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Abstract

In recent years, there has been an increased development and deployment of re-
newable energy resources to meet the ever increasing electric power demand and
to limit the use of fossil fuels. This has spurred offshore wind farm development,
particularly in the North Sea, due to the vast offshore wind energy potential. Large
scale wind farms in the North Sea pose grid integration challenges such as the need
for long distance sub sea power transmission and managing the variability of wind
power variation on in the power grid. These challenges can be properly met by the
use of multi-terminal voltage source converter high voltage dc transmission (MTDC)
grid. Even though the North Sea region is envisioned as the immediate target of
application, MTDC can also be used as the highway of power in onshore systems,
thereby connecting loads and generation sites involving very long distances.
MTDC system consists of three or more HVDC converter stations connected to a
common dc transmission network. Currently there are two types of converters used
in HVDC, namely: line commutated converter (LCC) type and voltage source con-
verter (VSC) type. VSC-HVDC is superior to LCC-HVDC for MTDC applications
due to its flexibility and relative simplicity in power control, its bi-directional power
transmission capability while keeping the dc voltage polarity unchanged and due
to its reactive power support capabilities. Hence most recent research works in the
area of MTDC have focused on VSC based systems only. Several R&D works have
been done in the area of MTDC transmission, especially in its control aspects, in the
past. In most cases however, only qualitative approaches have been used to describe
the operational characteristics of the various proposed control strategies. In par-
ticular, studies exploring the quantitative analysis of the steady-state and dynamic
operational characteristics of MTDC grids have been missing in the literature.

The research work described in this thesis was started with the objective of filling
some of these gaps, i.e. (1) to investigate the various control strategies of VSC for
use in dc grids using both qualitative and quantitative approaches, (2) to propose
improvements in the control and operation of MTDC systems and (3) to increase
understanding of the dynamic behavior of MTDC systems.

The main contributions of the research work can be put into three areas, namely
MTDC control, MTDC operation and MTDC analysis.

In the area of MTDC control grid frequency support strategy by MTDC has been
proposed and analyzed. The control strategy enables exchange of primary reserves
between asynchronous ac grids connected by MTDC without involving the use of
communication systems between converter stations.

In the area of MTDC operation a method for precise control of steady-state power
flow in MTDC has been proposed and tested with simulation models. The method
enables power injection control in MTDC based on the power dispatch and is appli-



cable to any MTDC transmission topology.

The contributions in the area of MTDC analysis comprise of three parts, namely:
(1) steady-state MTDC interaction, (2) state-space modeling of a generalized MTDC
topology and (3) large-disturbance stability analysis of MTDC. Methods have been
proposed for each of the aforementioned MTDC analysis aspects and tested with
various simulation models. In the integrated ac/dc system events, such as load inser-
tion/rejection in the ac grid will have impacts on grid frequencies as well as dc-bus
voltages in the MTDC. The steady-state interaction analysis is used to estimate the
steady-state changes (of frequencies, de-bus voltages, transfered nodal powers) that
come as a result of such events. The state-space modeling approach has been used
to study the dynamic aspect of MTDC. The large-disturbance stability analysis has
been principally proposed to study the impact of ac short circuit fault close to a
converter terminal in rectifier mode of operation. Ac faults occurring close to invert-
ers connected to MTDC transmission result in excess power in the MTDC during
the fault duration. This however can be tackled by using fast acting dc voltage con-
trollers and hence excess power in the dc grid may not as sever problem as shortage
of power.

In addition, secondary control of MTDC based upon steady-state sensitivity analy-
sis has been proposed in the thesis. The method enables accurate compensation of
power flow deviations in MTDC occurring due to the action of primary control.
Various representative case models have been used to show the merits claimed for
each of the proposed control methods, and to verify the validities of the proposed op-
erational strategies and MTDC analysis approaches. Finally a hypothetical dc grid
scenario has been used to demonstrate the various potential benefits of employing
MTDC in the North Sea region.
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Nomenclatures and Abbreviations

Abbreviations

ACE Area control error

ENTSO-E European Network of Transmission System Operators for Electricity
LCC Line commutated converter

MTDC Multi-terminal HVDC/ multi-terminal VSC-HVDC

PCC Point of common coupling

PI Proportional-integral control

PLL Phase-locked loop

RG Regional group

TSO Transmission system operator

VSC Voltage source converter
Symbols

All symbols representing scalar physical quantities are written in italics. Vector
variables and parameters are given the same symbols as their scalar counters. To
make a clear distinction, vectors and matrices are written in bold face letters and
without italics. For reference parameters the same symbols are used as their physi-
cal variable courters with asterisk superscripts added to them.
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Ac voltage at PCC

Internal ac voltage of VSC

Dc voltage at de-bus of VSC (converter)

Converter power injection (into de-bus) measured from de side of the VSC
Converter power injection (into de-bus) measured from ac side of the VSC
(i.e. at PCC)

Converter power losses including ac and dc filter losses

Converter power injection into de-bus plus the dc filter capacitance
Converter power injection next to total de-bus capacitance

Power injected by aggregated generator into ac grid network

Total power by supplied by ac grid to all VSC units which

interconnect the ac grid to MTDC network

Rated power capacity of converter

Rated generation capacity of ac grid

Frequency droop constant of ac grid

Dc voltage droop constant of VSC terminal

Frequency droop constant of VSC terminal

Frequency response constant of ac grid

Dc voltage response constant of VSC terminal

Frequency response constant of VSC terminal

Equivalent output impedance of VSC terminal (as observed from dec-bus side)

Dc filter capacitance of VSC
Dc line equivalent capacitance as seen from dec-bus of a VSC terminal
Ac series filter inductance of VSC
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1 INTRODUCTION

1.1 Background

In recent years the use of wind energy has been increasing in many parts of the
world and particularly in Europe. Two distinct reasons are attributed to this. On
the one hand, most of the sites with hydro power potential have already been used
up, pushing up the demand for other alternative renewable energy sources. On the
other hand, the use of fossil fuel and nuclear energy is facing increasing resistance
from the society at large due to concerns of environmental impacts. Onshore de-
velopment of wind farms is however facing similar situation, i.e. suitable sites for
onshore wind farms are being used up and there are also some objections against
wind farms located close to inhabited areas for reasons such as visual pollution,
noise disturbances and impacts on migratory birds. As a result, offshore sites are
becoming more attractive for developing wind farms [1]. Apart from being an en-
vironmentally friendly energy source, offshore wind farms improve energy security
by reducing dependency on imported fossil fuels [3]. Offshore wind farms are nat-
urally located at large distances from load centers hence posing a challenge of grid
integration. ac cable connections are usually feasible if the transmission distance is
not more than 50 — 60km [24]. With increasing transmission distance, the reactive
power flow will be higher due to line capacitances. This results in large line losses
and hence ac transmission will not be a viable option [72](chapter 10). Due to its
suitability for such applications, VSC-HVDC technology is more and more often
used for grid integration of offshore wind farms.

Traditionally, HVDC technologies have been employed with the objective of achiev-
ing one or more of the following purposes.

1. Reduction of line losses while transmitting bulk power across long distances

2. Power exchange between asynchronous ac systems

3. Subsea power transmission in medium and long distance range

Since the HVDC converters introduce power losses by themselves, there is a break
even distance for which the use of HVDC transmission becomes more beneficial over
the use of ac power transmission solution. This distance is roughly around 600 km
for overhead transmission and 50 km for cable based solution. This explains why
HVDCs are more often used for offshore systems than for land based systems. In
recent years, however, the use of HVDC on land has also been increasing mainly
due to the relative ease of getting concessions for cable transmission than for over-
head lines. This is primarily due to increased public resistance against overhead
lines compared with cable transmission. While this may be one positive factor for
developing cable based HVDC transmission on land, the high cost of this solution
compared to overhead ac transmission lines has remained to be the main drawback



of cable based HVDC transmission for land based applications.

In places where several point-to-point connected HVDC lines are needed or planned
within close distances (to each other) it would be appropriate to ask if a multi-
terminal HVDC connection could be employed instead of the traditional point-to-
point configuration. The North Sea region is such an area where the use of multi-
terminal HVDC (MTDC) should be considered. There are two main reasons for this.
First, development of offshore wind farms in particular has contributed to increased
demand for subsea HVDC transmission. With vast amount of wind power resources,
several offshore wind farms have been developed in the North Sea region and several
more large scale wind farms are expected to be developed in the region in the near
future. Horns Rev II, Thanet and Gunfleet Sands are some of the wind farms in
the region already in operation. In 2010 a license was granted to a consortium of
developers to develop a wind farm in Doggerbank [18]. The wind farm is projected
to develop up to 9 gigawatt of power, as part of a planned nine zone project of 32
gigawatt - an amount equal to a quarter of the current power demand in UK. All
these wind farms will use VSC based HVDC technology for transmitting power from
the generation sites to the load centers within the land based grid systems.

The second reason which makes MTDC attractive for the North Sea region is that
offshore oil and gas extraction activities in this region have created additional mar-
ket for HVDC connections between the onshore power grid and loads at offshore
platforms. Troll-A and Valhall HVDC connections, which went operational in 2005
and 2011 respectively, show the trend of electrifying the offshore oil/gas platforms
from onshore, thereby replacing the power supplied by gas fired turbines on the
platforms [52],[17].

With the newly emerging markets for offshore HVDC transmission, connecting sev-
eral HVDC links into a multi-terminal dc¢ grid can offer several additional advan-
tages. To mention some, it can increase the reliability of power transmission by
providing alternative transmission paths, and it can also facilitate power trading
by connecting several market areas. HVDC links are also being used to exchange
balancing services (secondary and tertiary control) across ac interconnections. This
is commonly utilized for example on the Skagerrak HVDC link between Norway
and Western Denmark. Though many potential advantages of meshed HVDC in
the North Sea and beyond are pointed out, the technology is still under develop-
ment and some crucial elements such as dc fault protection technology has yet to be
fully developed. Moreover, deeper understanding of system control, operation and
dynamics is needed before implementing the technology for commercial use. This is
the focus of the research work described in this thesis.



1.2 Overview of the HVDC Technologies

When electricity supply was made available for commercial use for the first time to-
wards the end of the 19" century power was generated, transmitted and consumed
in the form of direct current (DC) electricity. Later on, the invention of power trans-
formers and alternator machines offered a much superior alternative of long distance
power transmission in the form of alternating current (AC) electricity. As a result,
the use of ac electricity became the standard in power generation, transmission and
distribution systems.

With the development of mercury-arc ac/dc converters by the mid of the 20" cen-
tury, however, dc electricity made a comeback into power systems as an alternative
solution for long distance power transmission. This time finding its application in
the high voltage range, the term high voltage dc (HVDC) transmission was coined to
refer to the new technology. Later on, mercury-arc based switches in ac/dc convert-
ers were replaced by thyristor switches. The thyristor based HVDC transmission,
also called line commutated converter HVDC (LCC-HVDC), has been widely used
in the past five decades. Due to its wide spread use and long history of application
in power systems, LCC-HVDC is also referred to as classical HVDC.

Voltage source converter (VSC) based HVDC transmission (referred hereafter as
VSC-HVDC) on the other hand is a relatively new arrival, with its first commercial
use being the connection of the 40 MW wind farm at Nés (at the southern part of
Gotland which is the largest Swedish island) to city of Visby at the center of the
island [29]. This HVDC interconnection was made by ABB with its VSC-HVDC
brand called HVDC Light. The connection has a power rating of 50 MW and has
a pair of extruded dc cables of 7T0km length. The maximum power capacity and
voltage rating of VSC-HVDC has been steadily increasing since its first time use
about thirteen years ago and by the time this thesis was written, ABB - one of the
two leading commercial suppliers of this technology - claims to provide VSC-HVDC
solutions with ratings up to 1200 MW/ £ 500kV [10]. However, the largest HVDC
Light connections currently in service have a rating of 400 MW /+320kV. The other
major competitor in the market - Siemens - has completed its first ever HVDC PLUS
(Siemens’ brand name for their VSC-HVDC solution) project in 2010 which has a
rating of 400 MW/ 4 200kV [80]. Alstom - an other supplier of power generation
and transmission equipments - has recently joined the VSC-HVDC market with
its brand HVDC MaxSine [6],[11]. Alstom has been awarded its first VSC-HVDC
project, the 1440 MW South-West Link, by the Swedish transmission system opera-
tor (TSO) Svenska Kraftnét in January 2012 with expected completion year of 2014
[8]. Currently the relatively low level of the maximum power capacity of available
VSC-HVDC solutions means that LCC-HVDC still remains the dominant technol-
ogy for long distance bulk power transmission due to lower investment costs and
much higher maximum power transfer capacities. VSC-HVDC links, however, have
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some unique advantages such as black start capability, reactive power support and
smaller footprint of area which make them more suitable for offshore applications
[89].

1.3 State of the Art of Multi-terminal HVDC (MTDC)

The use of HVDC technology have traditionally been limited to point-to-point in-
terconnections. In recent years, however, there has been an increasing interest in
R&D of MTDC systems partly due to technological advances in power electronics
and VSC systems and partly due to the grid integration challenges that are coming
with remotely located generation sites. Multi-terminal means, in this context, three
or more converter stations are interlinked by a dc transmission network. Since there
are two types of HVDC converters (LCC and VSC types), two types of dc grids
are possible: one based on LCC -HVDC and the other based on VSC-HVDC. Some
researches have also proposed hybrid MTDC transmission consisting of both LCC
technology as well as VSC technology. Though combining the two technologies is
an interesting issue from application point of view, this is not expected to make the
operational and protection challenges one would face with such a system compared
to similar challenges in the non-hybrid MTDC technologies.

There have been many research and development activities around MTDC in the
past. While LCC based MTDC has been studied for many decades, VSC based
MTDC is a relatively new topic (together with the VSC-HVDC technology) which
has been getting increasing attention since the turn of the century. The first use
of MTDC using LCC technology was the Quebec-New England HVDC Transmis-
sion. This interconnection was initially implemented as a two-terminal LCC-HVDC
connection between La Grande II hydro power station in the James Bay area and
load center in Montreal. The interconnection consisted of two LCC type converter
stations each with a rating of 690 MW and was commissioned in 1986 [12]. Later
on the line was extended further from Comerford to a new 1800 MW converter ter-
minal at Sandy Pond, Massachusetts in 1992 making it in effect a three terminal
LCC-HVDC system extending to the Boston area.

MTDC using VSC technology was, for the first time, deployed in 1999 Shin-Shinano
substation in Japan. [85]. This system consists of three VSC-HVDC terminals with
back-to-back connection and have been used for power exchange between 60 Hz and
50 Hz ac grids of Japan. Due to lack of dc transmission line/ cable in this system,
however, it may not fully represent a typical multi-terminal VSC-HVDC grid sys-
tem.

While the advantages of using MTDC in some specific cases (such as the North Sea
region) can clearly be observed, the technology has yet to mature before implement-
ing it for commercial use. Despite encouraging works in the literature on control and
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protection of VSC based MTDC, there still remain several aspects of this system
which need further investigation and understanding.

Several of the research works in the area of dc grid have focused on control of VSC
terminals. As a result, different control strategies for MTDC operation are suggested
in the literature. The major ones are dedicated dc swing bus control ([87],[88]), volt-
age margin control ([85], [84],[69]), and dc-bus voltage droop for power balance in
the dc grid ([56],[56],[73]). These control strategies characterize how the converters
respond to changes in power flow in the dc grid. The dc voltage droop control has
been favored by many due to its better performance with dc voltage regulation of
MTDC and due to its ability to facilitate provision of N-1 security.

Many studies in the literature have explored power flow analysis in dc grid with
some of them including power flow analysis of ac/dc systems [39],[65],[40],[38],[28].
There have also been some research works reported in the literature on small-signal
stability of MTDC [32],[68],[26],[14]. These studies, however, have typically been
based on specific MTDC topologies consisting of three to four converter terminals
and did not provide a generalized approach for analyzing any MTDC system regard-
less of the dc grid connection topology.

In references [15] & [50] the challenge of precise steady-state power flow control in
MTDC transmission systems, employing dc voltage droop control, has been men-
tioned. It was correctly described in [15] that the difficulty arises due to unequal
dc-bus voltages unlike that of grid frequency which is the same throughout the ac
grid. Some studies have also been conducted in the area of MTDC fault handling
and protection. While some of the studies in this area were focused on dc circuit
breaker technology, some others were focused on the use of traditional breakers on
the ac side of the VSC-HVDC station to interrupt dc fault currents.

Enhancement of MTDC control and operation methods was selected as one potential
area of contribution from the research work. Moreover, it was observed that most
of the previous studies have persistently used a qualitative approach to study the
overall interaction of various converter terminals constituting the dc grid. In rela-
tion to this, interactions between VSC-HVDC terminals constituting the dc grid and
interaction of the dc grid with the ac grids it is connected to has barely been studied
in the literature. Hence the research described in this thesis work was started to fill
these gaps.

1.4 Contributions of the Research Work

The contributions of the research work reported in this thesis can be grouped into
three different aspects of MTDC system. These are (1) in the area of MTDC control,
(2) in the area of MTDC operation, and (3) in the area of steady-state and dynamic
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analysis of MTDC transmission systems.

1. Contribution in the area of MTDC' control

A control method for primary reserves exchange between asynchronous ac grids con-
nected to an MTDC system has been proposed. The method does not require the
use of fast communication between various terminals of the dc grid.

2. Contribution in the area of MTDC operation

Dc voltage droop control in MTDC poses a challenge of getting the power flow
profile to the desired levels. In the research work a method for achieving precise
steady-state power flow in MTDC has been proposed. Based on this method, pre-
cise secondary control implementation scheme for MTDC has been outlined and
analyzed.

3. Contribution in the area of MTDC analysis

Analytical modeling approaches have been proposed for steady-state and dynamic
analysis of MTDC systems. The contributions comprise of (a) analytical expression
for the distribution of primary power flow exchange in MTDC (b) analytical expres-
sion for steady-state ac/dc interactions for arbitrary connection topology (c¢) a new
approach for state-space modeling of arbitrary dc grid topology (d) a new method
for large-disturbance stability analysis of MTDC system.

With the help of different example MTDC systems modeled in PSCAD/EMTP
simulation software package, the merits claimed for each of the proposed control
methods and the validity of proposed analysis approaches have been verified.

1.5 Outline of the Thesis

The outline of the thesis is as follows. In chapter two various control methods of
VSC-HVDC terminals are explored. This is followed by operational and steady-state
analysis of MTDC in chapter three. Chapter four investigates dynamic analysis of
MTDC systems with focus on large-disturbance analysis and state-space modeling
of MTDC systems. In chapter five potential benefits of MTDC in the North Sea area
are discussed. This is done with the help of simulation results for a hypothetical
scenario of MTDC transmission in the North Sea region. Finally, conclusions are
drawn in chapter six.
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2 CONTROL OF VSC-HVDC TERMINALS

This chapter deals with various types of controls used in VSC-HVDC terminal oper-
ation. As an introduction to this chapter, the first section discusses the fundamental
principles of operation of VSC along side with its application areas. The different
types of approaches used for VSC modeling are also discussed here. This is followed
by a discussion on the two types of ac grids, namely: active ac grid and passive ac
grid. Section 2.3.2 discusses the inner current controller, which is the most basic
component of VSC control during connection to an active ac grid. This is followed by
discussion on the various types of outer controllers which build upon the hierarchy of
the complete HVDC control system. Control of VSC in a two-terminal configuration
and frequency support of ac grid by a point-to-point VSC-HVDC interconnection
are discussed in sections 2.5 and 2.6 respectively.

2.1 VSCs: Principle of Operation and Application Areas

Voltage source converter (VSC) is a bidirectional ac/dc power converter which uti-
lizes fully controllable switching semiconductor devices. Voltage source converters
can be single phase VSC or three-phase VSC. Three-phase VSC is more prevalent
than the single phase type and hence the acronym VSC is commonly used to refer
to three-phase VSC. The working principles of VSC can easily be understood by
tracing back its structure to buck and boost de¢/de converters. Buck converter and
boost converter are switch mode power converters used for stepping up and stepping
down of dc voltage levels respectively.

(a) Step -up converter (b) Step - down converter

Figure 2.1: Step-up (boost) and step down (buck) converters

In Fig 2.1 the symbols L and C' refer to the current smoothing inductive filter and
voltage smoothing capacitive filter respectively. The step-down converter in Fig
2.1(b) is laterally inverted for the sake of convenience in comparing its structure
with the step-up converter. As a result, the power flows in the two dc/dc converters
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have opposite directions. By merging the two types of dc/dc converters we get the
bidirectional DC/DC converter shown in Fig 2.2. When current in the inductor is
flowing from the left to the right, only the step-up converter part will be active while
the step-down converter remains inactive. Similarly when current flow direction in
the inductor is reversed, the step-down converter will be active while the step-up
converter remains inactive. Normal operation of the bi-directional DC/DC converter
requires the voltage on the left side (V) to be less than the voltage on the right side
(V). This constraint means that the input side voltage of this converter can also
be an ac voltage of amplitude less than (V,), making it in effect a switch-mode
bidirectional ac/dc converter. The system in Fig 2.2 (excluding the capacitor) is
commonly called half-bridge. By connecting two half-bridge switch mode converters

Figure 2.2: Bidirectional switch mode converter

to a common dc-bus we get the full-bridge converter topology. Both half-bridge
and full-bridge topologies can be used for power conversion between a single phase
system and a dc link. The later one is, however, used more commonly. Fig 2.3 shows
the schematic of a full-bridge VSC. Three half-bridges, each connected to different

Figure 2.3: Full-bridge switch mode converter topology

phases of a three-phase system make up the three-phase switch mode converter
(commonly referred simply as VSC). The most common application of VSCs is
in induction machine drive systems. Due to their lower prices and ruggedness,
induction motors have been the most widely used machines both in small and large
applications for a long time. However, applications requiring precise speed control
had to rely upon dc motors due to their superior controllability. Developments in
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Figure 2.4: Three-phase VSC

semiconductor technology as well as micro controllers has led to the arrival of VSC
driven induction motors with very fast and precise control of torque and speed. As
a result, VSC drive systems have in recent years been taking over dc motors both
in small house appliances as well as in large industrial applications.

Application of VSCs is not only limited to drive systems but also includes medium
and high voltage power transmission systems. The main applications of VSCs in
medium and high voltage areas include reactive power compensation, high voltage
dc transmission (HVDC), dynamic voltage restoration and active power filtering. A
VSC used for reactive power support is commonly referred to as static compensator
(STATCOM) as opposed to the mechanically rotating compensator (also called syn-
chronous compensator). Compared to synchronous compensator, a STATCOM has
the advantages of lower losses (due to absence of moving parts) and faster controlla-
bility. On the down side, STATCOM has lower short circuit capability compared to
synchronous compensator and no inertia. VSCs have also been used in HVDC ap-
plication (commonly referred to as VSC-HVDC) in the last decade. Table 2.1 shows
the list of some of the major HVDC connections around the world which employed

VSC technology [5].

2.2 VSC Modeling Approaches

VSCs can be modeled either in detail, i.e. including all semiconductor compo-
nents or by a time-averaged approach. In detailed modeling of VSC, each set of
semiconductor device acting as a single unit is represented in the electrical model.
Detailed modeling of VSCs requires electromagnetic transient simulation tools such
as PSCAD, ATP, PSIM or SimPower toolbox of Matlab. In the detailed VSC model,
it will also be shown clearly whether the VSC is of two-level or multilevel type.

The detailed modeling of VSCs is usually required for analyzing pulse width mod-
ulation (PWM) techniques, different VSC topologies (such as various multilevel
VSCs), high frequency harmonic components and for accurate study of VSC losses.
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Table 2.1: List of HVDC Light projects currently in service

Project In Rating & Connection Application
Service distance

HALLSJON 1997 3MW/ £ 10kV Hallsjén- Pilot system

Sweden 10 km(overhead) Gréngesberg

GOTLAND 1999 50MW/ £80kV Nés- Wind,

Sweden 70 km Backs Undergrounding

DIRECTLINK 2000 | 3 x 60MW/ +£80kV Terranora- Undergrounding

Australia 65 km Mullumbimby

TJEREBORG 2000 7,2MW/ £ 9kV Enge- Wind,

Denmark 4,4km Tjaereborg | Undergrounding

EAGLE PASS 2000 36 MW/ +15,9kV Fagle Pass Grid reliability

USA NA, (back-to-back) (both sides)

CROSS SOUND | 2002 330MW/ £150kV | New Haven- | Grid reliability

USA 40 km Shoreham

MURRAYLINK 2002 220 MW/ £ 150kV Berri- Wind,

Australia 180 km Red Cliffs Undergrounding

TROLL A 2005 | 2 x 41 MW/ +£60kV Kollsnes- Offshore

Norway 67 km Troll

ESTLINK 2006 350 MW/ + 150kV Espoo- Grid reliability,

Estonia-Finland 105 km Harku Undergrounding

BORWIN1 2009 400MW/ £ 150kV Diele- Offshore wind,

Germany 70 km Borkum 2

Caprivi Link 2009 300 MW/ 350kV Zambezi- Grid reliability

Namibia 970km (overhead) Gerus

VALHALL 2010 50 MW/ 150kV Lista- Offshore

Norway 70 km Valhall
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In time-averaged VSC modeling, there is no distinction between the different types of
modulation and the different number of switching levels (two-level and multilevel).
On the other hand, all phenomena related to the fundamental frequency voltage
and current components can be sufficiently studied by use of time-averaged VSC
models. Time-averaged VSC model consists of controllable three-phase ac voltage
sources connected to the ac circuit and a controllable current source connected to
the dc circuit. Time-averaged VSC model is shown in Fig. 2.5. V,, V}, and V refer to
the three phase voltages generated by the VSC behind the inductive ac filter whereas
1a, 7 and i, refer to the resulting phase currents flowing from the ac grid into the
VSC. L and r represent the inductance and resistance of the series connected ac
filter of the VSC while C' represents the dc-bus capacitance which acts as a shunt
filter. U and Ip¢ represent the de-bus voltage and the de current that flows out of
the de-bus into the dc cables. I, is the current injected by the VSC into the dc grid
and measured behind the de-bus capacitor.
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Figure 2.5: Time averaged VSC model

The ac and dc circuits of the time averaged VSC model, i.e. the left side and the
right side of Fig. 2.5, are related by conservation of power. This means the sum
total of power consumed by the three controllable phase voltage sources (V,, V;, and
V.) equals the power injection by the controllable current source I, into the de-bus.
Further more the three phase voltages are controlled by their respective modulation
indexes, namely: m,, m; and m.. The relationship between the ac and dc circuits
in Fig. 2.5 can be summarized as follows:
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Vp = mU (2.1)

I = Male + mzbz'b + Mmeie (2.2)

Time-averaged modeling of VSC can be implemented in both electromagnetic tran-
sient simulation tools (such as PSCAD, ATP, PSIM and SimPower toolbox of Mat-
lab) and power flow simulation tools (such as PSS/E, Power Factory, SIMPOW).
Although it is not always the case, in time-averaged VSC modeling quite often it
is assumed that the currents in the three phases are balanced, i.e. the sum total of
the instantaneous currents of all the three phases is zero. In such a case, the neutral
point of the controllable ac voltage sources in Fig. 2.5 can remain floating. If, on
the other hand, the ac currents under investigation have zero sequence current (and
hence resulting in unbalanced condition), then the neutral point of the ac voltage
sources in Fig. 2.5 should be grounded for accurate representation of the three-phase
current flow.

Due to the absence of switching components and the associated high frequency phe-
nomena, much larger time steps can be used in simulation of the time-averaged VSC
model compared to the time steps needed for detailed VSC modeling. This, in effect,
reduces the simulation time by a large factor. Moreover, the fewer number of elec-
trical components used in the time-averaged modeling means that smaller amount
of memory is used while running the simulation in comparison with the detailed
VSC simulation. These advantages become even more crucial particularly when
the simulated system consists of several VSC units. Multi-terminal VSC-HVDC
system is a representative case where the use of time-averaged modeling enables
much faster simulation compared to the detailed modeling. Due to these advan-
tages, time-averaged VSC modeling has been used in the simulations throughout
this thesis work.

2.3 VSC Control
2.3.1 Passive and Active AC Grid Connection of VSCs

There are two types of ac connections to VSCs, namely active ac grid connections
and passive ac grid connections. In active grid connection VSC must synchronize
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to a system frequency and the VSC can influence the frequency only partly. An
active ac grid connection (also called active front end converters) involves ac grid
which is active (live) even before the VSC is connected to it. This means that the
ac grid has active sources such as synchronous generators and/or other components
that inject power into the ac grid. On the other hand in passive ac grid connection
the VSC defines the frequency. This means the ac grid relies primarily on the VSC
for ac voltage control. Apart from ac loads, passive ac grid connection may also
consist of distributed generation systems which depend on the ac voltage of a large
VSC unit (possibly VSC-HVDC station) for synchronizing into the grid and inject
power. Passive grid connected VSCs are equipped with ac voltage control which
enables to provide ac voltage of fixed frequency and fixed magnitude at the point
of common coupling (PCC). PCC is defined as the junction point where the VSC
unit is connected to the ac grid. The ac voltage controller enables the VSC to act
as the slack bus of the connected ac grid. VSC connected to passive grid has a
relatively simple control scheme. By comparison to passive grid connection, active
ac grid connection of VSC requires a more sophisticated controller. A good example
of passive grid connection is a VSC-HVDC link supplying power to an island or
to an offshore platform. VSC-HVDC linked wind farm is another example. In the
case of VSC-HVDC connected wind farm, each individual wind turbine - converter
unit has to synchronize its ac voltage to that of the VSC-HVDC terminal. In Fig.
2.6, single-line diagram of passive ac grid connected VSC and the corresponding ac
voltage control are shown. Point x defines the connection point between the VSC
and the ac grid, i.e. x is the PCC in this case.

v , L AC wvoltage controler:  Physical system
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Figure 2.6: Single-line diagram of passive ac grid and corresponding ac voltage
controller

The PCC is usually located next to the ac inductive filter, as in the case of Fig.
2.6(a). V. and V, refer to the internal ac voltage generated by the VSC and the
ac voltage at PCC respectively. Z; represents the passive load impedance and iy,
refers to the load current. The purpose of the ac voltage controller is to maintain



the voltage at PCC close to the given reference (V,* in Fig. 2.6(b)). Most commonly
proportional-integral (PI) or proportional (P) controller is used to achieve this pur-
pose. The output from the controller is the modulation index (m,) which is then
provided to the pulse width modulator (PWM).

As mentioned before, in active ac grid connection system frequency is defined by the
VSC-HVDC terminal. As a result, the converter should be equipped with synchro-
nization mechanism to inject active and reactive power into the ac grid. In such a
case, the VSC controls two distinct quantities, namely: active current and reactive
current. Active current is the ac current component which is associated with active
power injection. Similarly, the reactive current is the ac component associated with
the reactive power injection.

2.3.2 Inner Current Control Loop of Active Grid Connection

The inner current controller is the most fundamental part of VSC control for active
ac grid connection (referred also as active front end connection). Inner current
controller is always equipped with a phase lock loop (PLL) for detection of phase
angle and frequency. While in many cases the PLL requires ac voltage measurements
from PCC, there have also been sensorless types of PLLs proposed in the literature
which depend entirely on the ac current measurements for estimation of frequency
and phase angle [25].

Based upon the reference frames used, there are two alternative approaches for VSC
control with active front end. The first one, here referred as m — ¢, involves direct
control of the amplitude (m) and phase angle (¢) of the VSC output voltage with
respect to the ac voltage at PCC. The other alternative, usually referred as d — ¢
control, is depends upon synchronously rotating reference frame for observing all
the ac voltage and current quantities involved in the VSC control.

Conceptually, the m — ¢ control is directly linked to the phasor representation of
VSC. This can be understood by looking at the diagrams in Fig. 2.7. The current
flowing from the ac grid into the VSC is given by

Vo0 =V, 2o

1/0 =
r+ jwlL

(2.3)

From the vector diagram in Fig. 2.7 (b), it can be observed that the voltage drop
across the inductive filter is composed of two parts, namely: voltage drop across the
resistance (r) and voltage drop across the inductive reactance (jwL). In high voltage
applications, the voltage drop of VSC due to the inductive reactance is typically more
than ten-times the voltage drop across the resistance. As a result, the resistive part
of the filter impedance can be neglected without losing much accuracy of the power
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Figure 2.7: Power flow in active grid connected VSC: (a) Single-line diagram (b)
Phasor diagram

flow relationship. Hence (2.3) can be approximately written as

S~ Val0—Veld
140 ~ oL
(2.4)
~ _ Vesing  Vip—Vecosd
- T wL J wL
The apparent power (S) flow into the VSC is given by
S =V,20(iZ0)"
_ Vx<_vc‘ji£1¢ _ij—chose) (25)
_ VaVesing Vo (Ve—Ve 0)
— 7 WL +J wL =
Let m, refer to the modulation index phasor. Substituting mTU in place of Vg, we
get the apparent power in terms of the modulation index as follows:
S—PijQ= _mecUsin¢ N Vi (2V, — m.U cos ) (2.6)

2wl J 2wl

The sensitivity of apparent power with respect to phase angle (¢) and modulation
index (m,) are as follows:

ﬁ_@ip_k . 0Q __VxUsin(b_ ViU cos ¢ 27)
om. Om. j(‘)mc B 2wL T 0wl '
as  oP  0Q _VzUmCCOS(;ﬁ +jVIUmCsin¢ 2.8)

26 " 96 g 9wl 9l
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At rated operating conditions, the modulation index phasor m, is close to one while
the power angle in radians, ¢, is a small number (i.e, |¢| << 1). Hence from (2.7)
and (2.8) the following inequality can be derived:

sin @l < M, cos Pl y0

me—1

VU sin ¢ VeUme cos ¢
2wl $—0 < 2wL

$—0 (2.9)

me—1
opP
Ome

From (2.9) we can observe that the active power flow via the VSC is highly sensitive
to changes in power angle (¢) and only slightly sensitive to the magnitude of the
modulation index phasor (m.). Following similar procedure as in (2.7), comparison
of the sensitivities of reactive power flow with respect to the two parameters (¢ and
m.) gives the inequality given by

opr
o <[z
ﬁlcﬁl o $—0

Q

ome

Q
£

‘ (2.10)
$—0 o0

From equation (2.10) we see that reactive power flow is highly sensitive to m,. and
only slightly affected by changes in the power angle ¢. Hence active power/current
control is achieved through control of the power angle parameter ¢ whereas reactive
power /current is controlled by the magnitude of the modulation index m.. The
m — ¢ control requires that only positive sequence current and voltage are involved
in the VSC power flow.

The d — ¢ control approach is based upon representing the three-phase ac quantities
by an equivalent set of two-phase quantities resulting in identical resultant space
vector (called virtual flux) as the original three-phase space-time phasor represen-
tation [66]. The d — ¢ control approach originated from electric machine and drives
application areas and became the most dominant control approach in many appli-
cation involving VSCs. The d — ¢ control approach often assumes that all the ac
quantities under consideration (voltages and currents) are balanced all the time. If
the vector X,, X, and X, refer to hypothetical three-phase quantities, the vector
Xoqp is given by the sum total space-vector of the three phases with 120° separation
apart from each other. abc and o — (8 reference frames are shown in Fig. 2.8.

The phase transformation from stationary abc to stationary X,z frame of reference
is by Clark transformation as

Xog = Xo +jXs =k [Xa T Xl 4 Xcej%"] (2.11)
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Figure 2.8: Stationary reference frames: abc and a — 3

where k is a constant number.
In matrix form Clark transformation is given by

_ _ X
X, 1 =t =t a
[Xﬁ}_k{o 2 ﬁ} X, (2.12)
2

A vector in o — 3 reference frame can further be expressed interims of another two
phase reference frame with a phase shift of 6 with respect to the o — [ reference
frame. The new reference frame is here referred as d — ¢ reference frame. A phasor
expressed in a — 3 and d — g reference frames is shown in Fig. 2.9.

Figure 2.9: Vector transformation between two-axes reference frames with displace-
ment of angle wt

If k is taken as 1/2/3, the power calculated in the d — g reference frame will have the
same magnitude as the power calculated from abc reference frame and the transfor-
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mation is said to be power invariant [45](pp.328). On the other hand if k = 2 is

chosen, the amplitude of the phase voltages in both d — ¢ and abc reference frames
will be the same and the transformation is said to be voltage invariant. In this thesis
work, voltage invariant Park and inverse Park transformations have been used. Now
with the concept of d — ¢ transformations in mind, we will discuss the mathematical
representation of VSC in synchronously rotating d — ¢ reference frame. A single-line
diagram of a VSC terminal is shown in Fig. 2.10.

—Cy U

Figure 2.10: Single-line representation of VSC

In Fig. 2.10 L and r represent the total inductance and resistance coming from
transformer and phase reactor. Point z is the PCC of the VSC and the ac system.
This is the reference point for measuring ac quantities. Vj 4. and V, 4. refer to
ac voltage at points x and c respectively. c¢ is a fictitious measurement point for
converter output voltage. Bear in mind that in practice it is not possible to measure
the fundamental frequency voltage (V. ape) just next to the semiconductors (at point
¢) due to the presence of high frequency harmonics at this location.

Now if we apply Kirchhoff’s Voltage Law (KVL) across points « and ¢, we get

diabc

Va.abe — Veabe = Tape + L It (2.13)
Applying voltage invariant Clark transformation gives
Vyas — Veas = Tiag + Ldi;ﬁ (2.14)
Park’s transformations of V,, gpc, Ve abe and iq,. are given by
Veas = Vidge™"
Veas = Vc,dqej“]t (2.15)

iag = idqejm
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Figure 2.11: Dynamic circuit of VSC in dg reference frame

where w is operating frequency of the ac network. Substituting (2.15) in (2.14) we
get

%7dqejwt _ wadqejwt _ rz‘dqem + Ld(idiw )
(2.16)
= Pigge™ + jwLigge™t + eiwt [ Lda
Diving all the terms in (2.16) by ¢! results in
di
Vidg — Vedq = Tidq + jwLiaq + Ld—f (2.17)
The expanded form of (2.17), after rearranging, becomes
d | iq Vzd Ved iq 0 1 1q
L—| " | = - —r| . | —wL . 2.18
dt [ iq ] { Vg Ve 1q -1 0 iq (2.18)
o ] is the matrix form of the imaginary unit j and has an effect of displacing

phasors by 90°. Based on (2.18), the d and ¢ axes equivalent circuits of the VSC, as
seen from the ac network side, are given by Fig. 2.11. The apparent power exchange,
S, observed from reference point x and in d — ¢ reference frame is given by

S = %‘/ﬂﬂ,d(ﬂ;q
= 3(Vaa+ §Vag)(ia — jig) (2.19)
= 3 {(Vaaia + Vagiq) + 7 (Vagia — Viaig) }
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For a steady-state operation, active power exchange, P!, at the ac side (at PCC)
will be equal to the power exchange at the de-bus, P. (neglecting the semiconductor

and filter losses). This is mathematically given as follows:

P/ =P.
(2.20)
%(deid + quiq) =Ulpc
From equation (2.20), the dc current at steady-state becomes
P 3 (Vygiq + Vgt
Ipe = Lo 3 (WVaata + Vi) (2.21)

U 2U

The converter as seen from the dc network side will be a constant current source of
magnitude Ipc. When active ac network is connected with VSC, the use of d — ¢
reference frame in the control design and implementation enables to make a fully
decoupled linear control of active and reactive currents.. The d — ¢ reference frame
is selected in such a way that the d-axis is aligned to the voltage phasor of phase-A
of point z. This means that the PLL should be phase locked to phase-A voltage
phasor of the reference point, . This results in

V=0
(2.2)
Vzd = Vz

Hence active power (P.) and reactive power (Q) of the VSC measured at the PCC
(point x) become as follows:

/3 ;
PC = §de’td

(2.23)
qu = _%V;cdiq

The inner current controller is developed based upon (2.23) and the differential
equation (2.18). In Fig. 2.12 the complete diagram of VSC including the inner and
outer controllers is shown. Fig. 2.13 shows the simplified representation of d-axis
and g¢-axis current controllers with the converter-filter model.

The converter has a delay of ¢=7+% ~ i +1Tws due to the sinusoidal pulse width modu-
lator. T, is the switching and hence the inverse of the switching frequency (f;) (i.e.
T, = #) Proportional integral (PI) controllers are used for closed loop control and
the zeros of the PI controllers are selected to cancel the dominant pole in the exter-
nal circuit. For a typical VSC, the time constant due to the series filter, 7 = L/r is

much higher than the switching delay 7, and hence will be the dominant pole to be
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Figure 2.12: Complete diagram of VSC with inner and outer controllers
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Figure 2.13: Simplified representation of inner current controller

canceled by the zero of the PI controller. The cross coupling currents in (2.18) are
compensated by feed-forward terms in the controllers as shown in Fig. 2.13. 7} and

i, are reference currents for the d-axis and g-axis current controllers respectively.

The references of the inner current controller come from two outer controllers. The
first outer controller consists of either of ac voltage controller or reactive power con-
troller and the second one consists of either of dc voltage controller or active power
controller. Active current (ig4) is used to control either of active power controller
or dc voltage level controller. Similarly, the reactive current (7,) is used to control
either of reactive power flow into stiff grid connection or ac voltage support in weak
grid connection. For further detailed discussions on inner current control of VSC,
the reader is referred to [60] & [76].

2.3.3 Active Power Control

In the previous section it was discussed that for a synchronously rotating frame
whose d-axis is aligned with the phase-A of the ac voltage at PCC, the g-axis com-
ponent of the voltage measured at PCC becomes zero. As a result, power injection
into the VSC becomes P, ~ P! = %V;.did. In addition, the resultant voltage V.4 -
which for the specified reference frame becomes equal to V4 - is not desired to show
large variations at any normal operating conditions. Hence, active power flow can
be controlled by active current (i4) as shown in Fig. 2.14.
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Figure 2.14: PI controller for active power control
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Figure 2.15: PI controller for reactive power control

The output of the active power controller (i5) will be the reference input to the
d-axis current controller of the inner current loop in Fig. 2.13.

In order to limit the magnitude of current in the VSC with in the allowable range,
the output of the active power controller is followed by a limiter function (also
called anti-wind up limiter) of +igmqa, limits. The rated amplitude of the single
phase current defines this limit as

TT— (2.24)

2.3.4 Reactive Power Control
The reactive power from (2.19) is given by

3. .
qu = _5‘/;0qu (225)

The reactive power is controlled by reactive current (i,) and is implemented as in
Fig. 2.15. As in the case of active power control, 7; will be the reference input for
the reactive current controller of the inner current loop in Fig. 2.13.

i is limited to +igmq, in such a way that the total converter current (|igg maz|) should
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not exceed the rated current (iy). Priority is often given to transfer of active power
than reactive power. Hence, the reactive current limit becomes

igmar = \VIN® — 0} (2.26)

2.3.5 Integral Control of Dc-bus Voltage

From input-output power balance of the VSC-HVDC terminal shown in Fig. 2.12
we get the relation
Pcl_Pc_Pcap_PLoss:O
(2.27)
%‘/ncdid — Be— Pross — Uicap =0

where P, refers to the power transfered to the dc lines beyond the dc filter capaci-
tance, i.qp refers to the current flowing into the dc filter capacitor and Pp,ss refers
to the power losses of the VSC including the inductive filter losses. From (2.27) the
current through the capacitor becomes

. 3%did Pc + PLoss)
cap — - 2.28
oo ( 2U U (2:28)
And the same current in terms of voltage across the capacitor is given by
dUu
eap = Cp—— 2.29
z P b dt ( )
From (2.28) and (2.29) the differential equation for the dc voltage becomes
dU _ 1 (3Vgaiq Pe+PrLoss
dt TGy ( 2U U )
(2.30)
_ 3Vaig ( _ 2PL)
20,0 3Ved

From equation (2.30) it can observed that dc voltage can be regulated by control
of active current (ig). P.+ Ppess in (2.30) can optionally be compensated by a feed
forward control in the dc voltage regulator; but PI controller without a feed forward
control can also work as well. In Fig. 2.16 block diagram of PI regulator for dc
voltage control is shown. The integral dc voltage controller enables to maintain the
dec-bus voltage constant (i.e. equal to the reference dc voltage U*) irrespective of
the fluctuations in power flow via the VSC as long as the power flow is within the
capacity limits of the VSC-HVDC terminal. Hence the controller in Fig. 2.16 can
also be called constant dc voltage controller.
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Figure 2.17: Block diagram of dc voltage droop controller

2.3.6 DC Voltage Droop Control

In sections 2.3.3 and 2.3.5 it was shown that both active power control and dc voltage
control are achieved by controlling the reference to the active current controller ;.
If we combine the two types of controllers we get the dc voltage droop controller,
shown in Fig. 2.17.

The dc voltage droop controller is characterized by power flow which changes linearly
with the changes in dc-bus voltage. The constant Rpe in Fig. 2.17 determines the
sensitivity of the active current controller to changes in de-bus voltage in comparison
with the power control error. Hence this constant can also be referred as dc voltage
response (analogous to frequency response of synchronous generator). Frequency
response in ac system is defined as the increment in MW of the generated power
in response to decrement of the grid frequency by 1Hz [45], [72]. (NB! Frequency
response in this context means the response of a power system or equipment to a
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change in system frequency and does not mean the frequency spectrum of a transfer
function.) Similarly dc voltage response can be defined as increment in MW of
injected power into the dc circuit in response to decrement of the de-bus voltage by
1kV.

2.3.7 AC Voltage Regulation

A weak grid can be defined as a connection that has significant line impedance in
per-unit. This creates considerable voltage variations with changing active power
flow. Therefore if the ac network connected to the VSC-HVDC terminal is a weak
grid, the ac voltage at PCC must be regulated by the converter. Let 7 V., and Ve
represent the phasors of the ac current flow into the VSC, the ac voltage at PCC
and the internal ac voltage of the VSC respectively.

By applying Kirchhoff’s voltage law (KVL) across the series ac filter (in Fig. 2.7)
we get

V, —V, = (r + jwL)i, (2.31)

The current phasor iy is given by

— (P+jQ)* (2.32)

Substituting (2.32) into (2.31) gives

Vo = Vo + (r + jwL)is

=Vo+ (r + jwlL) (P JQ) (2.33)

_ ‘70 + (PTJ‘r/?wL) +] (Pw{‘/;Qr)

The magnitude of ac voltage at PCC shows negligible amount of changes due to the
imaginary (quadrature) component of the right side of equation (2.33). Therefore,
the voltage at PCC is approximately given by
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V <M) (2.34)

Vo=Vo+ v

Since the active power, P, is separately controlled, it can not be used to control
the voltage V,. Hence from (2.34), @ becomes the only available parameter for
controlling the ac voltage at PCC. This relation is mathematically written as

L
AV, = %AQ (2.35)

The block diagram of the ac voltage controller is given by Fig. 2.18.

Qmaz
v AQ*
- " PI JF >
_Qmaz
Vo

Figure 2.18: Ac voltage control by reactive power compensation

2.4 U vs P Characteristics of the Various VSC Control Modes

In ac grids each generation unit is mainly characterized by its rated power generation
capacity and its steady-state frequency response characteristics. In case of VSC-
HVDC grids, each converter station is characterized by its rated power transfer
capacity, rated dc voltage level and its dc voltage response characteristic. The
dc voltage characteristic of a VSC-HVDC terminal is determine by the type of
outer controller employed for providing reference to the active current controller. It
was discussed previously that there are three possible options for the outer current
controller; namely: constant power controller, constant dc voltage controller and dc
droop control. In this section we will look at the U vs P characteristics of the three
aforementioned types of VSC-HVDC control modes.

Constant power controller and its corresponding dc voltage characteristic are shown
in Fig. 2.19.

The dc voltage characteristics of constant power control mode is such that the
power flow via the VSC-HVDC terminal (P.) remains constant and equal to the
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Figure 2.19: Constant power controller: (a) control schematic (b) dc voltage char-
acteristics

power reference (P)) regardless of the level of the dc voltage (U), hence the vertical
characteristic line in Fig. 2.19. Due to the defined direction of the current flow in
the development of active current controller in section 2.3.2, positive power flow
corresponds to rectifier mode of operation and negative power flow corresponds to
inverter mode of operation.

At steady-state, power flow via a VSC-HVDC terminal with constant power con-
troller is

P, =P (2.36)
i.e, the steady-state power flow equals the applied power reference. Constant dc

voltage controller and its characteristics are shown in Fig. 2.20.

The dc characteristic curve of a constant dc voltage controller is horizontal line
corresponding to the dc voltage reference U*. The steady-state characteristics of
constant dc voltage control mode is

U=U" (2.37)

Dc voltage droop controller has the dc voltage vs power characteristic line as shown
in Fig. 2.21.

The slope of dc droop characteristic can be given interims of the dc voltage response
(Rpe) as in Fig. 2.21(b) or in terms of the dc voltage droop constant (pp¢) as in Fig.
2.21(c). The droop constant ppc is used together with voltage and power measured
in per-units. The relation between these two constants is given by
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Figure 2.20: Constant dc voltage controller: (a) control schematic (b) dc voltage
characteristics
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Figure 2.21: Dc voltage droop controller: (a) control schematic (b) dc voltage char-
acteristics (in physical units) (¢) dc voltage characteristics (in per-unit)

P(:N
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Rpe = — (2.38)

where P,y and Uy refer to the rated power capacity of the VSC-HVDC terminal
and its rated operating dc voltage.

Assuming proportional + integral (PI) control is used, the steady-state error signal
of the dc droop controller e equals zero, hence we get the following equations:
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Pf—P.4Rpe (U —U)=e=0 (2.39)

1
Pl — Popu + - (Upe = Upi) =€ =0 (2.40)
The subscript pu in Fig. 2.21(c) and (2.40) refer to per-unit quantities.

The steady-state relations of all the three possible control modes discussed above
can indeed be represented by the droop equation (2.39). For constant power control
mode the dc voltage response (Rpc¢) is zero (or ppe = oo). Constant dc voltage
control on the other hand can be represented by a droop constant(ppc) of zero (or
RDC = OO)

2.5 Operation of Two-terminal VSC-HVDC Transmission

In section 2.3.2, the basics of inner and outer controllers were discussed. Active
power controller and dc voltage controller were studied without referring to the
interaction of the VSC with other power injecting nodes connected to the same dc
circuit. In this section we will analyze the interaction of the various possible control
configurations of a two terminal VSC-HVDC. Analysis of the interactions of two
terminals gives substantial information on the characteristics of a multi-terminal
VSC-HVDC employing various control configurations.

In Fig. 2.22 a two-terminal VSC-HVDC link is shown. A steady-state power flow
in the direction of left to right is assumed. Hence the converter on the left side of
the HVDC line operates in rectifier mode (i.e. power sending terminal or source
terminal) while the converter on the right side operates in inverter mode (i.e. power
receiving terminal or load terminal).

Rectifier Inverter
(Source converter) (Load converter)
HVDC
— transmission w
— —
Pg Pr

Figure 2.22: Two terminal VSC-HVDC link
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In section 2.4 it was discussed that there are three possible types of control modes
for operating a single VSC-HVDC terminal. This means that for a two-terminal
VSC-HVDC system there will be 3 x 3 = 9 possible control configurations. These
are listed in Table 2.2.

Table 2.2: Various control configurations for two-terminal VSC-HVDC
Control modes

No. Rectifier Inverter Remarks
1 Constant power Constant power Not viable
Constant power dc droop Viable but with
risk of dc over voltage
3 Constant power Constant dc voltage Viable but with
risk of dc over voltage
4 dc droop Constant power Good performance,

Power flow control
by inverter

5 dc droop dc droop Good performance,
Power flow control
by both

6 dc droop Constant dc voltage Ok, Power flow
control by rectifier

7 Constant dc voltage Constant power Good performance,

Power flow control
by inverter
8 Constant dc voltage dc droop Ok, power flow
control by inverter
9 Constant dc voltage Constant dc voltage Not viable

From the nine different control configurations of a two-terminal VSC-HVDC system,
two of them, i.e. no. 1 and 9 in Table 2.2, are not viable options since these control
configurations do not result in a stable and fully controllable steady-state operation.
All the rest of the control configurations, i.e. no. 2 to 8, result in a stable steady-
state operation of the system. Despite the stable steady-state operation, control
configurations 2 and 3 incur the risk of dc over voltage in some circumstances. This
happens when the inverter terminal fails to take power from the dc circuit while the
rectifier terminal continues to inject power into the dc circuit. This type of situation
may arise from ac fault occurring on the ac side of the inverter, from failure of the
inverter itself or from open circuit fault of the dc transmission line linking the
two converter stations. dc over voltage caused by such events can be averted by
employing dc voltage control at the rectifier side of the HVDC transmission system.
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Hence, for two terminal VSC-HVDC system, the control configurations from 4 to 8
in the list of Table 2.2 are recommended.

A VSC-HVDC terminal connected to passive grid is essentially a constant power
terminal when observed from the dc-bus side. This is because the power flow via
such converter station is determined by the loads connected in the passive ac grid
and is independent of the dec-bus voltage under normal circumstances. As it was
discussed in section 2.3.1, a passive grid connected VSC-HVDC is equipped with
ac voltage controller which enables it to maintain the ac voltage at PCC constant
regardless of any dc voltage variations. It should also be noted that the use of the
term ‘constant power’ in the context of this discussion refers to the independence of
power with respect to de-bus voltage and does not imply the invariance of power flow
with respect to time. If the VSC-HVDC is used to transfer power in both directions
at various times, the control configuration may need to be changed depending on
the direction of the power flow to avoid possibility of dc over voltage condition.
Control configuration 5 in Table 2.2 offers an additional advantage of keeping the
same controller for all operating conditions. This is because both terminals have
the same type of controllers, namely dc voltage droop control, which always results
in a stable operation without the risk of dc over voltage. The disadvantage is
that power reference and dc voltage reference must be adjusted carefully on both
converter terminals in order to achieve the desired power flow level. For all the
rest of control configurations (four, six seven and eight in Table 2.2) power flow is
controlled exclusively by one terminal and the other one compensates for the power
deficit/surplus in the dc circuit - making it a relatively straight forward power flow
control approach.

To compare the performances of different control configurations, we look at the
responses of three selected control configurations, i.e. no. four, five and seven in
Table 2.2. Consider that in Fig. 2.22, the initial steady-state power flow is 800 MW
from left to right. Now it is desired to increase the power flow to 1000 MW; hence
an increment of 200 MW. This is achieved in different ways depending on the type
of control configuration employed. Fig. 2.23 summarizes the comparison of the
responses of the three control configurations and the transitions involved to achieve
the required increment in power flow.

In Fig. 2.23 the rectifier and inverter characteristic lines are shown by Pg (source
power) and Py, (load power) respectively. Subscripts 0 and 1 are used to show the ini-
tial and final characteristic lines. Point A refers to the initial operating point, which
is the intersection point of the initial dc characteristic lines of the rectifier and in-
verter terminals. The power reference of the inverter is changed by AP} = 200 MW
which results in the inverter characteristic line moving from PP to P}. This event
results in a transition of the steady-state operating point from A to B in Fig. 2.23.
The change of the inverter power reference results in different types of responses for
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Figure 2.23: Responses of different control configurations: (a) corresponds to config.
eight (b) corresponds to config. four and (c) corresponds to config. five in Table 2.2

the various control configurations. In the first case (Fig. 2.23 (a)), where the rectifier
and inverter operate in constant dc voltage and constant power control mode respec-
tively, the desired change in power flow is achieved in one step simply by applying
the change in power reference AP} to inverter terminal. This is evident from Fig.
2.23 (a-bottom) where the de-bus voltage of the rectifier is restored instantaneously
while the power flow into the inverter increases from 800 MW to 1000 MW, as it
was desired. Similarly in Fig. 2.23(b), where the rectifier and inverter operate in dc
voltage droop and constant power control mode respectively, the desired change in
power flow is achieved by simply applying the relevant change in power reference
to the inverter terminal. This however, results in decrement of the dc voltage as
depicted by Fig. 2.23(b-top).

If restoration of the dc-bus voltage to the initial level is needed, this is achieved by
changing the dc voltage reference and/or the power reference of the droop controller
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of the rectifier. This action results in moving of the rectifier dc voltage characteris-
tic line from P2 to P4. Consequently the steady-state operating point moves from
point B to C. It can be observed in Fig. 2.23 (b) that the desired change in power
is achieved by changing the power reference of the inverter whereas dc-bus voltage
is restored by adjusting the rectifier dc voltage references.

The responses shown in Fig. 2.23 (¢) correspond to the control configuration where
both the rectifier and inverter are assigned to operate in dc voltage droop control
mode. Due to the use of different dc voltage droop constants, the slopes of the two
dc voltage characteristic lines (i.e. Ps and Py in Fig. 2.23 (c)-top) are different. For
this type of control configuration, the mere change of the inverter power reference
alone does not result in the desired change in power flow. This is depicted by the
increment in power flow from the initial level of 800 MW to around 915 MW which is
considerably lower than the desired level of 1000 MW. the desired power flow level
is achieved by adjusting the rectifier dc characteristic line from B to C' as shown in
Fig. 2.23 (c). This implies that additional control action is necessary to achieve the
desired level of power flow.

In all the three cases of responses shown in Fig. 2.23; all transitions (i.e. A to B and
B to C) are caused by change in power and/or dc voltage references of the converter
controller (as active grid connection has been used for both terminals where power
flow can be controlled actively). The shift in dc voltage characteristic line however
can also be caused by uncontrolled events such as outage of ac load connected to the
inverter (if it is connected to passive ac grid), outage of converter or simply due to an
outage of the dc line. The response of the VSC-HVDC system to such events (and
hence the transition from A to B) will be referred to as primary control response,
or simply primary control. This is analogous to the primary control in ac grids [45].
Primary control in both ac and dc grids is the response of the system to power
imbalance caused by unexpected events such as faults, outages and load changes. In
ac grids primary control response almost always involves a steady-state change in
system frequency. If the magnitude of the steady-state change in frequency is above
a certain threshold, generation will be adjusted at one or more power stations so as
to restore the operating ac frequency to the nominal level. This is usually referred as
secondary control since it occurs some time after the action of primary control. The
time delay in the example case of Fig. 2.23 is half minute (this is selected arbitrarily
in the example scenario). The purpose of secondary control is both to restore system
frequency to nominal level and also to free up some of the primary reserves already
actuated by change in frequency. Similarly, in dc grid which employs dc voltage
droop control a primary control always is accompanied by a steady-state change in
dc voltage. Hence dc grids also need secondary control for restoring the dc voltage
and for achieving the desired level of power flow at specific converter terminals. Like
in ac grids, the secondary control in dc grid should act slowly in order to avoid too
fast changes in power flow and possible adverse interaction with ac grid. This is
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depicted in the time plots of Fig. 2.23(b) and Fig. 2.23(c).

2.6 Frequency Support of AC Grid by VSC-HVDC Link

In [78] primary frequency response enhancement by use of LCC-HVDC link has
been proposed. Moreover in [42] primary frequency control using VSC based MTDC
has been proposed. The method, however, requires fast communication of system
between the various dc terminals and a centralized control unit. Due to their high
degree of controllability, VSC-HVDC terminals can be utilized to provide primary
frequency support to ac grids [81]. A VSC-HVDC connected to an active ac grid can
indeed be considered as a virtual synchronous generator since the power injection
into the ac grid is fully controllable, which makes it easy to employ frequency droop
control. Fig. 2.24 (a) and (b) show implementation of frequency droop control
for VSC-HVDC equipped with constant power control and dc voltage droop control
respectively. The method proposed here is entirely dependent upon locally measured
signals and does not need communication between various dc terminals.

Z_* PI —>
pr L !
f i
JA
U
U4
(a) (b)

Figure 2.24: Frequency droop control implementation on VSC-HVDC terminal with
. (a) constant power control (b) dc voltage droop control

In Fig. 2.24 the symbols P, f* and U* refer to power reference, frequency reference
and dc voltage reference respectively. Rpc and R refer to dc voltage response and
frequency response of the VSC-HVDC terminal. i} is the reference to the active
current controller discussed in section 2.3.2. Note that the two droop controls in
Fig. 2.24(b) have opposite sign due to the fact that frequency decrement results in
power flow increment from dc-bus to ac grid while the dc voltage decrement results
in power flow increment in the opposite direction.
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The control configuration in Fig. 2.24(b) can represent the steady-state behavior of
the various possible control configurations. Fig. 2.24(a) for example can be repre-
sented by dc voltage response equal to zero (Rpe = 0). In the linear region of the
controller shown in Fig. 2.24(b) the steady-state control error equals zero e = 0.
This is mathematically given by

(Pr=P.)—Ry(f"—f)+Rpc (U =U)=0 (2.41)

c

Hence the power injection by the VSC-HVDC terminal (P.) becomes as follows:

P.=P'—R;(f*— f)+ Rpc (U* = U) (2.42)

From equation (2.42) it is clear that infinitely many combinations of the references
Pr, f* and U* can give the same level of power transfer (P.). This apparently poses
a challenge of precise power flow control since three parameters affect the resulting
power flow control. On the other hand by eliminating the frequency control error
(f* = f) and de voltage control error (U* — U), precise power flow control can be
achieved. Each of the frequency reference f* is normally a constant universally
applied for all generator and converter units in the ac grid. The dc voltage refer-
ence however concerns the de-bus of each individual VSC-HVDC station and hence
should be selected carefully so as to avoid any dc voltage control error resulting in
power injection levels different from the desired ones (this is due to the unequal
dec-bus voltages caused by power flow inside the dc grid). How this can be done for
a MTDC will be discussed in the next chapter.

Grid frequency support by VSC-HVDC link enables exchange of primary reserves
between asynchronous ac grids. To demonstrate this with an example, let us con-
sider the two-terminal VSC-HVDC shown in Fig. 2.25. The ac grids in the figure
are characterized by generation capacity (P,x), frequency droop constant (p¢) and
operating frequency (f). The converters are specified by rated power (P.y), rated
dc voltage (Uy), de voltage droop constant (ppc), and frequency droop constant

(fpc)-

The two asynchronous ac grids in Fig. 2.25 have rated generation capacities of 4 GW
and 2.5 GW respectively. Frequency droop constant of 0.04 has been assigned for
both ac grids as well as for both VSC-HVDC terminals. The dc voltage droop con-
stant is assigned to be 0.05 for both converters. The VSC-HVDC transmission has
rated operating dc voltage of 400kV and rated power capacity of 1000 MW. The
initial steady-state power flow via the dc transmission is 750 MW. Moreover, the
initial local loads of the two ac grids are 2.4 GW and 2 GW respectively. The dc
line has a resistance of 3.2(2. When the local load of either of the two ac grids
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Uy = 400 kV (pole to pole)

Pyy1 =4GW Py =1GW P.no=1GW  Pyno =25GW
Pgl = 0.04 PDC1 = 0.05 PDC2 = 0.05 Pg2 = 0.04
fni=50Hz  pp=0.04gm p — 750 MW@ Pr2 =004 fn2=50Hz

Local
load
Py =2GW

Figure 2.25: VSC-HVDC link with bi-directional grid frequency support

is increased, the ac frequency drops and local generation increases as a result. In
the presence of frequency droop control within the converter controllers, there will
be additional power transfer from the dc link which results in improvement of the
frequency response. This can be demonstrated with two simulation cases of the
system in Fig. 2.25. In the first simulation case the two converters are equipped
with dc voltage droop control but not with frequency droop control. At ¢ = 100s
the local load in ac grid-2 is increased from 2GW to 2.2 GW, - a load change of
200 MW (equivalent to 8 % of the rated ac grid generation capacity). This is fol-
lowed by decrement in the steady-state frequency. At ¢ = 150s the local load in ac
grid-1 is increased from 2.5 GW to 2.9 GW - a load change of 400 MW (10% of rated
grid generation capacity). In Fig. 2.26 the responses of the two ac grids to the load
increments are shown.

As one might expect, in this case of simulation the power transfer via the dc link
is not affected by the changing loads in ac grids 1 and 2. On the other hand,
when frequency droop control is employed for the two VSC-HVDC terminals, the
frequency responses of both ac grids improve. This can be seen from time plots
of Fig. 2.27, which corresponds to the simulation case where both terminals of the
HVDC link employ frequency droop control along side with dc voltage droop control.
Especially the improvement in the frequency dips for the load increments is easily
observable from the time plots of the second simulation case.
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Figure 2.26: Grid frequency responses to load events at 100 s and 100 s in the
absence of frequency support by VSC-HVDC link

2.7 Steady-state Interaction of Two terminal VSC-HVDC
Connection

From Fig. 2.27 it is noticed that by using both dc voltage droop and frequency droop
control at both ends of the dc link, some degree of coupling between the frequencies
of the two asynchronous ac grids is achieved. For closer comparison of the two cases,
the frequency responses in the presence and absence of frequency support by the
dc link are shown in the plots of Fig. 2.28. The dynamic frequency responses of
the two grids have particularly shown considerable improvement after the use of
frequency support by the dc link. This is evidenced by the smaller frequency dips
in Fig. 2.28 after the use of frequency droop controllers at both converter terminals.
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Figure 2.27: Grid frequency responses to load events at 100 s and 100 s in the
presence of frequency support by VSC-HVDC link

The differences in the steady-state frequencies however are not observable from the
plots due to the large sizes of the of the ac grids in comparison with the converter
units. For estimating the steady-state frequency changes, analytical equation can
be derived and used. This will be presented in the following discussion.

At steady-state, the power balances for the two ac grids are expressed by

APy = AP, — AP, } (2.43)

APry = APp — AP,

where AP, and AP, refer to the changes in generated power inside grid-1 and
grid-2 respectively. Similarly AP;; and AP, represent the change in load in the
respective ac grids. AP,; and AP, represent the change in transfered power at the
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Figure 2.28: Comparison of grid frequency responses in the presence and absence of
frequency support by dc link

two VSC-HVDC terminals. The changes in generation are expressed by

APy = —ZLA(fr — fy)

" parfnt

(2.44)

P, *
APy = — BN A (f5 — )
where Py, pe and fy refer to the rated power capacity, frequency droop constant
and rated frequency of an ac grid respectively. f* refers to the frequency reference
of the ac grid. Similarly from (2.41) the changes in converter powers at the two
terminals are
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APy = =ML N (fr — 1) + LN A (Uy = Uy) + APy

prifnt ppc1UN1

(2.45)

AP =~ A (] = ) + 720 (Us — Un) + A
where P.; and P., refer to the power injection into dc-bus by the two converter
stations. Here we are more interested in the impact of abrupt changes in ac load
and hence we assume that all references remain constant. Moreover we consider
per-unit values for the frequencies (f,,) and dc voltages (Up,) while keeping the use
of MW for power variables. Hence from (2.44) and (2.45) and substituting (2.38)
we get

— _ P
APgl - Pyl Afpul

(2.46)
APgZ = _Iz;?g]\;z AfpuZ
APCI - _F;,C;\;l Afpul + :;]Zi A[]pul
(2.47)

APC? - _F/;C;\;Z AfpuZ + :;Z,z AUpu2
To simplify the analysis, we ignore the dc line losses and hence AP,; = —AP, =
—AP, and AU,,;; = AU,2 = AU,,. In addition, the rated converter power capacity
of the two VSC-HVDC terminals are equal (P.y1 = P.yo = P.y). This further
simplifies (2.47) into

AP, = Poy (8Lt — Ol

Pri1 PDC1

(2.48)
=Py (M _ M)

Pf2 PDC2

From (2.48) the dc voltage in terms of the ac grid frequencies is expressed as

PDC1PDC2 A fpul Afpuz
AU, = Bt 4 =k
P (PDCl + PDC2> ( i Prz )

k (2.49)
_ { kK } Afpur
L o2 A fouz
Substituting (2.48) and (2.49) into (2.43) we get the equation
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Pgl Pf1 \PDC1tHPDC2 p pPr2 \PDC1tHPDC2 Afpul

AP _1;;7 ( ppC2 ) ( aN2 | Py ppcn ) Afpuo
(2.50)
Hence the relationship between the load changes and resulting frequency changes

can be computed by

|: AP, ] - [ Pyn1 + Py ( pPDC2 ) _ Py ( pPDC2 )

ppc1tpPpC2 Pg2 Pf2 PDC1TPDC2

-1

Pyni | Pey pDC2 _ Py pDC2
Afpul _ Pg1 + pr1 \ ppcitppc2 pr2 \ ppcitppc2 APLl (2 51)
Afpug _ Py pDC2 Pyn2 P.y ppC1 APrs :
Pf1 ppcitppoz Pg2 Pf2 PpDC1tPDC2

For the dc transmission system shown in Fig. 2.25, the control parameters used are

listed as follows:
P.ny = 1000 MW

Pyn1 = 4000 MW
P,ns = 2500 MW

2.52
pg1 = pg2 = 0.04 (2:52)
ppct = ppcz = 0.05
pp = pr2 = 0.04
Substituting the parameters from (2.52) into (2.51), we get
Afpur | _ (oo —11:2500  1.2500 [ APy,
Afpuz | 1.2500  —7.5000 APy
(2.53)

— 104 —0.0906  0.0151 APy
n 0.0151 —0.1358 APy

From equations (2.49) and (2.53) the dc-bus voltage change for the example case
becomes as

(2.54)

AU, = —107* x [ 1.321 1.887] { AP }

APLQ

For a load increment of 200 MW inside ac grid-2, equation (2.53) predicts frequency
changes of —0.3 x 103 pu for grid-1 and —2.7 x 10~® pu for grid-2. The corre-
sponding frequency changes obtained from the simulation were —0.2 x 1072 pu and
—2.2 x 1073 pu respectively. The differences between the predicted values and simu-
lation results arise due to the fact that unequal variations of dc-bus voltages, caused
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by line resistances, have been neglected. Besides, the converter and dc line losses
which were not accounted in the analysis have some contributions to the deviations.
The observed changes in dc-bus voltage were —1.3 x 1073 pu for terminal-1 and
—1.7 x 107 pu for terminal-2 respectively, compared to —1.9 x 1072 pu which is the
estimated dc voltage change according to (2.54). The set of analytical equations
derived above, though not very accurate, provides a numerical approach for analyz-
ing the interaction of the two ac grids connected due to primary reserves exchanges
via the VSC-HVDC link. In chapter three an accurate analytical expression for
generalized ac/dc connection topology will be discussed.

2.8 Frequency Support of AC Grid by HVDC Connected
Wind Farm

In section 2.3.1 it was mentioned that passive grid connected VSC-HVDC link does
not have direct control over power flow but rather responds passively to the power
demand of (or power injection from) the ac grid. It however controls the ac voltage
magnitude and frequency to which other smaller converters in the ac grid (if there
are any) have to synchronize for normal operation. VSC-HVDC connected to a
wind farm falls in the passive grid connection category since the converter station
does not directly determine the amount of power flow. As a result, the converter
can not directly participate in ac or dc grid support by using the control method
discussed in the previous section. It can however change the ac frequency of the
wind farm in response to the dc-bus voltage variations. The frequency variations
in the wind farm can in turn be used to invoke increments in generated power by
individual turbine-converter units, given that there is plenty of wind power which
allow increased power production. This type of HVDC control has been described
in [82],[16],[77]. Such type of control strategy can be implemented as shown in Fig.
2.29.

In Fig. 2.29 the converter on the right side of the HVDC link employs constant dc
voltage control mode supplemented by frequency droop controller. f7 and f, refer
to the nominal frequency and measured frequency of the main grid respectively.
The converter station on the left side controls the operating wind farm ac frequency
based upon the dc voltage error (U; — Ujy) and the nominal wind farm frequency
(fr). In the case of two-terminal VSC-HVDC connection, the effect of the dc line
resistance can easily be offset by adding a feed forward element from the measured
power flow (P;). This is shown with the dashed line in Fig. 2.29. Individual wind
turbine-converter units measure the wind farm frequency (f,) and generate the
mechanical (turbine) power reference (P) based on the nominal power reference
(Pr) and the frequency error signal (f — fu,).
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Figure 2.29: VSC-HVDC connected wind farm: (a) wind turbine-converter control
(b) wind farm side VSC-HVDC terminal control (c¢) main grid side VSC-HVDC

terminal control

From Fig. 2.29 the steady-state relationship between f,, and f, can be described as

fw :f:;'l'KlK2 (]Cg_f;> (255)

From (2.55) we find

Af, = K KoAf, (2.56)
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Table 2.3: Some of the parameters used in the simulation model

Generation capacity of the main grid | 1GW
Generation capacity of the wind farm | 3 MW x 100 = 300 MW
Rated frequency of the main grid 50 Hz
Rated frequency of the wind farm 50Hz
Wind speed 12m/s
R, 25 MW /Hz
)36 T
14+T}s 1+5s
K 1
1+T5s 14+5s

For K7 = K5 = 1 the steady-state frequency variation of the wind farm equals the
corresponding frequency variation at the main grid. To check the viability of such
approach we will look at the responses of a simulation model of Fig. 2.29. In Table
2.3 some of the parameters used in the simulation model are listed.

Initial power flow is 180 MW from the wind farm to the main grid. At ¢ = 68s a
load of 25 MW is inserted in the main grid. The simulation results are shown in the
plot of Fig. 2.30.

As it can be observed from the simulation results, the load insertion in the main
grid results in frequency decrement which is followed by dc voltage reduction at
the HVDC link. This in turn is reflected in the wind farm frequency and the
wind turbines generate more power as a result. The main grid frequency and wind
farm frequency are compared in Fig. 2.31. It is clear from Fig. 2.31 that the wind
farm frequency is able to follow the main grid frequency but only with considerable
time constant (A time constant of 5s has been used for frequency droop control at
converter-2 and for the wind farm frequency control at converter-1). The response
of the main grid in the presence and absence of frequency support from the wind
farm is shown in Fig. 2.32. It is observed from Fig. 2.32 that both the dynamic
response (i.e. in the first few seconds) and steady-state response of the main grid
frequency are enhanced by the frequency support of the windfarm.
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Figure 2.30: Response of VSC-HVDC connected wind farm to load insertion in the
main grid

2.9 Chapter Summary

In this chapter various existing control methods of VSC-HVDC terminal have been
studied. Two types of VSC-HVDC connections - namely: active grid connected
VSC-HVDC link and passive grid connected VSC-HVDC link - have been discussed.
It is pointed out that inner current loop is fundamental to any control of active grid
connected VSC-HVDC link. Three possible control modes of VSC-HVDC terminal
have been discussed. These are constant power control mode, constant dc voltage
control mode and dc voltage droop control mode. A control strategy for primary
reserves exchange between two asynchronous ac grids has been proposed. The pro-
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Figure 2.32: Comparison of the main grid frequency response with and without
frequency support from windfarm

posed control employs both dc voltage droop and frequency droop control for each
VSC-HVDC terminal. The control method depends entirely on local measurements
and does not require fast communication between the different converter terminals
connected by the dc grid or between the asynchronous ac grids.
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3 OPERATION OF MTDC AND STEADY STATE
ANALYSIS

In the previous chapter the various types of VSC control configurations that can
be used in MTDC transmission system have been discussed. In this chapter the
interplay of the VSCs during steady-state operation of MTDC will be discussed.
The first section of this chapter deals with the different types of MTDC control
configurations. This is followed by section 3.2 which discusses precise control of
power flow in MTDC. Thereafter the impact of dc line resistances on primary dc
power balancing of MTDC will follow in sections 3.4 and 3.3. steady-state interaction
of ac/dc systems will be discussed in section 3.5.

3.1 Valid Control Configurations for Operation of MTDC

In section 2.5 it was discussed that at least one of the two converters must have dc
voltage regulation mechanism for normal operation of a point-to-point VSC-HVDC
connection. Similarly, in a multi-terminal VSC-HVDC configuration there must be
dc voltage regulation for normal operation of the system. As described in the pre-
vious chapter there are two options for dc voltage control of a single VSC station;
namely: constant dc voltage control and dc voltage droop control. It was also men-
tioned in section 2.5 that stable operation can not be achieved if both converters
of the two-terminal VSC-HVDC are assigned to constant dc voltage control mode.
The same condition applies to multi-terminal VSC-HVDC, i.e. there must not be
more than one converter station in the dc grid assigned to constant dc voltage con-
trol mode. (If there are two converters with constant dc voltage control, there will
be hunting phenomena, analogous to frequency hunting in ac grids in the presence
of multiple synchronous generators with fixed frequency control). Taking the con-
straints mentioned above, we get three possible control modes of MTDC; namely:
master-slave control, dc voltage droop control and master-slave with dc droop. Each
of these are explained below.

1. Master-slave control: There is only one converter in the dc grid which is config-
ured to constant de voltage mode (This may also be dc voltage droop mode though
not common). This terminal is called master terminal. All the others terminals in
the dc grid are configured to constant power mode (called slave terminals). Power
flow balance is maintained entirely by the master terminal. Outage of the master
terminal will definitely lead to dc over voltage or under voltage problem and subse-
quently to outage of the entire dc grid. In addition, the master terminal may need to
have considerably large power rating in order to accommodate all possible amounts
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of power unbalance that may occur in the dc grid. This type of control has been
explained in numerous research works [87],[36],[59],[75]. Due to lack of N-1 security
for dc voltage regulation, the master-slave control configuration is not recommended
for operation of MTDC. A modified version of this controller, called voltage margin
control, has been proposed to tackle the problem of N-1 security by various authors
[85],[86],[48],[20]. The proposed control scheme, however, has two drawbacks. On
one hand, it is complex and involves several control parameters to be assigned. On
the other hand it can result in large, abrupt transitions of power flow levels as dc
voltage level goes out of the voltage margin at a specific operation.

2. DC droop control: There are two or more converters in the dc grid equipped
with dc voltage droop controller. The rest of the terminals operate in constant
power control mode. Converters with dc voltage droop control share the duty of
instantaneous power balancing in the dc grid. Outage of one terminal is toler-
ated as long as the remaining droop controlled terminals have enough capacity to
compensate for the power unbalance in the dc grid caused by the outage. This
is analogous to frequency droop control of a multi-machine ac grid system. In
both cases, the droop control scheme enables the provision of N-1 security. More-
over, large range of power fluctuations in the dc grid can be accommodated by
this control method due to the aggregation of dc voltage responses from individual
droop controlled converters. This type of control has been studied in several works
[71],[74],[73],[55],[43],[15],[79],[90],[57],[37],[75].

3. Master-slave with droop control: The dc grid has one converter with constant dc
voltage control (i.e. the master terminal) and one or more converters with dc voltage
droop control. During normal operation, power balance is maintained entirely by
the master terminal. If the outage of the master terminal occurs, the other termi-
nals equipped with dc voltage droop control will take over the duty of dc voltage
regulation (and hence the duty of primary power balancing). This type of MTDC
control is explained in [19] and partially described in [21].

Comparing the merits of the three MTDC control configurations listed above (1-3),
the second and third ones (i.e. dc¢ droop control and master-slave with dc¢ droop
control) are preferable for operation of MTDC.

Dc voltage regulation by use of multiple dc terminals equipped with integral dc
voltage controllers has been proposed in [34],[35]. This control approach, however,
poses a challenge for appropriate sharing of power injection among the participating
dc terminals and also may cause instability problems. Hence, this type of MTDC
control will not be discussed in this thesis.
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3.2 Precise Control of Power Flow in MTDC

In the discussion of section 3.1, it has been argued that dc voltage droop control is
indispensable for secure operation of MTDC. The similarities of dc voltage droop
control in dc and frequency droop control in ac grid has also been emphasized. There
are, however, differences that need to be analyzed and taken into account.

In the absence of dc line losses (and associated dc line voltage drops), dc voltage
droop control indeed becomes exactly analogous to frequency droop control in multi-
machine ac grids. Under such condition the dc voltage is the same throughout the
entire dc grid, just like frequency is in ac grids. In a real dc transmission system,
however, there will always be, due to non-zero line resistances, differences in de-bus
voltages. Indeed, whenever there is a non-zero power flow in the dc grid, there will
always be differences in de-bus voltages at the various terminals. (The same voltage
at all de-buses in a real dc grid means no current flowing in the dc grid). From
the dc grid power flow equations it is possible to demonstrate that a specific power
injection pattern is associated with a unique set of dc-bus voltages and vice-versa.
Even though the voltage differences between the dc-buses are small in comparison
with the nominal voltage of the dc grid, their impact on power flow control is large
due to amplification by the large gain of the dc voltage droop controllers (i.e. Rpc
in Fig. 2.21).

The dc line voltage drops affect power flow in MTDC in two ways. The first one,
which will be discussed in this section, is the challenge of precise power flow control
in MTDC at steady-state conditions. This problem has been mentioned in [15] &
[50]. The second mechanism, which will be discussed in the next section, is related
to allocation of primary balancing power due to a sudden change of power flow in
the MTDC network caused by outage of a VSC-HVDC terminal, disconnection of a
dc line or insertion/rejection of a large ac load connected to a converter.

To understand the challenge of precise power control in MTDC, let us look at the
dc voltage versus power (U vs P) characteristic curves of the three types of outer
controllers discussed in section 2.4. These are shown in Fig. 3.1.

From Fig. 3.1 (a), it is clear that the power injection into the de grid by a constant
power mode terminal is always the same as the reference Pr. Similarly, a VSC-
HVDC terminal equipped with integral control of de-bus voltage (i.e. Fig. 3.1 (b))
will always have the same dc-bus voltage as the reference U*. The power injection
of such a terminal, however, is determined by the net power injection of all other
terminals in the dc grid as well as the sum total of the power losses in the dc lines.
This is what we refer to as the master terminal. The master terminal (if there is one

in the dc grid) provides the net balance of power (deficit/surplus) with in a certain
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Figure 3.1: U versus P characteristics of different control configurations: (a) con-
stant power control (b) constant dc voltage control (¢) de voltage droop control

time constant. This time constant is dependent upon the control parameters (i.e.
proportional and integral constants) used as well as on the total capacitance of the
dec grid (i.e. the sum of all de filter capacitances and line capacitances in the dec
grid). Hence in master-slave or master-slave with dc droop control configurations
(as discussed in the previous section), the issue of precise power flow control may not
be a challenge since power flow at individual terminals, except the master terminal,
will be determined by the respective power references. It should be noted that in the
presence of master terminal, dc voltage droop controlled converters appear almost
as constant power controlled terminals due to little de-bus voltage changes.

If the MTDC consists only of dc voltage droop and constant power terminals, there
will be a challenge of getting desired power flow at the various droop controlled
terminals. Dc voltage droop control of a converter requires two input references,
namely: the dc voltage reference U* and the power reference P’. The actual power
injection (P.) is determined by the error signal e in Fig. 3.1 (c); which in turn is
the total of the power control error signal (P — P.) and voltage droop error signal
((U* = U) x Rpc). Hence the power injected by the VSC can suffer from a steady-
state power flow control error (P — P, # 0). Precise power flow control is a challenge
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of getting the steady-state power flow profile to the same level as the one given by
reference - which in turn is determined by the schedule (after power flow dispatch).
The power flow dispatch is a result of market clearing, for example day-ahead power
market (in deregulated system) or some kind of cost optimization technique. In the
context of MTDC, the challenge for the operator is to determine the right values of
references of the converters in such a way that the steady-state power flow in the
entire dc grid becomes the same as the predetermined one from the given dispatch.
In Fig. 3.1 (), it is clear that if the dc voltage error signal is zero (i.e. U* —U = 0),
then precise power flow control can be achieved resulting in zero error for the power
control (i.e. Pf— P. = 0). This condition should be achieved for each dc droop
controlled terminal in the entire dc grid. If one of the terminals fails to achieve this
condition, the others will also experience steady-state power flow deviations. One
possible cause of such power flow deviation is failing to consider the dc line voltage
drops in the process of deciding the dc voltage references. This phenomenon will be
demonstrated with the example dc grid network shown in Fig. 3.2.

The parameters shown in Fig. 3.2 are defined in Table 3.1.

Table 3.1: List of parameters used in Fig. 3.2

‘ Parameter ‘ Description
Uy Rated dc grid voltage (in kV)
PDCi dc voltage droop constant of the ™"
converter terminal (pu/pu)
Py Rated power capacity of i’® terminal (in MW)
lij de transmission distance between terminals ¢ and j (in km)

In the five-terminal VSC-HVDC transmission model shown in Fig. 3.2, two of the
VSC-HVDC terminals (i.e. terminal-3 and terminal-5) are set to be operated in
constant power control mode whereas the other three VSC-HVDC terminals par-
ticipate in the dc voltage droop control. It is important to stress that the use of
term ‘constant’ here only means the invariability of power with respect to the dc
voltage and not necessarily time invariability. Moreover, the power flow study in
this section concerns only the steady-state conditions. Some numerical data such as
size of converters and the various droop constants used in the simulation can be read
from Fig. 3.2. The converter and dc transmission line parameters are also included
in the same figure. Now, let us consider an arbitrary power flow schedule for the
hypothetical dc grid. In Table 3.2, the desired power flow patter (i.e. the schedule)
is given.

In the power flow schedule of Table 3.2 terminals 1, 3, 4 and 5 are desired to inject a
power of 600 MW, —750 MW, 550 MW and —900 MW respectively into the dc grid.
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P.ys = 1200 MW
Un = 400 \]\ Constant power terminal
= (ppcs = o0)

Peng = 750 MW
ppca = 0.04

Pont = 900 MW
ppc1 = 0.04

l2s=160km Q:@

Pono = 800 MW Poys = 1000 MW

l12=80 km l3,=160 km

ppc2 = 0.04 Constant power terminal
All cable resistances: r = 0.01Q/km (ppC3 = o0)

All cable capacitances: ¢ =5pF/km
Bipolar DC transmission for all cases

Figure 3.2: A hypothetical five-terminal VSC-HVDC with dc voltage droop control

Table 3.2: Desired power flow pattern (schedule)
‘TerminalNo.‘ 1 ‘2‘ 3 ‘ 4 ‘ 5 ‘
[ P (MW) [600 [ X [-750 | 550 | -900 |

The minus signs show that power is taken away from the dc grid to ac grid via a
VSC-HVDC terminal, implying inverter mode of operation. Terminals with positive
power injection are in rectifier mode of operation. The ‘X’ in the second column of
Table 3.2 shows a ‘don’t care’ state. This is because terminal-2 is expected to inject
the net balance of power needed into the dc grid so that the desired power flow will
be achieved.

If we do not give any regard to the dc line voltage drops and the associated line
losses, terminal-2 will be expected to inject a power of 500 MW into the dc grid. In
Fig. 3.2 it is shown that the nominal dc grid voltage is 400kV (£200kV pole-to-
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pole). Hence the dc voltage references will be assigned to 400kV . The power and
dc voltage references to be used in the simulation are listed in Table 3.3.

Table 3.3: Reference values used for simulation
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
Py (MW) 600 | 500 | -750 | 550 | -900
U* (kV) 400 | 400 | 400 | 400 | 400

Terminals 3 and 5, which are constant power terminals, do not need dc voltage
references although these were included in Table 3.3 for the sake of completeness.
In order to better understand the influence of dc line resistance on power flow, two
simulation cases will be considered for the study; one with no dc line resistances
(i.e. ideal dc grid) and the other with dc line resistances as specified in Fig. 3.2.
Simulation results of the ideal (i.e. lossless) five-terminal dc grid model are shown
in Table 3.4. (See appendix A for details of the VSC model used in the simulations).
As it would be expected, the power flow pattern of the ideal dc grid is seen to be
the same as the desired (scheduled) power flow pattern given by Fig. 3.3 and Table
3.2.

Table 3.4: Simulation results for the set of references in Table 3.3 in an ideal dc grid
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘

P.(MW) 600 | 500 | -750 | 550 | -900

U (kV) 400 | 400 | 400 | 400 | 400

When the dc line resistances are included in the simulation while maintaining the
values of dc voltage references and power references as in the previous case, the
power flow pattern becomes as shown in Fig. 3.4 and Table 3.5.

Table 3.5: Simulation results for the set of references in Table 3.3 and non-ideal dc
grid

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
P.(MW) 578.821 | 466.793 | -750.000 | 638.889 | -900.000
U (kV) 400.377 | 400.664 | 397.511 | 398.104 | 386.460
P* (MW) 600 500 =750 550 -900
Perr (MW) -21.179 | -33.207 0.000 88.889 0.000

From Table 3.5 it is clear that the set of reference values given by Table 3.3 does not
enable us to get the desired power flow pattern given by Table 3.2. Large deviations
of power flow are observed for terminals 1 and 4 whereas terminals 3 and 5 (i.e.
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Figure 3.3: Power flow control responses in ideal (lossless) dc grid

terminals with fixed power control) showed no deviations, as can be expected. The
power flow deviation in terminal-2 may be ignored, since this terminal was originally
intended to cover the balance of power needed to get the desired power flow profile
for the other terminals. The observed power flow deviations at terminals 1 and 4
are partly caused by the differences in the dc-bus voltages and partly due to the line
losses which were not accounted for while assigning the power reference of terminal-2
(i.e. the slack bus). It is clear that in both cases the power flow deviation originates
from the non-zero resistance of the dc lines. To find out which of the two mechanisms
is the dominant factor, we will try to see the effects of the two separately with the
five-terminal system as an example. In the first case we will account for the dc
line losses but not for the dc-bus voltage differences. In the second case the dec-bus
voltage differences will be accounted for while the dc line losses will not. Finally we
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Figure 3.4: Power flow control responses in non-ideal dc grid

will simulate the case where both dc line losses and dc-bus voltage differences are
accounted for.

First simulation case (only dc line losses are accounted for):

In order to compute the power losses in the system, it is necessary to make a dc
power flow analysis of the system under consideration. In power flow analysis it
is customary to assign the nominal voltage of the dc grid as the known voltage of
the dc slack bus prior to the power flow calculations. Hence the complete input
information for the load flow analysis becomes as shown in Table 3.6.

The ‘X’s in Table 3.6 show ‘slack’ variables, i.e. values that result from the power
flow equations. The data in Table 3.6 and the dc grid resistances in Fig. 3.2 are
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Table 3.6: Input data for the power flow analysis
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ ) ‘
P.(MW) 600 | X | -750 | 550 | -900
U (kV) X 400 X | X | X

provided to a dc power flow algorithm and the resulting solution is given in Table
3.7. Various algorithms of dc load flow analysis are proposed in the literature [46],
[651,83].

Table 3.7: Results from the dc power flow analysis
‘ Terminal No. ‘ 1 ‘ 2 3 ‘ 4 ‘ )
P.(MW) 600 535.938 | -750 550 -900
U (kV) 399.550 | 400.000 | 396.613 | 396.928 | 385.247

From Table 3.7 it is now clear that the dc grid will have a total line loss of 36 MW
for a total power transfer of 750 4900 = 1650 MW between the various converters.
This is around 2.2% transmission loss for the entire dc grid (or alternatively a
transmission efficiency of 97.8%) for the given power flow profile. It should be noted
that the converter losses are not included here, since all power measurements so far
are measured from the dc-bus side. Although in practice power measurements are
done at PCC (i.e. ac side of the converter), here we stick to power measurement
from the dc-bus side so that the impact of the dc line resistances can be investigated
separately from the converter losses.

Back in the PSCAD simulation of the five-terminal dc grid, now we change the power
reference of terminal-2 from its previous value of 500 MW to 535.9 MW (computed
from the power flow analysis). By doing so we are accounting for the dc line losses
in the power reference assignment of the slack bus. The dc voltage reference (of
each terminal) however will be kept at the same value as in the previous simulation
case (i.e. 400kV in all cases). Running the simulation with the change mentioned
above, we get the steady-state power flow profile given by Table 3.8.

Table 3.8: Simulation results with power references adjusted for dc losses
[TerminalNo. [ 1 | 2 [ 3 [ 4 | 5 |
P.(MW) 566.351 | 488.558 | -749.999 | 629.696 | -899.999
U (kV) 400.598 | 400.948 | 397.747 | 398.300 | 386.662
P (MW) 600 535.938 -750 550 -900
P.., ( MW) | -33.649 | -47.380 | 0.001 79.696 0.001
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Second simulation case (only de-bus voltage differences are accounted for):

For comparison, we look at the simulation where the dc voltage references are re-
placed by the voltage values from the load flow analysis (i.e. the second row in Table
3.7). This confirms that the de-bus voltage differences are appropriately accounted
for in the dc voltage reference assignments. The power reference of terminal-2, how-
ever, will be kept at 500 MW. The observed simulation results are shown in Table
3.9.

Table 3.9: Simulation results with references adjusted only for dc-bus voltage dif-
ferences
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
P.(MW) 612.459 | 514.157 | -750.000 | 559.194 | -900.000
U (kV) 399.329 | 399.717 | 396.377 | 396.732 | 385.045
P* (MW) 600 500 -750 550 -900
Perr (MW) 12.459 | 14.157 0.000 9.194 0.000

Comparing the power flow errors in Table 3.5, Table 3.8 and Table 3.9, it is easily
noticeable that the errors reduced significantly when the appropriate dc voltage
references were used in the simulation. This supports the argument that most of
the power flow error is shown in Table 3.5 originates from inappropriate setting of
the dc voltage references.

Third simulation case (both dc-bus wvoltage differences and dc line losses are ac-
counted for):

Finally we run the dc grid simulation model one more time; this time taking into
consideration both the dc-bus voltage differences as well as the total dc line power
losses. This is done by using all the dc power flow analysis results in Table 3.7 for
assigning dc voltage references and power references of the VSC-HVDC controllers.
The resulting power flow profile is shown in Fig. 3.5 and Table 3.10.

Table 3.10: Simulation results with references adjusted for both dec-bus voltage
differences and dc line losses
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5
P.(MW) 600.001 | 535.930 | -750.000 | 550.007 | -900.000
U (kV) 399.550 | 400.000 | 396.613 | 396.928 | 385.247
P* (MW) 600 535.938 =750 550 -900
P. crr (MW) 0.001 -0.008 0.000 0.007 0.000

From Table 3.10 it is noticeable that the observed power flow from the simulation
matches very well the scheduled plan shown in Table 3.2. Previous power flow de-
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Figure 3.5: Power flow control responses in non-ideal de grid (with impact of dec
line resistances offset by appropriate assignment of the voltage and power reference
values)

viations have been eliminated completely by accounting for both the line losses as
well as the dc-bus voltage differences. In fact since the unknown de-bus voltages
and the unknown power of the slack bus are simultaneously found from the power
flow analysis, all the required references are naturally obtained in just one process.

Comparing Table 3.8, Table 3.9 and Table 3.10, we can observe that roughly 90%
of the power flow deviation in terminal-4 came from neglecting the dc-bus voltage
differences whereas the rest 10% of the deviation came from neglecting the dc line
losses. Even though the exact percentages of the contributions of the two factors on
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Figure 3.6: Two ways of implementing dc droop control: (a) power is measured at
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power flow error depend on the dc grid topology and the specific power flow profile
under consideration, it is possible to make a generalized conclusion that the dc-bus
voltage differences contribute the much larger share of the power flow error.

Apart from the dc line resistances, the converter losses can also affect the power
flow control depending on whether power measurement (for the control loop) is at
PCC or at dc-bus. So far in the previous simulation cases it was considered that
the power injections by the VSC-HVDCs are measured from the dc-bus side. In
practice, however, it is much more common to measure the power flow from the ac
side (i.e. at PCC). The power schedule also usually defines the power injections from
the ac grid side. If such approach is applied to our example case of the five-terminal
dc grid, the controllers in Fig. 3.6(b) should be employed instead of the one shown
in Fig. 3.6(a) which was employed in all previous cases. Note that both the power
references and the corresponding feedback signals in Fig. 3.6(b) refer to the ac side.

Now we keep the same power flow schedule given previously by Table 3.7. But this
time we consider that all the power flow measurements are from the ac grid sides.
The references used for the third simulation case above are also used here. This
means that the ac and dc side converter powers are considered equal in this case.
By doing so we are neglecting the converter power losses. The simulation results are
shown in Table 3.11.

Once again, the simulation results in Table 3.11 show some power flow deviations in
terminals 1, 2 and 4, from the one given by the schedule (though these are relatively
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Table 3.11: Simulation results with references not adjusted for converter losses

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
U* (kV) 399.550 | 400.000 | 396.613 | 396.928 | 385.247
P (MW) 600 535.930 -750 550 -900

U (kV) 399.424 | 399.876 | 396.469 | 396.785 | 385.331
P.(MW) 603.750 | 538.870 | -754.200 | 553.050 | -905.086
P/ (MW) 607.394 | 542.138 | -750.000 | 556.705 | -899.999

P ... (MW) 7.394 6.208 0.000 6.705 0.001

c.err

modest amounts). In this case the deviations are caused by neglecting power losses
of the converters. The remedy is to take the converter losses, together with the
dc-bus voltage differences and dc line power losses, into account while determining
the appropriate references of the VSC-HVDC controllers.

The ac and dc side power measurements (i.e. P/ and F,.) of a VSC-HVDC are not
exactly equal but are different by an amount equal to the converter power losses.
This is depicted by the block diagram in Fig. 3.7 (b).

P VSC-HVDC P.
(b) terminal

PLoss

Figure 3.7: Relationship of ac and dc side power measurements of a VSC-HVDC:
(a) single-line diagram of VSC. (b) block diagram of power flow in VSC
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A crude way of modeling (at least part of) the VSC losses is by adding a series
resistance on the ac side of the converter. In Fig. 3.7 (a) for example the series
resistance r could represent the losses in both the inductive filter as well as the
semiconductors. This approach, though simplistic, may suffice to show the impact
of converter losses on dc grid power flow. From Fig. 3.7, the ac and dc side power
measurements are related by

prfpc*PLoss:O (31)

The converter losses consist of two components: load independent part (which is
constant) and load dependent part. In the discussion that follows, however, we will
only refer to Fig. 3.7(a), and hence we will have only a load dependent power loss in
this case. Converter loss modeling is out of the scope of this thesis and hence only
a very simplistic loss model will be used here (i.e. the loss in the series resistance
(r) of Fig. 3.7(a)). based on this, the losses in the VSC are computed as

PLoss = 32’27"

7%
=3(s%) " (3.2

r (Pl 2

- 3(%)

Substituting (3.2) into (3.1), we get

r (P’
-z} —p =0 3.3
(1) 53)

Dividing all the terms in (3.3) by the rated power, P.y, we get

Pl (P;)2_ P _

Pen 3Py \ Ve Pen

_p ___ v _p 2_ P

= Pc’pu (3Va:2/PcN) Pc,pu P.n (34)
_ p! ;2 _

- Pc,pu - TpuPc,pu - PU,PU =0

where the subscripts pu show that the variables are in per-units. Rearranging (3.4)
gives
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Pegu = Pl (1= 0P’ ) (3.5)

¢,pu c,pu

Hence if the ac side VSC power (P!) is known, the dc side power can be computed

c

by (3.5). The ac side power can be described by

P
A L (56)
— I'pu c,pu
Since, rp, Ppcpy << 1, we can use the Taylor’s approximation method ﬁ ~
pulc pu
L+ 7pu P, Hence, the expression in (3.6) can further be simplified as
Popu
Pc,,pu = 177‘?‘&‘1}:){(,,}011, - (1 + TPuP(/:,pu) Pcypu

(3.7)

= (1 + rpuPc,pu) Pc,pu

As mentioned before, all the relations (3.3)-(3.7) are based on a crude modeling
of the converter losses which is used here only for demonstration purposes. For
better accuracy, a more realistic modeling of converter losses must be used to get
better results in estimation of ac or dc side power, provided that one of these two is
known. Indeed the losses in VSC-HVDC should include not only the semiconductor
and filter losses but also the power consumed locally at the converter station dur-
ing operation [61],[62],[13]. Deriving the analytical expression of the total loss by
adding up the losses in the individual components may be a laborious task and may
not guarantee accuracy. An alternative approach is to establish an approximate
analytical expression based upon empirical data for the total loss at various levels
of transmitted power via the VSC-HVDC.

Once the relationship between the ac and dc side power measurements is established,
the same expression can be used to compute the ac/dc power reference given that
one of the two is known. In our example case, the ac side power references are known
from the schedule and the dc side power and voltage references are unknown.

Table 3.12: Desired power flow pattern (schedule) defined at PCC of each VSC
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
| P enea MW) [ 600 | X [ -750 | 550 | -900 |

The schedule given by Table 3.12 is similar to the previous one given by Table 3.2,
with the exception of the measurement points. While in the previous case the power
references were with respect to the dc side measurements, in the current case the
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power references are with respect to ac side measurements. The computations of
the dc side power references are summarized in Table 3.13. In the VSC models used
in the simulation 7, equals 0.01 (Refer the appendix for more information on this).

Table 3.13: Power reference calculation taking converter losses into consideration

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
P! cohea (MW) 600 ? -750 550 -900
P.xy (MW) 900 800 1000 750 1200

P, (ouw) | 0.66667 -0.75000 | 0.73333 | -0.75000
1= 7P, (pu) | 0.99333 1.00750 | 0.99267 | 1.00750

?
?
P.(MW) 596.026 | X | -755.668 | 545.998 | 906.801

Now the dc-bus power injections are known for all terminals except for the slack bus,
for which the unknown parameters are shown as question marks. The next step is
to make power flow analysis of the dc grid with the specified dc power injections
(i.e. the last row in Table 3.13). Hence, the input data for the power flow analysis
is given in Table 3.14.

Table 3.14: Input data for the power flow analysis

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5
P.(MW) 596.026 | X | -755.668 | 545.998 | 906.801
U (kV) X 400 X X X

The result of the power flow analysis is shown in Table 3.15.

Table 3.15: Result of dc power flow analysis
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 5
P, (pu) 596.026 | 557.111 | -755.668 | 545.998 | -906.801
U (kV) 399.498 | 400.000 | 396.546 | 396.829 | 385.054

From (3.7) and the result of the power flow analysis, the ac side power reference of
terminal-2 (the slack bus) can be computed. Table 3.16 shows the complete list of
references that must be applied for the VSC-HVDC controllers.

It was previously mentioned that in the current simulation case the power is con-
trolled from the ac side. Hence, only the ac power references and the dc voltage
references in Table 3.16 will be relevant for the VSC-HVDC controllers. With such
set of references used in the five-terminal VSC-HVDC transmission model, the sim-
ulation results shown in Table 3.17 are obtained.
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Table 3.16: Power references adjusted for converter loss compensations based on
(3.6) and (3.7)
[TerminalNo. [ 1 | 2 [ 3 [ 4 | 5 |
U* (kV) 399.498 | 400.000 | 396.546 | 396.829 | 385.054
Pr(MW) 596.026 | 557.111 | -755.668 | 545.998 | -906.801
P (MW) 600 560.991 -750 550 -900

Table 3.17: Simulation results when power and dc voltage references from Table
3.16 are applied
| Terminal No. [ 1 2 3 1 5

U (kV) 399.527 | 400.028 | 396.581 | 396.863 | 385.112
P.(MW) 594.850 | 556.087 | -754.199 | 544.867 | -905.087
P/ (MW) 598.393 | 559.559 | -750.000 | 548.418 | -899.999
P! heq (MW) 600 560.991 -750 550 -900
P (MW) | -1.607 | -1.432 0.000 -1.582 0.001

C,ETT

The results listed Table 3.17 shows that the accuracy of the power flow control
improves substantially when the converter power losses are considered together with
the dc-bus voltage difference and dc line losses. This approach is, of course, relevant
only when the power controllers refer to the ac sides of the VSC-HVDCs - which is
often the case.

In the demonstration above, approximate analytical expressions have been used for
computing the missing parameters. In practice however, the power flow analysis
includes both the dc grid as well as ac grid connected to it and hence the results
of the power flow analysis include all missing parameters of the ac and dc grids
constituting the entire power system under consideration. In references [39],[65],
[40], [38] and [28] for example, different approaches for integrated ac/dc power flow
analysis have been presented. By using the results from integrated ac/dc power flow
analysis, the errors shown in Table 3.17 may be reduced and the overall accuracy of
the steady-state power injection control in multi-terminal VSC-HVDC can possibly
be further improved.
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3.3 Impact of DC Line Voltage Drops on Primary Control
of MTDC Transmission

3.3.1 Distribution of Balancing Power in an Ideal Lossless DC Grid

In the previous section the influence of dc resistance on achieving precise power flow
control in dc grid was discussed. In this section the impact of dc line resistances
on the steady-state control response (i.e. on primary control of dc grid) will be
investigated.

Frequency droop constant (p,) of a synchronous generator unit in an ac grid is
defined as the ratio of the change in frequency in per-unit (Af,,) to the resulting
change in generated power in per-unit(AP, ,,) caused by the change in frequency.
This is mathematically given by

Bl = (3.8)
AP, '
In multi-machine ac grids, the frequency vs power relationship is more often given
by physical units rather than in per-unit. Frequency response of an ac grid is defined
as the change in power generation (AP,) in MW in response to a change of 1Hz of
the ac grid frequency (Af). this is mathematically given as

APy _
N (3.9)

Frequency droop constant (p,) and frequency response (R,) are related by

_ PgN

g = prg (3.10)

where P,y and fy refer to the rated power capacity of the generation unit and
the rated (nominal) operating frequency respectively. In frequency droop control
of multi-machine ac grid, the steady-state responses of the synchronous generator
controllers are dependent upon the observed steady-state frequency changes and
the employed droop constants for each generator unit. The steady-state change in
frequency observed by each generator controller is the same regardless of its location
in the ac grid. In other words, the steady-state change in frequency is universally the
same throughout the ac grid. This enables us to compute the aggregate frequency
response (R, q4y) of an ac grid from the frequency responses of individual generation
units [45](chapter 8):
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n

_ APgagg _ 1 1§~ Panif
Rg,agg - T Af T Af l; Asz —Af El fnpgi

(3.11)
_ 1 3~ Py
Y l; f;]gi

where n is the number of synchronous generators constituting the ac grid. The
subscript agg in (3.11) refers to the aggregation of parameters related to individual
generation units.

Like frequency response of synchronous generator in an ac grid, dc voltage response
of VSC-HVDC station in a dc grid can be defined in a similar manner (assuming
that dc voltage droop control is to be employed). Dc voltage response is the change
in MW of power injected into the dc grid by the converter station as a response to a
dc-bus voltage change of 1kV. Dc voltage droop constant is defined as the ratio of
change in dc-bus voltage in per-unit to the corresponding change in converter power
flow in per-unit. This is given by

AP, B
AUpu = PbpcC

Dc voltage droop constant (ppc) and dc voltage response (Rpc) are related by
(3.13).

(3.12)

Rpc = (3.13)

P.n and Uy refer to the rated power capacity and rated operating dc voltage level
of the VSC-HVDC terminal under consideration. Rpc is the dc voltage response
of a dc grid (analogous to the frequency response (R,) in ac grids); i.e. Rpc is a
measure of how much power in MW will be injected by a VSC-HVDC terminal as
a response to a dec-bus reduction of 1kV.
For the sake of convenience in writing long equations, from now on we use R instead
of Rpc. Hence the de droop equation of (2.39) re-written in small-signal form
becomes as

AP, = AP + Rpc (AU" — AU) (3.14)

From (3.14) it is observed that the power flow of the dc terminal can be controlled
either by changing the power reference (P5) or by changing the dc voltage reference
(U*). Now let us focus on the impact of change in power reference (i.e. APY).
Assuming that the dc voltage reference U* remains fixed (and hence AU* = 0), the
relation given by (3.14) can be simplified as

AP, = AP’ — RpcAU (3.15)
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In a lossless de grid (hereafter referred to as ideal dec grid), the algebraic sum of all

nodal injected powers is zero:
n

S Pi=0 (3.16)

i=1
The small-signal equivalent of (3.16) is given by (3.17).
S AP =0 (3.17)

i=1

After substituting (3.15) into (3.17) we get (3.18).

n

Y AP; =) (RpeiAU;) =0 (3.18)
i=1

i=1

Moreover, in ideal dc grid, all de-bus voltages are equal to one another and all
changes in dc-bus voltages are also equal to each other:

AU; =AU (3.19)

S AP
=1

o _ (3.20)
ie{l,...,n} Z RDC RDC,agg

where Rpc gy 15 the aggregated dc voltage response of the dc grid (analogous to
aggregated frequency response of ac grids).

Following the same analogy of the aggregate frequency response in ac grids (Ry qg4),
aggregate dc voltage response (Rpcqge) 1S computed as

n
1 eNi

RpCragg = (3.21)

UN i=1 PDCi

From equation (3.15), steady-state power deviation at terminal-j, as a function of
voltage deviation, is given by (3.22).

AP, = AP}, — Rpo; AU, (3.22)
Substituting (3.21) into (3.22), we get
AP, = (1 _ Ao )Apcj* _ foe; Y AP (3.23)
DC\agg RDC,agg i=1,i#j
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In matrix form, (3.23) is re-written as

[ 1 — _Lbca o _ _Rpcy o _ _Bpe 1
AP{Il RDC,agg RDC,agg RDC,agg Apc*l
: — | __Bpci 1 — fipcy _ _Rpoj v

AP | = | —gmer 1o fee o Ree 1 Ape | (324)

AP, _ _Bpon _ _Rpcn 1 — -Lfipcn AP*
cn R P R “ee R cn

L .DC,agg DC,agg .DC,agg J

A

Equation (3.24), indicates that the power flow of terminal-j can be affected both by a
change in power reference of the same terminal (AF};) and also by a change in power
reference of another terminal (APS), but with differing signs and proportionality
constants for the two cases. Moreover, it can be observed from (3.23) that in the
absence of line voltage drops, distribution of balancing power will exclusively be
dependent on the dc voltage response (Rpc;) of the individual dc terminal and the
total dc voltage response (Rpc,qg) 0f the entire dc grid system, regardless of the
location in the dc grid where the change in power reference has occurred.

3.3.2 Distribution of Balancing Power in a Non-ideal DC Grid

A dc grid whose lines have non-zero resistances exhibits unequal variations in de-bus
voltages hence making the analogy between dc voltage droop control and frequency
droop control imperfect. This means that (3.24) explains the actual dc grid response
only when the dc line resistances are negligible. For all other cases the equation fails
to explain the responses of the various VSC-HVDC terminals (due to unequal vari-
ations of the dc-bus voltages).

For the sake of convenience in mathematical notation in the following analysis, we
resort to the use of vector notation. In order to differentiate the vector quantities
from the scalar ones, vectors and matrices will be written in bold face letters. Hence
the vectors P., U, and P} are defined as

P Uy Py
Pcn Un Pc*n



where n is the total number of terminals in the MTDC transmission system.

Other vectors such as AP., AU, AP} and AR p¢ are defined in a similar manner.
The nodal current injection into the dc grid is given by the vector Ipe expressed as

Ipc=YU (3.26)
The power injection vector (P,.) is given by

P.=U®Ipc
(3.27)
- U®(YU)

where Y refers to the admittance matrix of the dc grid and the symbol ® is entry-
wise (point-to-point) matrix multiplication operator, also called Hadamard product
operator. Differentiation of the power flow equations of individual terminals with
respect to the nodal voltage vector U results in the Jacobian matrix (Jp¢) of the
dc grid:

0P,
ou
Consider that the dc grid has an initial state given by (P°, U?). The linearization
of power flow equation around the initial steady-state point gives

Jpe = (3.28)

U=U°+AU
(3.29)
P, =P+ AP, = U°® (YU°) + Jpc AU

Hence, the relationship between the vectors representing small-signal dc voltage
(AU) and small-signal nodal power (AP,) is given by

AP. = JpcAU (3.30)
If the vector (AP.) is known, the voltage vector (AU) can be found as follows:
AU = Jpe AP, (3.31)

The dc Jacobian matrix can be computed by partially derivating individual elements
of vector P, with respect to individual elements of vector U. Another alternative is
to apply vector calculus methods which result in

oP
JDC = aUC

(3.32)
= diag (U)Y + diag (YU)
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The operator diag refers to a mathematical operation which transforms a vector into
a diagonal matrix.

For a flat dc voltage profile (Uy = U, --- = U,, = Uy), it is clear that the current in
the de grid becomes zero (I = (YU) = 0). Hence, the corresponding dc¢ Jacobian
matrix becomes

Jpc = diag (U)Y + diag (YU)
U -~ 0 -~ 0 Us - Uy - Uy
= 0 - Up -+ 0 |YHdiag|Y|U - U - Uy
0 - 0 - Us U - U; - Uy
=U;Y+0=U;Y
(3.33)
Re-writing the d¢ droop equation of (2.39) in vector form we get
P; - P, —diag(Rpc) (U* - U) =0 (3.34)
The small-signal equivalent form of (3.34) is given by
AP, — AP, — diag (Rpc) (AU" — AU) =0 (3.35)

We consider that the dc voltage references remain unchanged (AU* = 0). Substi-
tuting (3.31) into (3.35), we get

AP, = AP, — diag (Rpc) Ipc AP, (3.36)
Equation (3.36) can further be simplified as
AP.=BAP./ (3.37)
where I is identity matrix and the matrix B is given by
B = Jpc(Jpe + diag (Rpe)) ™' (3.38)

From (3.32) and (3.37), the dc voltage change (AU) becomes
AU = Jpc AP,

= <I + diag (Rpc) JDc_l) AP.”
(3.39)
= Jpe Ipe(Ipe + diag (Rpe)) ' AP

AU = (Jpe + diag (Rpe)) " AP?
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Comparing (3.24) and (3.36), the differences in the two equations is marked by the
differences between the matrices A and B. As discussed previously, the matrix A
is independent of dc grid topology since an ideal grid was assumed to establish the
mathematical relation. In contrast, the constant matrix B is dependent upon dc
line resistances and upon dc grid topology. This is reflected by the presence of the
dc Jacobian matrix (Jpe) in (3.39). Due to the line voltage drop considerations,
equation (3.39) gives an accurate mathematical model of the interaction between
power control reference changes and the resulting observed power flow pattern in
the dc grid. To demonstrate this, we will look at simulation results of the dc grid
shown in Fig. 3.8 which consists of dc lines with non-zero resistances.

Puns = 1200 MW
Up = 400 kV J'| oo =00

P.nyy =750 MW
ppca = 0.04

P.y1 =900 MW
ppc1 = 0.04

los=160km 9

Pona = 800 MW Puys = 1000 MW
ppc2 = 0.04 Constant power terminal
All cable resistances: ™ = 0.01Q/km (ppe3 = o0)

All cable capacitances: ¢ =5pF/km
Bipolar DC' transmission for all cases

Figure 3.8: Five-terminal VSC-HVDC with non-zero dc line resistances



Parameters used in the simulation are shown in Table 3.18.

Table 3.18: Parameters of HVDC terminals used in the simulation
Terminal No. 1 2 3 4 5

Py (MW) | 900 | 800 | 1000 | 750 | 1200
Uy (kV) 400 | 400 | 400 | 400 | 400
ppc 0.04 [0.04]| oo | 0.04 | 0.04

Rpc (MW/KV) [ 56.25 | 50 | 0 | 46.88 | 75

The initial steady-state power flow pattern is shown in Table 3.19. The admittance

Table 3.19: Initial steady-state condition of the MTDC in Fig. 3.8

‘ Terminal No. ‘ 1 2 ‘ 3 ‘ 4 ‘ 5 ‘
U (kV) 399.550 | 400.000 | 396.613 | 396.928 | 385.247
P.(MW) 600.000 | 535.928 | -750.00 | 550.005 | -900.00
matrix (Y) of the given dc grid is given by (3.40).
1.2750 —0.6250 —0.2500 —0.4000  0.0000
—0.6250  0.9375 —0.3125 0.0000  0.0000
Y = | —0.2500 —0.3125 0.8750  0.3125  0.0000 | 1/Q (3.40)
—0.4000  0.0000 —0.3125 0.9125 —0.2000
0.0000  0.0000  0.0000 —0.2000  0.2000
From (3.40) and (3.32), the dc Jacobian matrix becomes
510.9277 —249.7186 —99.8874 —159.8199 0
—250.0000  376.3398 —125.0000 0 0 MW
Jpc = | —099.1532 —123.9415  345.1453 —123.9415 0 %
—158.7711 0 —124.0399  363.5821 —79.3855
0 0 0 —77.0494  74.7132
(3.41)
From Table 3.18, the vector Rp¢ is described as
MW
Rpc =[56.25 50 0 46.88 75 ] W (3.42)
Substituting (3.41) and (3.42) into (3.37), we find
0.6509 —0.2906 —-0.2963 —0.2503 —0.1327
—0.2586  0.6515 —0.2743 —0.2038 —0.1081
B= 0.0000  0.0000  1.0000  0.0000  0.0000 (3.43)
—0.2072 —0.1896 —0.2347 0.7049 —0.1565
—0.1706 —0.1561 —0.1933 —0.2430 0.3702
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Similarly by replacing the relevant parameters in (3.24) we get

0.7534 —0.2466 —0.2466 —0.2466 —0.2466
—0.2192  0.7808 —0.2192 —-0.2192 —-0.2192

A= 0.0000  0.0000  1.0000  0.0000  0.0000 (3.44)
—0.2055 —0.2055 —0.2055  0.7945 —0.2055
—0.3288 —0.3288 —0.3288 —0.3288  0.6712

Note that the third row in matrix A is identical to the third row in matrix B. This
happens when the row under consideration corresponds to a VSC-HVDC terminal
in constant power control mode.

Consider that the power reference of terminal-3 (APZ%) in Fig. 3.8 is changed from

vE 01 ‘ w
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_ngojk B = = = DC bus-2
08 0.2t E = = = DC bus-3
g%‘ -0.31 1 == DC bus-4
Rei > 0.4t b DC bus-5
S} g _0.5 L L L L L L L
a 9.9 9.95 10 10.05 10.1 10.15 10.2 10.25 10.3
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________ a
-760 \ B
N
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JJE Converter 5
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Time (s)
Figure 3.9: MTDC response to AP% = —50 MW (with ideal dc grid model)
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—750 MW to —800 MW. This corresponds to AP = —50MW. The response of
MTDC, when ideal dc grid is employed and after applying AP, looks like Fig. 3.9.
It is noticed that all terminals experience the same dc voltage change, as expected. It
can be shown that the changes in nodal powers match very well with the estimation
by equation (3.24).

When the MTDC has line resistances shown in Fig. 3.8, the response to the same
step change (i.e. AP% = —50MW) becomes as shown by Fig. 3.10. The primary

E'E 0.1 T T
a0 0 ) DC bus-1
-0.1f e
- % = = = DC bus-2
oo ~0.21 ]
o _— = = = DC bus-3
g0 ~0-3F he® 1
87 _o.af B DC bus-4
O g _0.5 L L L L L L L DC bus-5
a 9.9 9.95 10 10.05 10.1 10.15 10.2 10.25 10.3
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-760} \ R
Y
-780 A - 1 _ _ _ Converter 3
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Figure 3.10: MTDC response to AP% = —50 MW (with non-ideal dc grid model)

control response of the MTDC for ideal dc grid and non-ideal dc grid case are
compared in Fig. 3.11. From the comparison it is clear that the dc line resistances
result heavily influence the contributions of primary power balancing by participant
converter units.
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Figure 3.11: Comparison of MTDC responses with ideal dc grid and non-ideal dc
grid

Let us now make numerical observations of the simulation results of the non-ideal
dc grid. The numerical data of the non-ideal dc grid simulation results are shown in
Table 3.20. After substituting AP* = [0 0 —50 0 0 ]' into (3.24) and (3.37)
we find the estimated changes in power injections and dc-bus voltages using the ideal
dc grid model approach (i.e. equation (3.24)) and non-ideal dc¢ grid model approach
(i.e. (3.37)). The estimations obtained are shown in Table 3.21. Simulation results
for the ideal dc grid and non-ideal dc grid are compared in Fig. 3.11.

From Table 3.21 we can see that there are large differences in the results of the
two power flow change estimation approaches (ideal dc grid model and non-ideal
de grid model). The ideal model predicts equal change in dc-bus voltage at all
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Table 3.20: Simulation results for AP, = —50 MW

Terminal U P, AU AP, | Py o
No. &V) | MW) | (V) | (MW) | MW) | (pu/pu)
1 399.287 [ 614.820 [ -0.2635 | 14.820 [ 900 | 0.01647
2 399.726 | 549.651 | -0.2745 | 13.723 | 800 | 0.01715
3 396.204 | -800.00 | -0.4092 | -50.00 | 1000 | -0.05000
4 396.677 | 561.746 | -0.2505 | 11.741 | 750 | 0.01565
5 385.118 | -890.33 | -0.1289 | 9.666 | 1200 | 0.00806

Table 3.21: Estimated steady-state changes in nodal power and dc-bus voltage using
ideal dc grid model and non-ideal dc grid model

Estimation by ideal Estimation by non-ideal
Terminal dc grid model, i.e. (3.20) & (3.24) dc grid model, i.e. (3.36) & (3.39)

No. "AUV) AP.(MW) AP./P.y | AUK) AR(MW) AP /Py

-0.2192 12.329 0.01370 -0.2633 14.813 0.01646
-0.2192 10.959 0.01370 -0.2743 13.716 0.01715
-0.2192 -50.000 0.05000 -0.4089 -50.000 0.05000
-0.2192 10.274 0.01370 -0.2504 11.736 0.01565
-0.2192 16.438 0.01370 -0.1289 9.664 0.00805

QU= W N =

terminals while the more accurate estimation reveals large differences in dc-bus
voltage variations. Moreover, the ideal dc grid model predicts the same changes
in power flow measured in per-unit for all converters which have the same size
of dc droop constant (ppc). In the non-ideal grid estimation, we see that the
terminal which observes the least change in dc-bus voltage experiences the least
amount of change in power flow (among the converters which have equal dc voltage
droop constants). This is most evident by comparing the per-unit balancing power
contribution of terminal-5 (i.e. 0.00805pu) and that of terminal-1 (i.e. 0.01646 pu).
The corresponding change in dc voltage for terminal-5 is considerably smaller than
the one experienced by terminal-1 (i.e. —0.1289kV vs —0.2633kV)

Estimation errors of the two approaches are shown in Table 3.22 and Table 3.23.

The large estimation errors observed in Table 3.22 in the ideal dc grid model ap-
proach underpin the difference between frequency droop control of ac grids and dc
voltage droop control of dc grids. The dec-bus voltages vary not only due to the dc
droop characteristics of the local controllers but also due to changing power flow
pattern in the dc network. The estimation errors shown in Table 3.23 come from
the linearization of the power flow equations. The power flow linearization errors
are generally small for a wide range of operating point. This contributes to the high
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Table 3.22: Estimation errors of using ideal dc grid model (Equation (3.24))

Lossless model PSCAD Simulation Estimation
Terminal (3.24) results Errors
No. AU AP, AU AP, e(AU) (AP,

&) W) ) W) (%) (%)
1 02192 12.329 |-0.2635 14.820 1681 -16.81
2 0.2192  10.959 | -0.2745 13.723 2015 -20.14
3 02192 -50.000 | -0.4092  -50.00 4643 0.000
4 02192 10.274 | -0.2505 11.741 1250 -12.50
5 02192 16.438 | -0.1280 9.6660 70.05  69.99

Table 3.23: Estimation errors of using non-ideal dc¢ grid model (Equation (3.37))

Lossy model PSCAD Simulation Estimation
Terminal (3.37) results Errors
No. AU AP, | AU AR c(AU) =(AR)

&) W) &) W) (%) (%)
1 02633 14.813 | -0.2635 14.820 0.076  -0.047
2 0.2743 13.716 | -0.2745 13.723 0073 -0.051
3 -0.4089  -50.000 | -0.4092 -50.00 0.049  0.000
4 10.2504 11.736 | -0.2505 11.741 0.040  -0.051
5 0.1289  9.664 | -0.1289 9.6660 0.000  -0.031

accuracy of the proposed estimation method based on non-ideal dc grid model, as
can be observed from the small estimation errors in Table 3.23.

The main cause of unequal per-unit contributions of balancing power is the unequal
variations in the dc-bus voltages. The change in total dc line losses has little impact
here. In fact if we sum up all the changes in nodal powers in Table 3.23, we get the
change in sum total of the dc line losses in the entire dc grid. For the ideal dc grid
this gives a sum total of zero, as one could expected, since there are no line losses in
the system. For the non-ideal dc grid, however, the changes in nodal power add up
to —0.071 MW i.e. a very slight decrement in the total line losses. Comparing this
with the applied change in reference (i.e. AP = 50MW) we see that the change
in total of dc line losses is negligible.

The impact of dc line resistances also means that the primary power balancing con-
tributions in the dc grid depend on both the dc grid topology as well as the location
where the original power surplus/deficit has occurred. Both of these phenomena
are apparent by looking at the analytical expression of the steady-state interaction
given by (3.37). The impact of the dc grid topology is reflected by the presence of
the dc Jacobean matrix Jpc whereas the location at which the original change in
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nodal power occurs is reflected in the positions of specific elements of the vector
AP*.

The conclusion is that dc line resistances and dc grid topology play essential roles in
determining the distribution of primary balancing power in dc grids. This property
is inherent to dc voltage droop control and makes the most significant distinction
between dc voltage droop control and grid frequency control. Frequency change in
ac grid is the same everywhere in the grid whereas dc voltage changes are different
at various locations of a dc grid.

Some additional details of the impact of the dc grid topology on the steady-state in-
teraction can be observed by looking closely at matrix B computed for the example
dc grid under discussion:

AP, 0.6509 —0.2906 —0.2963 —0.2503 —0.1327 AP}
AP —0.2586  0.6515 —0.2743 —0.2038 —0.1081 AP}
AP | = 0.0000  0.0000  1.0000  0.0000  0.0000 AP
AP, —0.2072 —0.1896 —0.2347  0.7049 —0.1565 AP
AP, —0.1706 —0.1561 —0.1933 —0.2430  0.3702 AP
B
(3.45)

The cross diagonal terms in the matrix B of (3.45) indicate the interactions between
the change in power reference of a specific terminal and the resulting change in
injected power at other terminals. For example the elements in the first row of B
indicate the sensitivity of the nodal power at terminal-1 with respect to changes
in power reference at different VSC-HVDC terminals. The diagonal terms in the
matrix are always positive and each diagonal element has the highest magnitude in
the respective row. This is a reflection of the fact that power flow at any terminal
is affected principally by the power reference at the same terminal and that the two
are positively correlated. On the other hand, the rest of the elements in the row
(i.e. the off-diagonal elements) have minus sign which indicate that power flow at
one terminal is negatively correlated to the power reference of other terminals. One
noticeable feature observed in (3.45) matrix is that B is diagonally asymmetric. If
for example we increase the power reference P by 1 MW, terminal-2 will respond
by decreasing the power injected into the dc grid by 0.2586 MW. If instead we
increase P by 1 MW, however, terminal-1 will respond by decreasing the injected
power by 0.2906 MW. This implies that terminal-1 is more sensitive to change in
power reference occurring at terminal-2 than vice versa. It is also clear from (3.45)
that terminal-3 (i.e. the terminal with constant power control mode) responds only
to a non-zero value of APJ. From the matrix B, it is possible to extract some
information about marginal (incremental) transmission losses in the dc grid. To
explain this, let us consider the generalized relation in (3.46) for an n terminal dec
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grid:

APcl Sll o Sli o Sln APC*I
B

In (3.46), S;; refers to the sensitivity of nodal power injection at terminal-i to the
parameter AP, It was discussed previously that the sum total of all nodal power
injections gives the total transmission losses in the entire dc grid (i.e. APpc_josses)-
This is mathematically given as

APpc_iosses = Z AP (347)

i=1

Hence combining (3.46) and (3.47), the total change in dc line losses, as a result of
all the changes in power references, is expressed as

n

S S,APL =3 (Ap;j 3 si]) (3.48)
=1

1i=1 j=1

APDC,losses = Z APCZ =

i=1 j=
Now let us consider a non-zero change in power reference AP}, while keeping all
the other power references unchanged (AP,;* =0, i € { 1 - n }, i # j). The
corresponding change in dc grid losses is

n
APDC*losses = AP:] Z Sz] (349)
i=1
Hence, the sensitivity of total dc grid losses with respect to the parameter AP is

A]DDC‘flosses -
— =) S5 3.50

APC*J Zzzl ) ( )
The relation in (3.50) indicates by how much the total dc line losses increase/decrease
for a unit change in the power reference of terminal-j (Aij). Even more interesting
is to know the ‘cost’ in terms of dc losses of injecting an additional unit power at
terminal-j (AP,;). It is necessary to keep in mind that the change in power reference
(APZ) and the corresponding change in nodal power of terminal-j (AF,;) are always
different unless the terminal under consideration is in constant power control mode.
From (3.46), we get AFP,; = S;;AP7. The additional dc line losses incurred by
increasing the power injection at terminal-j by AP,; (which in turn is achieved by
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increasing P; by an amount equal to APY;) is given by (3.48). Hence the ratio of the
additional line losses to the incremental power injection at terminal-j is described as

AP)Dc’flosses APC*J 121 SZJ 121 SZJ

marg,j — = — = = 51
Tmarg.j AP, AP:S;; S5 (3:51)

Equation (3.51) indicates the marginal dc loss ratio, Vimarg,;, (i-€. ratio of increment
in total dc line losses to increment in injected power at terminal-j). If the marginal
dc loss ratio is positive, it means that the total dc line losses will increase with
larger injected power at terminal-j whereas if this ratio is negative, this means that
a unit increment in injected power at terminal-j will result in decrement of the total
dc line losses. Since the sensitivity matrix is computed for a specific steady-state
operating point, the marginal dc loss ratio also changes with the operating point.
For example in the case of the dc grid scenario shown in Fig. 3.8 and for the initial
steady-state operating point described by Table 3.19, the marginal dc loss ratios of
all the five terminals are computed from (3.45), (3.46) and (3.51). Table 3.24 shows
the complete list.

Table 3.24: Marginal dc loss ratios for various terminals in the dc grid
Terminal
No. (j) 1 2 3 4 5

5
> S;; ]0.0145 | 0.0152 | 0.0014 | 0.0078 | -0.0271
i=1

Sjj 0.6509 | 0.6515 | 1.0000 | 0.7049 | 0.3702
Ymarg,; | 0.0223 | 0.0233 | 0.0014 | 0.0111 | -0.0732

From Table 3.24 | it is observed that the terminals 1 to 4 have positive marginal
dc loss ratios, meaning a positive increment in power references at these terminals
results in increased dc line losses. Terminal-5 on the other hand has negative value
of marginal dc loss ratio implying that a positive increment in power reference at
this terminal leads to lower aggregate dc line losses. Since this terminal is already in
inverter mode of operation (i.e. taking away power from the dec grid into the ac grid),
a positive increment in power reference implies a decrement in the amount of the
power conversion from dc to ac. A more direct interpretation of the marginal dc for
this particular terminal is as follows: a further increment in dc grid to ac grid power
transfer at terminal-5 by 1 MW results in a dc line loss increment of 0.0732 MW.
This can also be understood intuitively by following the notion that more power
flow results in more transmission losses. It can also be seen that terminals 1, 2 and
4 also result in increased dc line losses when the power injections at these terminals
are increased. Since these terminals are initially operated in rectifier mode, here
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too intuition can be used to explain why the losses increase with increasing injected
power at these terminals. The marginal dc loss ratio of terminal-3, however, may
not be explained by the same intuition as in the previous cases. This is because
this terminal, despite being initially operated in inverter mode of operation, has a
positive value of marginal dc loss ratio. This means that further increment in dec-
to-ac power transfer at terminal-3 leads to a reduction in aggregate dc line losses.
This phenomenon can also be corroborated by looking at the simulation results
in Table 3.20, where a change of P& = —50MW resulted in a total change in dc
line losses of —0.066 MW. This corresponds to marginal dc loss ratio of Yparg3 =
—0.066/ — 50 = 0.00132 - which in turn is close to the one shown in Table 3.24
(third row,third column). This may look counter intuitive since we might expect an
increase in dc losses with further increment of the de-to-ac power flow at terminal-3.
The explanation for this is as follows. When terminal-3 draws more power from
the dc grid, the de-bus voltages at various terminals decrease and as a result each
of the converters equipped with dc voltage droop controllers (i.e. terminals 1, 2,
4 and 5) responds by providing a net positive increment in power flow into the dec
grid. For terminals 1, 2 and 4 this is achieved by increasing their ac-to-dc power
flow further. Terminal-5, however, responds by decreasing its dc-to-ac power flow
so that the net change in power flow for this terminal becomes a positive power
flow from AC-to-DC. By freeing up some of the dc-to-ac power flow at terminal-5,
considerable amount of dc line losses are reduced (i.e. a reduction of 0.0732 MW
of dc losses for each 1 MW given up by terminal-5). Hence, when terminal-3 takes
away more power from the dc grid, the resulting total dc loss increment due to larger
power flow at terminals 1, 2, 3 and 4 is exceeded by the total dc loss decrement due
to the power given up by terminal-5.

The sensitivity relationship derived can be expanded so as to include changes in dc
voltage references, in which case we re-write (3.35) as

AP, = AP, — diag (Rpc) (AU — AU¥)

(3.52)
= AP + diag (Rpc) AU* — diag (Rpc) AU
Substituting (3.30) into (3.52) we get

From (3.53), sensitivity relationship between dc-bus voltage vector (AU) and the
dc voltage reference vector (AU*) is expressed as

AU = (Jp¢ + diag (Rpe)) ' diag (Rpe) AU* (3.54)

85



Similarly, sensitivity of nodal power injections with respect to dc voltage references
is expressed by

AP = JpcAU = Jpe(Ipe + diag (Rpe)) ' diag (Rpe) AU*

B (3.55)
= Bdiag (Rpc) AU*
An expanded form of (3.55) is
APy Ny o-o Nyo--o Ny AUT
APi | =| Nu -+ Ny -+ Npy AU (3.56)
APcn an e Nm e Nnn AU;
N

The total dc line losses due to all changes in dc voltage references is given by

APDC’—losses = Z APCZ = Z Z NZJAU; = Z (AUJ* Z Nz]) (357)

i=1 j=1i=1 j=1 i=1
Now let us consider the case where all the dc voltage references are increased by the
same amount AU;* = AU, j € { 1 -+ n } The corresponding increase in total
dc line losses becomes

n

AP)DC'flosses = Z (AU; aNu)

Jj=1

(3.58)

Hence the change in aggregate dc line losses due to a unit increment in dc voltage
reference of all VSC-HVDC terminals is expressed as

APDC'flosses _ " u
—aor =2 (3.59)

In the five-terminal dc grid example case, substitution of the relevant parameters
into (3.55) gives

36.6106 —14.5315 00.0000 —11.7339 —09.9550
—14.5479  32.5745  00.0000 —09.5542 —08.1058

N= 00.0000  00.0000  00.0000  00.0000  00.0000
—11.6569 —09.4808 00.0000  33.0400 —11.7376
—09.5987 —07.8069  00.0000 —11.3922  27.7630

MW

w (3.60)
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The sum of all elements of the matrix N in (3.60), gives —0.1131 MW/kV which
means the total dc grid losses will decrease by —0.1131 MW if all the dc voltage
references are increased by 1kV. To compare this prediction with simulation result,
a change of 1kV was applied to all VSC-HVDC terminals of Fig. 3.8 with the initial
condition stated by Table 3.19. The resulting changes in dc voltage and power
injections are shown in Table 3.25.

Table 3.25: Impact of increasing nominal dc voltage by 1kV

Terminal Initial Final Change
No. UkV) P.MW)| UKkV) P.(MW)|[AUKkV) AP.(MW)
1 399.550  600.000 | 400.545 600.253 0.871 0.253
2 400.000  535.928 | 400.995 536.183 0.828 0.255
3 396.613  -750.00 | 397.615 -750.00 0.872 0.000
4 396.928  550.005 | 397.928 550.014 0.903 0.009
5 385.247  -900.00 | 386.269 -900.651 | 0.972 -0.651

From Table 3.25 the change in total dc line losses is i AP,; = —0.134 MW, which
=1
is in good agreement with the estimated value of —0.1131 MW obtained from (3.58).

3.3.3 Effect of Scaling the DC Droop Constant

In chapter 2 it was discussed that the dc droop constant ppe and dec voltage response
Rpc are inversely related. Hence here we will simply look at the impact of scaling
up/down Rpe on the primary balancing power distribution. In order to do so let us
see how the matrix B changes with changing the vector Rpe. Let R°pe represent
the original dc voltage response vector. Consider a scaling factor m such that a new
dc voltage response R/ p¢ is given by

R’ =mR° (3.61)

The new aggregate dc voltage response Rpc ., becomes

5 5
IDC,agg = ZmRoDC = mZ RODC = ODC,agg (362)
i=1 i=1

From equation (3.61) and the definition of B in (3.55), we get

1

B” = (I+diag(R*) Jpc ') (3.63)
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-1

B' = (I+ diag(R°) Jpc'm) (3.64)
where I is identity matrix. Equation (3.64) shows that the scaling factor m de-
termines the impact of the dc line resistances on the sensitivity of nodal power
injection to corresponding power references. At the same time, the analytical esti-
mation based on the ideal dc grid model does not reveal any difference by changing
the scaling factor m. This is evident from comparison of A° and A’ as

- o o o
1— mBpH ey __mRpe _ _mBpo
0 o 0
mRDC,a.qg mRDC-,a.q.q mRDC,a.qg
0 o o
A= | e 1 — bos — Mboi | _ A° (3.65)
mRY, mRY mR9 .
DC\agg DC\agg DC,agg
0 o 0
_ _mBhe, _ _mRpe, 1— mBY e,
o o o
mRDO,agg mRDC,agg mRDC,agg i

In Table 3.26 the changes in nodal powers are shown for AP* [ 0 0 250 0 O ]/

and for different values of m.

Table 3.26: Influence of the dc droop scaling factor on balancing power distribution

AP, (MW)
Estimated by ideal Simulation results
Terminal model (3.24) (of Fig. 3.8)
No. For all m m=05] m=11] m=2
1 -61.644 -69.622 | -73.979 | -78.213
2 -54.795 -63.474 | -68.444 | -73.792
3 250.000 250.000 | 250.000 | 250.000
4 -51.370 -55.644 | -58.614 | -62.638
5 -82.192 -60.695 | -48.442 | -34.873

The simulation results shown in Table 3.26 reveal that as scaling factor m increases,
the primary control response of the system deviates further from the estimation by
the ideal dc grid modeling approach. The conclusion is that larger values of m (and
hence lower values of dc voltage droop constants) tend to amplify the impact of de
grid topology on primary control response of the dc grid. If the dc droop constants
are too small, the dc voltage response of the grid becomes too sensitive to the grid
topology and if the droop constants are too large the dc voltage response becomes
less affected by the dc grid topology. Large dc voltage droop constants, however,
require larger range of operating dc voltage and hence can reduce the maximum
power transfer capacity of converters at low dc voltage levels (due to maximum
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direct current limitations). Hence selection of the appropriate de droop constants
becomes an optimization problem between these two constraints.

3.4 Thevenin Equivalent Circuit Approach for Studying Steady-
state Interaction of MTDC

3.4.1 Propagation of AU in a Radial DC Network

In the previous section the steady-state interactions between various terminals of
MTDC grid have been studied based on analytical approach (i.e. linearization of
the load flow equations). Here we will discuss an alternative proposed approach to
study the steady-state interactions based on Thevenin equivalent modeling of indi-
vidual VSC-HVDC terminals. The proposed approach enables to model an MTDC
transmission system with relatively simple resistive network (without including con-
trollers and the detailed model of VSC). From the model the steady-state interaction
of the dc grid can be studied by observing the effects of injecting currents at various
nodes of the dc network.

In order to get an intuitive understanding of the impact of dc line voltage drops on
dc voltage droop control, let us consider the three-terminal dc grid shown in Fig.
3.12. ri3 and re3 are dc line resistances and AU;, AU,, and AU; are changes in

[](,+AU1 T12 U0+AU2 Tog Uo‘/’AUS

Aigt+ig Aiy
(1) TAPI > YN Q ..,

V' J V'

AP~U, (NiytAiy)

Figure 3.12: A radial three-terminal VSC-HVDC system

terminal (dc-bus) voltages due to power injection AP, at de-bus 1. In order to
inject the power AP,;, the voltage at bus-1 must be raised from U, to U, + AUj.
Due to the line resistances, however, the resulting changes in voltage at terminal-2

89



and terminal-3 will be smaller:

AUQ = AUl - (AZQ -+ AZ3) T12
(3.66)
AUy, = AU, — (AZQ + Alg) T12 — (AZQ) 723

From (3.66) it can be seen that as the location of dc voltage measurement gets
further away from de-bus 1 (i.e. from the location where the change in power
flow has initially occurred), the observed change in dc voltage decreases. Hence for
example if terminals-2 and 3 have equal power ratings and equal dc droop constants,
terminal-2 will be forced to contribute a slightly larger share of the balancing power.

3.4.2 Dynamic Output Impedance of VSC-HVDC Terminals

Depending on the employed control schemes, VSC-HVDC terminals exhibit differ-
ent dynamic output impedances. Dynamic output impedance R, is an important
element in modeling small-signal equivalent circuit of the dc grid including the con-
verter terminals. Dynamic output impedance of a VSC-HVDC terminal is defined
as

R, — AU _ _AU_
0= Alpc  AP.JU

U AUJU
=UpN (APC/sz) (3.67)

U2

~ N — Un
~ PDCF.y

Rpc

where Uy and P,y refer to rated dc voltage and rated power capacity of the con-
verter station. From (3.67), it can be seen that the dynamic output impedance of a
converter station increases with decreasing power rating (FP.y) and with increasing
dc droop constant (ppc). A constant power terminal has a droop constant of oo,
the corresponding dynamic output impedance is co (an open circuit). Likewise a
terminal with constant dc voltage control has dc droop constant of zero, resulting
in dynamic output impedance of 0 (a short circuit). In Fig. 3.13 representations of
dynamic output impedances of converters in different control modes are shown.

3.4.3 Mutual Impedances and Propagation of AU

The three-terminal VSC-HVDC transmission shown in Fig. 3.12 can be represented
by the small-signal model shown in Fig. 3.14. R, and R,3 represent the dynamic out-
put impedances of the converters at terminal-2 and terminal-3 respectively. Changes
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Figure 3.13: Dynamic output resistances of VSC-HVDC with: (a) droop controller
(b) constant power controller (c¢) de voltage regulator

AU, T1g AUz Tos AUs

MY ? A
o (2] o

Figure 3.14: Small-signal equivalent circuit of the three-terminal VSC-HVDC in Fig.
3.12

in voltage at dec-bus 2 and 3 are computed as

— (Ro3+ra3)Roy
AUQ T Roa+Ro3+r23

(3.68)
AU3 _ Ro2Ro3 I

T Roa+Ro3+723

The ratio of AU; to Al represents the mutual impedance between bus-2 and bus-1.
Similarly the mutual impedance between bus-3 and bus-1 is given as the ratio of
AUj; to Al;. The mutual impedance relationships are given by (3.69).

Ro3+723)R
Z122221:M

Roo+Roz+ras
(3.69)
_ _ Ro2 Ry
213 = 231 = Ry 3 hugtras
In general, the mutual impedance between two nodes i and j is given by
U.
Zij=Zj = [J (3.70)
J
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where I; is current injected at node j and Uj is the voltage observed at node ¢ due to
the current injection at node j. The voltage at node 5 due to the current injection
[j is

U, = 2,1, (3.71)
where Z;; is self impedance at node j. Hence from (3.70) and (3.71), we get
Zij
U= (3.72)

J

Equation (3.72) shows that larger mutual impedances imply stronger propagations
of changes in voltage from one side to the other. In the case of multi-terminal
VSC-HVDC, this implies that VSC-HVDC terminals which have larger mutual
impedances with respect to the location of power deficit/ surplus will contribute
larger shares of balancing power in per-unit. In the case of simple, small circuits
(for example as in the case of Fig. 3.12) mutual impedances can be found analyti-
cally without much difficulty. In the case of larger and complex networks however,
it will be a very tedious task to compute the mutual impedances analytically. A
suitable alternative is to use current injection method, where a dc current of known
magnitude is injected at the desired node and the resulting nodal voltages are ob-
served. From the nodal voltages and the injected current, the mutual impedances
are computed by (3.70). A schematic of this procedure is shown in Fig. 3.15. The

'f'] Za,] :ljl/lu
U, | Resistive U;

t k ¢ Zaz:a
I i networ % T, /]H
U,

7 i Z=UY

Figure 3.15: Computing mutual impedances by current injection method

small-signal equivalent circuit of the five-terminal VSC-HVDC (shown in Fig. 3.2) is
given by Fig. 3.16. To compute the mutual impedance between terminal-3 and the
other nodes, a current injection of Al = Aggg = 1758 = —0.125kA is put in place of
the dynamic output impedance R,3. (This current is chosen deliberately to compare
the resulting changes in dc-bus voltages with the observed ones from the detailed
simulation in Table 3.20) The resulting nodal voltages are shown in the same figure.

The mutual impedances are listed in Table 3.27. The changes in nodal power, after
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= —0.125kA

Figure 3.16: Mutual impedance between node-3 and other nodes

Table 3.27: Mutual impedances and primary balancing power distribution
Mutual AU AP, AP,
Impedance () | (kV) | (MW) (pu)
Zs33 = 3.2456 | -0.409 | -50.000 | -0.0500
Z3o =2.1944 | -0.274 | 13.716 | 0.01715
Z31 =2.1088 | -0.263 | 14.813 | 0.01647
Zs3y = 2.0056 |-0.251| 11.736 | 0.01565
Zss = 1.0352 | -0.129 | 9.664 | 0.00806

applying AP%5 = —50 MW, are also included (see Table 3.20). From Table 3.27 it
is evident that the largest mutual impedance is between nodes 3 and 2 and hence
terminal-2 contributed the largest amount of balancing power in per-unit. Similarly
the smallest mutual impedance occurs between nodes 3 and 5 and this corresponds
to the least per-unit contribution of balancing power as can be seen on the right
column of the table. From the simulation results of the Thevenin equivalent dc
grid modeling, it can be seen that the changes in dc-bus voltages match very well
with the corresponding changes in dc-bus voltages observed from the dc grid model

containing full VSC models.

The conclusion is that the knowledge of mutual impedances between different nodes
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enables us to know which of the converters will respond strongly to power flow
changes at a specific node in the dc grid.

3.5 Steady-state AC/DC Interactions in Primary Control

In section 2.6 we have seen that VSC-HVDC can be used to enhance the frequency
response of ac grids. Since a VSC-HVDC terminal has the possibility of responding
to dc voltage variations (by means of dc voltage droop control) and/or to frequency
variations (by means of frequency droop control) the load-frequency interaction in
one ac grid will affect other asynchronous ac grids connected to a common MTDC
grid. In this section we will try to quantify the steady-state load-frequency inter-
action in the presence of MTDC interconnection. We will first analyze an intercon-
nection where each VSC-HVDC terminal is connected to a unique ac grid and later
on we will proceed to a general ac/dc interconnection topology where some of the
VSC-HVDC terminals may be connected to the same ac grid.

In Fig. 3.17 an n-terminal dc network is connected to n-number of separate ac grids.

The variables in Fig. 3.17 are defined in Table 3.28.

Table 3.28: Description of the variables shown in Fig. 3.17

Variable | Description Unit

Py Total generation capacity of ac grid | MW

R, Frequency response of ac grid MW /Hz

P, Total generated power MW

Py Total load power MW

f Grid frequency Hz

P! Ac to dc power flow via converter | MW
(measured from ac side)

P. ac to dc power flow via converter MW
(measured from dc side)

P.y Power capacity of converter station | MW

Rpe Dc voltage response of converter MW /kV

Ry Frequency response of converter MW /kV

U Dc-bus voltage kV

From Fig. 3.17, the power balance relationship in ac grid 7 is given by

AP, = APy + AP, (3.73)

where P, and Pp; refer to total generated power and total load in ac grid-i. In
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Figure 3.17: Ac/dc connection topology with each converter connected to a separate
ac grid represented by a synchronous generator and a load

matrix/vector form (3.73) becomes.

AP, = AP, + AP/, (3.74)
Frequency droop relationship of ac grid i is described as
AP, = AP," — AR, Af; (3.75)
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where P;* and Ry, refer to generation reference and frequency response constant of
the aggregated ac grid-i. In matrix form (3.75) becomes

AP, = AP, — diag (R,) Af (3.76)
where diag is matrix operator which converts a vector into a diagonal matrix.
The converter power input-output relationship for terminal-i is
AP, = AP, (3.77)
where 7; is the (marginal) power conversion factor (compare with (3.7) in chapter
2). If the converter is in inverter mode of operation, marginal power conversion
efficiency will be equal to 7;. On the other hand if the converter is in rectifier mode

of operation, marginal power conversion efficiency will be equal to 1/n;. In matrix
form (3.77) is re-written as

AP’ = diag (n) AP, (3.78)

The steady-state expression of power flow control in converter-i is expressed as in
(3.79). This assumes that the power measurement signal in the controller is taken
from the dc-bus side. (See Fig. 3.6 for further details).

AP, = AP;" + RyAf; — RpeiAU; (3.79)

In matrix form (3.79) is rewritten as (3.80 fro further explanations).
AP, = AP/ + diag (Ry) Af — diag (Rpc) AU (3.80)
Linearized power flow in the dc grid is expressed as follows (refer to section 3.3.2):
AP, = JpcAU (3.81)

From (3.81), the small-signal dc voltage vector (AU) is expressed as
AU = Jpo AP, (3.82)

Substituting (3.82) into (3.80) gives

AP, = (1+ diag (Rpc) Ipe™")  (AP.* + diag (Ry) Af) (3.83)

B

There are two alternative approaches to compute the sensitivity matrix relating the
vectors AP,*, AP." and AP/, to the vectors AP, AP, and Af.
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Approach 1:
Express AP,*, AP.* and APy in terms of the vectors APy, AP, and Af
From (3.76) vector AP,* (power generation reference vector) is given as

AP, = AP, + diag (R,) Af }

= AP, + 0AP,. + diag (R,) Af
From (3.83) vector AP.* (converter power reference vector) is given as

AP,* = B-IAP, — diag (R;) Af }

= 0AP, + B 'AP,. — diag (R;) Af

(3.84)

(3.85)

From equations (3.74) and (3.78) vector AP, (load power vector) is expressed as

AP, = AP, — AP/, }

= AP, — diag () AP, + 0Af
From (3.84), (3.85) and (3.86), we get

AP,* = AP, + 0AP, + diag (R,) Af
AP, = 0AP, + B-'AP, — diag (Ry) Af

AP, = AP, — diag (n) AP. 4+ 0Af
Equation (3.87) is rewritten as (3.88).

AP, 1 0 —diag (R,) AP,
AP, | =10 B! —diag (Ry) AP,
AP I —diag(n) 0 Af
From equation (3.88) we get
AP, Ses Sge Syr AP/
AP. | =| S, Se S AP
Af Srs Sy Sy APy,
S
where the matrix S is given by
S,s Sec S,r I 0 —diag (R,) ]
S = ch S.. Scr =10 B! —diag (Rf)
Stg Spe SyL I —diag(n) 0

(3.86)

(3.87)

(3.88)

(3.89)

(3.90)



The sub-matrix elements of S describe sensitivity matrices of output vectors (AP,
AP, and Af) with respect to the different inputs (AP,*, AP." and AP). For
example the sub matrix Sy, shows sensitivity of frequency vector (Af) with respect
to load vector (APy).

Approach 2:
Express AP,, AP, and Af in terms of the vectors AP,*, AP.* and APy,
Substituting (3.76), (3.78) and (3.83) into (3.74) gives

Af = (diag (R,) + diag (n) Bdiag (R;)) ™" {AP,* — diag (7) BAP.* — AP}
D

= DAP," — Ddiag (7)) BAP,” — DAP,,

(3.91)
Substituting (3.91) into (3.83) we get
AP, = Bdiag (R;) DAP,” + B (I — diag (R;) Ddiag () B) AP.* (3.92)
—Bdlag (Rf) DAPL ’
Substituting (3.92) into (3.86) results in
AP, = (I — diag (n) Bdiag (Ry) D) AP, + diag (n) Bdiag (Ry) DAP/* (3.93)
+diag (n) B (I — diag (Ry) Ddiag (n) B) AP." ’

From equations (3.91), (3.92) and (3.93) we can find the sensitivity matrix S, as
the sub-matrices are readily available from theses equations. The load-frequency
relation is given by

AP = — (diag (R,) + diag (n) Bdiag (Ry)) Af (3.94)
If the converter losses are ignored, the load-frequency relationship becomes
AP, = — (diag (R,) + Bdiag (Ry)) Af (3.95)

where B = Jpo(Jpe + diag (Rpe)) ™. From (3.95), the frequency vs load sensitiv-
ity matrix (S;.) becomes

Ss. = —(diag (R,) + Bdiag (R;)) ™" (3.96)

The first approach of computing S is less cumbersome than the second one. The
second approach, however, gives analytical expression for each sub-matrix elements
of S thereby enabling us to the effects of individual input parameter vectors on out
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vectors.

The steady-state ac/dc analysis above has been done based on the assumption that
each VSC-HVDC terminal is connected to a unique ac grid. In general, however,
two or more terminals of an MTDC can possibly be connected to a common ac
grid system. Because of this, the steady-state ac/dc interaction expressions derived
above will not be applicable to all ac/dc interconnection topologies. Therefore, we
will attempt to re-do the ac/dc analysis based on a generalized ac/dc interconnection
shown in Fig. 3.18, where one ac grid may be connected to multiple VSC-HVDC
stations of a MTDC. In Fig. 3.18 f; refers to frequency of ac grid-i (as measured from
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/
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Pyn1 [ \/\

R, h d Ui
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Pry = \/\ @—E!:l
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DC grid

P/

Pr; H:%f; \/\ N

Figure 3.18: Generalized ac/dc connection topology
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‘erid perspective’) while [ refers to frequency measured at dc terminal-j, with the
prime superscript () indicating that this frequency is from ‘converter perspective’.
By doing so we get a unique frequency variable for each converter station including
those which are connected to the same ac grid. For example dc terminals 1 and x
have separate frequency measurements f{ and f/ while both of them are connected
to ac grid-1, which in turn has grid frequency of f;. At steady-state all these three
frequency variables are expected to be equal (i.e. fi = f. = f1). Moreover a new
power variable (i.e. P,;) is introduced for each ac grid to represent the total (net)
power flow from ac grid to MTDC via all the VSC-HVDC stations interconnecting
the two (ac grid and dc grid).
Now let us define M as a connection matrix between ac grids and VSC-HVDC
terminals of the dc grid. (This type of matrix is more commonly termed as incidence
matrix). The matrix element of M at position (¢, j) will be assigned 1 if dc terminal-
j is connected to ac grid-i and 0 if they are not directly connected. A careful
observation of the relationship between P, and P/, reveals that the two are related
by

AP, = MAP’, (3.97)
Similarly, f and f’ are related by

Af = MTAf (3.98)

The superscript ‘77 in (3.98) refers to matrix transposition operator. With the
generalized ac/dc connection topology, ac grid power flow balance equation (3.73)

is modified as
AP, = AP, + AP, (3.99)

Replacing (3.97) and (3.78) into (3.99) we find
AP, = AP + Mdiag (n) AP, (3.100)

Similarly converter power flow equation (3.83) is modified for the generalized ac/dc
connection topology as

AP, = B (AP, + diag (Ry) Af') (3.101)
Substituting (3.98) into (3.101) we get
AP, =B (APC* + diag (Ry) MTAf) (3.102)
From (3.76), (3.100) and (3.102) we find
AP, I 0 —diag(R,) 1 ' AP,
AP, |=]0 B —diag(R;)M” AP, (3.103)
Af I —Mdiag(n) 0 APy,
s
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The connection matrix of ac/dc system shown in Fig. 3.17 is always an identity
matrix. Hence substituting I in place of M in (3.103) results in the same form of
expression of S as (3.89).
If we want to look only at load-frequency relationship, we can compute analytical
expression by combining (3.76), (3.78) and (3.83). The resulting expression is given
by

Af = — (diag (R,) + Mdiag () Bdiag (R;) M") ' AP, (3.104)

SfL

If the converter losses are neglected, (3.104) becomes simplified as

Af = —(diag (R,) + MBdiag (R,)M") ' AP, (3.105)

SfL

The other sub-matrices of S can be computed in a similar manner.

Now let us consider the MTDC model shown in Fig. 3.19. The initial steady-state
of the ac grids and the MTDC are given by Table 3.29 and Table 3.30 respectively.

Table 3.29: Initial steady-states and parameters of the ac grids in Fig. 3.19

[ACgridNo. 1 |2 3[4 |
P, (MW) 4645 | 3254 | 4554 | 2108
Py (MW) 3503 | 4000 | 4000 | 3002
Py (MW) 1142 | -746 | 554 | -894
J (Hz) 50 [50 |50 |50
Py (MW) [ 7000 | 6000 | 8000 | 4000
Ry (MW /Hz) || 2800 | 2400 | 3200 | 1600

For all ac grids: fy = 50Hz and Vi1, gatea = 240kV

The incidence (connection) matrix, M, for the MTDC in Fig. 3.19 is given by (3.106).

11000
00100

M=|00010 (3.106)
0000 1

Matrix B for the MTDC in Fig. 3.19 has already been computed in (3.43). R,, Rpe,
and Ry, can be obtained from Table 3.29 and Table 3.30. Hence, after substituting
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Pyna = 4000 MW
Rys = 1600 MW /kH >~

\/\ P.ys = 1200 MW
_ Rpes = 0 MW/kV
Rys = 480 MW /kHz

Un =400kV

Pyt = 900 MW
Rper = 45 MW/kV
Ry =360 MW /kHz

Peyg =750 MW
Rpca =315 MW/EV

Rgy = 300 MW /kH >
P,n1 = 7000 MW = J\

Ry = 2800 MW /kHz — C
Pyn3 = 8000 MW
Rys = 3200 MW /kH
112=80 km lyy=160km % /RH=
Pyny = 6000 MV

Ryy = 2400 MW /kH >

123:1 60km

Puna = 800 MW Peng = 1000 MW
Rpeo = 40 MW/kV Rpes = 0 MW/EV
Ry = 320 MW/kH > Ryg = 400 MW /kH

Figure 3.19: MTDC scenario with multiple VSC-HVDC connection to an ac grid

Table 3.30: Initial steady-states and parameters of the VSC-HVDC terminals in

Fig. 3.19
‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘

U (kV) 399.550 | 400.000 | 396.613 | 396.928 | 385.247
P.(MW) 600.000 | 535.928 | -750.00 | 550.005 | -900.00
n 1.00557 | 1.00510 | 0.99333 | 1.00545 | -0.99333

P.ny (MW) 900 800 1000 750 1200

Rpe (MW /KV) 45 40 0 37.5 0
R; (MW /Hz) 360 320 400 300 480

the relevant parameters into (3.104), the load-frequency sensitivity matrix (S;z) of
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the MTDC in Fig. 3.19 becomes as

Af
Afa
Afs
Afs

—0.3356 —0.0345 —0.0188 —0.0539 AP,
0% | 00000 —03574 0.0000 0.0000 | Hz | AP
—0.0187 —0.0153 —0.2963 —0.0309 | MW | APy
0.0000  0.0000  0.0000 —0.4814 AP,
Sy
(3.107)

Now let us consider a load increment of 200 MW in ac grid 4 (i.e. AP, = [0 0 0 200]").
From (3.107) estimated changes in frequencies are given by

N T T
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Figure 3.20: Ac/dc responses to load insertion of 200 MW in ac grid-4
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Afi -10.77
A 00.00
A;z = | _pg1s |mHz (3.108)

Afy —96.28

Time simulation of load insertion of 200 MW in the ac grid-4 of the MTDC model
gives the results shown in Fig. 3.20, Table 3.31 and Table 3.32.

Table 3.31: Simulation results: steady-state power flow changes and frequencies in
the ac grids

[ACgridNo. [1 |2 [3 [4 |
AP,(MW) [30 [0 [20 [154
AP, (MW) [0 0 [0 [200
AP, (MW) [[30 [0 [20 |-46
Af(mHz) | -10.3]0.0 [-6.0 | -96.3

Table 3.32: Simulation results: steady-state dc voltage changes and power flows of

the VSC-HVDC terminals
Terminal No. ‘ 1 2 3 4 5

AU (kV) -0.4486 | -0.4234 | -0.4861 | -0.5715 | -1.2083
AP.(MW) 16.5 13.6 0.0 19.6 -46.2

The observed changes in frequencies from the simulation results match accurately
the frequency changes estimated by the proposed analytical expression of (3.104).
The power injection at terminal-3 did not show any variation because this terminal
has zero dc voltage constant. For the same reason, ac grid-2 did not show any
frequency variation in response to the load increment in ac grid-4.

3.6 Secondary Control of MTDC

In the previous section primary control of MTDC transmission system was discussed.
Here a proposed secondary control method for MTDC transmission systems will be
discussed. Traditionally secondary control in ac systems is used to restore system
frequency and to eliminate tie-line control error. Area control error refers to the
deviation of power flow in a specific tie-line from the one given by the scheduled
interchange between a control area and its neighbors. A control area is the area over
which a TSO has jurisdiction over the balancing power of generation and demand.
One or more generation units may participate in the secondary control action based
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on a selected set of constant factors called participation factors. The schematic
of secondary control in ac grid is shown in Fig. 3.21. In Fig. 3.21 AP, .o, refers

Area control error

Frequency

uer Frequency bias
deviation

Af
APy,
AR‘N’ k
Tie-line power o= 1

flow deviation

Figure 3.21: Secondary control in ac system

to the incremental power to be compensated by the generation units participating
in secondary control. Given the frequency deviation (Af), the area control error
(APy.) and the aggregate frequency response of the ac grid (R q44), the total power
compensation demand (AP, .omp) can be computed as shown in the figure. Once the
total power compensation demand is known, incremental power references will be

generated using a set of participation factors («’s) and sent to participant generation
k

units. The sum total of all participation factors gives 1 (> a; = 1).
=1

Secondary control in dc grid can be performed in a more or less similar manner

as that of secondary control in ac grid. The secondary control action in ac grid
frees up some of the spinning reserves already activated due to primary frequency
response. Likewise secondary control of MTDC will have the purpose of freeing
up some converter units already activated by dc-bus voltage deviation from the
initial set points attained by precise power flow control method. (See section 3.2 for
further details). Secondary control of MTDC will resemble the tie-line control part
of secondary control in ac systems. It should be reminded that due to line resistances
dc-bus voltage measured variation at one dc-bus will not be sufficient to determine
aggregate power control error in MTDC (a dc grid equivalent of Area Control Error
in ac grid). Moreover, due to the influence of dc line resistances, a reduced form
of the matrix-B will be needed to compute appropriate power references to the
participant VSC-HVDC terminals. Block diagram of secondary control in MTDC
is shown in Fig. 3.22.

In Fig. 3.22 APpe comp refers to the total power compensation demand (or aggregate
power control error) in the MTDC where as AP, compr refers to the power compensa-
tion assigned to converter-k. Like in secondary control of ac systems, participation

105
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Figure 3.22: Secondary control in MTDC

factors are used here as well in a similar manner to compute power compensation
assignments. The actual change in power reference to be used (AF;,,.) is computed
using the reduced-B matrix and the power compensation vector (AP omp). The
reduced-B matrix (B,¢q) is a square matrix obtained from the full B matrix (refer
to equation (3.38)) by selecting the rows and columns which correspond to the VSC-
HVDC terminals which participate in the secondary control. Let the expanded form
of the matrix B be written as

[ bll R blz A bly e bln

bt oo bgr oo by oo by
B=1Jpc(Ipc+diagRpe)) " =| ¢ . 1 .o (3.109)

byt oo by o by oer by

IR T S W

If for example only terminals x and y are to participate in the secondary control,the
reduced-B matrix becomes

B = [ bac bay } (3.110)

bym byy

The appropriate power reference vector used in the secondary control (i.e. AP, s.*))
is computed by (3.111)

APc,sec* = Bred_laAPDC,comp (3111)

where « is the participation factor vector and APpc com, is the total power to be
compensated in the MTDC.
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The steady-state power flow deviations in MTDC are originally caused by either
uncontrolled events such as outage of a converter station or by operator actions
such as changing of power reference at a terminal to increase/decrease the power
injection (this can be considered as dc grid load changes). The simulated case of
power injection change at terminal-3 of the five-terminal MTDC (in Fig. 3.8 in
section 3.3.2) can be an illustrative example of an event which results in steady-
state power flow deviations. It was observed that when terminal-3 power injection
was changed from —750 MW to —800 MW, all the other terminals (i.e. 1,2,4,5)
responded by marginally increasing their respective power injections into the dc
grid. This corresponds to an added 50 MW power demand in the MTDC. The
resulting power flow after the action of primary control is in Table 3.33. (This is
comes from simulation results discussed in section 3.3.2).

Table 3.33: Nodal power injection after primary control response to updated sched-
uled injection change (AP; = —50 MW)

Terminal No. 1 2 3 4 5
AP.(MW) 14.82 | 13.72 | -50.00 | 11.74 | 9.67

For the sake of convenience, the B matrix of the MTDC under consideration is
re-written in (3.112). This was computed in equation (3.43).

0.6509 —0.2906 —0.2963 —0.2503 —0.1327
—0.2586 0.6515 —0.2743 —0.2038 —0.1081

B = 0.0000  0.0000  1.0000  0.0000  0.0000 (3.112)
—-0.2072 —0.1896 —0.2347  0.7049 —0.1565
—0.1706 —0.1561 —0.1933 —0.2430  0.3702

Equation (3.112) will be used to determine the reduced-B matrix (B,.q). Now let
us try to employ secondary control in such a way that power flow will be restored
to original levels for some of the converter stations. We will consider two different
cases of secondary control settings.

Case 1: Only terminal-1 is used in secondary control

Here the objective is to restore power injections of terminals 2, 4 and 5 (i.e. the ter-
minals which participated in primary control) to their initial levels at the expense of
further increment of power injection by terminal-1. The reduced-B matrix becomes

B,.q = 0.6509 (3.113)
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From Table 3.33 we can see that terminal-2,4 and 5 have contributed 13.72 MW,
11.74 MW and 9.67 MW of balancing power during primary control action. Hence
the power compensation demand is given by

APpeeomp = > (13.72 + 11.74 + 9.66) = 35.13 MW (3.114)

Since there is only one converter used for secondary control, the only available par-
ticipation factor () becomes 1. The required power reference change for terminal-1
is computed as

AP, =0.65097" x 1 x 35.13 = 53.97MW (3.115)

c,sec

When the calculated secondary control reference signal is applied to terminal-1, the
MTDC time-response looks like as in Fig. 3.23 and Table 3.34.
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Figure 3.23: MTDC primary and secondary control responses: case 1

The changes in nodal power injection from the initial steady-state levels are shown
in Fig. 3.24.
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Table 3.34: Steady-state dc-bus voltage and nodal power injections: case 1

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
Initial U (kV) |399.550 | 400.000 | 396.613 | 396.928 | 385.247
steady-state P.(MW) | 600.0 535.9 | -750.0 550.0 | -900.0
After primary U (kV) |399.287 | 399.726 | 396.204 | 396.667 | 385.118
control action | P.(MW) | 614.8 549.7 | -800.0 | 561.7 | -890.3
After secondary | U (kV) | 399.621 | 400.046 | 396.486 | 396.915 | 385.241
control action | P.(MW) | 649.9 535.7 -800 550.6 | -899.5
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Figure 3.24: Changes in nodal power injections during primary and secondary con-
trol: case 1

Case 2: Terminals 1 and 2 are used in secondary control

Here the objective is to restore power injections of terminals 4 and 5 initial levels
at the expense of further increment of power injection by terminals 1 and 2. The
reduced-B matrix becomes

0.6509  —0.2906

Brea=1 _(9586 0.6515

(3.116)

Terminals 4 and 5 have contributed 11.74 MW and 9.67 MW of balancing power
during primary control action. Hence APpc comp is computed as

APpceomp = Y, (11.74 + 9.67) = 21.41 MW (3.117)
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Let us consider that both terminal-1 and 2 are intended to equally participate in
the secondary control. Hence the resulting participation factor vector is

a= { g; ] - { 8:? ] (3.118)

Substituting the relevant variables and parameters into (3.111), the secondary con-
trol references become as given by

~1
AP.cci* | | 0.6509 —0.2906 0.5 [ 289
[ AP, qecs” } - [ _0.2586  0.6515 } { 0.5 } 214l = { 279 } MW (3.119)

When the secondary control references computed in (3.119) are applied to the
MTDC, the primary-secondary MTDC control response becomes as shown in Fig.
3.25 and Table 3.35.
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Figure 3.25: MTDC primary and secondary control responses: case 2

The changes in nodal power injection from the initial steady-state levels are shown
in Fig. 3.26.
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Table 3.35: Steady-state dc-bus voltage and nodal power injections: case 2

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
Initial U (kV) |399.550 | 400.000 | 396.613 | 396.928 | 385.247
steady-state P.(MW) | 600.0 535.9 | -750.0 550.0 | -900.0
After primary U (kV) |399.287 | 399.726 | 396.204 | 396.667 | 385.118
control action | P.(MW) | 614.8 549.7 | -800.0 | 561.7 | -890.3
After secondary | U (kV) | 399.610 | 400.069 | 396.507 | 396.918 | 385.242
control action | P.(MW) | 625.5 560.3 -800 550.5 | -899.6
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Figure 3.26: Changes in nodal power injections during primary and secondary con-
trol: case 2

In the simulation results of both case-1 and case-2 scenarios of secondary control,
nodal power injections have been restored at the desired converters.

Secondary control of MTDC may be integrated with secondary control of ac grids,
given that both the MTDC and ac grid are commanded by the same transmission
system operator (TSO) [44]. In such a case, the hierarchical control of integrated
ac/dc system may look like the schematic diagram of Fig. 3.27.

At the highest level of power flow control hierarchy, generation and transmission
scheduling in a deregulated power system is governed by power market (specifically
the day-ahead market). At this level of control, there is little distinction between ac
and dc transmissions. This means that spot electricity market coupled with power
flow constraints (in both ac and dc transmissions) will determine the settlement of
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Figure 3.27: Flow chart describing integrated primary, secondary and tertiary con-
trols of ac/dc grids

the final power flow schedule. Similarly, in tertiary control the original power flow

112



schedule will be modified based upon latest available data about the power system
including ac and dc transmission networks.

As one goes down the control hierarchy, the distinction between ac and dc grids
becomes larger. In ac grids power flow is controlled by adjusting references to
generating units whereas in dc grids power flow is controlled by adjusting references
to converter units. In conclusion, MTDC operation can easily be accommodated
with the already existing hierarchical control structure of ac grids with some re-
adjustment.

3.7 Chapter Summary

Secure operation of MTDC requires that some of the VSC-HVDC terminals be
configured as dc voltage droop mode. Precise power flow control in the dc grid is
achieved by taking into account the effects of the line resistances as well as converter
losses while determining the appropriate control reference values. Moreover, the line
resistances also affect the distribution pattern of primary balancing power among
converters in dc droop control mode.

Accurate analytical expressions for describing the steady-state power flow interac-
tions in MTDC have been derived. An equivalent-circuit based approach has been
proposed to study the impact of dc line resistance and grid topology on primary
response of MTDC to power imbalance. Moreover analytical expression for the
load-frequency response study of ac/dc systems has been proposed and verified with
simulation results of a test MTDC system. Simulation results of a new, proposed
secondary control in MTDC, based upon the proposed steady-state analysis, has
given satisfactory performances.
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4 STABILITY AND DYNAMICS OF MTDC SYS-
TEMS

This chapter deals with the stability aspects and the dynamics of MTDC systems. In
the first section of this chapter large-disturbance stability in MTDC will be studied.
In the second part of the chapter small-signal analysis of MTDC will be explored.

4.1 Large-disturbance Stability
4.1.1 P vs U Capability Diagram of VSC

In section 2.3 various control modes of VSC were discussed. It is necessary to keep in
mind that the operational characteristics of a VSC, as determined by the inner and
outer controllers discussed in section 2.3, will be valid only within a finite/limited
domain of operation. Operation of devices beyond the boundary of safe operation
will incur the risk of overvoltage and /or overcurrent conditions, thereby exposing the
device to damage or destruction. In this regard the components in VSC which are
most sensitive to overvoltage and overcurrent are the semiconductor switches. Hence
the current, voltage and power limits of the semiconductors will mainly determine
the operating limits for the whole VSC unit. The safe operating area of a typical
power electronic switch looks like the diagram in Fig. 4.1 [67]. The P vs U (or P

U
A

Region of Y -
safe P:Pmaz

operwti% Umaz
L,

0

Figure 4.1: Safe operating area of a power electronic switch

vs I) capability diagram defines the normal operating region of VSC where all the
operating limits of the converter are respected. Just like the individual electrical/
electronic components, the VSC (including both two level and multilevel types) will
have its own domain of normal operation. The domain of operation of a VSC is
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characterized by maximum power capacity, maximum dc voltage level, maximum
dc current and minimum dc voltage level. The first three constraints come from
the need for protection of the converter and dc lines from damage or destruction
under excess voltage and/or current levels. The fourth constraint (i.e. minimum de
voltage level) is inherent to the working principle of VSC itself. This is from the fact
that while keeping the ac voltage constant at its normal level it will not be possible
to discharge (or reduce the dc voltage level) of the VSC beyond a certain level of
dc voltage. This minimum dc voltage is approximately 1.28 times the line-to-line
ac voltage behind the ac filter and this is reached during square wave modulation
of the VSC [67]. In [69] the U vs I diagram of VSC has been described, though
some of the limits such as minimum possible dc voltage and maximum dc current
are missing.

The dc current limiter makes sure that the de-bus current is kept below the maximum
allowed all the time including during low dc voltage conditions. If the VSC is
required to operate below a certain dc voltage level, the power transmission capacity
of the VSC station will start to reduce with decreasing dc voltages. This can be
observed from the VSC capability diagram shown in Fig 4.5. The maximum possible
over-modulation puts the limit on the minimum attainable dc voltage to 1.28Vyp,
where V7, is the rms line-to-line voltage at PCC. A high voltage transformer usually
provides the inductance needed for filtering the harmonics from entering the ac
grid. Such transformers are equipped with tap changers and hence can provide
some amount of ac voltage control. The shaded regions in Fig 4.2 (a) and Fig

Imlp s 1= " \‘y
=-dmaz g = lmaz . P=-Pn.c A P=P,u Y
P:Pmrm: N\
b
/ []maz % U'"mz
“ Inverter| Rectifier
U mode mode Unin
Inyérter | Rectifier i
ode mode
Region of U=1280 Regitn of | U=t e
gafe 0—’ I Safe 0—’ P
operation operation

@) (b)

Figure 4.2: Safe operating area of a VSC: (a) U vs I safe operating region (b) U vs
P safe operating region

4.2 (b) define the safe operating region of a VSC characterized by maximum power
capacity (Prpaz), maximum dc voltage (Upas ), maximum de current (7,,,,) and rated
line-to-line ac voltage (V7). The various U vs P characteristics discussed in section
2.3 must always lie within the boundaries of the safe operating region.
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In Fig. 4.3, U vs P characteristic line of VSC in constant power control mode
is shown. The right side of the safe operating region refers to rectifier mode of
operation while the left side refers to inverter mode of operation. The dotted lines
show characteristic lines for different values of the power reference (P*). If for some
reason the operating point goes out of the shaded region and the controller is not
able to bring it back to the normal operating region, a separate superior protection
system may be activated to prevent possible damage due to overvoltages and/or
overcurrents. The details of such protection system will not be discussed here. For
simplicity, here we assume that the VSC will trip immediately when the the steady-
state operating tries to go off the designated normal operating region.

p*0)
p* U  Steady state
p*(2) A Ccharacteristic line

p*3)

N

Trzpplng If:werfte'r Hectifier

points imode mode
» P
0

Figure 4.3: U vs P characteristic line of constant power mode bounded within safe
operating region

The characteristic line of VSC in constant dc voltage control mode is shown in Fig.
4.4. The tripping points are indicated with dots at the two ends of the characteristic
line. By changing the dc voltage reference (U*) the characteristic line moves up and
down along the voltage axis. The dotted lines Fig. 4.4 show characteristic lines for
various values of the dc voltage reference. In Fig. 4.5 characteristic U vs P line
when dc voltage droop control is applied is shown.

In chapter two it was explained that a dc voltage droop controller has two control
parameters; i.e. dc voltage reference (U*) and power reference (P*). Increasing/
decreasing either of these two parameters gives the same effect; in both cases the
characteristic line moves up/down the voltage axis. (It can also be considered as
shifting along the power/horizontal axis. The effect is the same.) The characteristic
lines for different dc voltage references are shown with dotted line in Fig. 4.5.
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Figure 4.4: U vs P characteristic line of constant dc voltage mode bounded within
safe operating region

U  Steady state
A characteristic line

Figure 4.5: U vs P characteristic line of dc voltage droop mode bounded within safe
operating region

4.1.2 Determination of the Steady-state Operating Point

In chapter three it was shown that the steady-state operating conditions at a VSC-
HVDC terminal (i.e. the nodal power injection and the dec-bus voltage) are deter-
mined by the dc grid topology, the employed control mode at various terminals, and
the ratings of the converters constituting the dc grid. A quantitative approach was
used to analyze the steady-state operation of MTDC in the linear region without
considering the boundaries of safe operation. Here in this section, the steady-state
operation of MTDC will be discussed qualitatively as introduction to the study of
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MTDC stability during large-disturbances. In Fig. 4.6 a two terminal VSC-HVDC,
which connects two ac grids, is shown. Let us consider that initial power flow is from
left to right (i.e. from terminal-1 to terminal-2). With the specified direction of the

Figure 4.6: Two-terminal VSC-HVDC link

power flow in Fig. 4.6, the U vs P characteristic curves become as in Fig. 4.7. Note
that the characteristic curve for terminal-2 is laterally inverted since the power axis
for this terminal is opposite to that of terminal-1. This goes in line with the specified
direction of power flow in Fig. 4.6. If the dc transmission line losses are ignored, the

Operating

U point

[ ]

o
2
L ]
» P

0 p°

Figure 4.7: Determination of the steady-state operating point from intersection of
two characteristic lines

intersection of the two characteristic curves in Fig. 4.7 gives the steady-state oper-
ating point of the VSC-HVDC system. Hence the approximate operating dc voltage
and the amount of power transfer can be established quickly from the knowledge of
the characteristic curves. Another alternative to determine the operating point is to
horizontally add up the individual characteristic curves and the zero-power crossing
of the aggregate characteristic curve gives the operating dc voltage level. This is
because the total of all the nodal power injections gives the aggregate dc line losses,
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which in this case has been considered as zero (negligible) for the sake of simplicity.
The aggregate characteristic curves, for the example VSC-HVDC system in Fig.
4.6, are shown in Fig. 4.7. Once the operating dc voltage level is determined, the
amount of power flow for each individual converter is found by the intersection of
the dc line, U = U?, and the characteristic curve for the corresponding terminal.

U Operating

Operating 4 Operating
A point

point DC wvoltage

T\g Uo U° T\ Ue

-

A

» P 5 » P L————p»P
0 p° B 0 0
Conwverter-1 Converter-2 Aggregate

Figure 4.8: Determing the steady-state operating point from the aggregated char-
acteristic line

The two techniques used above for determining the operating points can also be
applied to a MTDC system without much difficulty. In the previous chapter it
was discussed in detail that the dc line resistances have considerable impact on
determining the steady-state operation of MTDC. For simplifying the qualitative
analysis, however, we stick to the assumption that the dc line losses are negligible
compared to the overall power flow via the dc grid. From Fig. 4.8, we can observe
that as the number of terminals increase, the aggregate characteristic curve becomes
more elongated horizontally and the slope become flatter. Otherwise, it can be noted
that the aggregate of two or more VSC-HVDC terminals has more or less similar
shape of U vs P characteristic curve as that of a single VSC-HVDC terminal. Hence
large-disturbance stability study based upon two-terminal VSC-HVDC can easily be
applied to MTDC systems as well.

4.1.3 Large-disturbance Stability Analysis

Large-disturbance stability in MTDC can be understood by looking at the interac-
tion between all rectifying converter units on one side and all inverting converter
units on the other side. A good analogy can be drawn from aggregate generation
and aggregate load versus frequency characteristics in ac girds. Fig. 4.9 (a) shows
the static frequency versus power (f vs P) characteristic of synchronous generator
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and in Fig. 4.9 (b) the static dc voltage versus power (U vs P) characteristic of VSC-
HVDC terminal is shown. Several similarities can be drawn from the two diagrams.
Ps in Fig. 4.9 (b) refers to the characteristic line of a terminal whose power flow is
defined as positive for rectifier operation. This terminal acts as the ‘source’ node
in the dc grid. In the same diagram P, refers to the characteristic of a converter
terminal whose power is defined as positive for inverter mode. Hence this terminal
acts as the ‘sink’ (load) terminal in the dc grid.

/ v New
P p,  New Py p. Operating
Operating point
Ls pont Static
Initial Stability
Initial Op %Z%an margin
Operating Static p
point Stability
margin ‘
‘ [
0 » P 0 » P
(a) (b)

Figure 4.9: Steady-state characteristic points of: (a) Synchronous generator (b)
VSC-HVDC terminal

Like synchronous generators in ac grid, in MTDC the aggregate of rectifier terminals
resemble the aggregate of generating units in ac grid. Similarly, the aggregate of
inverter terminals form the dc grid load line - analogous to the aggregate load line
in ac grids. The intersection between the aggregate rectifier characteristics and the
aggregate inverter characteristics approximately gives the total amount of power ex-
changed between ac grids via the MTDC grid. The difference between the amounts
of power transferred and the maximum of the aggregated power transfer capacity of
the rectifier units gives the static stability margin.

The small disturbance stability criterion of a MTDC grid requires that the operating
point be above the nose of the aggregate rectifier characteristic curve. An operating
point below the nose curve results in dc voltage collapse. Stability of MTDC for
larger disturbances is determined, among other factors, by the size of energy storage
elements in the dc grid systems. The energy storage elements in MTDC are dc-bus
capacitors and dc line capacitances (when cable line is used). The energy stored
in the various inductive elements of the VSCs is small in comparison with the en-
ergy stored in the capacitances and hence will be neglected here. For simplifying
the analysis, a two-terminal HVDC is used to represent a MTDC where the two
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converters represent the aggregate of rectifier terminals and aggregate of inverter
terminals. It is necessary to have in mind that the aggregation depends on the
specific steady-state operational conditions under consideration; since most of the
terminals - if not all - are normally expected to operate both in rectifier mode as
well as in inverter mode of operation at various times.

Now let us consider that the aggregated two-terminal VSC-HVDC link model shown
in Fig. 4.10 represents a hypothetical MTDC grid.

Figure 4.10: Aggregate model representation of MTDC. (Rectifiers and inverters are
aggregated separately).

Pg refers to the aggregate power supplied into the dc grid by the rectifiers whereas
Py, refers to the aggregate power taken away from the dc grid by inverter units. C,g,
refers to the sum total of all capacitances in the MTDC. This includes all dc (bus)
filter capacitances and all dc cable capacitances. Note that in Fig. 4.10, no dc line
resistance is considered. The dc grid line resistances are deliberately ignored so as
to make simple use illustration with the aggregate modeling of the rectifiers and
inverters. Another advantage of the lossless aggregate modeling is that it enables
us to represent all the de-bus capacitances and the dc line capacitances by a single
shunt connected capacitance between the two terminals. The initial steady-state
operating point for the aggregate dc grid model is shown by the intersection of the
the source line (Psg) and the load line (Prg) (See Fig. 4.11). If the ‘load line’ goes
further to the right beyond the nose of the characteristic line of Pgq, instability will
follow. Such event is, however, unlikely because power flow schedules always take
the available loading capacity of the converters into consideration. (Hence the static
stability margin of the aggregate rectifier characteristic line will always be positive
during normal operations). Another, more likely, cause of instability is reduction in
the aggregate rectifier capacity which makes aggregate characteristic line to move
leftwards taking the tip of the nose beyond the dc grid load line (i.e. the transition
from Pso characteristic line to Ps; characteristic line in Fig. 4.11). This happens
during sudden outage of a rectifier terminal, fault occurrence on the ac side of a
rectifier terminal or loss of dc line connection to a rectifier unit. If the fault is in
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Figure 4.11: Steady-state operating point

the dc grid or within the converter itself, then the problem will most likely persist
resulting in dc voltage collapse and then permanent disruption of power flow in the
dc grid. ac faults, however, are often temporary and power flow is usually restored
after the clearance of the fault depending on the severity and duration of the fault.
When the maximum deliverable power of the aggregate rectifier (P4, ) is lower than
the power taken by the aggregate inverter (P), the difference (AP) will be supplied
from the stored energy of the aggregate capacitance. This stored capacitive energy
is, however, very small and hence will last only very small duration of time without
discharging the capacitors excessively. If the capacitors are discharged further below
a critical dc voltage level, dc voltage collapse will be inevitable.

Once the dc voltage gets below a certain minimum value, the dc voltage decrement
is accelerated due to decreasing power transfer capabilities of the rectifiers at lower
dc voltage levels. On the other hand if the ac fault (which caused the power deficit
in the dc grid) is cleared before critical de voltage is reached, dc voltage will sub-
sequently recover and power flow will continue uninterrupted. Fig. 4.12 and Fig.
4.13 shows stable and unstable dc voltage swings respectively as a result of ac grid
fault behind a rectifier unit. At in the figures refer to fault clearing time and AP
refers to power supply gap in the dc grid. The dc voltage stability phenomenon
of dc grids has marked similarities with that of first-swing stability of synchronous
generators in ac grids. This is evident from comparison of Fig. 4.12 and Fig. 4.14.
Note that the horizontal axis for dc voltage stability plot is time while for first-swing
stability plot the power angle is used. In both figures the shaded area A; represents
the amount of energy deficit due to the reduced power injection caused by the ac
fault. Since the demanded power is unchanged during the same period, the energy
deficit is covered by discharge of the aggregate capacitance in the case of dc grid
and from rotational mechanical energy of aggregate inertia in the case of ac grid.
For system stability after fault clearance, the inequality Ay > A; must uphold for
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Figure 4.12: Stable case of ac fault impact on dc grid voltage and power flow. Dc
voltage is restored after fault clearance

both cases. This will be referred as equal-area criterion. This is because A, in Fig.
4.12 is not necessarily bounded in time unlike the same area in 4.14 which follows a
sine curve. Due to this, the equal-area criterion in dc grid does not tell us the the
critical ac fault clearing time beyond which dc voltage collapse will be inevitable.
The criterion simply tells us that if the dc voltage recovers from fault, then the
aggregate capacitance will be recharged the same amount of energy as it lost during
fault duration.

Dc voltage recovery depends on whether or not there will be enough deliverable
power right after fault clearance that can meet the power demand. Of course con-
verters may in the mean time trip if low voltage limit is reached before the ac fault
is cleared. Moreover some severe ac faults, particularly unbalanced faults, may lead
to synchronization problems and lead to earlier tripping of the converter. Here,
however, we will focus only on the cases where dc voltage collapse may occur as a
result of capacitive energy depletion in the MTDC.
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Figure 4.13: Unstable case of ac fault impact on dc grid voltage and power flow. Dc
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Figure 4.14: Equal-area stability criterion in ac grids

The maximum deliverable power by a converter (P, in Fig. 4.12 and Fig. 4.13) is
the product of the de-bus voltage and maximum dc current capacity of the converter.
As can be observed in both figures, the power injection capacity of the aggregated
rectifier (P,,..) reduces with decreasing de-bus voltage. If the fault is cleared before
Ppax drops below the load demand (Pr), the dc grid will be able to recover from
the fault. Hence the dc voltage level at which the aggregate rectifier capacity equals
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the load demand defines the critical de voltage level (U.igicar ). The time at which de
voltage reaches the critical dc voltage is defined as critical clearing time (Atepiticar)-
If the fault is cleared before At yiticq is reached, then the MTDC system will recover
from the fault and power flow will continue uninterrupted. With larger fault clearing
time, the dc voltage will collapse and power flow will be interrupted.

The energy discharged from the capacitor during the fault period is computed as

APAt = % (Uinitial2 - UfinaZQ) (4]‘)

Where Uspitiqr refers to the pre-fault dc voltage level and Ugpng refers to the post-
fault dc voltage level (or the de voltage just before the ac fault is cleared). In order
to achieve dc grid stability after the fault clearance, the final voltage (Uyina) should
be greater than the critical de voltage (Ugriticar). Hence the maximum amount of
capacitive energy (Fua.x) that can be utilized for short term power balancing in the

dc grid is given by
E —C“gg"(U-l»Z—U~ ?) (4.2)
max — 2 initial critical .

The stability criterion can be described as

Ucritical < Ufinal

N . ) ) (4.3)
J APdt < Epax = =5% (Ummaz — Ucritical )

t=0

In order to explore how the critical dc voltage is determined, we will use the three
terminal dc grid shown in Fig. 4.15 as an example. Terminal-C in Fig. 4.15 takes
away fixed amount of power (P2) from the dc grid and terminal-B injects fixed
amount of power (P§) into the dc grid. Terminal-A regulates the dc voltage by use
of dc droop controller. The maximum power transfer capacities of the three VSC-
HVDC terminals are given as Pa rated, PB,Rated a0d P pateq- Assume that a three
phase to ground fault occurs behind terminal-A and as a result the power injected
by this terminal into the dc grid is reduced from the pre-fault level of P§ to P).
The power deficit (AP) of the dc grid during the duration of the ac fault becomes
as

AP =P§— P, (4.4)

Substituting (4.4) into (4.3) we fined (4.5).

Ateritical
Ca
99

APdt = 2 (Uinitialz - Uc’r'iticalQ)
£20 (4.5)

/ Ca 2 2
(P/OX - PA) Atc’r'itical = 2gg (Uim’tial - Ucritical )
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Pg

Figure 4.15: Three-terminal VSC-HVDC

From equation (4.5) the critical clearing time is expressed as in (4.6).

2 2
Cagg (Uinitial - Ucritical )

At(‘ri ical —
e 2(P§ — Py

(4.6)

The large-disturbance stability criterion of dc grid can be described in terms of
power as
Prax (U) > P}
(4.7
Ul > P4

where P, (U) is maximum deliverable power by converter-A (as a function of dc-
bus voltage) and P§ refers to power transferred by converter-A into the dc grid prior
to the fault occurrence. In order to achieve stability the power transfer capacity of
terminal-A just after the fault clearance (i.e. Pray (Uping)) must be greater than
the power transferred prior to the fault occurrence (P$). (It has been assumed that
Pp and Py remain unaffected by the low dc voltage during the ac fault and hence
will remain the same as the pre-fault levels). The critical de voltage corresponds
to the moment when the power transfer capability (Ppax) equals the power demand
(P4) of the dc grid as seen from terminal-A (i.e. P$). This is mathematically given
as

Py P
[maz B k]N

(4.8)

Ucritical =

where the factor k describes dc overcurrent capability in terms of the rated dc
current for terminal-A. I,,,, is a known fixed value for a converter and P, has
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already been considered as a known value. hence, the critical dec voltage (Usiticar)
can be computed right away from (4.8). Once Uepiicar is known, the critical clearing
time (Ateriticar) can computed by equation (4.6).

To corroborate the validity of the large-disturbance stability analysis approach pro-
moted so far, we will analyze impact of ac grid fault on a the five-terminal dc grid
example case shown in Fig. 4.16. The power rating and the dc-bus capacitances of

VA Puys = 1200 MW
Constant Power
= terminal

Un =400kV

Peni =900 MW Peng =750 MW

Constant Power

poc = 0.04 terminal

P.no = 800 MW P.n3 = 1000 MW
Constant Power Constant Power
terminal terminal

All cable resistances: r = 0.01Q/km
All cable capacitances: ¢ = 5uF/km
Bipolar DC' transmission for all cases

Figure 4.16: Five-terminal VSC-HVDC

each terminal are given in Table 4.1.

Terminal-1 in Fig. 4.16 is equipped with dc over-current controller which will limit
the dc current from exceeding 1.1 times the rated dc current (i.e., [0, = 1.1 X
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Table 4.1: Parameters and initial steady-state of the MTDC simulation in Fig. 4.16

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘

P.y (MW) 900 800 1000 750 1200

Uy (kV) 400 400 400 400 400

P2 (kV) 838 -400 690 -600 -513

U° (kV) 401.10 400.12 401.34 397.26 394.14

Control type | dc voltage droop | constant | constant | constant constant
(ppc = 0.04) power power power power

Cy (uF) 113 100 125 94 80
> CL (uF) % (80 4 200 4 125 + 160 + 160 + 250) km x 5uF /km = 2438 uF’
Clgg (WF) Y Cp+ > Cp=2950 uF

(900/400) = 2.475kA)). A three phase to ground fault is applied to the ac grid
behind terminal-1 such that the power delivered to the dc grid is reduced from the
pre-fault level of 840 MW to just about 120 MW. The critical dc voltage, based on
(4.8) becomes

P 840

Uc’ritical =
Inserting relevant parameters from Table 4.1 into (4.6), the critical clearing time is
computed as
Cagg(Uznitialz_Ucriticalz)

2(Pp—Py)

Aﬁcm’tical =

2050 106 (4002 -3402) (4.10)
= 2(840—120)

= 0.091s

Now let us compare the critical clearing time computed analytically in (4.10) with
simulation results of different ac fault cases (i.e. different fault durations and dif-
ferent fault severities). In order for an ac fault to cause reduction of power flow
of converter-A from 840 MW to 120 MW, the ac fault must result in a voltage dip
of (840 — 120)/840 ~ 86%. A fault resistance of 0.1 was observed to give the
required severity of ac fault. (This depends on several factors which includes the
MVA ratings and internal reactances of the synchronous generators constituting the
ac grid and also on the impedances of the ac line connected to the spot where fault
occurs.)

Case 1: MTDC response to a three-phase fault resulting in 86% woltage dip at
terminal-1 and fault duration of At =70 ms
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A fault duration of At = 70ms is applied in this case. Three-phase fault behind
converter-1 is applied with a fault resistance of 0.1 (corresponding to 86% voltage
dip). Simulation results are shown in Fig. 4.17. The plots in Fig. 4.17 show that the
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Figure 4.17: MTDC response to a three-phase fault resulting in 86% voltage dip at
terminal-1 and fault duration of At = 70 ms

dc grid recovers from the fault in about 500 ms to 600 ms duration after clearance
of the ac fault. The third/bottom plot in the figure shows the power flow of aggre-
gated rectifiers (converters 1 and 3) and aggregated inverters (converters 2, 4 and
5). Energy discharged from the aggregated capacitances during the fault duration
and energy restored to the capacitances latter can be seen in the third plot of same
figure. (i.e. the two areas enclosed by the solid and broken lines). The dc grid
remains stable after fault clearance.
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Case 2: MTDC response to a three-phase fault resulting in 86% woltage dip at
terminal-1 and fault duration of At = 85 ms

A fault duration of At = 85ms is applied in the second case. The fault resistance
is kept unchanged (i.e. 0.1, corresponding to 86% voltage dip). Simulation re-
sults are shown in Fig. 4.18. The plots in Fig. 4.17 show that the dc grid needs
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Figure 4.18: MTDC response to a three-phase fault resulting in 86% voltage dip at
terminal-1 and fault duration of At = 85ms

considerably longer time to fully recover (i.e. 1.5s) compared to the previous case
(600 ms). This is because the fault clearing time in the second case (i.e. At = 85ms)
is considerably closer to the critical clearing time (Atqiticar = 91 ms from (4.10)) in
contrast with the fault clearing time in the first case (At = 70ms). The system
eventually remains stable though.
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Case 3: MTDC response to a three-phase fault resulting in 86% woltage dip at
terminal-1 and fault duration of At = 90 ms

The fault duration is now extended to At = 90ms. The fault resistance remains
the same as in the previous two cases. Simulation results are shown in Fig. 4.19.
As can be seen from the plots of Fig. 4.19, the ac fault in this case has resulted
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Figure 4.19: MTDC response to a three-phase fault resulting in 86% voltage dip at
terminal-1 and fault duration of At = 90ms

in dc voltage collapse. The third/bottom plot in the same figure shows that the
aggregated rectifier barely covers the power demand right after fault clearance. It
is well known that fault clearance in ac systems is almost always followed by ac
overvoltage for a short period of time. It was observed in the simulation study that
this ac overvoltage results in a slight increment of power injected into dc grid via
VSC-HVDC terminal. This additional boost, however, damps out rather quickly
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and the power supply from the rectifier falls short of meeting the power demand
once again, eventually leading to dc voltage instability (collapse).

Case 4: MTDC response to a three-phase fault resulting 43% voltage dip at terminal-
1 and fault duration of At = 90 ms

Now the fault duration is kept the same as in the last case (i.e. At = 90ms). The
fault resistance, however, is changed to 0.4 Q (corresponding to 43% voltage dip).
Power flow via converter-1 reduces to from 840 MW to 400 MW. As a result the
critical clearing time increases to Ateriticqr = 150 ms. This means that a fault dura-
tion of At = 90 ms (which was calculated in (4.10)) must be tolerated by the MTDC
system. Simulation results are shown in Fig. 4.20.
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Figure 4.20: MTDC response three-phase fault of 43% voltage dip and fault duration
of At =90 ms

133



As observed from the time plots in Fig. 4.20, the MTDC has managed to recover
from the ac fault in approximately 600 ms.

The simulation studies discussed above validate the dc voltage stability analysis
approach proposed in this thesis. The critical fault clearing time determines the
capacity limit of the MTDC to recover from an ac fault occurring behind a rectifier.
Caution should be taken, however, that the converter terminal may trip earlier
due to inability of the phase locked loop (PLL) of the converter to synchronize to
the ac phase voltages during the fault occurrence. This is of particular concern
when the fault is unbalanced, severe and/or the fault causes noises in the voltage
measurements of the PLL. In addition to this, the dc voltage collapse and/or the
shut down of the entire dc grid will have consequences on the connected ac grids.
These secondary effects are out of the scope of the discussion in this section and
hence will not be further discussed.

4.2 Small-signal Stability Analysis

The use of the state-space modeling approach facilitates understanding the dynamics
of the entire multi-terminal VSC-HVDC system by giving a complete picture of
the system dynamics in terms of eigenvalues and transfer functions. This can, for
example, be used for tuning of the converter controllers. Small-signal analysis of
MTDC has been presented in the literature [32],[68],[26],[14]. In all previous cases,
however, the analyses were done based on specific dc grid topologies and by listing
down all the of differential equations describing the MTDC system before coming
up with the state-matrices. For meshed topologies of more than four terminals
this approach becomes very laborious to say the least. The state-space modeling
approach that will be presented here attempts to take into account all possible
control schemes of individual VSC-HVDC terminals. Moreover, an arbitrary meshed
dc grid topology will be considered in the analysis. Some possible topologies of
MTDC are discussed in [70],[92].

A schematic representation of VSC-HVDC with bi-polar dc¢ transmission is shown
in Fig. 4.21. Two measurement points (A and B shown in Fig. 4.21) are used for
ac side and dc side of the converter respectively. Point ‘A’ refers to the PCC (point
of common coupling between converter and ac grid) whereas point ‘B’ refers to
the dc-bus of the converter. The sign convention applied for all power and current
measurements of the converter is in such a way that current/power measured at a
converter terminal will be positive if it is flowing from the ac grid to the dc grid
via the converter station (like in the previous cases of this thesis). This means
that positive power (P!, P, P, P,) corresponds to rectifier mode of operation and
negative power corresponds to inverter mode of operation.
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Figure 4.21: Schematic of VSC control

Symbols and parameters used in Fig. 4.21 are listed in Table 4.2.

Table 4.2: List of symbols used in Fig. 4.21
Power measurement of the converter at the de-bus (point B);
Power behind the dec-bus filter capacitance;
Power beyond the dc line capacitance;

Phase locked loop;

3-phase ac current measurement at PCC;
3-phase ac voltage measurement at PCC;
3-phase ac voltage output of VSC;
(internal VSC voltage)

dc voltage measurement;

Synchronous frequency in rad/s;

Series filter inductance and resistance;
dc filter capacitance;

DC line aggregate capacitance;
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VSC control has already been discussed in depth in chapter two. Hence, here only
control aspects which are relevant to small-signal stability study of dc grid will be
discussed.

The relation between P, and P, is given by

P — P, = Pp,, (4.11)

where P refers to the total converter power losses (refer to section 3.2).

Analytical expression of the converter power loss (Pr,ss) can be established either
based on empirical data of the losses of VSC-HVDC in operation or by adding
up power losses in individual components of the semiconductors and the ac filters
(refer to section 3.2). From such equation relating the two quantities, a linearized
expression about a steady-state operating point can be derived:

P, = kP! (4.12)

where the factor k; is proportionality constant which gives information about the
marginal power conversion efficiency of the VSC-HVDC station. Ignoring the de-
coupling term in Fig. 2.13 (or Fig. 4.21), the active current (i4) controller can be
represented by Fig. 4.22, where K4 and T4 are the proportional gain and integral
time-constant of the PI controller whereas s refers to the Laplace transformation
parameter.

Current Controller Physical system
iyt Ta(Ts+1)]| Viea i o 1 I
2 TS "1 rlLsp+1) =

Figure 4.22: Simplified block diagram of active current controller

The pole placement tuning method of the PI controller in Fig. 4.22 gives K Ty =
L/r. This results in the open-loop-gain, Hor(s), given by
1

Hor (s) = "Ths (4.13)

Hence, taking (4.13) into consideration, further simplification of Fig. 4.22 gives Fig.
4.23.
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Figure 4.23: Simplified representation of the closed loop current controller

4.2.1 Small-signal Modeling of Outer Controllers

Small-signal Modeling of Constant Power Controller

If the ac voltage at the PCC is does not show large variations under normal circum-
stances, the active current controller also behaves more or less like constant power
controller. In this case there may be no need for an additional power controller.
However, if the ac voltage shows variation in magnitude, it necessitates adding an
outer controller for active power control. In such a case, there will be two options
for the feedback in the controller, i.e. either the ac side power measurement (P!) or
the dc side power measurement (F,.) can be used as a feedback of power measure-
ment. In Fig. 4.21, P, is dc power behind the dc filter capacitance and hence is not
accessible for measurement. Similarly P, is dc power to the right of the equivalent
dc line capacitance (Cr) and hence is not accessible for measurement. This means
that P, and P, should be estimated from other measurable dc-bus signals (i.e. P,
and U). Power controller with feedback from ac side is shown in Fig. 4.24.

Power controller Current controller Physical system
/% - . /
L Ko(Tos+1) " 1 w
- Is (rTh/Ku)s+1

Figure 4.24: Closed loop power controller with feedback power coming from ac side
(measurement at PCC)

If the block diagram in Fig. 4.24 is used to control the dec-bus power (P.), the
ac/dc power conversion factor k;, should be taken into account to compute the de
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side power (P.) (As discussed in section 3.2 the actual value of k; depends on the
operating point). This can be done by introducing a loss-compensation gain block
as in Fig. 4.25. If power measured at the de-bus (F,) is used in the controller, the
simplified block diagram of the controller will look like Fig. 4.26. Coincidentally

P P . P! P,
1k, ke ——>
- TBs
Gain introduced in the Power conversion factor
controller in the physical system

Figure 4.25: Dc-side power control by using ac-side power feedback

further simplification of Fig. 4.25 also gives Fig. 4.26. From Fig. 4.27, the dynamic

Pc* 1 Pac

N

Figure 4.26: Constant power control with dc measurement feedback. This also can
be simplified form of the power controller shown in Fig. 4.25

relation between the input (P*) and the output (P,)is given by (4.14).

&

dP, 1 1
=_—P'——P, 4.14
dt Tg ¢ T ° ( )

In the case of power controller with feedback from de-bus measurement (i.e. P.), the
control dynamics will be affected by charging/discharging of the de filter capacitance
(Cy) as well as the equivalent dc line capacitance (C}). This is shown in Fig. 4.27.

By linearizing the system about a specific operating point (i.e. U = U°+ AU), Fig.
4.27 is simplified as in Fig. 4.28. U = U° refers to the initial steady-state dc-bus
voltage at the point of linearization (i.e. the steady-state de-bus voltage prior to
the small-signal perturbation). From Fig. 4.28, the dynamics of the power exchange
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Power controller Physical system

Current flow to total
capacitance

RS+ 1 F. 1 U
) Tss (C+Cr) s
U
P +
= ), + X Gy s
DC bus power DC bus voltage

Power flow to DC
filter capacitor

Figure 4.27: Block diagram of VSC-HVDC power control with power feedback from
dc-bus measurement

>
TBS + U’ ( Cb+ CL) S

(LK U K Gs

Figure 4.28: Linearization of the constant power controller in Fig. 4.27

with the capacitances C}, and C, is given by (4.15).

Cp+Cp,
(4.15)
_ c c
o (1 T Cb+bCL) P — (Cb+bCL> By
Furthermore, the control dynamics is given by (4.16).
APy _ 1 (p+
dt — Tgp (Pc - PC)
(4.16)

_ _ 1 (204C 1 @ 1 p
T Ts ( CbbJrCLL) P+ Tp (Cb+tbL) By + EPC
Small-signal Modeling of DC Voltage Droop Controller
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The dc voltage droop controller is a modified version of the power controller where
a dc-bus voltage droop signal is added to the power reference. Dc voltage droop
controller has been discussed in detail in chapter 2 of this thesis. Like in the case of
the power controller, the dc voltage droop controller may consist of power feedback
either from the ac side or from the dc side. This is shown in Fig. 4.29 where two
alternatives are shown for the power feedback; one for dc power feedback, P., and
the other for ac power feedback, P,, (compare this with Fig. 4.25, Fig. 4.26 and
Fig. 4.27). From Fig. 4.29, the control dynamic equation for the de¢ droop controller

DC voltage droop Physical
controller system
U .U

= kS

iy

|~

|

~
N2

~
¢

\/Q:

TBS + U ° ( Cb+CL) S

P,

+

Figure 4.29: Linearized model of dc voltage droop controller

using ac power feedback, is given by (4.17).

dP, 1 R R
=——F - U —P* —U" 4.17
dt TB + TB B ( )

Similarly, if the dc power feedback, P,, is used, the corresponding dynamic equation
becomes as in (4.18).

dP, 1 C, R 1 Cy ) R
= — P =U - — [ =—— P P* —U* 4.18
dt <C’b+C’L> Tg (C’b+C’L TB * ( )

Small-signal model of constant dc voltage control

In chapter 2 it was discussed that constant dc voltage control involves PI controllers.
In the lower frequency range the integral gain is more dominant, compared to the
proportional gain (if there is any), in the overall system dynamics and hence the
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proportional part will be ignored in the discussion below. A block diagram rep-
resentation of dc voltage regulator is shown in Fig. 4.30, where T refers to the
time-constant of the dc voltage regulator. Note that the proportional gain in the
controller is neglected in the figure.

DC wvoltage
. 7-egulat05_ Physical system
N
+ -

Figure 4.30: Linearized model of constant dc voltage controller

The dynamic equation describing the controller in Fig. 4.30 is given by (4.19).

P | 1
P U4y 419
a - .ot (4.19)

4.2.2 Generalized Mathematical Representation of VSC-HVDC Con-
trollers

A VSC-HVDC terminal connected to an active ac grid can have either of the control
modes discussed in section 4.2.1. VSC-HVDC terminal connected to a passive grid
on the other hand need to control only ac terminal voltage and the power flow is
determined by the ac loads connected to the passive ac grid. Hence, although the
control method is different, VSC-HVDC connected to passive grid also appears as
a constant power controlled terminal (with ac power feedback) when looked from
the dc grid side. Therefore, VSC-HVDC terminal connected to a passive grid can
be represented as constant power VSC-HVDC connection to an active ac grid, with
the load in the ac grid replacing the converter power reference, P’. Hence we can
safely consider that the controllers in Fig. 4.26, Fig. 4.28, Fig. 4.29 and Fig. 4.30
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can represent all possible cases of VSC-HVDC control modes, including passive grid
connection. From (4.14), (4.16), (4.17), (4.18) and (4.19), the control dynamics of
all modes of VSC-HVDC control can be described by the generalized expression

given by
dP,

dt
where the coefficients a, b, ¢, d and e are given by Table 4.3 for the different types
of VSC-HVDC control modes.

=aP, +bU + cP,+dP; +eU” (4.20)

Table 4.3: List of coefficients in equation (4.20) for various control modes.

Constant power Dc voltage droop Constant dc
with feedback from with feedback from voltage
Parameter | AC side DC side AC side DC side
Fig. (4.26) | Fig. (4.28) | Fig. (4.29) | Fig. (4.29) | Fig. (4.30)
(Type-1) (Type-2) (Type-3) (Type-4) (Type-5)
a _ 1 _ 1 (QCH-CL) 1 1 (ZC’b-‘rCL) 0
T T Ch+CL T T Cy+Cr,
R R
b 0 0 —T —T 0
1 C 1 C
¢ 0 T (CberCL) T Tc T (Cb+l7C'L) 0
1 1 1 1
d T T s T 0
R R

4.2.3 DC Grid Modelling

The continuous line parameters of the dc link are often modeled by single or multiple
m-equivalent sections which consist of lumped parameters. With the number of 7-
sections, the accuracy of the model increases while at the same time computational
requirements for analyzing the model also increase tremendously. In the dc grid
modeling approach proposed here, we will consider only a single 7-section for each
dc line (branch). Moreover the line inductances will be ignored here. This takes the
assumption that the dc lines consist of cables (and not overhead lines) and hence
the line inductances will be very small and the line capacitances will be very large.
If overhead lines are used for one or more of the dc transmission lines, the opposite
will be true; i.e. there will be large line inductances and small line capacitances.
Hence the application of the dc grid modeling promoted here will be restricted to
all-cable dc grid system.
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In Fig. 4.31, [ refers to transmission length in km; r and c refer to line resistance
in Q/km and line capacitance in pF/km respectively. The line capacitances of all
the dc lines connected to the dc-bus of i** terminal add up to the aggregate dc line
capacitance (C;), as shown in Fig. 4.31. N represents the total number of terminals
in the dc grid.

Terminal

Terminal

A

Termainal
i Qb
DC bus

Poc Py

Py

Figure 4.31: Aggregating the dc line capacitances: (a) de-bus connected to multiple
dc lines (b) aggregation of dc line capacitances

The shunt capacitance of the i terminal (C;) represents the sum of the dc filter
capacitance (Cy;) and the aggregate of the line capacitances (Cp;), as given by

Ci=Cp+CLi (4.21)

By applying the m-equivalent model to all dc transmission lines, the dc grid is
modeled by a pure resistive network and shunt capacitance connections at each of
the dc terminal points, as shown in Fig. 4.32.

In Fig. 4.32 the power P,; refers to the dc power injection from i" dc terminal into

the resistive network whereas the power vector P,; refers to power flowing from "
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ico
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Figure 4.32: DC grid modeling based on m-equivalent model of dc lines

HVDC converter into the dc network plus the shunt equivalent capacitance. The
power flow exchange for i terminal with the capacitance, C;, is given by
dU;

Py — Py = Ujici = Uiciﬁ (4.22)

Now let the notations Py;, P;; and U7 represent the initial steady-states of the ith
dc terminal. For a small-signal disturbance in the vicinity of the initial steady-state

point, these three variables are given by

P, = P° + AP,
P, = P2+ AP, (4.23)
U=U°"+AU

where the notation A represents the small-signal changes. From (4.22) and (4.23),
the power exchange with the shunt capacitances is re-written as

d(U? + AU)

o (4.24)

P+ AP, — (Pyoz + APyi) = UG

At steady-state there will be no power exchange with the shunt capacitances and
hence the relation Py, = Py;. Moreover Uy is a fixed value. Hence equation (4.24),
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is simplified as

d 1 1
—AU; = AP, — | —= | AP, 4.25
fwie () (p)an o
Let the term in the bracket, in equation (4.25), be represented by Fj, as
Jop— (4.26)
e ’
Substituting (4.26) into (4.25), we get the relation given by
d
ZAU; = FAP, - FAP, (4.27)

4.2.4 Generalized State-space Modeling of Multi-terminal VSC-HVDC

So far all the mathematical analysis has been used to describe what happens in
a single VSC-HVDC terminal. In order to consolidate the mathematical relations
derived in section 4.2.2 and section 4.2.3 into a single state-space representation, the
use of vector notation becomes necessary (as was done in section 3.3.2). The vector
variables will be represented by bold letters to differentiate from the scalar variables
equivalents which are written in italics. For example the vector representing the
dc terminal voltages is represented by U. Similarly the vectors Py and P, refer
to the set of de-bus powers behind shunt capacitances and after shunt capacitances
respectively:

Ul le Pyl

Similar definitions of vector notation discussed above also apply to other variables
(AP,, AP,, AP., AU, AU*,...). Now with these vector notations kept in mind,
the power flow in the resistive dc network, given by the vector P, can described by

pP,=P,+ AP, (4.29)
AP, = JpcAU (4.30)
where the matrix Jpe is the de Jacobian matrix given by
oP
Jpo = =2 4.31
bo = o2t (1.31)
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These relations are also shown in Fig. 4.32. Equation (4.31) is re-written, in vector
form, as

d
£AU = diag (F) AP, — diag (F) AP, (4.32)

where diag refers to the matrix diagonalization operator. Substituting (4.30) in
(4.32), the following expression is obtained:

%AU = diag (F) AP, — diag (F) Jpc AU (4.33)

The small-signal equivalent of the generalized control dynamic expression given by
(4.20) is written in vector form as

LAP, = diag (a) AP, + diag (b) AU

+diag (c) AP, + diag (d) AP.* + diag (e) AU* (4.34)
Substituting (4.30) in (4.34), we get
LAP, = diag (a) AP, + (diag (b) + diag (c) I pc) AU (4.35)

+diag (d) AP.* + diag (e) AU”

From (4.33) and (4.35), the state-space representation of the entire multi-terminal
VSC-HVDC system becomes

d AP, | | A Ap AP, n By B AP/ (4.36)
dt | AU | | Ay Ay AU Ba1 Ba AU" ’
A B
dx x v

dt

where the sub-matrices Aj; ... Byy are given by

Ay = diag (a), Ay = diag (b)+ diag (c)Jpc
Ay = diag (F), Ay = —diag (F)Jpc

By, = diag (d), Biy = diag (e)

By = [0] By, = [0]

(4.37)

nxn? n Xn

In (4.37) n refers to the number of VSC-HVDC terminals in the dc grid. From (4.36)
it can be noticed that the state-variables are the nodal dc voltages (U) and nodal
powers behind the shunt capacitances (P,). Hence n-terminal VSC-HVDC system is
represented by 2n state-variables. From the state-matrix (A) the eigenvalues of the
system can be computed. Applying Laplace transformation, the transfer function
between input vector v and state-variable vector x is given by

H(s) = :8 —(I-A)'B (4.38)
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where I refers to identity matrix. From (4.36), the steady-state response (i.e. when
s = 0) input-output relation becomes

(4.39)

5] 2] 3 (35

N Az Agr B Bos AU*

Thus so far, a generalized small-signal analysis approach has been presented. The
proposed small-signal analysis approach provides a quick way of studying both the
dynamic characteristic and steady-state interaction of a multi-terminal VSC-HVDC
systems. In the next section the validity of the proposed model is demonstrated
by comparing time-responses of the state-space model with simulation results of a
detailed PSCAD model for a test multi-terminal VSC-HVDC system.

4.2.5 Small-signal Model Validation by Simulation Studies

The small-signal analysis approach proposed in the previous section will be tested
for the example case of a five-terminal VSC-HVDC system shown in Fig. 4.33.
Time responses of the state-space model will be compared with the time response
of the detailed electro transient model of the same system in PSCAD. In the five-
terminal VSC-HVDC model of the simulation, two of the VSC-HVDC terminals
(i.e. terminal-3 and terminal-5) are set to be operated in fixed power control mode
whereas the other three VSC-HVDC terminals participate in the dc voltage droop
control with ppc = 0.04. Initial steady-state of zero power flow in the dc grid is as-
sumed. This is attained by assigning all dc voltage references to the same value (i.e.
400kV) and all power references to zero. Table 4.4 summarizes important param-
eters of the VSC-HVDC terminals in the test dc grid system. The descriptions of
controllers Type-1 to Type-4 are given in Table 4.3. From the converter parameters

Table 4.4: Converter and dc terminal parameters of the test case

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
P.x (MW) 900 800 1000 750 640
Usatea (KV) 400 400 400 400 400

Control type Type 3 | Type 4 | Type 2 | Type 3 | Type 1
poc (pu/pu) 0.04 0.04 0 0.04 o
R (MW/kV) 56.25 50 0 46.88 0
Tg (s) 0.05 0.05 0.05 0.05 0.05
Cp (uF) 113 100 125 94 80
Cr (uF) 405 240 520 405 120
C=C+Cp(pF)| 518 340 645 499 200
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\/\ P.ns = 1200 MW
Un=+/-200 kV Constant Power

= Type 1 control
P.n1 =900 MW z P.ngs=T50 MW
ppc = 0.04 ppc = 0.04

Type 3 control Type 3 control

P.no =800 MW P.n3 = 1000 MW
ppc = 0.04 Constant power
Type 4 control Type 2 control

All cable resistances: r = 0.01Q/km
All cable capacitances: ¢ = 5uF/km
Bipolar DC' transmission for all cases

Figure 4.33: A five-terminal VSC-HVDC transmission model used in the simulation

study with the employed types of converter controllers

given in Table 4.4, the parameters of equation (4.20) are computed based on Table
4.3, and are given by Table 4.5. Moreover, from (4.26) and the dc voltage response
parameters given in Table 4.4, the parameter F' is computed for each terminal and

is included in the same table.
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Table 4.5: Parameters of equation (4.20) for the five-terminal de grid

‘ Terminal No. ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘
a(1l/s) -20.00 | -25.88 | -23.88 | -20.00 | -20.00
b (MW /kVs) | -1125 | -1000 0 -938 0
c(1/s) 0 5.88 3.88 0 0
d(1/s) 20 20 20 20 20
e (MW/kVs) | 1125 | 1000 0 938 0
F (kVs/MW) | 4.83 7.35 3.87 5.01 12.5

The next step is to compute the de Jacobian matrix (Jpc). Let the initial steady-
state be such that all de-bus voltages are equal to 400kV (U? = U° = 400kV flat
voltage profile). (This is chosen in order to make use of the simple expression of the
Jacobian matrix for flat voltage profiles.) For flat voltage profile the dc¢ Jacobian
becomes Jpo = U°Y (Refer to equation (3.33)). This gives

1.2750 —0.6250 —0.2500 —0.4000  0.0000
—0.6250  0.9375 —0.3125  0.0000  0.0000
Jpc =400 | —0.2500 —0.3125 0.8750 —0.3125  0.0000 (4.40)
—0.4000  0.0000 —0.3125 1.1292 —0.4167
0.0000  0.0000  0.0000 —0.4167  0.4167

Substituting the relevant variables from Table 4.5 and from (4.40) into (4.37), the
state matrix A and the input matrix B are computed:

r —20.0 00.0 00.0 00.0 00.0 —1125.0 0000.0 0000.0 0000.0 0000.0 7
00.0 —25.9 00.0 00.0 00.0 —1470.6 1205.9 —0735.3 0000.0 0000.0
00.0 00.0  —23.9 00.0 00.0 —0387.6 —0484.5 1356.6  —0484.5 0000.0
00.0 00.0 00.0  —20.0 00.0 0000.0 0000.0 0000.0  —0937.5 0000.0
00.0 00.0 00.0 00.0  —20.0 0000.0 0000.0 0000.0 0000.0 0000.0
04.8 00.0 00.0 00.0 00.0 —2461.4 1206.6 0482.6 0772.2 0000.0
00.0 07.4 00.0 00.0 00.0 1838.2  —2757.4 0919.1 0000.0 0000.0
00.0 00.0 03.9 00.0 00.0 0387.6 0484.5 —1356.6 0484.5 0000.0
00.0 00.0 00.0 04.0 00.0 0802.0 0000.0 0626.6  —2264.1 0835.5

L 00.0 00.0 00.0 00.0 06.3 0000.0 0000.0 0000.0 2083.5 —2083.8

B_ { dia,gE 20.0 20.0 20.0 20.0 20.0% diagg 1125.0  1000.0 00.0 0937.5 oo.o%

diag ( 00.0 00.0 00.0 00.0 00.0 diag ( 0000.0 0000.0 00.0 0000.0 00.0

(4.41)
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From the state matrix, A, the eigenvalues of the system are computed:

—4383.8
—3386.1
—2003.7
—1153.8
—11.6 +57.9¢
—11.6 — 57.9¢
—43.4
—-23.1
—19.9
—20.0

(4.42)

From the list of eigenvalues in (4.42), it is observed that all eigenvalues have negative
real part and hence are stable. Moreover the system has oscillation mode with a
frequency of 9.2 Hz and a damping constant of 19 %.

Given the state matrix (A) and input matrix (B), transfer functions between a spe-
cific input element(AP; or AU;) and a specific output element (AP; or AUj;) can
be found.

In the detailed PSCAD simulation of the five-terminal VSC-HVDC system, a change
in power reference of AP = 1MW gives the responses shown in Fig. 4.35. Now let
us consider a step change of power reference AP = 1 MW. This corresponds to an
input vector of P* =[0 0 0 0 1)'u(¢). The nodal power responses and de-bus voltage
changes (from the state-space model) are shown in Fig. 4.34. Comparing this with
Fig. 4.34, it is evident that the state-space model responses match very well with
the corresponding time-plots from the detailed MTDC model in PSCAD. It can also
be noticed that the state-space model responses in Fig. 4.35 depict slightly larger
overshoots. This is apparently due to the dc line inductances which were neglected
in the state-space modeling. In addition to this, the dc line inductances result in
small delays in dc voltage responses as observed in Fig. 4.35. The single time-
constant approximation applied for each controller of VSC-HVDC also contributes
to the deviations, but in less significant manner. By approximating each VSC-
HVDC controller by a single time-constant and by ignoring the dc line inductances,
the number of state-variables was kept to a relatively small size (10 in the test
case) and yet the the dynamic characteristic of the dec grid has been predicted with
reasonable accuracy. In contrast, considering all control time constants and dc line
inductances makes the space space modeling very cumbersome and more difficult to
manage. Hence, it can be concluded that the proposed approach provides a quick
way of studying the dc grid system dynamics analytically with reasonable accuracy.
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Figure 4.34: State-space model responses: dc-bus voltage and terminal power re-
sponses to a step input of AP = 1MW

4.3 Chapter Summary

In this chapter large-disturbance stability and small-signal stability of MTDC have
been explored. There are several possible causes of large-disturbance instability
in MTDC transmission such as ac fault, dc fault and converter failure. ac faults
are usually temporary and clear within short duration of time. In this chapter it
was demonstrated that post-fault stability of MTDC depends on pre-fault loading
level, aggregate dc capacitance of the dc grid and the duration of the ac fault. An
analytical approach has been proposed to compute the critical fault clearing time
to have post-fault stability in MTDC systems and the accuracy of the method was
corroborated with simulation results. In the small-signal study part of this chapter,
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Figure 4.35: Detailed simulation model responses: dc-bus voltage and terminal
power responses to a step input of AP = 1MW

a generalized approach of state-space modeling of MTDC has been proposed. Each
controller is modeled by a single time constant and each dc line is modeled by a single
m-section equivalent consisting of a resistance and two capacitances. Comparison
of step responses of the the state-space model (in Matlab) with that of detailed
electromagnetic transient model (in PSCAD) has revealed a reasonable degree of
agreement between the two. The proposed model is applicable for all five types of
VSC control schemes (discussed in this thesis) and for any dc grid topology. Thus the
proposed mathematical model can be used for quick analysis of both steady-state
and dynamic interactions in the dc grid without requiring detailed time-domain
simulations.
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5 CASE STUDY OF APPLICATION SCENARIO
OF MTDC IN THE NORTH SEA REGION

5.1 Prospects of MTDC Transmission in the North Sea Re-
gion

In several references the use of MTDC system has been proposed for integration of
wind farms and in particular offshore wind farms [23],[64],[31],[51]. Some have also
suggested the use of MTDC as a reinforcement of traditional land-based ac networks
[63], [30] [33]. Due to the satisfactory performance of traditional ac networks and
lower investment costs (compared to HVDC technology), it will take some time until
the use of land-based MTDC systems will be implemented. Offshore based MTDC
on the other hand has got a lot of attention in recent years due to increasing devel-
opment of offshore wind farms. In submarine applications HVDC is the technology
of choice for distances of more than 50-60 km due to lower line losses, higher trans-
mission capacity, decoupling of frequencies of ac grids and some other advantages.
In this respect, the North Sea region is one of the leading candidate areas which
may benefit from the first commercial application of MTDC technology.

The European Network of Transmission System Operators for Electricity (ENTSO-
E), an association of Europe’s transmission system operators (TSOs) for electricity,
is divided into five regional groups (RGs) namely: RG Continental Europe, RG
Ireland, RK United Kingdom, RG Nordic and RG Baltic. The North Sea region
is surrounded by three of these regional grids, i.e. RG Nordic, RG UK and RG
Continental Europe [9]. The North Sea region has several unique features which
make MTDC an attractive solution for the grid integration of offshore wind farms.
The North Sea region is characterized, among others, by the following features.

1. The area is endowed with vast amounts of wind energy. This provides a lot of
potential for developing offshore wind farms. The use of VSC-HVDC for integration
of long distance offshore wind farms has become a common trend due to several
advantages of such a system (This was discussed partly in chapter 1 of this thesis).
The variable generation from wind farms, however, means that there must be more
primary and secondary reserves in the ac grids to compensate for the power fluctu-
ations in various time frames.

2. The large hydro power capacity in the Norwegian power system can successfully
provide readily available reserves required for compensation of wind power fluctu-
ations. This requires the presence of HVDC connections between the RG UK and
RG Nordic. RG Nordic and RG continental are already connected by point-to-point
(classic) HVDC link. In the presence of interconnections between the different ac
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grids around the North Sea region, wind power producers can easily buy primary
and secondary reserves from suitable places (mainly from RG Nordic) and sell wind
power production to a much wider regional market.

3. The presence of the three asynchronous ac grids surrounding the North Sea re-
gion in a relatively close proximity makes the region suitable for benefiting from
interconnection by MTDC. Interconnecting these ac grids by HVDC transmission
system enables fast and flexible power flow control in a wider region, while keeping
their asynchronous operation unaffected. The benefits mentioned above (in no. 2)
for offshore wind power producers also apply to the traditional power producers in
the three separate ac grids. Increasing interconnection between regions with com-
patible physical operations and market mechanisms increases the effective size of
the market, which is beneficial both for increased competition and for integrations
of large amounts of variable wind power [4].

4. There are some offshore loads in the North Sea (i.e. oil and gas platforms), which
mainly use gas fired turbines to meet the power demand. These loads can benefit
from clean power supply from onshore grids and/or from offshore wind farms via
HVDC connections. In fact in recent years there has already been a trend to supply
platforms with VSC-HVDC connections.

All the facts mentioned above reinforce the argument that the use of MTDC in
the North Sea region can potentially benefit all the interconnected producers and
consumers in a mutual way.

The North Sea HVDC grid will not be developed as a single large project, but in
several steps of separate individual projects. Offshore wind farm developments are
expected to continue base upon VSC-HVDC interconnections with the three sepa-
rate ac grids. Once there is substantial number of offshore wind farms in the North
Sea, the meshed VSC-HVDC can be formed on the backbone of the already existing
subsea power transmission infrastructure. Such scenario is shown by Fig. 5.1 where
the blue lines show initial stage developments and the red dashed line shows the
formation of meshed North Sea HVDC grid afterwards.

5.2 Meshed North Sea HVDC Grid Scenario: Simulation
Results

Different interconnection scenarios have been proposed in the literature for the
meshed North Sea HVDC interconnection (sometimes called North Sea Supergrid).
Fig. 5.2 shows meshed North Sea HVDC grid scenario proposed by Airtricity [27],
Sintef [2], Statnett [7], and EWEA [3].
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Figure 5.1: Meshed North Sea HVDC grid scenario used for the simulation study

Statnett

Figure 5.2: North Sea Supergrid proposal by Airtricity (top left, [27]), Sintef (top
right, [2]), Statnett (bottom left, [7]) and EWEA (bottom right, [3])
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In this chapter a relatively simple scenario of the North Sea super grid has been
considered for demonstrating its potentials with the help of simulation studies. As

Offshore load
(Oil/gas platform)

PL’N5:250 Mw
= Constant power mode

All cable resistances: r=0.01 Q/km \ﬁ
All cable capacitances:c=5 yF/km
Bipolar DC transmission for all cases

Uy =+/-200 kV
P.vi=450 MW % P.n=1000 MW
Scotland  DC droop mode 7 DC droop mode

RG Nordic

K== TR-@
\\OOO
RG UK 112=300 km O% 15,=700 km  RG Continental
Europe
- H ] J\ g:@

2 <
England  p =800 MW \\/v) P.y3=750 MW
DC droop mode 6 0@2 Constant power mode
— with frequency droop
/\] . Pns=600 MW
Variable wind power

Offshore windfarm

Figure 5.3: North Sea Supergrid scenario chosen for the simulation studies
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shown in Fig. 5.3, the chosen test scenario includes two interconnections to RG
UK, one interconnection to the RG Nordic, two interconnections to RG Continental
Europe, one interconnection to an offshore wind farm and one interconnection to an
offshore load (oil and gas platform). Converter power and voltage ratings in Fig.
5.3 are chosen for demonstration purpose only and do not represent any specific
future plan for the North Sea super grid. PSCAD simulation software was used for
modeling the test scenario. Like in all previous ac grid modeling cases in this thesis,
here also each ac grid is represented by a synchronous generator and an equivalent

load.

5.2.1 Mitigation of Wind Power Fluctuation by Primary Power Balanc-
ing of HVDC Grid

In the test scenario, the offshore wind farm injects variable wind power into the
HVDC grid, and as a result the dc-bus voltages also show similar variations. The
HVDC terminals with de voltage droop control (i.e. 1, 2 and 4) respond by varying
their power flow accordingly. In contrast, the HVDC terminals with constant power
control (i.e. 3 and 5) remain unaffected by the de-bus voltage variations (see Fig.
5.4). The large power flow variation from the offshore wind farm has effectively
been distributed to the HVDC terminals in droop control mode (i.e. terminals 1,
2 and 4), hence demonstrating the capability of the meshed North Sea HVDC grid
for mitigating the impact of wind power variation on the ac grid.

5.2.2 Coping with Loss of DC line in the Meshed HVDC Grid

To show the supply security capability of a meshed HVDC grid in the North Sea,
outage of a dc line was studied with the simulation model. dc line 1-2 is discon-
nected abruptly at ¢ = 90 s. This results in increased power flow in some of the dc
lines (line 1-3, line 1-4 and line 3-4) such that the power injection at each of the
HVDC stations remains nearly unaffected. A closer look at the time plots in Fig.
5.5 shows that the terminals with dc voltage droop control exhibit a small amount
of power flow deviation after outage of line 1-2. This is due to the dc line resistances
which result in slight variations of the dc-bus voltage changes which in turn affect
the droop controllers (quantitative analysis of this effect has been given in chapter
3). Nonetheless, the simulation results show that meshed HVDC grid with de volt-
age droop control can ensure supply security even after loss of one of the dc lines
constituting the meshed topology.
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Figure 5.4: Time-variation of wind power and primary balancing by HVDC terminals

5.2.3 Response to Loss of Connection to Offshore Wind Farm

In section 3.1 it was discussed that dc voltage droop control enables the provision
of N-1 security in a meshed HVDC grid. This feature can be utilized during loss
of connection to offshore wind farm (or loss of power generation from offshore wind
farm). This can be seen from the simulation result in Fig. 5.6 where loss of wind
power is compensated by the droop controlled terminals (1, 2 and 4). In this partic-
ular case, the HVDC terminal connected to RG Continental Europe (i.e. terminal
3) is assigned to constant power mode and hence remains unaffected by the loss
of wind power supply in the meshed HVDC grid. Similarly, the power supply to
the offshore oil/gas platform remains uninterrupted despite the loss of wind power
injection.
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Figure 5.5: Response of meshed HVDC grid to outage of a dc line

5.2.4 Primary Reserve Exchange via HVDC Grid

Exchange of primary and secondary reserves between the three ac grids (RG Nordic,
RG UK and RG Continental Europe) is possible by means of meshed North Sea
HVDC grid. This requires the use of frequency droop control on the HVDC terminal
power flow controller. To demonstrate this, a frequency droop element was added to
the power controller of the HVDC terminal connected to RG Continental Europe.
An increase of load power inside the RG Continental Europe was simulated and the
resulting responses are shown in Fig. 5.7.

Comparison of the frequency responses of the RG Continental Europe in the presence
and absence of frequency support by the North Sea HVDC grid is shown in Fig. 5.8.
This demonstrates that the North Sea HVDC grid has the potential for enhancing
the frequency response of the interconnected ac grids.
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Figure 5.6: Response of dc grid to loss of connection to offshore wind farm

5.2.5 Secondary Control Response of MTDC

Large steady-state power flow deviations in the dc grid may arise from a sudden
outage of a converter station. The simulated case of wind power loss in Fig. 5.6 can
be a good example of an event which results in steady-state power flow deviations
in the VSC-HVDC terminals. In this particular case although converters 1, 2 and
4 are participating in the primary control, there may be a more urgent need to re-
store power flow in certain HVDC stations than the others. Here we shall consider
a scenario where there is a need to restore power flow in converter 1 and 2 (i.e.
UK connections) at the expense of more power injection from the RG Nordic via
converter-4. This is based on the premise that the huge installed capacity of hy-
dropower in the RG Nordic can be capable of such provision. Based on this scenario,
the responses of secondary control in the meshed North Sea HVDC grid simulation
dc are shown in Fig. 5.9.
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Figure 5.7: Primary reserve exchange via HVDC grid

As shown in Fig. 5.9, the secondary control action is capable of restoring the power
flow of converters 1 and 2 to the same level as prior to the loss of connection to
offshore wind farm. Power flow via converter terminals 3 and 5 remained intact
throughout the primary and secondary control actions.

5.3 Challenges in Developing Meshed North Sea HVDC
Grid

While the potentials of meshed HVDC grid in the integration of North Sea producers
and consumers appear to be enormous, there are still some challenges in employing
the technology in real life [22]. The most salient ones of these challenges are discussed
below.

1. Dc fault handing issues: dc fault protection based upon ac-side protection of
converters and dc isolators has been proposed in the literature, thereby avoiding
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Figure 5.8: Comparison of frequency responses of the RG Continental Europe with
and without frequency support by the North Sea HVDC grid

the need for dc circuit breakers [54]. The method involves disconnection of all
converters on their respective ac sides, then isolating part of the dc grid with dc
fault and reconnects all the healthy converter stations to their respective ac grids.
Although the method is capable of disconnecting faulty part and restoring normal
operation of the rest of the dc grid, the momentary disconnection of the entire dc
grid involved in this process can undermine security of supply unless the restoration
time is sufficiently small. Fault localization algorithms for dc cables have been
proposed in some references [91],[49]. dc circuit breakers on the other hand can
quickly disconnect the faulty part without the need to temporarily disconnect the
dc grid from all ac connections. Various solutions of dc circuit breakers based on
power electronics have been proposed [53],[47],[41]. However, dc circuit breakers in

the high voltage and high current ranges and applicable to such "‘supergrids"’ have
not been made commercially available yet.

2. Standardization of dc transmission voltage level and requirements for dynamic
responses: Current suppliers of VSC-HVDC technology use different dc voltage
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Figure 5.9: Secondary control response of HVDC grid for loss of connection to
offshore wind farm

ratings for HVDC solutions, which in many cases are specifically chosen to suit the
specific application. Since a meshed HVDC grid would normally be expected to
involve various technology suppliers and transmission system operators, there is a
clear need for determining a standard dc voltage level as well as dynamic response
requirements (such as droop level for dc voltage control, droop level for frequency
support by HVDC, fault-ride-though capabilities).

3. Ambiguity surrounding ownership and management of the North Sea Supergrid:
Since the North Sea Supergrid would span several transmission system operators; it
is not very clear who will own the dc grid and how it will be operated and who will
be responsible to the system security. These are crucial questions that should be
addresses properly since these directly affect sharing of investment and maintenance
costs as well as operation and market integration of the dc grid.

163



5.4 Chapter Summary

In this chapter a MTDC scenario in the North Sea has been studied with the help of
simulation models. It is shown that a meshed MTDC interconnection in the North
Sea can increase supply security, and can provide further integration of regional
and national electricity markets which in turn encourages competition for both new
offshore wind farms as well as for traditional land based power generation. If a
meshed HVDC grid in the North Sea is to be realized, some challenges should be
first tackled. These include the need for effective dc fault protection, standardiza-
tion of voltage levels, standardization of controllers of VSC-HVDC terminals and
clarification of ownership and management authority of the offshore dc grid.
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6 CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

MTDC transmission system offers several advantages for offshore applications such
as wind power integration, interconnection of asynchronous ac grids and supply of
power to offshore oil and gas platforms. This is most evident in the case of the
North Sea region which has vast potential of wind power, already existing offshore
loads (oil and gas platforms) as well as three asynchronous ac grids (RG UK, RG
continental and RG Nordic). While there is a growing need for MTDC transmission
system, the technology is not yet fully matured for commercial applications. Several
research and development efforts have been done in the area of MTDC control and
protection systems. According to literature, MTDC must have dc voltage droop
control configuration at two or more of the VSC-HVDC terminals in order to pro-
vide N-1 security in the dc grid. The research work described in this thesis had
the objectives of consolidating the control of MTDC based on existing methods and
compare their performances, to propose operational strategy and to increase un-
derstanding of the steady-state and dynamic characteristics of MTDC using novel
analysis techniques. In line with this objective, operation and analysis of MTDC
systems have been thoroughly investigated in the thesis. The research results can
be divided into three groups, namely: MTDC control, MTDC operation and MTDC
analysis.

i. MTDC Control

In this thesis a control method which enables ac grid frequency support by MTDC
has been proposed. The method enables exchange of primary reserves between
asynchronous ac grids via a common MTDC system. The control method improves
both the dynamic frequency response (i.e. the frequency response in the first few
seconds) as well as the steady-state frequency response of ac grids. The most signif-
icant advantage of the control method is that does not require any communication
between different VSC-HVDC terminals or between the asynchronous ac grids for
coordinated actions. Each generator and converter unit acts autonomously based
upon local frequency and dec-bus voltage measurements. With the help of various
simulation models it was shown that the proposed control method gives satisfactory
performance.

ii. MTDC Operation

Dc voltage droop control takes the assumption that dc-bus voltage variations can
be taken as a reflection of the loading level of de grids (just the same way as fre-
quency works in generation-load balancing in ac grids). Unlike frequency of ac grids
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however, the bus voltages in a dc grid show slight variations due to line resistances.
If these differences in de-bus voltages are not properly accounted for in determining
dc voltage references and power references, there will be large power injection devi-
ations at steady-state and this will pose a challenge to precisely control the power
flow at steady-state. From the research work it was found out that if the dc voltage
references and power references are assigned the same value as the output from dc
power flow analysis of the network, then all the dc voltage error signals in the droop
controllers will be eliminated and precise power flow will be achieved. This was
corroborated by employing the method on a test model of an MTDC system and
simulation results have shown that the method works very well indeed .

Secondary control of dc grid is very much like tie-line control in ac grid. Due to the
dc line resistances’ impact on the droop controllers, implementation of the secondary
control becomes difficult. This, however, has been managed in this thesis by using
the results of the steady-state MTDC analysis approach (which itself is one of the
main contribution of the research work). The proposed secondary control strategy
enables the precise restoration of power flow in selected converter units within the
MTDC.

iii. MTDC Analysis

Quantitative approaches for direct analysis of steady-state and dynamic charac-
teristics of MTDC has rarely been used until now in existing research work (even
though there are numerous references which used simulation based approaches). In
this thesis work various quantitative approaches have been proposed to study the
steady-state and dynamic characteristics of MTDCs. In all proposed methods, gen-
eralized topology of dc grid and generalized control mode of VSC-HVDC terminals
have been considered in order to accommodate all possible topology and control
strategy scenarios of MTDC systems. The various quantitative analysis methods
proposed and verified in the research work are summarized below.

a. Analytical expression for distribution of primary power flow exchange in MTDC

An analytical expression which correctly estimates the distribution of primary power
flow among various VSC-HVDC terminals of a MTDC has been derived via lineariza-
tion of the power flow equations. This enables to quantify the impact on power flow
distribution of (1) de grid topology (as expressed by the dc Jacobian matrix), (2)
use of various dc voltage droop constants and (3) the location where a power ex-
cess/deficit has occurred. Hence the expression can be used to accurately estimate
changes in nodal power injection after loss of a VSC-HVDC terminal, or loss of a
dc line.

b. Analytical expression for steady-state ac/dc interactions in primary response for
generalized connection topology
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The use of frequency droop control in VSC-HVDC causes load-frequency interaction
of asynchronous ac grids via MTDC system. Several factors determine the extent to
which a change in load occurring in one ac grid will affect another ac grid connected
via MTDC. Frequency responses of the various ac grids, droop constants used in the
MTDC (both dc voltage droop and frequency droop constants) as well as the de grid
topology are among the main factors which determine the degree of influences in the
ac/dc interactions. Moreover, two or more VSC-HVDC terminals may be connected
to the same ac grid. Analytical expression for computing the steady-state ac/dc
interactions, which considers all these aforementioned factors, has been derived.
With the derived expression, one can for example accurately compute the frequency
decrement in an ac grid due to a load increment in an other ac grid connected via
the MTDC system. The proposed approach has been verified by simulation results
of a test model of MTDC transmission .

c. An approach for state-space modeling in an arbitrary MTDC grid

In some literature small-signal analysis of MTDC grid has been studied. The
methodology employed in the existing work has been to analyze some specific MTDC
topology and hence generalization of the analysis to an arbitrary MTDC topology
was missing. In this research work a universally applicable method for small-signal
analysis of any MTDC topology and VSC-HVDC control configuration has been
proposed. The method is applicable for small-signal modeling of MTDCs and can
give a suitable alternative to detailed time-domain simulation analysis of MTDC
grids. The drawback of the method is its limitation to an all-cable dc grid system
(i.e. it is not applicable if there is one or more overhead line in the dc grid due to
the significantly large line inductances which should be included in the small-signal
modeling).

d. Large disturbance stability analysis of MTDC grid

Power flow interruption at a converter in rectifier mode of operation can potentially
lead to dc voltage collapse of MTDC system depending on the level of dc grid load-
ing and the amount of static stability margin. A typical cause of power interruption
at a rectifier unit is ac fault occurring close to the rectifier terminal. If the ac fault is
temporary (which is usually the case) the eventual stability of the de grid (or alter-
natively the recovery of the dc grid from the ac fault impact) will depend upon the
duration of the ac fault, pre-fault loading of the dc grid and the maximum aggregate
power delivery capacity of the rectifier right after the fault clearance. An analytical
expression has been derived to compute the critical clearing time for the dc grid
to avoid eventual dc voltage collapse and power flow interruption thereafter. This
critical clearing time is different from the one computed for synchronous generators
though there is some analogy between the two. Simulation results have shown that
the MTDC fails to recover from the ac fault when the fault duration exceeds the
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critical clearing time computed analytically. High severity balanced ac faults and
medium severity unbalanced ac faults may result in synchronization failure of the
PLL of VSC-HVDC terminals thereby destabilizing the dc grid earlier than the crit-
ical clearing time computed by the proposed analytical expression. The proposed
approach assumes that the PLL of the converters work properly in the duration of
the ac fault and the dc voltage collapse is mainly caused by depletion of energy from
the de capacitances (filter capacitances plus cable capacitances).

6.2 Challenges in Developing MTDC and Suggested Future
Works

While MTDC has several potentials advantages and application areas, there are
still some challenges which needs to be solved before employing the technology for
commercial application. The most important challenges and other suggested future
works in the area of MTDC are discussed below.

1. Dc fault handing issues: dc fault protection based upon converters ac side protec-
tion and dc isolators has been proposed in the literature, thereby avoiding the need
for dc circuit breakers. The method involves disconnection of all converters on their
respective ac sides, then isolating part of the dc grid with dc fault and reconnects all
the healthy converter stations to their respective ac grids. Although the method is
capable of disconnecting faulty part and restoring normal operation of the rest of the
dc grid, the momentary disconnection of the entire dc grid involved in this process
could undermine security of supply unless the restoration time is sufficiently small.
dc circuit breakers on the other hand could instantaneously disconnect the faulty
part without the need to temporarily disconnecting the dc grid from all ac connec-
tions. However, dc circuit breakers in the high voltage and high current ranges have
not been commercially available yet.

7. Standardization of dc transmission voltage level and requirements for dynamic
responses: Current suppliers of VSC-HVDC technology use different dc voltage rat-
ings for HVDC solutions, which in many cases are specifically chosen to suit the
specific cases of applications. Since a meshed HVDC grid would normally be ex-
pected to involve various technology suppliers and transmission system operators,
there is a clear need for determining standard dc voltage level as well as dynamic
response requirements (such as droop level for de voltage control, droop level for
frequency support by HVDC, ac and dc fault responses).

1ii. Ambiguity surrounding ownership and management of MTDC: MTDC can po-
tentially span several transmission system operators; it is not very clear who would
own the dc grid and how it should be managed. These are crucial questions that
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should be addresses properly since these directly affect sharing of investment and
maintenance costs as well as operation and market integration of the dc grid.

w. Use of MTDC' for damping of oscillations in ac grids: In addition to the chal-
lenges listed above, MTDC can potentially be used for damping out disturbances
in ac grids [58]. This may be done by using the active power controller or reactive
power controller at the VSC-HVDC terminals as power system stabilizers (PSS), i.e.
similar to the PSS applied to the excitation control of synchronous generators.

v. Small-signal modeling of generalized ac/dc interconnection including multi-machine
ac systems: The generalized small-signal modeling approach proposed in this thesis
work only considers the MTDC system excluding the dynamic ac/dc interactions.
This should be improved by including detailed multi-machine models in order to
get a full picture of the ac/dc dynamic interaction. This becomes even more use-
ful to achieve proper tuning of VSC-HVDC controllers in case they will include
supplementary control serving as PSS (as mentioned in no. iv above).
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A Appendix

Control design of VSC-HVDC (and other systems as well) can be done in two ways:
(1) based on physical units or (2) based on per-units. Control system based on
physical units is more straight forward compared to the later one. Per-unit based
control requires the conversion of all input parameters from physical units into per-
units. The difference between these two in the case of VSC-HVDC can be understood
by looking at Fig. A.1 and Fig. A.2.

Figure A.1: VSC control structure which uses physical quantities

The main advantage of the per-unit approach of control design is its re-usability for
scaled up/down versions of the same system. This means that as long as the sys-
tems dynamics remains same, the controller also will remain unchanged for various
ratings of the system. Because of this advantage, the per-unit approach has been
used for the VSC-HVDC simulation models in this thesis work.

Before proceeding to the VSC-HVDC specification, let us first briefly discuss the
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Figure A.2: VSC control structure which uses per-unit quantities

concept of per-unit system. Per-unit system enables us to analyze a system inde-
pendent from the actual rating of the system in physical units. Per-unit conversion
requires a pre-determined set of base-units. The ratio of a physical unit to the cor-
responding base-unit gives the per-unit equivalent.

In power systems the rated apparent power (or just power), rated voltage and
rated current are the most fundamental elements by which electrical equipments
or components are specified. In most cases the rated current, rated voltage and
rated power/apparent power are taken as the base current, base voltage and base
power /apparent power respectively. Base resistance/ impedance Z,s. is defined as
the ratio of base voltage to base current. Base admittance (Yjus.) is the reciprocal of
the base impedance. Hence for an ac system with rated current of Iy, rated voltage
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of Viy and rated power/ apparent power of Iy the set of base-units is given by

‘/base = VN
Ibase = IN
(A1)
Pbase = Sbase = SN
Vi
Thase = Zbase I:Z::
The per-unit conversions are given by
Vi = 72—
pu ‘/base
_ 1
Ipu - Ibase
(A.2)
P o=_£
pu Shase
— T
Tou = Zpooe

Base inductance and base capacitance are defined in different ways for ac and dc
systems. In ac system base inductance and base capacitance are defined in terms of
base impedance and base admittance respectively:

WLAC,base = ZAC,base
(A.3)
WCAC,base = YAC’,base
where w refers to rated ac system frequency in rad/s. The per-unit conversions of
inductance and capacitance are given by

L _ _ Lac
AC,pu WZAC,base
(A4)
C _ _ Cac
AC,pu WYAC,base

Like in ac systems, the rated voltage, rated current and rated power in dc systems
are also often taken as the base voltage, base current and base power respectively:

UDC,basc = UDC',N
IDC,base = ]DC,N

PDC,base = PDC,N

T'DC base = UDC,base/IDC,base
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Inductances and capacitances in dc power system are usually observed from en-
ergy storage point of view rather than from the impedance perspective. Hence we
introduce the a new quantity termed here as base energy (Epc pase) and defined as

EDC,base = PDC,base x1s (A6)

In dc power system we can define the base inductance and base capacitance in
terms of energy accumulation time (occasionally referred as time constant of en-
ergy). This is the time required to accumulate the base (rated) energy in to the
capacitance/inductance while injecting power into the capacitance/inductance at
the rated power of the system (analogous to inertia time constant of synchronous
generators). Let us first define the base capacitance and base inductance as

1 2 _ —

§CDC,baseUDC,base - EDC,base - PDC,base x1s (A 7)
1 2 _ — .
§LDC,baseIDC1base - EDC,base - PDC,base x1s

Per-unit conversion are given by

CDC‘ CDC

CDCVpu =

. _ CDL(;?W _ (2PDc,base£Z§(jybasﬁxls) (AS)
DCypu Lpc base (QPDvaasc/U%C.baseX1S)

The per-unit parameters of the VSC model in Fig. A.2 (and also all other VSC
models used for simulation studies in this thesis) are shown in Table A.1. Note that

Table A.1: Per-unit parameters of the VSC models used in the thesis

| Parameter | value (pu) | Remarks ‘
r 0.01 Rated voltage drop across r is 1% of rated ac voltage
L 0.06 Rated voltage drop across L is 6 % of rated ac voltage
Cy 0.1 Charging time (at rated power is 100 ms)
k; 0.0133 Integral gain of inner current controller
kp 1 Proportional gain of inner current controller

all the parameters in Table A.1 are the same for all VSC-HVDC terminals(control
parameters k; and k, refer only to active grid connected terminals). The actual
(physical) values of the parameters change according to power and voltage ratings:

TAC = TAC,pud AC,base
Lac = Lacpulacpase

TpC = T'DCpu ZDC,base

C1DC = CDC’,puODC,base
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