber of potential advantages as compared with classic HVDeh as short circuit current
reduction, rapid and independent control of active andtneapower, etc. With those
advantages VSC-HVDC will likely be widely used in future tsamssion and distribu-
tion systems. One such application is to supply industsiatesns characterized by high
load density, high requirements on reliability and qualdgether with high costs after
production interruption.

In this thesis, the scenario of VSC-HVDC connecting two gigstudied as the
starting point. Two different control strategies are inmpésted and their dynamic perfor-
mances during disturbances are investigated in the PSCADIED/program. The sim-
ulation results show that the model can fulfill bi-directbpower transfers, AC system
voltage adjustment and fast response control.

The VSC-HVDC model is further investigated for its ability $apply industrial
systems with and without on-site generation. The frequeeyroller is utilized in the
inverter station to ride through voltage disturbances,relige frequency of the VSC out-
put voltage is slightly decreased and thereby the inertsggnof rotating masses in the
system is exploited. The motivation for choosing this satis that the processing indus-
tries are much more sensitive to voltage drops than to fregudeviations. Simulation
results show that a VSC-HVDC applied to an industrial systigmificantly improves the
power quality of the industrial plant during voltage distances. Furthermore, the use of
the proposed frequency controller can increase the rideugjin capability of the system.
However, the current limit of the converter, the power prichn level of the on-site gen-
eration and the generator size significantly influence iltybo mitigate voltage dips.

Keywords: VSC-HVDC, vector controller, outer controller, current limnroltage dips,
industrial power systems.
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Chapter 1

Introduction

This chapter describes the background of the thesis andlyraviews related research.
The objective of the thesis, main contributions of the worktae outline of the thesis are
also presented. Finally, the project publications aredkt

1.1 Background

Industrial power systems are characterized by high coreteom of load. Many indus-
trial loads are very sensitive to voltage dips and otheudisinces originating from the
grid [1, 2]. A paper machine could be affected by disturbarafeonly 10% voltage vari-
ation from nominal lasting as short as 100ms [3]. Voltagesgad85 to 99; of nominal
lasting as short as 16 ms have triggered immediate outagesicél industrial processes
as mentioned in some reports [4]. Equipment mal-operatientd voltage dips and other
disturbances can lead to high cost. An interrupted autmm@tssembly line costed one
U.S. manufacture$250000 a month until it was corrected. Interruptions to semduc-
tor hatch processing co$80000$I million per incident [5]. Therefore, electric power
systems are faced with the challenge of providing highigupbwer to industrial loads.

Power-electronic solutions have been suggested to sokefsppower quality
problems in industrial systems. An uninterruptible powgr@y (UPS) can provide ride-
through capability against voltage interruptions and dgrssmall loads [6]. A dynamic
voltage restorer (DVR) can alleviate a range of dynamic payuaility problems such as
voltage dips and swells [7]. A static synchronous compemg&TATCOM) has the abil-
ity to either generate or absorb reactive power at a fastetiman classical solutions. This
allows for the mitigation of flicker and alleviation of stéityi problems [8, 9].

High voltage direct current (HVDC) transmission is a teclggl based on high
power electronics and used in electric power systems fay thstances power transmis-
sion, connection of non-synchronized grids and long submaarable transmission [10,
11]. For many years, HVDC based on thyristor commutated extexs was used [12, 13].
With the development of semiconductors and control equigmidVDC transmission
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Chapter 1. Introduction

with voltage source converters (VSC-HVDC) based on IGBTs iayqabssible and sev-
eral commercial projects are already in operation [14—TWg use of such DC links
provides possible new solution to power-quality relatembpgms in industrial power sys-
tems.

1.2 Review of related research

The topologies of two converters in the VSC-HVDC system haenlstudied in [17-21].
The two-level bridge is the simplest circuit configuratiordahere are several commis-
sioned projects that use this topology [15, 16]. Recent pexhave extended the princi-
ple to multilevel converters by the use of capacitors andekdo increase the number of
levels. The voltages can be clamped for different levelt sisca three-level neutral point
clamped voltage source converter [14, 18, 22] and a thred-flying capacitor voltage
source converter [19, 21]. These multilevel converterigeimproved waveform qual-
ity and reduced power losses. In [23] it is stated that theea)osses of the two-level and
three-level VSC, operating at 1 pu power, are larger tfarand between% — 2%, re-
spectively. However, due to the increased complexity inveder design with multilevel
converters the two-level converter technology is still th@st commonly used.

To fully exploit the capabilities of the VSC-HVDC proper cooitalgorithms are
needed. In a number of papers, such as [18, 22, 24, 25], efitf@ontrol systems of the
VSC-HVDC have been analyzed. In [18] an inner current coday for the use together
with a carrier based PWM is presented. The inner current abloiop is designed for a
digital control implementation and for a dead-beat contfdhe converter current when
the converter is connected to a very strong AC network. A-gadnected VSC using a
discrete vector current controller is investigated in [2ZBfe influences of an incorrect
controller tuning and grid voltage harmonics on currengfi@ency responses at an operat-
ing point are also addressed. Moreover, some specific aspiitte VSC-HVDC are also
studied in the literature. For instance, an analytical mofléhe power control terminal
of a VSC-HVDC system is also analyzed and presented in [2692&] contribution of
VSC-HVDC to short circuit currents is investigated in [29h€T inter-area decoupling
and local area damping by the VSC-HVDC are studied in [30].r&laee also some fur-
ther possibilities for the improvement of VSC-HVDC. In [31]tatsc synchronous series
compensation (SSSC) is embedded in the VSC-HVDC station toowepthe dynamic
characteristics of the VSC-HVDC link.

One of the attractive applications of the VSC-HVDC is thasih e used to connect
a wind farm to an AC grid to solve some potential problems sagholtage flicker [32].
In [33] a technical and economical analysis is presenteddtuate the benefits and draw-
backs of grid connected offshore wind farms through a DC. in§34] the behavior of a
VSC-HVDC system is studied, when feeding a weak AC network wiwer produced
from an offshore wind farm (WF) of induction generators. ThR8G/HVDC connect-
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1.3. Objective of the thesis and main contributions

ing a wind farm to an AC system has also been implemented iresmymmissioned
projects [15, 35, 36]. Two commercial VSC-HVDC transmisssystems projects, Got-
land and Tjereborg, are feeding onshore wind power to the AC system. & pegects
have shown that VSC-HVDC is capable of handling wind power @atting rapidly
enough to counteract voltage variations in an excellent Walyebruary 2005 the world’s
first offshore VSC-HVDC transmission was successfully cossioined [36]. Overall, the
theoretical investigations and experiences confirm thatMBC-HVDC is a promising
concept for connecting large wind farms to AC systems.

A multiterminal VSC-HVDC can be an attractive alternativetih@ conventional
AC system. The possible implementation of a multitermin®IDC system and various
aspects related to the multiterminal HYDC system have beetexl [37—42]. The relia-
bility of a hybrid multiterminal HVDC sub-transmission $gm is evaluated in [38]. The
ability of the multiterminal VSC-HVDC system to improve powgiality and how to deal
with DC overvoltages during loss of a converter in the meittitinal VSC-HVDC system
is investigated in [43] and [40]. The protection of multitenal VSC-HVDCs against DC
faults is also studied in [44].

In the literature there are some other applications of th€¥/DC technology.
In [45] a study of SSTI (subsynchronous torsional integtrelated to VSC-HVDC is
presented. One DC prototype system has been simulatedastigate the opportunities
and challenges in industrial systems [46].

1.3 Objective of the thesis and main contributions

The main objective of this thesis is to assess the potentillianitation of the use of
VSC-HVDC in industrial power systems. The control algorithafi the VSC-HVDC will
be designed and the dynamics of industrial systems with VSOE infeed will be ana-
lyzed.

The main contributions are: design of frequency contraltetsies for a VSC-HVDC
to increase the ride-through capability for the VSC-HVDCdigal industrial systems in
case of voltage disturbances, investigation of the imphttteoconverter current limit on
the system and study of the VSC-HVDC dynamic performancenfdustrial plants with
and without on-site generation. The details are describddl@ws:

e acontrol scheme for a VSC-HVDC connecting two establishedyslems is stud-
ied. Two different control strategies, AC voltage contnotlaeactive power control,
are tested and compared during step changes and faultsnvdstigation focuses
on the ability of the VSC-HVDC to keep in operation and how th&tem recovers
after fault clearing.

¢ the dynamic performance of a VSC-HVDC system under unbathfadts in the
supplying AC system is investigated. Different controlalthms, such as an inner
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Chapter 1. Introduction

current controller, a controller with LCL filter and positigequence and negative-
sequence current controllers, are presented and analgz#dtefmost common un-
balanced fault, i.e. single-line-to-ground fault (SLGF).

¢ the thesis describes different frequency controllers amdpares the dynamics of a
VSC-HVDC supplied industrial plant when different types i@dquency controllers
are implemented in the inverter station.

¢ the thesis studies the AC voltage/frequency control of tis&VHVDC to supply
industrial installations. During the investigation the mmnt of inertia of rotating
masses, load characteristics and current limits are iedwaohd their effects on the
VSC-HVDC'’s ability to ride through voltage disturbances areeistigated during
faults and motor starts.

¢ the thesis investigates a VSC-HVDC supplying an industriahpwith on-site
generation. A Pl frequency controller and a droop frequermytroller are imple-
mented in the VSC-HVDC control system. The dynamics of théesysare inves-
tigated and compared when the two different frequency otlats are used and
when the turbine operates in three different modes, i.esteom power mode, droop
frequency control with and without a reheat model.

1.4 Outline of the thesis

Chapter 2 presents classic HVDC and VSC-HVDC. In this chapgeatrangements of
the HVDC system, the configurations, the advantages andcapiphs of classic HYDC
and VSC-HVDC are described. Furthermore, the structureeo¥C-HVDC, including
its converter, harmonic filter and DC capacitor, is desdiipedetail. The operation of the
VSC-HVDC is also explained.

Chapter 3 focuses on the control system of the VSC-HVDC. Theativeontrol
structure of the VSC-HVDC is presented. A mathematical moéithe control system is
described in detail. Different outer controllers are alssspnted.

Chapter 4 discusses some simulations concerning the VSC-HhvéEeen two
grids and makes the comparison between the complete antf@chpy'SC-HVDC mod-
els. In this chapter step changes, balanced and unbalaacksl &re simulated with the
complete and simplified models to evaluate and verify the@sed control system of the
VSC-HVDC. Moreover, the improvement of the system perforneashering unbalanced
faults is investigated. In all simulations the current timiconsidered. Some of the results
presented ifPaper A] and[Paper B] are highlighted in this chapter.

Chapter 5 focuses on the simulation of VSC-HVDC supplied itrthlgpower sys-
tems with and without on-site generation. Balanced faultshengrid side, load step
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Chapter 2

High Voltage Direct Current

This chapter presents general aspects of HVDC transmis$tomaconfigurations of HVDC
and two different HVDCs, i.e. classic HVDC and VSC-HVDC, are rilesd.

2.1 Introduction

The HVDC technology is a high power electronics technologgdin electric power sys-
tems. It is an efficient and flexible method to transmit largeoants of electric power
over long distances by overhead transmission lines or gnoi@nd/submarine cables. It
can also be used to interconnect asynchronous power sy$i@&mshe first commer-
cial HYDC connecting two AC systems was a submarine cabkeldetween the Swedish
mainland and the island of Gotland. The link was rated 20MU@kV, and was commis-
sioned in 1953 [49, 50]. Nowadays, the HVDC is being widelgdiall around the world.
Until recently HVDC based on thyristors, which is calledditeonal HVDC or classic
HVDC, has been used for conversion from AC to DC and vice versa.

Recently a new type of HVDC has become available. It makes u$e anore ad-
vanced semiconductor technology instead of thyristorpever conversion between AC
and DC. The semiconductors used are insulated gate bipateistors (IGBTs), and the
converters are voltage source converters (VSCs) which tgeigh high switching fre-
guencies (1-2kHz) utilizing pulse width modulation (PWMheltechnology is commer-
cially available as HVDC Light [51] oHVDCFLYS (Power Link Universal Systems) [52].
In this thesis the new technology will be referred to as VSCEl®D(VSC based HVDC).
A number of underground transmissions, up to 330 MW, are mraercial operation or
being built [15, 35,53, 54]. Today a maximum power capacity@0 MW at+ 300 kV
DC is commercially available [55]. In this chapter a briekoview of classic HVDC is
presented. The topology of the VSC-HVDC is discussed in d&askign considerations
and modelling aspects of the VSC-HVDC are addressed.
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2.2 Configurations of HVDC

HVDC converter bridges together with lines or cables canr@nged in a number of
configurations as shown in Figs. 2.1 and 2.2 [11, 49, 50, 56]:

Monopolar HVDC system

In the monopolar configuration, two converters are conmelsyea single pole line

and a positive or a negative DC voltage is used. In Fig. 2.th@)e is only one

insulated transmission conductor installed and the graursga provides the path
for the return current. For instance, the Konti-Skan (19&®ject and Sardinia-
Italy (mainland) (1967) project use monopolar links [11]tefnatively, a metallic

return conductor may be used as the return path.

. Bipolar HVDC system

This is the most commonly used configuration of HVDC transiois systems [11].
The bipolar configuration, shown in Fig. 2.1(b), uses twallated conductors as
positive and negative poles. The two poles can be operategp@andently if both
neutrals are grounded. The bipolar configuration incredsegower transfer ca-
pacity. Under normal operation, the currents flowing in bptikes are identical
and there is no ground current. In case of failure of one poieep transmission
can continue in the other pole which increases the reltgbMost overhead line
HVDC transmission systems use the bipolar configuratioh [11

Homopolar HVYDC system

In the homopolar configuration, shown in Fig. 2.1(c), two @mrenconductors have
the negative polarity and can be operated with ground or alliwateturn. With two
poles operated in parallel, the homopolar configurationced the insulation costs.
However, the large earth return current is the major disatdwege [57].

. Back-to-back HVDC system

This is the common configuration for connecting two adja@synchronous AC
systems. Two converter stations are located at the samargitéransmission line
or cable is not needed. A block diagram of a back-to-backesyss shown in
Fig. 2.2(a). The two AC systems interconnected may have dheesor different
nominal frequencies, i.e. 50Hz and 60Hz. Examples of sustery configuration
can be found in Japan and South America [58].

. Multiterminal HVDC system

In the multiterminal configuration, three or more HVDC cortee stations are geo-
graphically separated and interconnected through tresssom lines or cables. The
system can be either parallel, where all converter stateoesconnected to the
same voltage as shown in Fig. 2.2(b) or series multitermsgatem, where one
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or more converter stations are connected in series in onetbrdwles as shown in
Fig.[2.2(c). A hybrid multiterminal system contains a congtion of parallel and
series connections of converter stations. Applicationmoititerminal HVDCs in-
clude the Sardinia-Corsica-Italy (SACOI) connection, theifRalntertie in USA
and the Hydro Quebec - New England Hydro from Canada to USA6[9,

_i !_

Fig. 2.1 Monopolar (a), bipolar (b) and homopolar (c) HYDC systems.

2.3 Classic HvYDC

2.3.1 Components of classic HVDC

A bipolar classic HVDC system, shown in Fig. 2.3, consista6ffilters, shunt capacitor
banks or other reactive-compensation equipment, comieatesformers, converters, DC
reactors, DC filters, and DC lines or cables [12].
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(€)
Fig. 2.2 Back-to-back (a), parallel multiterminal (b) and series multiterminal (c) H\@y&ems.

Converters

The HVDC converters are the most important part of an HVDQesys They perform
the conversion from AC to DC (rectifier) at the sending end ainch DC to AC (in-
verter) at the receiving end. HVDC converters are connetidde AC system through
transformers. The classic HVYDC converters are currentcgooonverters (CSCs) with
line-commutated thyristor switches. A six pulse valve gadshown in Fig. 2.4, is the ba-
sic converter unit of classic HVDC for both conversions, iextification and inversion.
A twelve pulse converter bridge can be built by connecting six pulse bridges. The
bridges are then connected separately to the AC systemgihroansformers, one with
Y-Y winding structure and the other with X% winding structure, as shown in Fig. 2.3. In
this way the 5th and 7th harmonic currents through the twasfamers are in opposite
phase. This significantly reduces the distortion in the A€teay caused by the HVDC
converters [61, 62].

Transformers

The transformers connect the AC network to the valve bridgesadjust the AC voltage
level to a suitable level for the converters. The transfosmtan be of different design
depending on the power to be transmitted and possible wangmuirements [12].
AC-side harmonic filters

The HVDC converters produce harmonic currents on the AC andkthe harmonic cur-

10
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AC bus ~
I I
:|: filter Transformer Y/A Y/Y :|:
Shunt ca_pacitors
or other reactive — | = o
equipment Converter g Smoothing
1 reactor
: - DCline o
. or cable
IO

:

Fig. 2.3 A configuration for a classic HVDC system.

I
i

— =
—

— I

Fig. 2.4 Configuration of a six pulse valve group.
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rents entering into the connected AC network are limited KByfi#ters. For instance, AC
filters installed on the AC side of a 12-pulse HVDC convertertaned such that thi **,
13, 23t and25*™" harmonic currents are limited. In the conversion processtnvert-
ers consume reactive power which is partly compensateckifilter banks and the rest is
provided by capacitor banks.

DC filters

The HVDC converters produce ripple on the DC voltage. Vdtegple causes the inter-
ference to telephone circuits near the DC line. DC filterslmansed to reduce the ripple.
Usually no DC filters are needed for pure cable transmissootiar back-to-back HVDC
stations. However, it is necessary to install DC filters iedwead lines are used in the
transmission system. The filter types used on the DC sidauagglffilters and active DC
filters [11, 63].

HVDC cables or overhead lines

HVDC cables are normally used for submarine transmissiarsdfious length limitation
exists for HYDC cables. For a back-to-back HVYDC system no BRle or overhead line
is needed. For connections over land overhead lines areatfypused. However, due to
environmental concerns the tendency is to also use cablesifimections over land.

2.3.2 Advantages and applications of classic HYDC
Advantages of classic HYDC

It is important to remark that an HVDC system offers not ofilg tapability to transfer
electrical power but also a number of advantages as compargd transmission [11,12]
such as:

e no limits in transmitted distance. This is valid for both dwead lines and subma-
rine/underground cables.

e fast and accurate control of power flow which improves the grasystem stability.
e direction of power flow can be changed quickly.

e an HVDC link does not increase the short-circuit power ingbat of connection.
This implies that it will not be necessary to change otheigageant in the existing
network from the viewpoint of short-circuit power.

e HVDC can carry more power for a given size of conductor as aregbto the AC
system, which implies that when transmitting the same amoiuerctive power, the
need for right-of-ways (RoWs) is less for an HVDC than for an AQmection.

e power can be transmitted between two AC systems operatidifetent nominal
frequencies or at the same frequency without being syncedn

12



2.4. VSC-HVDC

Applications of classic HYDC

The purpose of the first classic HVDC application was to meypoint to point electri-
cal power interconnections between asynchronous AC poewvanks. Other applica-
tions [56] where HVDC transmission is suitable include:

e delivery of electrical power from large energy sources doag distance, e.g. the
connection of remote hydro-stations to load centers.

e import of power into congested load areas, where it is nasiptesto build new gen-
erations to meet the load demand. Underground DC cablentiasi®n is usually
used in such application.

e increasing the capacity of existing AC transmission by Dahsmission, which
eliminates the need of new transmission RoWs.

e power flow control. In AC networks the desired power flow cohtan be difficult
to accomplish. Power marketers and system operators mayedfje power flow
control capability provided by HVDC transmission.

2.4 VSC-HVDC

With continued load growth and the difficulty of obtaining Ro\Wés new transmission
lines, the existing transmission systems are pushed tewhaeir limits. This will deteri-
orate the power quality and have a negative impact on theanktstability. Therefore, it
is necessary to adapt existing transmission system toaserthe power density on the
existing RoWs. The use of VSC-HVDC transmission has the patietatibe a part of the
solution to these anticipated problems.

The VSC-HVDC is a new DC transmission system technology. Bheeg are built
by IGBTs and PWM is used to create the desired voltage wavefdfith PWM it is
possible to create any waveform, any phase angle and megrofithe fundamental fre-
quency component. This high controllability allows for ad@irange of applications.

2.4.1 Components of VSC-HVDC

A typical VSC-HVDC system, shown in Fig. 2.5, consists of AGefis, transformers,
converters, phase reactors, DC capacitors and DC cablgs [64

Converters

The converters are VSCs employing IGBT power semiconductors,operating as a
rectifier and the other as an inverter. The two convertercammected either back-to-
back or through a DC cable, depending on the applicatiors iBhilescribed in detail in
Section 2.4.2.

13



Chapter 2. High VWoltage Direct Current

Transformers

Normally, the converters are connected to the AC systemraiastormers. The most
important function of the transformers is to transform tloéage of the AC system to a
level suitable for the converter.

Phase reactors

The phase reactors are used for controlling both the aatigietee reactive power flow by
regulating currents through them. The reactors also fanas AC filters to reduce the
high frequency harmonic contents of the AC currents whiehcauused by the switching
operation of the VSCs.

AC filters

The AC voltage output contains harmonic components, cabgeatie switching of the
IGBTs. The harmonics emitted into the AC system have to bedinio prevent them
from causing malfunction of AC system equipment or radio @abelcommunication dis-
turbances. High-pass filter branches are installed to atéithese high order harmonics.
With VSC converters there is no need to compensate any vegatiwer and the cur-
rent harmonics on the AC side are related directly to the PWaquency. Therefore, the
amount of filters in this type of converters is reduced as amegbwith line commutated
converters. This is described in detail in Section 2.4.3.

DC capacitors

On the DC side there are two capacitor stacks with the saraeHie size of these capac-
itors depends on the required DC voltage. The objectiveeoDid capacitors is to provide
an energy buffer to keep the power balance during transemtseduce the voltage ripple
on the DC side. This is described in detail in Section 2.4.4.

DC cables

The cable used in the VSC-HVDC applications is a new develogsslwhere the insula-
tion is made of an extruded polymer that is particularlyssit to DC voltage. Polymeric
cables are the preferred choice for HYDC mainly becauseeaf thechanical strength,
flexibility and low weight [65].

Q P Q

+—>» 4—r +“—>

Converte
DC
Transformer .
AC capacitor Phase reacto, AC
systeml ( Q ) _____ . { I i 4 Aoy ( Q ) system

! AC i

tien AD.CA Aca_blei_ :'E%lt:e‘r‘:

Fig. 2.5 A VSC-HVDC system.
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2.4. VSC-HVDC

2.4.2 Converters

So far the converters are composed of a number of elemerdavecers, i.e. three-phase,
two-level, six-pulse bridges or three-phase, three-Jeéwadlve-pulse bridges, as shown in
Fig.'2.6. Both topologies have been used in the commissiorgelgbs [15—-17].

R T wi jjjik%

J

AR J(
VEvr s | W%KM#@#@X

IR 8 4 4 |

(a) Two-level VSC (b) Three-level VSC
Fig. 2.6 The topology of the VSC.

The two-level bridge is the simplest circuit configuratibattcan be used for build-
ing up a three-phase forced commutated VSC bridge. It has Wwetely used in many
applications at a wide range of power levels. As shown in Ei§, the two-level con-
verter consists of six valves. It is capable of generatimgtiho voltage levels-0.5-upc
and+0.5-upc (whereupc is the DC voltage). The three-level converter comprises fou
valves in one arm of the converter. It can generate the reguibltage on the AC termi-
nal comprising three voltage levels).5-upc, 0 and+-0.5-upc. In order to use the two or
three-level bridge in high power applications series catiae of devices may be neces-
sary and then each valve will be built up of a number of seresmected turn-off devices
and anti-parallel diodes. The number of devices requirddtisrmined by the rated power
of the bridge and the power handling capability of the switghdevices.

2.4.3 AC filters

As described above, the currents and the voltages at theenaad rectifier are not sinu-
soidal due to the commutation valve switching process. & hes-sinusoidal current and
voltage waveforms consist of the fundamental frequency &@monent plus higher-order
harmonics. Passive high-pass AC filters are used in the VSOE1 filter the high har-
monics. Hence, sinusoidal line currents and voltages cabtaéned from the transformer
secondary sides. Furthermore, the reactive power compensaay be accomplished by
high-pass filters.

As stated in [66], a PWM output waveform contains harmoni€g,. + N’ f;, where
f. is the carrier frequency; is the fundamental grid frequency/’ and N’ are integers,
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Chapter 2. High VWoltage Direct Current

and the sum\/’ + N’ is an odd integer. In addition to the fundamental frequermy-c

ponent, the spectrum of the output voltages contains coemsraround the carrier fre-
guency of the PWM and multiples of the carrier frequency. Thiustrated in Table 2.1,

where a summary of the output voltage harmonics obtainedid@ygular carrier PWM

with the frequency modulation ratia ; equal to 39. Herep; is defined as:

Je
my = f1 (21)
The selection ofnn; depends on the balance between switching losses and harmoni
losses. A higher value of. (i.e. a higher number of commutations per second) increases
the switching losses but reduces the harmonic losses.

Table 2.1: Spectrum of the output voltage
M’ 1 2 3
Harmonic 391, 78 f1 117 f,
39f, £ 2f. T8fi £ 1f. 117f +2f.
39fi £ 4f. T8fi +3f. 117f, +4f.
39f1 £6f. T8f1 £5f. 117f; +6f.
etc. etc. etc.

From Table 2.1, the harmonic contents can be obtained. Tieehi:;, the higher
the frequency of the lowest order harmonics produced. Toerewith the use of PWM,
passive high-pass damped filters are selected to filter g¢iredrder harmonics. Normally
second and third-order passive high-pass filters showngn ZE7 are used in HVDC
schemes [11].

When designing the high damping filters the quality facfois chosen to obtain
the best characteristic over the required frequency bahne typical value of the quality
factor() is between 0.5 and 5 [11].

2.4.4 Design of DC voltage and DC capacitors

For the converter to be capable of controlling the input enirwaveforms to be sinu-
soidal, the nominal DC voltage should be appropriately eho#&s mentioned in sub-
section 2.4.2, a two-level converter is able to generatevliage levels—0.5-upc and
+0.5-upc. Therefore, the DC voltage should be larger than 1.634 tithegoot mean
square (rms) AC voltage [61].

The design of DC side capacitor is an important part for tregiteof an HVDC
system. Due to PWM switching action in the VSC-HVDC, the curfewing to the DC
side of a converter contains harmonics which will resultiipale on the DC side voltage.
The magnitude of the ripple depends on the DC side capacdierasd the switching
frequency.

16



2.4. VSC-HVDC

(a) Second-order filter (b) Third-order filter

Fig. 2.7 Passive high-pass filter.

Here, a small DC capacit@rp can be used, which should theoretically result in

a faster converter response. It can also provide an enevgggst in order to control the
power flow. The DC capacitor size is characterized as a timsteatr, defined as the
ratio between the stored energy at the rated DC voltagg, and the nominal apparent
power of the convertesy:

- 2CocUbox (2.2)

SN

The time constant is equal to the time needed to charge trecitapfrom zero to rated
voltageUpcy if the converter is supplied with a constant active powelagétpuSy [67,68].
The time constant can be selected to be smaller to satisfy small ripple and $raatient
overvoltages on the DC voltage. This will be verified in theglations. The relatively
small time constant allows fast control of active and reagbiower.

2.4.5 Operation of VSC-HVDC

The operation of a VSC-HVDC can be explained by consideriratp éarminal as a volt-
age source connected to an AC transmission network viasseraetors.

Fig.2.8 shows a simplified single line diagram of the corarecbnnected to an
AC system. As shown in the figure, the AC system and the cdettebltage source are
connected via the phase reactor. The converter is modealladantrolled voltage source
u, at the AC side and a controlled current souige at the DC side. The current source
can be calculated based on the power balance at the AC andiPGfdhe converter. The
controlled voltage source can be derived from the contrsiesy of the converter where
the amplitude, the phase and the frequency can be contindeg@gendently of each other.
The controlled voltage source can be described by the folipwquation [66]:

1
Uy = §uDCM sin(wt + ) + harmonic terms (2.3)
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Chapter 2. High VWoltage Direct Current

where M is the modulation index which is defined as the ratio of thekpedue of the
modulating wave and the peak value of the carrier wave, he OC voltagew is the
frequencyy is the phase shift of the output voltage. Variablésw andé can be adjusted
by the VSC controller. As a result, the voltage dradypl{ shown in Fig! 2.8) across the
reactor can be varied to control the active and reactive ptosss.

Fig. 2.8 also shows the corresponding fundamental frequeimasor representation
for a VSC operating as a rectifier and absorbing reactive pdmen the AC system.
In this case the VSC output voltage has a smaller amplitudeisphase lagged with
respect to the AC system. The active power flow between they&tes and the converter

P,.Q; P. P

’ ' rec' Inv'
Ro X Converte Im

—r > A
IDC IIoad
AC T g -
syste Q) "M TUDC By R
—I—chc ™

(@) (b)
Fig. 2.8 Equivalent circuit (a) and phasor diagram (b) of the converter ectenl to an AC system.

can be controlled by changing the phase angjebétween the fundamental frequency
voltage (:,) generated by the VSC and the AC voltage) (on the secondary side of the
transformer [64, 69]. The active power is calculated adogrtb (2.4) neglect the losses
of the phase reactor.
Uy, SIN O
P = T (2.4)

The reactive power is determined by the amplitude,064,69] and calculated according
to (2.5).

ug(up — uy cos o)
Qr = X (2.5)

In a VSC-HVDC connection the active power on the AC side is etputne active
power transmitted from the DC side at steady state (losggsated). This can be fulfilled
if one of the two converters controls the active power trattschwhile the other converter
controls the DC voltage. The reactive power generation amg$umption can be used
to control the AC voltage of the network. Fig. 2.9 illustratihe active/reactive power
capabilities of the VSC-HVDC system in a P-Q diagram for twifedent voltagesu,,
andu,,, whereu,; > u,2. Several important properties of the VSC-HVDC link can be
seen from this figure [52, 70]. For instance, the VSC-HVDC ig &b operate at any point
within the circle. However, since the radius of the VSC-HVDEpresents the converter
MVA rating which equals to the production of the maximum emtrand the actual AC

voltage, the MVA capacity will decrease proportionally e tvoltage drop.
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2.4. VSC-HVDC

Fig. 2.9 PQ diagram for the VSC-HVDC.

Fig./2.10 illustrates the active and reactive power flow f@ grid and the VSC
transmission system in a power circle diagram. From [Fig0,2itlcan be obtained that
the crossing between the capability curve of the VSC trassion and the grid circle
indicates the stable operation for that particular voltegel. Furthermore, Fig. 2.10 also
shows the change of the transferred active and reactivergtove during voltage dips.
It can be obtained that the stable transferred active pavexrduced (i.ePaco < Paci)
when the grid voltage drops.

2
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\
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Fig. 2.10 The power circle plane for a VSC transmission in series with an AC netwar@ratal
operation (a) and during faults (b).
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Chapter 2. High VWoltage Direct Current

2.4.6 Advantages and applications of VSC-HVDC

The main operation difference between classic HVDC and V@& is the higher con-
trollability of the latter. This leads to a number of potahtidvantages and applications,
where some are given below [12, 65, 71]:

20

independent control of active and reactive power withatrieecompensating equip-
ment. With the use of PWM, the VSC-HVDC can control both actind eeactive
power independently. While the transmitted active powereistliconstant the AC
voltage controller can control the voltage in the AC netwdtkactive power gener-
ation and consumption of a VSC-HVDC converter can be useddibage control
to compensate the needs of the connected network withirathmgrof a converter.

mitigation of power quality disturbances. The reactivevpo capabilities of the
VSC-HVDC can be used to control the AC network voltage andeitweicontribute
to an enhanced power quality. Furthermore, the faster nsspalue to increased
switching frequency (PWM), offers new levels of performamegarding power
quality control such as flickers and harmonics. Power qualibblems are issues
of priority for owners of industrial plants, grid operat@nsd for the public [72].

reduced risk of commutation failures. Disturbances in A2 system may lead
to commutation failures in a classic HVDC system. As the VSZBXE uses self-
commutating semiconductor devices, it is no longer necgss@resent a sufficiently-
high AC voltage. This significantly reduces the risk of contation failures and
extends the application of the VSC-HVDC for stability cohtro

communication not needed. As the control systems on thifieecand inverter
sides operate independently, they do not depend on a teteaoroation connec-
tion, which in turn improves the speed and the reliabilityhad controller.

feeding islands and passive AC networks. The VSC convestable to create its
own AC voltage at any predetermined frequency without tres@nce of rotating
machines. Therefore, it may be used to supply industrigliiasions or to connect
large wind farms.

multiterminal DC grid. The VSC converters are suitabled@ating a DC grid with
a number of converters since little coordination is needgdéen the VSC-HVDC
converters. One potential application of multiterminal Bx@is is to provide power
supply to city centers.



2.5. Summary

2.5 Summary

In this chapter an overview of the HVDC system has been ptedeDifferent configu-
rations of the HVDC have been described. The function of eachponent, advantages
and applications of the classic HVYDC and the VSC-HVDC havenlpgesented in detail.
Moreover, the design and operation of the VSC-HVDC systene lmen discussed. It
can be concluded that the bipolar HVDC link is the most comiAMDC configuration.
The higher controllability of the VSC-HVDC leads to many nestgntial advantages and
applications, which makes it more attractive for the future
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Chapter 3

Control System of the VSC-HVDC

This chapter describes a cascaded control system of the \WHQCH Different vector
controllers and outer controllers are presented.

3.1 Introduction

With classic HVDC the reactive power cannot be controlledejprendently of the ac-
tive power. With VSC-HVDC there is an additional degree okftem. As described in
Chapter 2, the VSC-HVDC can control the active and reactivegpamdependently. The
reactive power can be controlled separately in each caneytthe required AC voltage
or set manually. The active power flow can be controlled byDlevoltage, the variation
of frequency at the AC side or set manually. This means ttetttive power flow, the
reactive power flow, the AC voltage, the DC voltage and thguesmcy can be controlled
when using VSC-HVDC.

The control system of the VSC-HVDC is a cascade control sysietgpically
consists of a faster vector controller. Furthermore, thetarecontroller is completed by
additional controllers which supply the references fontbetor controller. Thus, the vec-
tor controller will be the inner loop and additional conteo$ will be the outer loop.
In this thesis the additional controllers will be referredas the outer controllers. The
outer controllers include the DC voltage controller, the y¥dltage controller, the active
power controller, the reactive power controller or the frexcy controller. For example,
as shown in Fig. 3.1, either side of the link can choose batwe voltage controller
and reactive power controller. Each of these controllerseggges a reference value for
the vector controller.

Obviously not all controllers can be used at the same time.cHoice of different
kinds of controllers will depend on the application and meguire advanced power sys-
tem studies. For example, the VSC-HVDC can control frequernzy AC voltage if the
load is a passive system, the VSC-HVDC can control AC voltagkagtive power flow
if the load is an established AC system. However, since ttieeggower flow into the DC
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Chapter 3. Control System of the VSC-HVDC

link must be balanced, the DC voltage controller is necgssaorder to achieve active
power balance. Active power out from the DC link must equalalstive power into the
DC link minus the losses in the DC link. Any difference wouddult in a rapid change of
the DC voltage. The other converter can set any active poaleewvithin the limits for
the system.

In this chapter the vector controller and various outer iietrs will be described
in detail. Simulation results will be presented in the nénater.

Converter 1 Converter 2
(Rectifier) (Inverter)

o717
= - ~

DC voltage control mode Frequency or active power control mode
+ +
AC voltage or reactive power control mogde AC voltage or reactive power control moge

Fig. 3.1 Overall control structure of the VSC-HVDC.

3.2 Vector controller

The vector controller is based on the basic relationshighefdircuit shown in Fig. 3.2
and can be implemented in the-coordinate system. In order to have a detailed overview
of the vector controller, its derivation is presented irs thection.

VSC

I p—

o] TUDC Industrial
L power
I 2C,c system

Fig. 3.2 The inverter station of the VSC-HVDC.

Fig. 3.3 shows the frequency response from the convertéagml., to the filter-
bus voltageu; and from the converter voltage, to the current through transformeér
with and without R4 and L4. It is shown that the same responses at low frequencies
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3.2. Vector controller

are achieved both with and witho&; and L4 which means that the AC filter is purely
capacitive at low frequencies. Therefore, the controlatigms, described in [73—75], can
be used in this application. The AC filter is considered asra papacitor, i.eRq and Lq
neglected, in the following derivation of the vector colign

f v tr v
80 : : 80 :

60 r 60

Gain [dB]
Gain [dB]

-80

-100 T T -100

10" 100 10° 10 10" 1¢ 16 10"
Frequency [Hz] Frequency [Hz]
(@) (b)
Fig. 3.3 Frequency response of /u, (a) andi,/u, (b) with [dash-dotted] and withouky, Lq
[solid].

From the circuit shown in Fig. 3.2, the voltage over the tfamser, the current
through the AC filter and the voltage over the phase reactobeaobtained in the three-
phase system:

abc abc d abc abc
(1) —uged (1) = Lyt () + Ruill ™ (1) (3.1)
-(abc -(abc d abc
i) i (1) = Crou™ (1) (32)
abc d abc abc
W (t) —uf™ () = Lo i) + Ril™(t) (3.3)

According to (3.1), (3.2) and (3.3) the following differ@ltequations are derived:

d 1

abc Rr‘ac abc abc
gl = =70 + ™ () - uied (1) (3.4)
d abc 1-ac ]'-ac
RO O @)
daC RV~ac 1 abc abc
AT = =) + - () — ™ (1)) (3.6)

By using the transformation frombc to o3, i.e. 2% = \/g[x(a) + 2™l 4 1@l T,
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(3.4), (3.5) and (3.6) can be transformed to dlfecoordinate system as:

B (ap) 1

d (e} (67 o

gl W) = = 7EE )+ L () - () (37
d (s _ 1 ;(eh) 1 (a/j)

dtuf (t) - Of Ley (t) + = Cf (t) (3'8)
d (a RV (a 1 a (03

G0 = =) + (1) — ™ (1) (3.9)

By using the transformation anglederived from a phase-locked loop (PLL), (3.7),
(3.8) and (3.9) are further transferred into the rotatipgcoordinate system as:

d (dq

Ry . 1
g0 = =) = i () + L () — wide(t)  (3.10)
d 1 1. .
G0 =m0+ il — e () (3.11)
d . R, 1
T = g — el () + (W) — (1) (312)

The voltage of the AC filter, the current through the phaseted, + jwL, and
the voltage of the VSC side can be expressed:

, o d
() = wpd(t) + Rl (1) + jwluit? (1) + Lug iV () (3.13)
' d
i) = i (1) + O™ (1) + Cegu™ (1) (3.14)
d
W) = w0+ Rl () + jwLyil() + Lyl (3.15)

The mean voltages and currents over the sample pértod: + 1 are derived by
integrating (3.13), (3.14) and (3.15) frokd; to (k + 1) 7; and dividing byT; (whereT;
is the sampling time).

w9 (k k + 1) w8 (b k + 1) + Ryil™ (kb + 1) + jwLyil™ (k, k + 1)
+LTS (699 (k + 1) — 89 (k) (3.16)
Wk k+1) = ik, k+1) + jwCrul (k k4 1)
—l—%(uqu (k+1) — ul" (k) (3.17)
Wk k+1) = ul Yk k+1)+ Rk k+ 1) + jwL,il (k k + 1)
A+ 1) — 10 E) 319
whereulS, (k. k + 1), i%(k, k + 1), ul* (k, k + 1), i (k, k + 1) andul™ (k, k + 1)

are the average valuesmglcc, zt‘f") u§ D 3499 andu{’ over the sampling period [76].

During one sample peridfl, it can be assumed that:

.(dq) dQ)
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- in (3.16) the current d‘“(k: k + 1) is changed linearly, the voltage-cc(k, k +
1) changes slowly as compared with the dynamlcst??? k,k + 1) and can be
considered constant.

- in (38.17) the voltaget(?C‘)(k, k + 1) is changed linearly and the curra’fﬁm(kz, k+
1) changes slowly as compared with the dynamic&ﬁ‘?)(k, k + 1) and can be
considered constant.

- in (3.18) the current(ﬂq)(lc, k + 1) is changed linearly and the voltage(k, k +
1) changes slowly as compared with the dynamicsﬁ?ﬁ‘?(k, k + 1) and can be
considered constant.

- the controller uses dead-beat gain of the proportionalleggr, thus the current
through the transformer, the voltage of the AC filter and therent through the
phase reactor will track the reference values with one samelay, i. ezﬁfq (k +
1) =i (%), ul" (k + 1) = o\ (k) andd{™ (k + 1) = i\ (k).

Under the above assumptions it can be derived that:

U k1) = iR+ T [ (k) + s )] s [ k) 00 )
4 (i () — 89 1) (3.19)
Dk k1) = il (k) + 5 [l ()l (k)]
o [l )~ w0 ) (3.20)
W 1) = ) [0 ) i 0] 4 0 (k) + )]
2 [0 1) — 69 (0] (3.21)

It is assumed that the produced average currents and velegween sampleandk + 1
become the reference currents and voltages at sampirally the following proportional
control equations can be derived as:

* . WL r|. *
uf™" (k) = ubh () + Rudd (k) + 325 [ (k) +i1 (k)
o Kpec it (k) — iV ()| (3.22)
wCr

() = 0 ) + 5 [ )+ ()

o B [l () = w0

} (3.23)
w4 (k) = ung)(k) + R,il99 (k) —I-J

(3.24)

+ kpi, [igdq
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The proportional gains are equal to:

Ly Ry

Kppec = Fpm - (?t + Qt ) (3.25)
C

Fpue = Fkpp2 - (?f) (3.26)
L, Ry

ki = Fpi - (? + 7) (3.27)

In order to stabilize the controller, the gain of the P-partsaltered from the dead
beat gain by the constantss;, kpr and kyg. Stability analysis of the system can give
the proper values for the gain factors of the P-controlleis known that the stability
boundary for a discrete time system is defined as the unlecifence, if the poles of the
system are inside the unit circle, the discrete system ldesta

In the following subsections three different algorithmstfee vector controller are
analyzed. All three algorithms are based on (3.22), (3.8d)(8.24).

3.2.1 Inner current controller

The inner current controller is obtained directly from @.2An integral part is included
to avoid a steady state error. The resulting control eqnagads as follows:

v

w7 (k) = W1V (k) + Ryil (k) + ijLV [z‘<dq>* (k) + iid”(k)]
s, [0 (k) = 09 (k) + Al (k) (3.28)
and the integral term can be written as:
Al + 1) = A (k) + kg, |18 (k) = iV ()| (3.29)
where the integral gain [77] is:
ki, = kpi, TRy /Ly (3.30)

The reference values of the currents through the phaseoraadhedg-plane, i.e.

, are given from the outer controllers. Thg;, is obtained from/(3.27). In (3.27)
ko3 1S chosen to render a stable controller according to stakihalysis. It should be
mentioned that a one-sample delay is implemented in theatartdue to the calculation
time. Figs. 3.4 and 3.5 show the frequency responses froroutrent referencé?” to

the actual current® for different ko3 with and without a one-sample delay. As shown
in Fig.|3.5, the use of a high,s;; may result in a poor performance or instability of the
system. Therefore, a low value bf;; can be used without a one-sample delay compen-
sation in a slow current controller. However, a higls should be chosen in a fast current

Z'gdCI) *
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Fig. 3.4 Frequency response from the current refere’;&‘@é to the actual currenlff‘) without a
one-sample delay.

controller and the one-sample delay has to be compensatedf8mith predictor [78]
can be used to compensate for the time delay. The deriveitprdaurrent'’? is given

as:

MO 1) = Li (9" (k) — (k) + <1 - RLVTS - ijs> 99 (1)

v

+ ks (igdfﬂ(k;) — %&iq)(k)> (3.31)

wherek, is a proportional gain of the Smith predictor.
The control equation of the inner current controller (3.83nhodified as:

* L *
" (k) =l () - R () + 352 [109° (k) + 4009 ()]

+ Ky e(k) + Au? (k) (3.32)
where
e(k) = (09" (k) = i (k) ) — (9 (k) = 49 (k — 1)) (333)
and the integral term can be rewritten as:
Al (k4 1) = Ault (k) + ki, e (k) (3.34)
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Fig. 3.5 Frequency response from the current refere’fféé to the actual currer’i@) with a one-
sample delay.

3.2.2 Dual vector controller

The dual vector controller is based on (3.23) and (3.24)prisests of a filter-bus voltage

outer controller for the voltage;, and an inner current control loop for the current

which has been described in the above subsection. In thigestibn the inner current

controller will be described again together with the filbers voltage controller for clarity.
The resulting control equations of the dual vector corgratan be written as:

() = 489 0) 5 [l ) + )]
o R [ () = "V (k)| + 25 (k) (3.35)
w8 () = ul (k) + Ryi (k) + ijLV [z’id‘*’*(k;) + z'idq)(k)}
b, [490° (k) — 190 (k)| + Auft (k) (3.36)

where the integral terms are:

N +1) = ALY R) + b [0 (k) = o (0)] (3.37)

,V

Aul(k+1) = AulD (k) + ki, ({097 (k) - 09 (k)| (3.38)

v v v
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3.2. Vector controller

whereky,, = kpu = andT,, is the integral time constant. Agait,,, andk,;, are

calculated from (3.§é) and (3.27) whilg;, is given from [(3.30). The reference values
of the filter-bus voltages in thég-plane, i.e.uﬁdq) , can be set tmgd) = 0.0 pu and

u§q>* = 1.0 puin a flux-oriented system to control the filter-bus voltag&®rated value.
In (3.35) and((3.36) the factofs, andk,; are chosen to tune the proportional gains of
the controller.

The effect on the stability of the controller when changihg gain factors:,e
andk,g; is examined. The zeros and poles of the complete system'sfétafunction are
shown in Fig. 3.6 wheré,, is varied between 0 and 1 (The directions of the arrows in
the figure indicate the directions of increasitg,). From the study it can be concluded
that the poles are attracted into the unit circle more qyiekien decreasing,;. When
ko is set to be the dead-beat gaing = 1) the system can be stable whigy; is set to
be 0.3 or less. However, a high valueigf; will lead to an unstable behavior even though
ke is chosen to be low. As shown in Fig. 3/6; should be chosen to be less than 0.5 to
keep the system stable whep, is set to be lower.

0.5

Imaginary Axis

-0.5 [

-1 0.5 0 0.5 1
Real Axis

Fig. 3.6 Poles and zeros of the discrete time closed loop systemiithincreasing from 0 to 1
andkpfg =0.5 (>< : kpfg =0.1,4: kpfg = 0.5 andx : kpr = 1.0).

3.2.3 Vector controller with LCL filter

The purpose of the vector controller with LCL filter is to geaterthe controlled voltage
valuewu such that the AC voltage and frequency at the PCC keep theirerate values
whem’EdQ) are obtained from the PCC voltage and frequency controllérs vector con-

r

troller with LCL filter [75] comprises a PCC current control [éor the current through
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Chapter 3. Control System of the VSC-HVDC

the transformer, i.e. (3.22), a filter-bus voltage conémofbr the filter capacitor voltage,
i.e. (3.23), and an inner current control loop for the curtBrough the phase reactor, i.e.
(3.24). All together, the vector controller with LCL filter gsists of two P controllers and
one PI controller with additional feed forward and feed btsrkns. The filter-bus voltage
controller and the inner current controller, describedhm previous subsections, will be
described again together with a PCC current controller fanitgl

The derived vector controller with LCL filter are formulatest a

* .WLr . * .
uf V" (k) = uf () + Ry (k) + 25 [ifd" (k) +i5 ()

2
o Kpec [ (k) — itV ()| (3.39)
0D (1) = 90 (8) + 25 [l (8) + 8 ()
g [ (k) = <k>} (3.40)
ulf (k) = ™ (k) + Ryl (k) + 555 [0 () + 109 (k)|
b, (4997 (k) — 190 (k) | + Aufi (k) (3.41)

The overall structure of the vector controller with LCL filisrshown in Fig. 3.7.

As described in (3.25), (3.26) and (3.27), the proportiagahs are scaled by the gain
factorsk, , ky andk,e; to stabilize the closed loop system.

(k) Ui (k)
PCC Filter bus
(dg*
i (k) current up (k) Voltage
controller controller
dq) - . -
Uéc(i (k) (P-control, kpfl) It(rdq)(k) (P-control, kpf2)

U&dm

j (da) (k) j
Lim
e (k Inner \E?I?: (k) i\ i 99" (k)
4

<«—L——=—4 current controlleri«
(da)
ui® (k)
D ——

(Pl-control, kpf3)

-liim

Reference current
limit block

Fig. 3.7 Schematic diagram of the vector controller with LCL filter.

To investigate the influence of the gain factégs, k. andk,g on the stability of
the vector controller with LCL filter, the zeros and poles & tomplete system’s transfer
function are computed with the gain factors varied betweandl. The variation of zeros
and poles are plotted in Fig. 3.8 whép; is changed (The direction of the arrow in the
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3.2. Vector controller

figure indicates the direction of increasihgs). From the results of the stability analysis
it can be obtained thadt,» andk, have significant effects on the poles of the system. The
two poles close to the border of the stability region are mgvaster when the gain factor
kg3 is changed as compared tokify, is changed. A high value @i, or k¢ will lead to

an unstable behavior. The influence of the gain fagfgron the system performance is
negligible.

0.51

Kpf3=0.2,0.5,0.8;1:0

Pttt
XX x % °

x % %X X

Imaginary Axis

-0.51

-1 0.5 0 0.5 1
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Fig. 3.8 Poles and zeros of the closed loop system Wjth = 1.0, k2 = 0.2 and variedk,s.

3.2.4 Limitation

Since the VSC-HVDC does not have any overload capability ashspnous genera-
tors have, a large transient current due to disturbancestnalss or damage the valves.
Therefore, a current limit must be implemented in the cdrgystem. Moreover, since
the maximum output voltage amplitude out of the VSC is limhity the VSC voltage ca-
pability, the produced reference voltage from the vectotrmdler must be appropriately
limited.

The current limitiy;,, is compared with the current magnitude computed from the
active and reactive reference currents. When the curreittiiraxceeded, both the active
and reactive reference currents have to be limited. Thecehafihow to limit both refer-
ence currents will depend on the application. For instaiicee converter is connected
to a strong grid used for transmission, the active referencesnt will be given high pri-
ority, when the current limit is exceeded, to produce mot&/agower. The produced
active power may be estimated from the equafitp, = /u2 42 _. If the converter is
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Chapter 3. Control System of the VSC-HVDC

connected to a weak grid or used to supply an industrial ptaetVSC will give high
priority to the reactive reference current to keep up the Altage when the current limit
is exceeded. The remaining capability is then availablea&bive power production. The
produced reactive and active power may be estimated frorfoltlogving equations:

_ (d)
Qmax = Uy * 1y,

Pawe = U2 %02y, — QP (3.42)

wherez'fﬁfl is the pre-set maximum reactive reference current.
In order to maintain a proper control and reduce the lonegiency harmonics, the
maximum output voltage amplitude out of the VSC is limitedide the hexagon shown

in Fig. 3.9. The amplitude ofj,, is equal to; \/EuDC [79]. It should be mentioned that

lim 2

when the limits are reached the back-calculation [80] islusevoid integrator windup.

u, (_

Us(-1—11) Ug (1 -11)

Fig. 3.9 Hexagon including eight realizable voltage vectors of three-phase WiGha voltage
limit method.

3.3 Outer controller

As previously mentioned the outer controller consists efli€ voltage controller, the AC
voltage controller, the active and reactive power corgradind the frequency controller.
In this section different outer controllers are described.
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3.3. Outer controller

3.3.1 DC voltage controller

As shown in Figl 2.8 the instantaneous active poﬂ@n”) and reactive powe@ﬁd“) to-
gether with the powep,.. transmitted on the DC side of the VSC are expressed as:

P = () - il () + u®(t) - il (2) (3.43)
Q) = w@(t) - iV (t) — U (t) - i (t) (3.44)
Prec(t) - uDC(t)'iDC(t> (345)

whereipc is the current on the DC side of the converter.

For balanced steady state operation,deoltages are constant at the rated value.
Therefore, the voltageﬁd) will be zero ancu@ will be the rated voltage in a flux-oriented
system. In order to ensure stability, the outer controlleistbe much slower than the
vector controller [81]. At the time-scale of interest foetbC voltage controller, the
currents may thus be assumed equal to their reference valudsr these assumptions,
the expressions for active and reactive power become:

P = u{@(t) -9 (1) (3.46)
L

W) = W) i) (3.47)

v

7

Neglecting the losses in the converter and the phase resmudcequating the power
transmitted on the AC and DC side of the converter yields f(8m5) and|(3.46):

Y .i\(/Q)*
ipo(t) = & (;)DC@) &) (3.48)

Any unbalance between AC and DC power leads to a change iagetiver the DC link
capacitors, given by:

d . .
CDCEch(t) = 1DC (t) — ?load (t) (349)
wherei,.q is the current out from the DC system, as shown in [Fig. 2.8. Blyamg the
forward Euler method and assuming that andi,,.q are constant during the interval and

that the DC voltage tracks the reference, the following &qoas obtained:

OTDSC{UEC(@ — upc(k)} = ipc(k) — iaa (k) (3.50)

Substituting(3.48) into (3.50) yields:

C u(Q) k .Z'\(IQ)* k .
2 (ubeh) —upek)) = “E D) it
(a) .Z"(/Q)*
_ U (jfc o ) (k) (3.51)
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Chapter 3. Control System of the VSC-HVDC

From (3.51) a control equation for the current refereﬁ%(k} is obtained as:

i () = o) o (b ) — upe() + ia®)} (3:52)
ug” (k)
where
C
kopc = kpepe - ,1]30 (3.53)

The factork,s pc adjusts the gaik, pc to ensure stability.

3.3.2 Active power controller

A simple method to control the active power is an open-looptrdler. The reactive
current reference is obtained from (3.46) as:

o = (3.54)
v u(q)
f

wherePF; is the desired (reference) active power. If an accuratecbuitthe active power
Is needed, a combination of a feedback loop and an open loobecased [18]:

*

@ _ B k ‘
0 = G By (259
f

wherek, p, andk; p, are the proportional and integral gains of the active powatroller.

3.3.3 Reactive power controller

A reactive power controller similar to the active power gotier is obtained from (3.47)
as:

(@ _ @

v uﬁq)

(3.56)

where()f is the reference reactive power. Another method is to coenaifeedback loop
with an open loop [18]:

Z\(zd) = u(i) + (kp,Qf + %)(Qf — Q) (3.57)
f
wherek, , andk; o, are the proportional and integral gains of the reactive paoe-

troller.
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3.3. Outer controller

3.3.4 AC voltage controller

The voltage drop\V over the reactancB, + jwL, in Fig./2.8 can be approximated as:

P+ X,
AV = up — uy = R+Qf (3.58)
f

For the phase reactor, > R,, thus the voltage drojV depends only on the reactive
power flow(@;. According to (3.47), the voltage can then be regulated loyroding the
d-component of the current.

3.3.5 Frequency controller

In this subsection four different frequency controllerd e described as follows.

Frequency controller |

Frequency controller | can be considered as a fixed frequeanyroller. A fixed fre-
quencyfysc equal to the nominal frequency is supplied to the VSC outpitage. The
dual vector controller, as described in Section 3.2.2, @anded directly to produce the
reference voltage. It should be noted that such a frequestdyadler can only be used for
the supply to a system without other sources of frequenctralon

Frequency controller II

Frequency controller Il is also a fixed frequency controllenew fixed frequencyfqc
is given to the VSC output voltage. This new fixed frequenmbitained from the voltage
dynamics in the DC link. As known, the electrical energy ia tapacitor is:

1
Wpe = ECDCU]Q)C (3.59)

If the switching losses of both converters are neglecteddiimamics in the capac-
itor will be the difference between the power into the DC sysP,.. and the power out
from the DC systen®,,,, given by:

d 1 d
_WDC - §CDC&U2DC - Prec - -Pinv (360)

According to the active power-frequency characteristican interconnected sys-
tem [82,83], the new fixed frequency reference for frequeaeytroller Il can be produced
from the following equation:

[ =fo— kFCII(U]*)cz —ud) (3.61)

whereuj, is the reference valuégcy; is a gain andf; is the nominal frequency value.
The frequency controller Il is therefore of a proportiongié.
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Chapter 3. Control System of the VSC-HVDC

Frequency controller 111

The principle of frequency controller Il [84, 85] is based thhe active power-frequency
characteristics in an interconnected system. An integrdl ig introduced in frequency
controller 11l to avoid the steady state error, i.e. a Pl colieér [86, 87]. The input to

frequency controller Ill is an estimated frequency fromphase locked loop (PLL) [80].

Improvement of frequency controller Ill

The principle of the VSC frequency controller is based onrtiationship of the gener-
ator speed and the mismatch of the mechanical power provagdte turbine and the
generator electric power [83]. The frequency dynamics ef\I$5C can be described by
the following differential equation:

d
2H.ys—Aw = (APysc — APL) — D x Aw (3.62)

s g
whereH,y; is the equivalent inertia constant of the VSC supplied itgalsystem Aw is

the system frequency deviatiob, is the damping coefficient) Pygc is the active power
change of the VSC and 7, is the load change. As the VSC has no kinetic energy the
only kinetic energies in the VSC supplied system are in tiagl$oand production units.

Therefore the inertia constant of a VSC supplied system eatelined as follows:

Hgys = Z Hgsy + Z Hv (3.63)

where Hg) is the inertia constant of the synchronous machines, tasoamd gear boxes
while Hyy is the inertia constant of the induction machines and thechmnical loads.

The simplified block diagram of the VSC's frequency contnalieshown in Fig. 3.10.
The controller is chosen to be a PI controller described by:

AR G'(s)
[-1] G(s)
Aw AR/SCE 1
+ .
Foi () A 2H_s+D >Aa
!
-1]e--{ B |e-
-1 |

Fig. 3.10 Simplified block diagram of the improved frequency controller IlI.

k; re
Fpi(s) = kp e + Ij (3.64)

38



3.3. Outer controller

and an "active damping” term [80]3,, is introduced to improve the rejection of distur-
bances. By using internal model control (IMC) [80], the prdjmmal £, s and integral
gaink; i of the improved frequency controller Il can be derived as:

kp,fre = 205F1T:[sys (365)
kl,fre — 205%1—:,5315 (366)
B, = 208 Hyys (3.67)

wherear is the bandwidth of the frequency control Iooﬁ,,ys is the estimated inertia
constant of the VSC supplied industrial plant. The tranfiection of the closed loop
system can be derived as:

Aw Fp1(s)G'(s)
Aw* 1+ Fpi(s)G'(s)
skp fre + K fre
$22Hgys + s(kp fre + D + Ba) + ki fre
S(QOJFHSYS) + Qa%ﬁsys
s?2Hys + s(4ozFI:IsyS + D)+ QQ%HSYS
s(arHeys) + af Heys
s?Hgys + S(ZOéF]:ISyS) + a%]:]sys

(3.68)

In the last expression the damping term D has been considegijible in com-
parison with the other termupﬁlsys. As can be seen an accurately estimated inertia con-
stantElSys has a significant effect on the system behavior. Howevexrdifficult to always
have access to the accurate inertia constant of the systemisimay change drastically
such as before and after the trip of a synchronous genefidterefore, it is important
to investigate the impact on the system behavior with rasjgedifferent values of the
estimated inertia constant. Fig. 3.11 shows the poles arub zd the closed loop sys-
tem depicted in Fig. 3.10 when varying the estimated inéﬁg@. It can be seen that the
complex-conjugate pole pairs move towards the right haihelwhenﬁ[sys Is underesti-
mated, whereas the poles of the closed loop system are veegaitil real wherﬂsys is
equal to the actuali,,; or overestimated. It should be mentioned that with the ®tere
matedHSys in Fig.'3.11 the poles also move slowly towards the right pilhe. Therefore,

a suitable overestimation éf,, is chosen in this study in order to create a larger stability
margin.

Frequency controller IV

Frequency controller IV is a droop frequency controller aad be used when the system
can tolerate small frequency deviations at steady statdittoms or the system contains
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A
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sys
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Fig. 3.11 Poles and zeros of the closed loop system having different estimatégof

other units with own frequency controllers. The transferction of a droop controller
Faroop(s), shown in Figl. 3.12, can be implemented as follows [39, 8B, 89

Weu
Fdroop(s) - kp,fre + kl,fres T Wtcut
1 + S’chut
= (kptre + Frfre) ———— 3.69
( p.fre + Ifi e) 1+ STcut ( )
_ k fre _ 1
whergy = T < LandTey = 5 -
Aw will be equal to:
—AP,
Aw = =
Fdroop(s) + 2Hsys3 +D
—AP,
= 1+svT. I: (3.70)
(kp,fre + kI,fre)TT:ull + 2]—Isyss + D

whereAw* = 0.
By applying the final-value theorem to (370) the steady staier can be derived
as:

—-AP,

kp,fre + k:I,fre + D
—AP,

kvsc

Awy =

Q

(3.71)

where the static gaifysc = s = kp fre + ki1 e @s the damping is very small and
can be negligibleRysc denotes the frequency droop of the VSC.
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AP,
| -1 | G(s)
Aw AR,sc 1
Faroop(S) 2H_s+D >4
-1 |=

Fig. 3.12 Block diagram of frequency controller IV.

3.4 Summary

This chapter has focused on the control system structureeo?¥ 8C-HVDC. A cascade
control structure including a fast vector controller andeowontrollers has been pre-
sented. Three different vector controllers, i.e. the irmerent controller, the dual vector
controller and the vector controller with LCL filter, and @ifent outer controllers, such
as the DC and AC voltage controllers, the active power anctisegpower controllers and
four different frequency controllers, have been describesthermore, some analyses of
the control system have been carried out.
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Chapter 4

VSC-HVDC Connecting Two Grids

This chapter focuses on the performances of the completesiamalified VSC-HVDC
models at steady state, load changes and disturbances isughiglying network. Some
results are included in the published pap@Paper A] and[Paper B].

4.1 Introduction

As discussed in Chapters 2 and 3, the high controllabilityhef ¥SC-HVDC gives a
number of advantages and applications. Different appiinatrequire different choices
of the control strategy. This chapter focuses on the pedones of the complete VSC-
HVDC model at steady state, subjected to load changes atullgisces in the supplying
network. Moreover, since the control of the HVDC transnaaghased on voltage source
converter uses PWM it is necessary to simulate the VSC-HVD@sywith a small time
step. This will reduce the simulation speed resulting innenegase of the time required to
get valid and useful simulation results. Therefore, anvedent but simplified simulation
model of a VSC-HVDC system is evaluated during various distoces in the supplying
network.

In the complete model the converter consists of a threeghta®-level, six-pulse
bridge. The converter bridge valves are represented by gigtches, where on-state
losses and switching losses are neglected and phase seatittiransformers are assumed
linear (saturation is not considered). In the simplified eldtle switching actions of the
valves are neglected [26,28]. As can be noticed from Figsad 2.8, the only difference
between the complete and simplified model is the connecebnden the AC and the DC
side.

The behavior of the VSC-HVDC, using the complete model, dudisgurbances
such as faults (balanced and unbalanced faults) and steget®éAC voltage, active and
reactive power) is thoroughly investigated[Paper A] and[Paper B]. In this chapter,
the key results are illustrated together with supplemgrdatails. Simulations are also
performed to verify the simplified model against the congplabdel.
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Chapter 4. VSC-HVDC Connecting Two Grids

The studied system is shown in Fig. 4.1 and the system pagasnate listed in
Table 4.1. The current limik;,, is set tol.0 pu. Two different control strategies are im-
plemented to evaluate the performance:

Strategy 1: AC-voltage control

converter 1 controls the DC and AC voltages.

converter 2 controls the active power and the AC voltage.
Strategy 2: reactive-power control
converter 1 controls the DC voltage and the reactive power.

converter 2 controls the active power and the reactive power

Sending (grid) side Converter l l Converter 2 Receiving side
i ; (Rectifier) 2Cdc (Inverter) i
Oz o e P
System 1 gl vy ‘* I ! ‘{ v B> System 2
E Filteri 2Cd E Filt E
T 17 D¢ cable | -
Fig. 4.1 The studied system.
Table 4.1: System parameters
Constant Symbol Actual value Valuejm
Rated (base) voltage U, 150 kV 1.0
Rated (base) voltage U, 33 kV 1.0
DC voltage Upc 160 kV 1.0
Rated (base) power P 60 MW 1.0
Reactor inductance L, 0.049 pH 0.15
Reactor resistance R, 0.5133 Q2 0.005
DC capacitor 2Chc 75.2 uF 4ms
System frequency f 50 Hz
Switching frequency  f, 2000 Hz

4.2 Performance during step changes of active and reac-
tive power

This section will show the performance of the complete antpéfied VSC-HVDC sys-
tem models with two different control strategies duringpsteanges in active and reactive
power.
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4.2. Performance during step changes of active and requiver

4.2.1 Strategy 1. AC-voltage control
Step in active power

Step changes in active power are performed by changing tines amirrent reference
value. The response of the system is shown in Figs| 4.2, 403 dn First the converter 2
active current reference value is changed froth0 pu to —0.5 pu at¢ = 0.02s and then

set t00.9pu att = 0.12s. As can be seen from Fig. 4.3 the active current can track the
reference current. The DC voltage is changed when the stggplged and then returns to
the reference value due to the DC voltage controller (Fi)). & he voltages at the filter-
bus 1 and 2 (see Fig. 4.2), in thie-coordinate system, can be kept constant except for
some transients that occur when both the step changes dredagifocan be noticed that
for the second step the total current reaches the curreiitdinaround 0.13s (Fig. 4.3)
and consequently the DC voltage drops deeply (Fig. 4.4).attige power step changes
affect the direction of the transmitted power. When the sdatep change is applied the
active power flow is adjusted to the new setting within 30 mg.(#.4).
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Fig. 4.2 Steps in active power using an AC-voltage control strategy for the com(gielid line)
and simplified (dash-dotted line) VSC-HVDC systems: voltageg;iplane at the filter-
bus 1 (top) and at the filter-bus 2 (bottom).
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Fig. 4.3 Steps in active power using an AC-voltage control strategy for the com(sielid line)
and simplified (dash-dotted line) VSC-HVDC systems: currentgjiplane at converter

Fig. 4.4 Steps in active power using an AC-voltage control strategy for the com(gietid line)
and simplified (dash-dotted line) VSC-HVDC systems: DC voltages (top) atidea
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4.2. Performance during step changes of active and requiver

In Figs./4.2] 4.3 and 4.4 a comparison is also made betweenatimplete and
simplified models. As can be seen high frequency ripples @aigestnown in the complete
model. The reason is that the switching valves with PWM tetdgyware modelled in
the complete model. It is also found that the most obviougidihce is shown in the DC
voltage when the current limit is reached. However, the maxn absolute error of the
DC voltage is only 0.0096 pu (1%). Therefore, it is clearlymmstrated that there is no
significant difference in the performances of the complettsaimplified models.

4.2.2 Strategy 2: reactive-power control
Steps in active and reactive power

The changes in active and reactive power are done by adjustenreference values of
the active and reactive converter current. Simulationltesue shown for three changes
in the power settings, as demonstrated in Figs. 4.5, 4.6l 74.8:

- att = 0.02s the reactive current setting of converter 2 is changed frdn3 pu to
—0.3 pu.

- att = 0.07s the active current setting of converter 2 is changed frebb pu to
+0.5 pu.

- att = 0.12s the reactive current setting of converter 1 is changed frand pu to
+0.5 pu.

As shown in Figs. 4.5, 4.6 and 4.7 when the reactive currapt shange of converter
2 is applied at 0.02s (Fig. 4.6), thecomponent of the voltage at the filter-bus 2 in the
dg-coordinate system drops which is shown in Fig. 4.5. Thelamphenomenon can be
observed at the filter-bus 1 (Fig. 4.5) when the reactiveeruiistep is applied at converter
1 at 0.12s (Fig. 4.6). When the active current step changepiseapat 0.07s (Fig. 4.6),
the transferred active powers at both sides change theiding€ig. 4.7). Fig. 4.8 shows
the response of the DC voltage. The step changes causestressn the DC voltage, but,
as expected, the step change of the active power causes agbehn transient than that
with the change in reactive current. It can be clearly notitet both the transient and
the steady state responses of the simplified model agreemitblthe responses of the
complete model. As previously mentioned and expected, ther@tage high frequency
ripple is found in Fig. 4.8 when the complete model is usethéxdimulation. This is also
a result of using the switching valves that are replacedasdtiage and current sources
in the simplified model.
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4.3 Performance during balanced faults - using AC-voltage
control

A 50% three-phase balanced voltage dip with a duration of 100 rapptied at).02 s at
the grid side and its response is illustrated in Figs. 420 4nd 4.11. The active current
reference i9).8 pu from converter 1 to converter 2 and is not changed during dié.f
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Both control strategies are tested for the same fault camditiOnly the simulation results
are presented in this section when using control strategg.1AC-voltage control.

As shown in Figs. 4.9, 4.10 and 4/11 theomponent voltage at the filter-bus 1
decreases 0.5 pu during the fault and recovers to the reference voltage Hftefault is
cleared (Fig. 4.9). The reactive and active current at adewé increase due to the AC
voltage controller and active current setting (Fig. 4.Bijce the total current of the con-
verter 1 increases to the current limit, the DC voltage di&iig. 4.11). Consequently the
active power flows through both converters together withattt®se current of converter
2 are reduced to low values during the fault and recover tad#ésred value after the
fault (Fig.'4.11). The voltage at the filter-bus 2 in thecoordinate system, which is also
controlled to keep the terminal voltagelad pu, is maintained except small transients in
the beginning of the fault and after the fault is cleared (Bi§). It is also demonstrated
that during a three-phase fault, the decreased voltages ajriti reduces the transferred
active power through the DC link. When the fault is clearedymad operation is recov-
ered. Therefore, the severity of a three-phase short ticueduced as compared with
an AC interconnection. By comparing the performances of treptete and simplified
models it can be obtained that the maximum absolute difterewhich is shown in the
DC voltage when the current limit is reached, is only 0.018338%).

1.2 1 1 1 1 1 1 1
1 ‘ |
0.8 =
u@
= 0.6 fl L
k==
= 044 =
S @
ST 0.2 =
1 SRS et Vi
-0.2 : =
_04 T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time, [s]
1 1 1 1 1 1 1
1.2 =
1 |
(@
0.8 u, L
=)
S 0.6 L
C
S 041 =
0.2 u@ -
12
O—WWW / w
_02 T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time, [s]

Fig. 4.9 Three-phase fault at the grid side using an AC-voltage control strédedlge complete
(solid line) and simplified (dash-dotted line) VSC-HVDC systems: voltagelg-plane
at the filter-bus 1 (top) and at the filter-bus 2 (bottom).
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Chapter 4. VSC-HVDC Connecting Two Grids

4.4 Performance during unbalanced faults - using AC-
voltage control

To investigate the behavior of the VSC-HVDC system duringalaced faults, a 5-
cycle single-line-to-ground fault (SLGF) is applied in gea at the grid side a0.02s
(see Fig. 4.12). The active power flowis$ pu, transmitted from converter 1 to converter
2, and is kept constant during the fault.

As shown in Figs. 4.12, 4.13 and 4.14 the voltages at the-blter1 in thedq-
coordinate system are affected by a 100 Hz oscillation #.if2). The currents of con-
verter 1, in thelg-coordinate system, increase with a large oscillation &ediaximum
transient current of converter 1 1s15 pu (Fig. 4.13). This exceeds the current limit, as
also shown in Fig. 4.15. The DC voltage drops and it contameszillation during the
fault (Fig.'4.14). Consequently the transferred active paweeduced and also contains
the oscillation (Fig. 4.14). During the grid side fault theltages at the filter-bus 2, in
the dg-coordinate system, can be kept constant except a smadlbatisci (Fig. 4.12). The
currents at converter 2, in thi-coordinate system, are reduced with an oscillation dur-
ing the fault (Figl 4.13). All oscillations in voltages andrents at both systems, in the
dg-coordinate system, means that the phase voltages anthtsuateboth systems are
unbalanced.
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Fig. 4.12 SLGF at the grid side using an AC-voltage control strategy for the comlelie (ine)

and simplified (dash-dotted line) VSC-HVDC systems wffﬁ* = 0.8 pu: voltages in
dg-plane at the filter-bus 1 (top) and at the filter-bus 2 (bottom).
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at’;.

From Figs. 4.12, 4.13 and 4.14 it can be obtained that thelanbta is trans-
ferred from system 1 to system 2. This unbalance can be rdadeitieer by decreasing
the transferred active power or increasing the current ldihconverter 1 [90]. As shown
in Figs/4.16 and 4.17, when the active power flow is sét4@u (Fig. 4.16), the DC volt-
age contains a large oscillation without a drop during thet féig./4.17) which implies
that system 1 can still transfer the required active powsygtem 2.
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Fig. 4.16 SLGF at the grid side using AC-voltage control strategy for the completil (gue)

and simplified (dash-dot line) VSC-HVDC systems \Miﬁ = 0.4 pu: voltages at the
filter-bus 2 (top) and currents at converter 2 (bottomjgrplane.
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4.5. Improvement of the system performance during unbathfaults

As shown in Fig. 4.17 the active power flow at the faulted sig¢) (of the DC link
shows a large oscillation during the fault. However, thallzdon of the active power at
the non-faulted sidef{,) is less which clearly demonstrates that the DC link filteus o
the unbalance at system 1 and system 2 is operating closert@aho
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Fig. 4.17 SLGF at the grid side using AC-voltage control strategy for the completil (gue)

and simplified (dash-dot line) VSC-HVDC systems vvnfﬁ = 0.4 pu: DC voltages
(top) and active powers at the filter-bus 1 and 2 (bottom).

4.5 Improvement of the system performance during un-
balanced faults

As shown and mentioned in the above section, the AC curréntsraverter 1, shown
in Fig./4.15, exceed the current limit during SLGF and thisymause the overcurrent
protection of the VSC to trigger. A trip of the DC link wouldgsiificantly reduce the
reliability of the supply. In order to avoid a triggering,dwnodified controllers are used at
converter 1 to improve the performance of system 1. In the@sentodified controllers the
positive and negative sequence components of the AC systeooasidered separately.
In both modified controllers the inner current controllegsdribed in Chapter| 3,
is modified and divided into two parts: the positive-seq@eoarrent controller and the
negative-sequence current controller. The method tharisetl in [91] and used in [68]
to separate positive-sequence and negative-sequencegentp is adopted. This method

55



Chapter 4. VSC-HVDC Connecting Two Grids

implemented in the digital control system can be defined as:

w00 = 3 (200 + i k- 1) @)
Ef;?(k) — % (x(aﬁ)(k) — jx@®) (k — i%)) (4.2)

wherexp% andacneg are the positive-sequence and negative-sequence contpamére
af-plane, respectivelyl’ is the period of the grid fundamental frequency.
The control equations of the modified inner current congradire shown in (4.3)

and (4.4).

* Ly
ull) (k) = ufyb, (k) + Rl (k) + 325 [0 (k) + i, (k)
s, (14000 (k) — 140, 0)| + Ao, () (4.3)

* L *
ullily () = wfh (k) + Rl (k) — 357 il () + i (b)|

v,neg v,neg v,neg v,neg

b, 105 (k) = 10, (k)] + At (k) (4.4)
whereAuI vipos andAuI vneg are the integral termsidggb( k) andi! 49 (k) are the positive-
sequence and negative-sequence current referencesdp-toordinate system, respec-
tively. The block scheme of the modified inner current cdigrdor converter 1 of the
VSC-HVDC is displayed in Fig. 4.18. Reference values of thétpessequence reactive
and active currents are obtained from outer controllezsthe AC voltage controller and
the DC voltage controller. For the negative-sequenceikesand active current references
two different algorithms are proposed.

4.5.1 Improved controller with zero negative-sequence referencmir-
rents

Balanced currents can be implemented by eliminating thetivegsequence currents.
Therefore, in the improved controller, the negative-segeeurrent references in the-
coordinate system are set to zero, zfé‘.‘gg = 0, to achieve balanced currents during
unbalanced faults.

In Fig. 4.19 three phase currentsZathave less oscillations than those shown in
Fig./4.15. Moreover, the maximum transient current is alneggial to the current limit
iim. The DC voltage shows an oscillation. As clearly shown in Bi@2, the oscillation
of the DC voltage using improved controller wﬂiﬁlneg = 0 is less than the oscillation of
the DC voltage with the original controller.
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Fig. 4.18 Block scheme of the improved inner current controller for the VSC-HVDGverter 1.
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4.5.2 Improved controller with negative-sequence reference cuents

The improved controller with negative-sequence referenceents’ f}gg introduces dif-
ferent reference values for the negative-sequence acttveeactive currents [92].

In the system shown in Fig. 4.1, the transmitted instantas@pparent powe¥ (¢)
is given by:

S(t) = P(t) +iQ()
_ [ej“’t(uﬁ‘i}% il ) et ul® 4 jul n{eg)] (4.5)
« [e—Jwt( (d) (@) )+ et (i (d) (@) )]

Ly ,pos -]Zv ,pos v,neg JZV ,neg

From (4.5) it follows that the instantaneous real powét) and reactive powe@(¢) can
be expressed as:

P(t) = Py+ Peocos(2wt) + P sin(2wt) (4.6)
Q) = Qo+ Qe cos(2wt) 4+ Qo sin(2wt) (4.7)
where
Py = (Uf st hos T U posithos + Uiogivtes + UEqﬁegzv‘*%eg) (4.8)
Po = (ugfgosis‘ﬂeg + ulgcgosz\(, I)leg + ugdn)egisdgos + uf neg VQ) os) (4.9)
Po = (Ui o = Umeg?ihos = U osiv oy + Uf posiyhes) (4.10)
Qo = (U ot Dos = Ufpos s T Uf megi g — U g ) (4.11)

During disturbances in the AC systems, e.g. faults and kimigcactions, large
power oscillations may occur between the AC and DC side. Wilsresult in oscilla-
tions in the DC voltage and a DC overvoltage which may stressvalves. In order to
eliminate the DC voltage oscillatiorf}., and P,; should be equal to zero. By applying
this condition intoEQ) and (4.10), the negative-seqearactive and active current ref-
erencesZé heg andi neg) are:

(d) (a)
i, = Ty T @12)
(Cl) _ ugqrzegPO . ugin)egQO (4.13)
o o .
where
Dy = (ufpe)? + (D)2 — (ufey)® — (uf2,,)? (4.14)
Dy = (upo)? + (uf0o)? + (ufh,)? + (14 h,)? (4.15)

With these choices of reference values for the negativeesezg active and reactive cur-
rents, the coefficientg,, and P, will be zero.
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Figs. 4.20 and 4.21 illustrate the responses of the phasentsrat’; and the DC
voltages when converter 1 uses the improved controller withmited and Iimitedg‘fﬁgg.
By comparing both the DC voltage and the phase current$ dtcan be obtained that
the oscillation amplitude of the DC voltage with unlimiteelgative-sequence current ref-
erences is less whereas the maximum transient current withited negative-sequence
current references is higher. It can be noticed that theghbagents afl; exceed the
current limit for both cases. Fig. 4.22 compares the DC geltduring the same fault in
system 1 using three different controllers, i.e. the oagjirontroller, the improved con-
troller with zﬁdﬁgg = 0 and the improved controller with Iimitedf‘r?‘l;. It can be seen
that the oscillation of the DC voltage using improved coltgrovith limited zﬁdﬁ‘gg is the

smallest one.
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Fig. 4.20 SLGF at the grid side using the improved controller with unlimit&flﬂe); for the com-
plete (solid line) and simplified (dash-dotted line) VSC-HVDC systems. ACeaisrat
Ty (top) and DC voltages (bottom).
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Fig. 4.21 SLGF at the grid side using the improved controller with Iimit&flég; for the complete
(solid line) and simplified (dash-dotted line) VSC-HVDC systems. AC curratii§
(top) and DC voltages (bottom).
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Fig. 4.22 DC voltages of the complete VSC-HVDC system during SLGF at the grid sidg tise
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limited i{), .

4.6 Summary

This chapter has presented the dynamic performances ofotglete and simplified
VSC-HVDC models during step changes of the active and reaptiwers, balanced and
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4.6. Summary

unbalanced faults. From simulation results it can be obththat the VSC-HVDC can ful-
fill fast and bi-directional power transfers and AC voltagguatment. The VSC-HVDC
control strategies can be varied regarding different dives. The simplified VSC-HVDC
model agrees well with the complete model during transientsin steady state. Further-
more, two modified controllers have been presented and meiéed in the VSC-HVDC
control system to improve the system performance durin@lamged faults in the grid.
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Chapter 5

VSC-HVDC System for Industrial
Plants

In this chapter the performance of a VSC-HVDC supplying anstrial system with and
without on-site generation is investigated. Some additio@sults are included in the
papers|[Papers C-I].

5.1 Introduction

As discussed in Chapter 1 large industries have a high aigtdonsumption and are
typically supplied directly from the sub-transmissiondgiThis results in a very reliable
supply to the plant. Moreover, many industrial customeaushsas pulp and paper indus-
tries, refineries and steel factories, have facilities witksite generation. The on-site gen-
eration has several benefits for the industries as well aatility grid such as reducing
electricity costs and improving the power quality. Howeysower-quality disturbances
can still spread directly from the supplying grid to the isttial installation and vice
versa. A VSC-HVDC link is capable of transferring the actiwever from the grid and,
at the same time, decreasing the disturbances from thiy wfild.

When a VSC-HVDC supplies the industrial network, the invedéthe VSC-
HVDC can use the AC voltage and frequency controllers to kirefoad side AC voltage
and frequency constant. In this way power-quality distondes like voltage dips do not
reach the industrial installation. However, due to the Ioertia in the industrial network,
the control and operation of industrial installations elif€tonsiderably from that of large
transmission or sub-transmission networks [93]. Hencé&hisichapter the performance
of the industrial system when supplied by a VSC-HVDC is ingeged in different situ-
ations. It should be mentioned that the VSC-HVDC model usetersimulations is the
simplified model presented in Chapter 4, where it was dematestrthat the simplified
model is a very good approximation of the complete model kboting transients and in
steady state.
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5.2 VSC-HVDC system for industrial plants without on-
site generation

In this section, a VSC-HVDC supplied industrial plant withoun-site generators is inves-
tigated. Initially the VSC supplying different load comgams are simulated to analyze
the impact of various loads on the voltage and frequencyorespof the system. During
these studies the VSC utilizes the AC voltage and frequeonyrallers.

5.2.1 Investigation of frequency/AC voltage control for the VSC

Some simulation results and analysis presented in thiesdtdve been presented[Pa-
per C].

Fig. 5.1 shows a VSC and two different industrial plants.t&ys| comprises a
resistive load, an induction motdkl; and an aggregate induction motor IM which repre-
sents the rest of the load. System Il includes the sameiwesiead, the same induction
motorIM; and an aggregate synchronous motor SM which representsshefithe load.

Induction motor T pu—

Induction motor

All other synchronous motors

HHH

All other induction motors L V)

Resistive load

Resistive load

(a) System | (b) System II

Fig. 5.1 System | (a): an HVDC infeed and mainly induction motor loads. System ildb)
HVDC infeed and mainly synchronous motor loads.

Figs./ 5.2 and 5.3 show the minimum frequency at the PCC asifunscof the
converter current limit under several different rotatingtor inertia constants. In both
systems the size diM; is 0.113 pu (total load 1.0 pu). As expected, when the current
limit increases, the minimum frequency increases. Funtioee, with an increase of the
rotating motor inertia the frequency deviation decrea$és. intersection points of the
acceptable minimum frequency and the minimum frequencytereritical VSC current
limits. As an example the acceptable minimum frequency simed to be 48 Hz. In
Fig.'5.2 it can be seen that the intersection points E and Eharminimum VSC current
limits for frequencies> 48Hz when Hyy, is 2.8s and 1.4s respectively. However, there is
no intersection point in Fig. 5.3 in this simulated case sThiplies that the converter of
system Il does not need to be overrated to meet the frequexcyrement in the power
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system. It should be mentioned that the minimum current liriihe VSC increases with
an increase of the size o1, .
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5.2.2 AVSC-HVDC supplied industrial plant

Last subsection illustrates the impact of rotating machine. induction and synchro-
nous motors, on the voltage and frequency response of thesUpgied industrial plants
when the VSC uses the voltage and frequency controllers.Stisection will further in-
vestigate a case where the VSC-HVDC supplies an industaat plith mainly induction
motors, as shown in Fig. 5.4. The control strategy is desigaeontrol the AC and DC
voltages on the rectifier side and to control the AC voltage faequency at the inverter
side. Various disturbances such as load changes, balandedndalanced faults from
the grid have been tested. Detailed simulation results aatysis have been included in
[Paper D]. In this subsection the system dynamics due to grid faulisnaotor starts are
shown to emphasize the significance of the VSC-HVDC currernit And the benefits and
limitations of the VSC-HVDC.

Load bus
_/
Sendi Rectifier | ¢ o Induction motor
ending NVerter  Receiving
(grid) side \ side
AC Ui 6 e Uiz PCq
; «—— -
grid] | | ly IPgs
. AC : AC :
:filter * filter All other
1 l induction motors

— ]

Resistive load

Fig. 5.4 Model for a VSC-HVDC system with different loads.

Three-phase faults at the sending side

A voltage dip with a retained voltage of 0.5 pu and a duratib®.as is simulated at
the sending side of the VSC-HVDC. The dynamics of the link dyamd after the dip
depend on the remaining control margin, i.e. on the diffeedmetween the pre-event load
current and the current limit. The simulations have beeeatga for different values of
the current limit. The results are shown in Figs. 5.5 - 5.7% Tlt is applied af.02 s and

is cleared 5 cycles later.

As shown in Figs. 5.5/- 5.7, when the curréptreaches the current limit, the DC
voltage decreases and the transferred active power iseddtibis significantly affects the
frequency but also slightly affects the voltage at the PCCikgiance, when the current
limit of the VSC is equal to 1.1 times the total load, the cotreg, increases ta;,, during
the fault (see Fig. 5.5), the DC voltage drops to about 0.8&mulithe transferred active
power is reduced to about 0.5 pu which is not enough to supmytdtal load at the

66



5.2. VSC-HVDC system for industrial plants without on-sitngration

receiving side of the VSC-HVDC. The estimated frequency aPtG€ then drops to less
than 49 Hz (Fig. 5.6). With the drop of the estimated freqyesicthe PCC, the speed,
absorbed active and reactive power of both the inductiororaaire reduced (Fig. 5.7).
With an increase of the VSC current limit, the power qualitythe load bus or PCC is

improved. When the rating or the current limit of the VSC is tivoes the total load, the

DC link can transfer enough active power during the faulhsinat the AC voltage and

estimated frequency at the PCC can be kept at their referehgesy In order for the load

bus or PCC to be immune to the fault, when the voltage dip madeiis less than 0.5 pu

at the sending side, the current limit setting of the VSC-HVE&fverters has to be at
least 1.7 times the total load current. It should be mentdhat the current limit is also

dependent on the capacitor size of the AC filter. With an iaseesof the capacitor size, the
required current limit of the converter will decrease.
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Fig. 5.5 Current amplitude, DC voltage and active power at sending side durimgexpihase grid

fault.
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Fig. 5.6 Woltage amplitude, current amplitude and frequency at PCC during a pivaese grid
fault.

From the simulation results it can be seen that the curnamit $ignificantly affects
the dynamics of the system during and after a grid fault. Feuféiciently high current
limit the controller is able to maintain the voltage and freqcy at the PCC at their
pre-event values. In that case the load does not experiencdisturbance. When the
current limit is lower, the load experiences a drop in fragyeand a drop in voltage.
Note, however, that even for the lowest current limi®% above the load current) the
voltage does not drop below 0.95 pu. Instead the motor loadwues significantly less
active power. The consequence is a drop in the motor speeathwhuses a higher active
and reactive power demand after the dip. This, however, igeaeived as a problem,
neither for the motors, nor for other loads. The drop in thereded frequency, to slightly
below 49 Hz, is more severe than normal in large intercomuksystems. However, the
industrial equipment is rarely sensitive to frequencyatwns. The drop in speed of the
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induction motor is up t8%, which is sufficient as speed-sensitive processes norraaly
not powered directly by induction motors.

In order to show the capability of the VSC-HVDC, to enhance thality of power
supply to an industrial system, a comparison of the resgoasboth induction motors
IM; andIM, after a voltage dip of 50% is shown in Table 5.1. The comparisanade
between a conventional AC supply and a VSC-HVDC supply. Aseaseen in Table 5.1,
the highest current of the induction mofdd, is 4.523 pu and the lowest speed is 0.9 pu
during the fault when supplied purely by an AC system. Howewden supplied by a
VSC-HVDC system, the highest currentldf, is only 1.086 pu and the speed only slows
down to 0.941 pu during the fault. This comparison cleahysiirates that the VSC-HVDC
significantly improves the quality of power supply to indistloads.

Speed of II\4 [pu]

Pz [Pul

0.6 L L L L L L L L

o
o
=%
T

0.57 :Iim

Q, [PUl

T T
00.02 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time, [s]

Fig. 5.7 Speed, active and reactive powerdf, during a three-phase grid fault.
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Table 5.1: Comparison of induction motors in both systemsndua three-phase grid
fault.

AC supply VSC-HVDC supply
with ilim/iload =1.1

Tmax OF IM; 0.239 pu 0.035 pu
Winin OF IM; 0.986 pu 0.968 pu
Tmax OF IM, 4.523 pu 1.086 pu
Wiin OF IMy 0.9 pu 0.941 pu
Minimum AC voltage at PCC  0.473 pu 0.961 pu
Minimum frequency at PCC 50 Hz 48.86 Hz

Motor starting

During a motor start the start current can be several timesi(ally 5-7) as large as the
machine rated current. Hence, when a VSC-HVDC supplies any&t@ s with induction
motors, it has to increase the reactive power delivereddoAth system to keep up the
voltage during the motor start. However, as previously meed, the rating of a VSC is
normally close to the load rating and therefore the reagim@er capability is limited.
Due to this fact it is necessary to perform an analysis of gesysvith the current limit of
the VSC-HVDC converter included.

The comparison is also made in Table|5.2 between a pure AQisdppdustrial
plant and a VSC-HVDC supplied industrial plant. As shown ibl&s5.2, for thelM,, it
takes a longer time to start with the VSC-HVDC supply as comgpéo the pure AC sup-
ply. Moreover, the AC voltage dip at the PCC is deeper and gguiency drops with the

Table 5.2: Comparison of induction motors in both systemsdua motor start.

AC supply VSC-HVDC supply
with Uim = 1.1 % iload

Tmax OF IM; 0.448 pu 0.425 pu
Start time oflM; 0.79s 0.94s
Tmax OF IM, 0.895 pu 0.747 pu
Wy min Of IMy 0.974 pu 0.966 pu
Minimum AC voltage at PCC  0.963 pu 0.933 pu
Minimum frequency at PCC 50 Hz 49.62 Hz

VSC-HVDC supply. This is because the transformer in the ACpupan be overloaded
for a short time whereas the VSC-HVDC does not have any ow@dapability. With an
increase of the VSC-HVDC current limit, the power qualityla CC will be improved.
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System behavior during different voltages dip magnitudes ad durations due to
three-phase grid faults

Some simulation results and analysis have been preseniiedper E].

In order to obtain the response of power electronics for tpgsed VSC-HVDC
control system, a three-phase diode rectifier is includekenndustrial plant as shown in
Fig.'5.4. Here two groups of simulations are carried outhinfirst group of simulations,
the applied voltage dips have the same duration (0.1s) awh#gnitude is changed from
0.1 pu to 1.0 pu. In the second group of simulations, the ntadeiof the voltage dip is
fixed to 0.5 pu and the dip duration is varied between 0.1s3s.0.

Figs. 5.8, 5.9 and 5.10 show the results of the first group mtikitions, where
several system variables are plotted as functions of veltiyg magnitude under different
current limits of the VSC-HVDC converters. These systemaldas are: minimum DC
voltage of the VSC-HVDC (Fig. 5.8), minimum AC voltage at the® (Fig. 5.9), mini-
mum estimated frequency at the PCC (Fig. 5.9), minimum DCageltof the diode recti-
fier (Fig./5.10) and minimum speed of the induction mdfdr, (Fig. 5.10). Apparently,
they increase as the magnitude of the voltage dip becoméerh{ge. the dip becomes
less severe), they also increase when larger values arerclimsthe converter current
limit.

i =1.5% !
lim | ’ :
< ’
. . 4 ,
I =2.0% 2l
0.85 fim RELPA LS
‘,~ ,/ ) K
’ -, H _— *1
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Minimum dc voltage of VSC-HVDC [pu]

0.65 T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.
Voltage dip magnitude [pu]
Fig. 5.8 Minimum DC voltage of the VSC-HVDC system as functions of voltage dip magaitud

with different current limits of the VSC-HVDC converter. The voltage digadion is
fixed to 0.1s.
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IM, (bottom) as functions of voltage dip magnitude with different current limits of the
VSC-HVDC converter. The voltage dip duration is fixed to 0.1s.
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The results of the second group of simulations are showngn3:1.1, where the
minimum estimated frequency at the PCC and minimum speedeointfuction motor
IM, are plotted as functions of the voltage dip duration. It carséen that the estimated
frequency decreases as the voltage dip has longer dur@@mrsequently, the speeds of
the induction motorg§M; andIM, have similar responses as the estimated frequency at
the PCC (here, only the speedIdfl; is shown). In addition the minimum AC voltage
at the PCC, the minimum DC voltages of the VSC-HVDC and the diedgfier are not
affected by the voltage dip duration.
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Fig. 5.11 Minimum estimated frequency at the PCC (top) and mininilula speed (bottom) as
functions of voltage dip duration with different current limits of the VSC-H¥Don-
verter. The magnitude of the voltage dip is fixed to 0.5 pu.

Therefore, it can also be obtained that the current limibi§icantly affects the
dynamics of the system during a fault at the grid side.

Comparison of different frequency controllers for a VSC-HVDC supplied system

Some of the simulation results and analysis have been fessirjPaper GJ.

The aim of this section is to distinguish and compare thectdsfef different fre-
guency controllers, described in Chapter 3, for preventivitage instability. Again the
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most severe fault, a three-phase fault, is applied at thee side. Also common small
disturbances such as motor starts are considered to tedyianics and ride-through
capability of the system. As can be seen from Table 5.3, wherctirrent limits of the
converter are setto be 1.0 and 1.1 times the total load, gtersycollapses during a motor
start if the inverter uses frequency controller | or Il. Hewe the system can ride through
these small disturbances when the inverter utilizes frequeontroller I11. For a balanced
voltage dip with a retained voltage of 0.5 pu and a duratiof.8§, it can be seen from
Table 5.4 that when frequency controller | is applied theeyswill not recover after a
fault until the current limit has been increased to 1.5 tirtiestotal load. However, the
system can ride through the voltage dip when the invertes freguency controller II
and the current limit is higher than 1.2 times the total Idaatthermore, with frequency
controller Il the system can avoid a voltage collapse withoverrating the converter.
This shows that it is possible for the system to increaseitieethrough capability with-
out overrating the converter when a suitable frequencyrobsirategy, such as frequency
controller Ill, is adopted.

Table 5.3: System responses with different frequency obats and current limits during
a motor start k:voltage collapse)): stable operation).

i / Tload 1.0 1.1 1.2

Frequency controllerl x x O

Frequency controllerll x x O

Frequency controllerlll O O O

Table 5.4: System responses with different frequency otlats and current limits during
a three-phase grid faulik(voltage collapse): stable operation).
1lim / load 1.0 1.1 1.2 1.3 14 1.5
Frequency controllerl x x x x X
Frequency controllerll x x O O O
Frequency controllerlll O O O O O O

O
O

5.3 VSC-HVDC system for industrial plants with on-site
generation

In Section 5.2 and in [47] the VSC-HVDC feeding an industrigtem without on-site
generation has been studied and the system shows a higbldaxibility. In this section,
a VSC-HVDC supplied industrial plant with on-site generatis studied. The control
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strategy, i.e. the rectifier station controls the AC and DGage whereas the inverter
station controls the frequency and AC voltage, is adoptethénVSC-HVDC system.
Some issues have been addressgBaper H] and[Paper 1].

In most industrial plants having on-site generation féesi the speed control of
the on-site generation is normally not activated when syorabed to the main grid. The
speed controller becomes active only in island operatidh [Bherefore, this section ana-
lyzes the performance of a VSC-HVDC supplied industrial plaith on-site generation,
shown in Fig! 5.12 when the turbine operates in constanteapower production mode
and in speed control mode, respectively.

Industrial plant

|

|

| .
Sending  Converter 1 Converter 2 Receiving Il Induction motor

|

|

(grid) sidg side
i
AC | Up <2 o e Uiy PCd
gri i Upcq
Pk s 1| Restofthe IM load
:filer ; ! fiter ]

Resistive load

Fig. 5.12 Model for a VSC-HVDC system with different loads and on-site genematio

5.3.1 On-site generation with constant power production

For industrial customers using on-site generation theymtohn is based on back-pressure
and condensing turbines. Normally the turbines producewsshras possible. Therefore,
this subsection focuses on the investigation of a VSC-HVDg@pbed industrial plant
with on-site generation when the turbine produces consietivte power. Impacts of dif-
ferent conditions, such as the generator field voltage, €meator inertia constant, the
generator output and the generator excitation system, beee studied ijPaper H].
Here, results with different generator outputs and difiegenerator sizes during the grid
faults will be highlighted.

Three-phase grid fault with different torques

Figs!5.13 - 5.14 show the dynamic responses of the systenmgduthree-phase grid fault
when the mechanical torque of the generdigk is setto 0.1 pu and 0.4 pu respectively.
It can be seen that different power production levels affieetdynamic behavior of the
system significantly. Wheffy; s¢ is 0.1 pu, the DC voltage decreases during the fault,
which implies that the transferred active power from thel gsireduced. Consequently
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this affects the decay of the frequency (i.e. speed of symdus generator) and the dy-
namics of the AC voltage at the PCC. HoweverTif s¢ is set to 0.4 pu or higher, the
AC voltage and frequency at the PCC can be kept constant. Hig.shows the reaction
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Fig. 5.13 DC voltage, voltage amplitude at PCC and speed of the synchronousigerarring a
three-phase grid fault with varying mechanical torquesc.

of the generator - both the steady-state and the transiéiue gower characteristics -

as a function of the load angle. During the fault the VSC-HVDB&tem can not supply
enough active power to the load due to the current limit oMBE whenTy,; ¢ is 0.1 pu.
Therefore, the power balance between the supplied medigawer on the turbine and
the produced electrical power in the generator is disturbedng the fault the load angle

of the generator increases from 5 to 15 degrees. The gensugiplies an active power of
about 0.35 pu which implies that the power balance will notlisturbed during the same
fault as long adysc is set to be higher than 0.35 pu. This has been verified from the
simulation shown in the Figs. 5.13 - 5.14. It is noted thatwbkage at the PCC, i.e. the
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terminal voltage of the generator, is generally limited €% of its rated voltage during
the fault.
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Fig. 5.14 Active power and load angle of the synchronous generator duringea-fitrase grid
fault with varying mechanical torqugy sc.

A comparison has also been made with industrial plants hawo different sup-
plies, i.e. a VSC-HVDC supply and an AC supply. This aim is tsmdastrate the power
supply improvement capability of the VSC-HVDC to an indudtplant with an on-site
generator. Table 5.5 shows the comparison of the respofigetiosystems. As can be
seen the minimum AC voltage and frequency at the PCC are 0.6¢p&@Hz, the highest
current and the lowest speedIdfi, are 4.83 pu and 0.857 pu during the fault when the
industry is supplied purely by an AC system. However, wherpad by a VSC-HVDC
system withTy; s¢ = 0.1pu, the minimum AC voltage and frequency at the PCC are
0.96 pu and 49.42 Hz respectively, while the highest curoériiM, is only 1.068 pu.
Moreover, the speed diM, only slows down to 0.964 pu during the fault. Furthermore,
when supplied by a VSC-HVDC system with; s¢ = 0.7pu, the minimum AC volt-
age and frequency at the PCC are 1.0 pu and 50 Hz. This showhéhiadustrial plant
IS immune to this voltage dip due to a three-phase grid fanid, all loads are working
in normal operation. Therefore, this comparison cleatlystrates that the VSC-HVDC
significantly mitigates voltage dips from the grid and imys the power quality of the
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industrial plant.

Table 5.5: Comparison of the system performance includidgation motors and syn-
chronous generator in both systems during a three-phaséagilt.

AC supply VSC-HVDC VSC-HVDC

& & &

Tvusec =0.7pu Tyvsg = 0.1pu Ty se = 0.7pu
Imax,IM; 0.265pu 0.06pu 0.05pu
Winin,IM; 0.907pu 0.965pu 0.975pu
Tmax My 4.83pu 1.068pu 0.864pu
Wnin TM, 0.857pu 0.964pu 0.974pu
Imax,SG 3.528pu 0.353pu 0.685pu
Winin,SG 0.994pu 0.988pu 1.0pu
Unin,PCC 0.5pu 0.96pu 0.99pu
fmin,pcc 50Hz 49.42Hz 50Hz

Three-phase grid fault with different generator sizes

From Fig. 5.13 it can be concluded that different mechanargjuesly; s have a signif-
icant influence on the system when the size of the synchrogewnsrator is equal to the
total load. In this section the influence of the synchronoersegator size on the system
behavior is investigated when the mechanical torque is fixed

Figs./ 5.15 + 5.16 show the response of the system during a-fitrase grid fault
when varying the size of the synchronous generéger 7y s is 0.7 pu of the generator
power. It can be seen that when the synchronous generagansieases, the correspond-
ing active power production increases. This results in actadn of the VSC-HVDC's
active power transfer. Consequently the minimum DC voltageeases during a three-
phase grid fault. However, a change of the apparent powéreajénerator hardly affects
the reactive power productions of the VSC-HVDC or the gemer&then the generator
size is less than 0.5 times the total load the minimum AC geltat the PCC and the
minimum speed of the generator decrease with the reducedfihe generator whereas
the maximum load angle of the generator rapidly increas#s avsize reduction. Never-
theless, the minimum AC voltage at the PCC and the minimumdspitie generator are
kept constant when the generator is larger than 0.5 pu.
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Fig. 5.15 DC voltage and AC voltage amplitude at PCC together with the generator speed d
a three-phase grid fault with varyingg:.
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Fig. 5.16 Active and reactive power from inverter and synchronous genefa}@nd load angle
of the synchronous generator (b) during a three-phase grid faulvastfing Ssc.

5.3.2 On-site generation using frequency control

As mentioned in the previous subsection the back-pressubenes normally produce

as much as possible. However, the electricity productiaejgendent on the production
process (pulp, paper etc). In this subsection the VSC-HVDs@esy for industrial plants

with on-site generation will be investigated during loadiehes and grid faults. During
the studies both the inverter and the on-site generatioe@ugped with frequency and
AC voltage controllers. Some of the results includefPaper I] are presented in this sub-
section. The action of both frequency controllers is aredlyAfter that two comparisons,
based on the performed simulations, are made:
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- a comparison on the system response will be done duringdbadges when the
VSC-HVDC uses two different frequency controllers, i.e. acBhtroller and a
droop controller.

- a VSC supplied industrial plant will be compared with thensaindustrial plant
supplied by a conventional AC supply.

Frequency control of the VSC and the turbine

As previously mentioned the synchronous generator is @gdipvith an excitation sys-
tem and the turbine with a frequency controller. Since th&€\Salso equipped with a
frequency controller it is important to analyze the effefcboth frequency controllers on
the system. Therefore, this section will analyze the fregyeontrollers of the VSC and
the turbine [83, 86].

Fig./5.17 shows the block diagram of the system for smallfeegy deviations.
The frequency controllers of the VSC and the turbine are g&hBysc(s) and For(s)
respectively. From Fig. 5.17 it can be derived that the feeqy deviatiomw is:

A
Ac e |2PE i,
%@—V GT ’%‘ G(S)
1
»ZHsysS‘i'D 4w

Aw Fvsc(S)

APysc

[-1]«

Fig. 5.17 Simplified block diagram of the system with two frequency controllers.

Aw = G(S)(APGT + APVSC — APL)

_ APer+APysc — AP, (5.1)
2Hgys + D '

whereAw* = 0.
By imposingA Pt = —Far(s)Aw andA Pysc = —Fysc(s)Aw, it can be derived

that:
—AP,

- 2Hsys5 + D + FGT(S) + Fvsc(8>
The turbine is assumed to use a droop frequency controltettenVSC frequency
controller is assumed to be:

Aw

(5.2)

- a Pl controllerFygc pi(s) i.e. the frequency droop is zero.
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- a droop controllefysc aroop(s)-

The transfer functions af;r(s), Fyvsc.pi(s) and Fysc areop(s) are described as follow:

14 salgr
F _— 5.3
GT(S) GT 1+ sTar ( )
k re
Fyscpi(s) = kpge + = (5.4)
14+ svTey
FVSC,dr00p<S) = /‘CVSCT’YTt (5-5)
cut

wherea < 1 and~y < 1.
By substituting((5.3) and (5.4) ar (5.5) into (5.2) and takaagount of the "active
damping,B,” adopted in the PI controller, it can be derived that:

—AP,
AWPI - 1+salTgT kl,fre
2P[syss + D + Ba + kGTm + kp,fre + S
—AP,
~ 1+SCMTGT kl,fre (56)
2[{syss + Ba + kGTm + kp,fre + s
A —AP;,
Wdroo sa $Y1cu
P QHSySS + D + kgt lﬁ_sTTGGTT + kvsc —ll—:_;/;;mt
(5.7)
From (5.6) and (5.7) it can be concluded that at the steady staditions:
—AP;,
Awpres ~ 5.8
o Ba + kGT + kp,fre + kI,fre - 00 ( )
AP
Aw roop,ss
droop D + kgt + kvsc
—AP,
~ b (5.9)
kgt + kvsc

which means that

- when the VSC uses a PI frequency controller, the integralgghe frequency con-
troller of the VSC-HVDC will regulateAw to zero. Fig. 5.18 shows the frequency
droop characteristics of the VSC and the turbine.

- when the VSC uses a droop frequency controller, the fregjuerror of the system
is not regulated to zero. The steady state error of the frexyy@pproximated to
kG;ﬁ,fésc when D can be negligible, depends on the combined effect of thepdroo
of the VSC and the turbine. The total static gain will her + kysc. This is the
same as for the frequency control strategy of conventiomabp systems. Fig. 5.19

shows the load sharing of both the VSC and the turbine. As easebn the initial
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Fig. 5.18 Frequency static characteristics of the VSC and the turbine.

frequency isfpcc; at steady state. The VSC and the turbine supplyc; and
Pqr respectively. After the load change, the VSC and the turbuqply Pysco
and Pgr2. The frequency at steady statefisoc.. The load sharing between the
VSC and the turbine depend on the static droBpsc and Rqr respectively.

-7 :Droop control

-~ : . : H
Droop control : : for VSC
for turbine §AP : AP 1/ R,SC
URyr &% ¢ BPsc)!
‘ e Risc
PGT2 I:)GTZI I:3/8(1 F\)/S(Z

Fig. 5.19 Sharing of a load change between the VSC and the turbine.

Comparison of Pl and droop frequency controllers of the VSC n case of load changes

Fig.'5.20 shows the responses due tdMn torque step change which is applied at 0.5s.
As can be seen different frequency control strategies havegégible impact on the
DC voltage and AC voltage at the PCC. However, they have an obwdfect on the
minimum frequency that varies from 49.15 Hz to 49.4 Hz, ardsieady state frequency
that varies from 49.5 Hz to 50 Hz. The transferred active pevia the VSC-HVDC and

83



Chapter 5. VSC-HVDC System for Industrial Plants

the generator are shown in Fig. 5.21. The VSC takes care tdthae step change when
the frequency controller of the VSC is realized with a Pl colfer. This implies that the
VSC may be insufficient to cover the total load variationsisThay have an influence on
stability of the system when the size of the VSC is not suffittiebig as compared to the
load. However, the VSC and the generator share the load elaogrding to their droops
when the VSC and the turbine use droop frequency controllers

a PI frequency controller for VSC

— Upcc
— Upecd droop frequency controller for VSC | |
FUpe @ PI frequency controller for VSC
Upe @ droop frequency controller for VSC
097 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Time, [s]

Frequency at PCC [Hz]

—— VSC: PI controller
— - VSC: droop controller
49 T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10
Time, [s]

Fig. 5.20 DC voltage, AC voltage and frequency at PCC during a torque step etwdiiyl,. The
turbine and the VSC use droop frequency controllers.

Three-phase grid fault

In Table 5.6 a comparison is made between a pure AC suppléagsinal plant and the
same VSC-HVDC supplied industrial plant during a 0.3s thpkase grid fault with a
0.5 pu retained voltage. As shown in Table 5.6, when a coiomait AC supply is used
to the industrial plant with on-site generation, the minimAC voltage and frequency at
the PCC are 0.513 pu and 50 Hz respectively. The highest ¢uanehthe lowest speed
of IM, are about 4.87 pu and 0.863 pu during the fault. However, vaugplied by a
VSC-HVDC system and a generator together with a constantttomgde on the turbine,
the minimum AC voltage and frequency at the PCC are 0.96 pu@ud@4z respectively.
The highest current diM, is 1.068 pu and the speed slows down to 0.964 pu during the
fault. Therefore, it can be concluded that the power qualitgn industrial plant using
on-site generation is significantly improved with a VSC-HVB@ply as compared to a
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Fig. 5.21 Power responses of the VSC and the generator during a torque stegedfaM,. The
turbine uses a droop frequency controller and the VSC uses a Pkfregueontroller
(top) or a droop frequency controller (bottom).

pure AC supply. From Table 5.6 it can also be observed thardmsient maximum and
minimum values of the loads in the plant show no major diffiees, when the two cases,
I.e. the turbine with and without a frequency controllee aompared. This is due to the
slow response of the turbine frequency controller.

Table 5.6: Comparison of the induction motors and the symaius generator behavior
during a three-phase grid fault when having an AC supply o6&€\HVDC supply.

AC supply VSC-HVDC VSC-HVDC
& &No FC &FC

TM,SG == O.lpu TM,SG == 0.1pu PSGO = 0.1pu

max,IM; 0.269pu 0.06pu 0.06pu
Winin, IM, 0.91pu 0.965pu 0.966pu
Trmax,IMs 4.87pu 1.068pu 1.067pu
Wrin,IMa 0.863pu 0.964pu 0.964pu
Imax,SG 3.497pu 0.353pu 0.353pu
Winin,SG 0.998pu 0.988pu 0.989pu

Upnin, PCC 0.513pu 0.96pu 0.96pu
fmin,PCC 50Hz 49.42Hz 49.45Hz
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5.4 Summary

This chapter has presented the performance of a VSC-HVDClisdppdustrial plant
with and without on-site generation during various distuntes. It focuses on how the use
of frequency controllers in the VSC-HVDC control system torgase the ride-through
capability of the industrial plant in case of voltage disamces. The impact of the con-
verter current limit on the dynamics of a VSC-HVDC suppliedustrial plant during
load changes and grid faults such as three-phase faultsiaglé-phase faults is also
investigated. It can be concluded from simulation resuitd twith the use of the fre-
guency controller in the VSC-HVDC control system the powealdy of the industrial
plantis significantly improved. The extent of improvemeapdnds on the current limit of
the VSC-HVDC system, the generator power production levadisthe generator ratings
when the industrial plant has on-site generation.

86



Chapter 6

Conclusions and Future Work

This chapter draws conclusions and presents some suggestiofurther work.

6.1 Conclusions

After the world’s first HYDC Light transmission installationto Gotland, Sweden, 1997,
there has been growing interest in the research on this neld@échnology. The VSC-
HVDC uses the IGBTs and PWM, which makes it possible to gen¢hatelesired AC
output voltage. This high flexibility of control allows foraumber of new advantages and
applications which have been presented in Chapter 2.

In order to fully exploit the capability of the VSC-HVDC, the ool algorithms
of the VSC-HVDC are investigated and the performance is destelifferent situations
in this thesis. Two different control strategies, AC-voktagpntrol and reactive power
control, are presented and evaluated when the VSC-HVDC ctstwo grids. Another
control strategy, frequency control, has been implemeintéte VSC-HVDC control sys-
tem to analyze the dynamics of VSC-HVDC supplied industgatems with and without
on-site generation. The investigation focuses on how #guiency of the output voltage
of the converters can be controlled in order to increase itteethrough capability for
the VSC-HVDC supplied industrial system in case of voltageuitbances. The motiva-
tion of choosing this control strategy is to exploit the treof the rotating masses by
slightly decreasing the frequency of the VSC-HVDC outputagé to ride through the
disturbances.

Two control strategies have been implemented when the VSO&iv¥onnects two
grids. The results show that

- the system response is fast, high quality AC voltages aneiots can be obtained,
the active and reactive power can be controlled indepehdamd are bi-directional.

- the two different control strategies have different effsan the performance of the
VSC-HVDC. For instance, the AC voltage can be kept constarit W-voltage
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control, while the voltage varies with reactive-power cohwwhen the reactive
power flows change. Therefore, if the system is strong, iseapbwer control can
be used. Otherwise the AC voltage control is recommendahble control strategy
should be selected depending on the objectives and chaséicteof the system.

- during a three-phase grid fault, the DC voltage drops dubeaconverter current
limit. However, the severity of three-phase short circuitrents are reduced as
compared with an AC interconnection.

- during an unbalanced grid fault, the DC voltage drops awavsta large oscillation,
the unbalance at the faulted side is transferred to the uitethside. This unbalance
can be reduced either by decreasing the transferred activerpr by increasing the
converter current limits. Furthermore, the phase currantse faulted side exceed
the current limits. This will stress the valves and may thig DC link. Therefore, to
avoid overcurrents and reduce the oscillations of the D@gel during the unbal-
anced fault, modified controllers are introduced into thetid system to improve
the system dynamics.

- comparisons of the simulation results for both the conepéatd simplified VSC-
HVDC models show good agreements between the two modelsgiuansients as
well as during steady state.

A new control strategy of the VSC-HVDC system for providingighihquality sup-
ply to industrial plants are proposed. In the proposed obstrategy, a frequency con-
troller and an AC voltage controller are implemented in theerter station of the VSC-
HVDC. The motivation of choosing this control strategy is i@leit the inertia of the
rotating masses by slightly decreasing the frequency oMB€-HVDC output voltage
when needed. Thus, a momentary surplus of energy is creatheé rotating masses of
the motors to ride through disturbances such as AC faultsrastdr starting. In order to
validate the proposed control strategy, the dynamic perdoice of a VSC-HVDC sup-
plied industrial plant is investigated during various disances. The simulation results
illustrate that

- the VSC-HVDC has the possibility to control the AC voltageldrequency at the
PCC to ride through disturbances.

- by comparisons of the performance of the load with a conveat AC supply and a
VSC-HVDC supply, it is demonstrated that the use of the VSC-@\dynificantly
enhances the quality of power supply to industrial plantegyfaults at the sending
side of the VSC-HVDC.

- during motor starts, it takes a longer time to start, the AMiage at the PCC drops
deeper and the frequency is not constant as compared witfread@usupply.
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- the rating or current limit of the VSC-HVDC converter sigaéntly influences the
performance of the system during disturbances. An incre&skee rating of the
VSCs significantly improves the power quality of the system.

Different frequency controllers, i.e. fixed frequency coiter with constant ref-
erence frequency, fixed frequency controller with varicefemrence frequency regarding
DC voltage dynamics of the DC link, a Pl frequency controléard their effects on the
voltage disturbance ride-through capability of a VSC-HVD(p@lied industrial system
are studied and presented. It shows that

- during small disturbances such as motor starts the systdlapses when the in-
verter station uses the fixed frequency controllers withstamt reference frequency
and with various reference frequency whereas the systeravtad a voltage col-
lapse with the use of a Pl frequency controller without oateng the VSC.

- during three-phase grid faults, the system survives witl@govoltage collapse or
excessive voltage sags after faults without overratingctirererter when a Pl fre-
guency controllers is used.

- the effect of increasing the capacitor size instead of tmverter size on improving
the power quality of a VSC-HVDC supplied industrial plant Isainvestigated.
Simulation results show that it is possible to improve th&em voltage disturbance
tolerance by increasing the DC capacitor on the DC bus. Hewew overcurrent
of the converter occurs at the end of the fault.

A VSC-HVDC supplying an industrial plant with on-site gen@ya has been in-
vestigated when the generator has an exciter and the tuname frequency controller.
The control strategy utilized in the VSC-HVDC system is tha tectifier controls the
DC voltage and the AC voltage at the grid, whereas the invedetrols the AC voltage
and frequency at the PCC. A detailed analysis of two frequenayral algorithms, i.e.
a Pl frequency controller and a droop frequency controtiethe inverter has been per-
formed. The system dynamics has been investigated undeusasperation conditions
and during grid faults. From the simulation results it carcbecluded that

- different frequency controllers in the inverter have eliént responses on the sys-
tem. When the inverter uses a PI frequency controller, trguracy at steady state
resumes to the nominal value. However, a potential instalpiioblem may occur
when the size of the VSC-HVDC is limited. When the inverter usesoop fre-
guency controller the VSC-HVDC shares the load change wélgénerator. How-
ever, there is a steady state frequency fault if not a secgriceguency control is
used.
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- by comparing the dynamic behavior of the system when theriav uses a Pl fre-

guency controller and the turbine operates in constant ppregluction mode, fre-
guency control with no reheat turbine mode or frequencyrobntith reheat tur-
bine mode it can be obtained that the system frequency recdaster when the
turbine works with frequency control with no reheat turbikl®wever, the system
transients are more or less the same when the turbine wotke ithree different
modes. Therefore, another comparison has been made wh¥is@wiVDC size
is reduced to certain percent of the total load, the genesate is varied and the
turbine is equipped with or without frequency control. Tlenparison shows that
with the use of the frequency controller at the turbine tlegfiency drop reduces
during both the motor starts and the grid faults.

a comparison of a VSC-HVDC feeding an industrial plant withuse AC supply
of the same industrial plant shows that the VSC-HVDC can @iéigyoltage dips in
the grid and the power quality of the industrial customeppducan be significantly
improved.

the converter current limit, different levels of power guztion and sizes of the
synchronous generator have significant impacts on the dgneesponse of the
system.

In the end, it can be concluded that the VSC-HVDC has a numbadwdntages

as compared with classic HVDC or AC transmission and it isafle for a wide range
of situations when properly designed and operated. We ilyt see more VSC-HVDC
applications in future power systems.

6.2 Future work

As previously described, VSC transmission and distributiave some disadvantages,
which include potentially high losses and costs. Howeve, technology continues to
evolve. To further assess the potential and limitation o€E\M@&nsmission and distribution
for industrial power systems, a number of possible apptinatand advancements in the
VSC technology are required such as
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- faults and protection

Faults in the DC system remain a serious concern. One of thiglgms is that
the fault currents are limited by the converters. This makernadifficult to apply
existing protection strategies. Protection of the DC nekws strongly related to
the reliability of the network. Fast and reliable DC circhreakers are a possible
solution.
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- industrial systems with VSC-HVDC and internal multileveCetwork

In an industrial system with internal DC distribution, ativé systems are mounted
on the same DC-bus, the energy in the rotating masses willtéeielivered to the
common DC-bus by slightly decreasing the frequency of the \é8tput voltage.
There is a higher flexibility in this situation, in that thefjuency reduction can be
applied selectively only to those machines that are notitbesmyswhile the stored
energy through the DC-bus can be used to keep the critical @méise. Further
improvement can be obtained by connecting some addititmage to the common
DC-bus. This can result in a more cost-effective solutiomtihareasing the storage
(capacitor size) at each DC-bus of the individual drive systas it is done in the
traditional AC solution to increase the ride-through calitsdof the drive.

- industrial systems with VSC-HVDC and bypass switches

To prevent industrial system interruptions due to failuréhe VSC-HVDC system
components, the use of a bypass switch may be considered.

- VSC-HVDC connecting weak AC systems

When the VSC-HVDC is connected to a weak AC system charactkbiy@ lower
short-circuit power, a number of difficulties concerning thperation and design
emerge. They are, among others, low resonant frequenctesanirol strategies
for achieving optimal active power flow. More research isuieef to address those
problems.
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