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Abstract

Power systems have been developing over the past few decades, especially in terms of
increasing efficiency and reliability, as well as in meeting the recent rapid growth in de-
mand. Therefore, High Voltage Direct Current (HVDC) systems are considered to be one
of the most promising and important contenders in shaping the future of modern power
systems. A number of trends demonstrate the need to implement Multi-terminal Direct
Current (MTDC) systems, including the integration into the conventional grid of renew-
able energy resources such as photovoltaic (PV) and offshore wind farms. The transmission
of power from or to remote areas, such as the North Sea in Europe, is another initiative
that is required in order to meet the high demand for power. The interconnection be-
tween countries with different levels of frequencies over a long distance is a fundamental
application of HVDC grids as well as hybrid AC/DC transmission systems. The industry
has also played an essential role in the accelerated progress in power electronics devices
regarding cost and quality. Consequently, Voltage Source Converter based-High Voltage
Direct Current (VSC-HVDC) systems has recently attracted considerable attention in the
research community. This type of HVDC systems has a significant advantage over the
classic Current Source Converter based-HVDC (CSC-HVDC) in terms of the independent
control of both active and reactive power. Since VSC-HVDC is now being implemented in

various applications, this requires a close examination of the behavior of both the economic

and operational issues of both VSC-HVDC stations and MT-HVDC systems.

This thesis proposes an optimal power-sharing control of MT-HVDC systems using
a hierarchical control structure. In the proposed control scheme, the primary control
is decentralized and operated by a DC voltage droop control. This method regulates
the voltage source converters (VSCs) and guarantees a stable DC voltage throughout the

system even in the presence of sudden changes in power flow. A centralized optimal power
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flow (OPF) is implemented in the secondary control to set the droop gains, and voltage
settings in order to fulfil a multi-objective function. This aims at minimizing the losses in
DC grid lines and converter stations by an optimization algorithm, namely Semidefinite
Programming (SDP). Therefore, an optimal power-sharing result is achieved taking into
consideration the losses of both transmission lines and converters, as well as failure intervals
of the system. The proposed control scheme was tested on a modified CIGRE B4 DC grid
test system based on the PSCAD/EMTDC and MATLAB in which the primary control
was designed and simulated in the former, whereas the latter was used to run the SDP

algorithm.
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Chapter 1

Introduction

1.1 Preamble

The integration of Renewable Energy Sources (RESs) into conventional AC grids has in-
duced a revolution and a significant shift in the direction of power systems in recent years.
This trend was driven by two major factors, namely the rapid growth of demand and a
higher level of greenhouse gas emissions into the atmosphere. Offshore wind farms and
photovoltaic energy are the most promising and widely-used RES types around the world,
and the efficiency of these sources mainly depends on where and how they are installed [3].
In 2018, the European Union (EU) installed more wind energy capacity than any other
form of electricity generation. Solar power electricity generation has increased rapidly in
recent years in the EU-27 countries, doubling from 2007 to 2017 from 0.7% to 12.3% of net

electricity production [1] [4].

Consequently, High-Voltage Direct Current (HVDC) systems are considered to be a

substantial solution to the high penetration of RES due to several reasons. The location of
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Figure 1.1: Wind and solar energy shares in Europe [!]

wind farms, such as generation projects in the North Sea in Europe, has stimulated the need
to transmit power from or to remote areas over long distances with the aim of minimizing
losses [5]. The advancements of power electronic devices in industry and technology have
led to the expansion of HVDC systems in terms of quality and cost. In order to meet the
increasing demand of various countries in the same region, HVDC transmission systems are
used to interconnect between asynchronous AC systems with different frequencies, unlike a
traditional AC connection. An HVDC connection is an efficient and economical alternative
in terms of employing solar and wind energy due to minimizing power transmission losses

and voltage conversion stages [(—9].

1.2 MT VSC-HVDC Systems

Multi-terminal HVDC-VSC based systems are the ultimate choice regarding the scope of

this thesis. This was determined according to several aspects, starting from HVDC over



high voltage alternating current (HVAC), VSC-HVDC over LCC-HVDC, and MTDC over

a point-to-point HVDC connection.

As the primary starting point, high voltage (HV) is the most common type in trans-

mission systems because of the reduction of line losses compared to medium voltage (MV).

e From a power flow control perspective, an HVDC connection can control the power
flow direction and magnitude by changing either the voltage polarity or the current
direction, while an HVAC connection needs particular equipments, such as unified
power flow control (UPFC) in order to change the power flow. Transmission lines
in HVDC systems do not have distance limits nor reactive power loss in contrast to
HVAC where transmission lines have capacitive and inductive impedances. HVDC
systems also have the ability to carry a higher amount of power for any size of

conductor.

e From a stability perspective, HVAC is more likely to be unstable compared to HVDC
systems with regard to all the operational and thermal limits whereas HVDC systems

improve stability for their connection and also for interconnecting AC grids.

e From an economical perspective, HVDC overhead lines are more cost effective than
HVAC when the transmission exceeds certain distance. HVDC systems can deliver
power to areas where the demand is high and new generators cannot be installed.
They can also increase the capacity of existing AC transmission systems. HVDC
connections among AC systems do not require synchronization and also have a lower

number of voltage conversion stages in comparison to HVAC connections [10-12].



Classical HVDC systems primarily depend on line commutated converters (LCCs)
which are based on thyristors. Notwithstanding the aforementioned advantages in the

previous section, LCCs:

e Lack the ability to reverse the current direction.
e Require and consume reactive power
e Supply only active loads.

e Have a high possibility of commutation failure [5, 13, 14].

These limitations, alongside the overall cost of LCCs, have introduced the Voltage
Source Converter (VSC) into the field of HVDC systems. VSCs, which are based on an
insulated gate bipolar transistor (IGBT) with an anti-parallel diode, are self-commutated
converters, unlike LCCs [15]. VSCs can independently control active and reactive power,
and have the ability to reverse power flow direction without the need to change the DC

voltage polarity [16, 17].

As previously mentioned, HVDC grid applications include the transmission of power
over long distances and interconnection among asynchronous AC systems. These applica-
tions demand a high level of power which usually cannot be met by a one or two-terminal
HVDC system, also known as classic HVDC systems. Hence, MTDC VSC-based grids have
the edge over the aforementioned HVDC structures in regards to cost, reliability, and abil-
ity to handle expected expansion in distribution systems to meet the demand growth [15].
The flexibility to control the power flow within the grid is a significant advantage that is
profoundly needed by power electricity markets and power operators. Power quality can be

improved by controlling the AC system voltage through the reactive power of VSC-HVDC



stations. Short circuit faults on the AC side have a negligible effect on the DC side because

the converter can operate regardless of AC sources [19)].

1.3 Thesis Motivation

Power grids were dominated by AC transmission systems for the past few decades until the
rise in implementing renewable resources into traditional AC networks. This rise caused
DC grids to gain considerable attention in the research community over the last few years
as the demand of power has had a rapid and positive upward slope. The challenges of
integrating distributed generations (DGs) have also incited this interest with the boost in
the industry of power electronics, especially VSCs. One of the most important applications
of MTDC systems is transmitting power that is generated from offshore wind farms or
onshore AC systems. As a result, MTDC grids have no reactive power compensation and
fewer of the conversion steps which are needed to collect a large amount of power from
remote areas. This amount of power has to be shared among a multi-terminal HVDC
system based on a desired share in order to: minimize grid losses; increase penetration of
RESs; and operate within the system limits such as voltage regulation limits, rated power
of VSCs and the capacity of lines. Power sharing among multi-terminal HVDC systems has
been investigated in various studies in order to fulfill the previous objectives. However,
the losses of both lines and converters have not been considered. Therefore, this thesis
proposes an optimal power sharing control of MTDC systems based on droop control and

Optimal Power Flow (OPF) as the primary and secondary control, respectively.



1.4 Thesis Contributions

This thesis has many research objectives which can be summarized as follows:

e To study and evaluate the behaviour of the voltage source converter in terms of the

working principle, power flow, and configurations.

e To use and analyze various control techniques to operate a detailed VSC model in

an MTDC system.

e To introduce a new hierarchical control scheme which includes a droop voltage control
in the primary level and using Semidefinite Programming (SDP) as a secondary

control technique to solve the OPF problem.

e To optimize the power sharing process among MTDC terminals by taking into con-

sideration the losses of lines and converters.

e To test and validate the proposed control technique using a modified CIGRE B4 DC

grid test system.

1.5 Thesis Organization

The organization of the rest of this thesis is described as follows:

e Chapter 2 presents the background and a literature review of the voltage source
converter (VSC) in terms of the working principle, design, and the power flow model.
In addition, control techniques of the VSC are described and analyzed as well as all

of the different configurations of VSC stations in HVDC systems.



e Chapter 3 provides an overview of power sharing control in MT-HVDC VSC-based
systems. An up-to-date literature survey is conducted regarding the proposed control

scheme, and its formulation is explained through the chapter.

e Chapter 4 illustrates the simulation results of the proposed scheme in which a number
of cases are presented to show the verification of the control strategy in MTDC

systems.

e Chapter 5 presents the conclusion of the thesis and suggests future work in the area.



Chapter 2

Modelling and Control of MTDC
VSC-based Systems

This chapter presents a general overview and important aspects of MTDC VSC-based
systems. The concept of the VSC is first addressed along with its operation process.
Secondly, a description and explanation of the control design and modelling of the VSC
are provided. Finally, different HVDC-VSC configurations are investigated and compared.

2.1 VSC Station

In order to explain the VSC concept, the topology of both DC-DC-converters and buck
and boost converters should be introduced since the VSC is a combination of both. Boost
(step-up) and buck (step-down) DC-DC converters are shown in Figure 2.1, where it can
be seen that they both have the same components, namely an inductance, diode, capacitor,

and a switch, but in different structures. Switching control signals play a crucial part in the
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Figure 2.1: (a) Buck converter (b) Boost converters

operation of these converters since the current cannot be conducted unless the switches are
forward biased. The output (V,) and input (V;) voltage is mainly controlled by a switching
signal, called the switch duty ratio (D), which is defined as the ratio of the ON duration

to the switching time period (Tsy) [20].

‘/o - Don‘/i (21)
Vo= (1= Doss)Vin (2.2)
T,
D,, = =2 2.
= (2.9
1

Tsf =Ton + Toff - (24)

fs
where f; is the switching frequency, and the relationships in Equation 2.3 and Equation 2.4

are shown in Figure 2.2.

A bidirectional DC-DC converter can be composed by incorporating the buck and boost

converters since they have a unidirectional power flow. This combination of a bidirectional
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Figure 2.3: Half bridge converter

power flow converter requires an equality relationship between the input and output voltage

as shown in the following equation:

‘/o = Don‘/i = (1 - DOff)V; (25)

Figure 2.3 demonstrates the new topology of combining buck and boost converters
after splitting the DC capacitor into two, and the output voltage into two halves, which
forms the design of a half bridge converter. Applying a sinusoidal pulse width modulation
(PWM) to the bidirectional converter makes a half bridge single phase converter, and three
of these converters connected in parallel constructs a three-phase bidirectional converter,

namely a voltage source converter (VSC) as shown in Figure 2.4. As can be seen from

10
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Figure 2.4: Voltage source converter

the name, the DC voltage polarity is fixed, which indicates that the power direction is

controlled by the direction of the current.

The (IGBT) is one of the most important components of the VSC station due to
its unique characteristics such as the ability to turn both ON and OFF, and including a
controllable gate. The IGBT is a unidirectional switch that operates only when the current
flows from the collector (C) to the emitter (E). The operation of this device combines
the Bipolar Junction Transistor (BJT) in terms of the reduction of losses when turned
ON, and the Metal Oxide Semiconductor Field Effect Transistor (MOSFET) in terms of
the simplicity of gate drivers. The IGBT also has superiority over the other types of
transistors in terms of switching speed and safe operating area. Parallel-connected IGBT's
are required in order to meet high current levels since these devices are implemented in
HVDC applications. Similarly, series-connected IGBTs are required to handle high voltage

and power ratings alongside the minimization of losses [21].

Pulse Width Modulation (PWM) is used in VSC-HVDC systems to generate switching
signals in order to control the gates of IGBTSs in the converter. This occurs by comparing a

sinusoidal control signal V,,,; with a triangular waveform V;,; to produce an output voltage

11



waveform that is independent from the AC system. The ratio of the peak value of V.,

and the peak value of V,,; is the definition of modulation index M [20].

(2.6)

As a result of comparing both signals V,,,; and V;,;, duty cycles of the switching signals
in which the upper switches are ON when the control signal is greater than the triangular
waveform, and the lower switches are ON when the triangular waveform is greater than

the control signal.

chon >V7’i — Su er Al'e ON
T " (2.7)
‘/cont <‘/tm' — Slower are ON

The VSC-HVDC station has a basic operation principle, which is that each converter in
the system is represented by the AC voltage source that is connected to the AC transmission
lines via series impedances. In this scenario, the VSC acts as a fast controllable synchronous

machine with an output phase voltage expressed by:
1 .
Vout = §Vchsm(wt +9) (2.8)

where w is the fundamental frequency, and ¢ is the phase shift of the output voltage. The
variables M and ¢ in the previous equation are independently controlled using PWM to set
the voltage magnitude and phase angle. Thus, the voltage difference between the converter
and the AC grid causes the power transfer, and can be controlled by these variables. The
phase angle ¢ regulates the flow of active power; whereas, the reactive power is governed
by the magnitude of AC voltage [22].

VridVeony $110

X

‘/grid(‘/;;rid - ‘/conv COS&)
X

P e

Q=
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2.2 VSC Design

A two-level VSC with sinusoidal PWM and high voltage levels is employed in this thesis,
and its modelling consists of a single IGBT and diode. The IGBT is a completely-controlled
device that can only conducts the current in one direction, so an anti-parallel diode is con-
nected in order to allow the current to flow to the opposite direction. The main components

of a VSC station are listed as follows:

1. Transformer.

Because they are located between the main AC grid and the converter, transformers
either step up or step down the voltage to an acceptable level for the converter.
Moreover, in this application, transformers usually have a simple connection, e.g.

two windings.

2. AC filter.

The switching of IGBTs causes the AC voltage to include harmonics that need to be
eliminated. Therefore, high-pass filters are installed to protect the AC system from
any unexpected disturbances while in operation or communication, especially caused

by high order harmonics.

3. Phase reactor.

Phase reactors have the ability to regulate flowing-through currents that control the
flow of active and reactive power. In addition, characteristics of both active and
reactive power are set according to the reactor’s voltage. Phase reactors can act
as AC filters in terms of minimizing the currents’ frequency harmonics due to the

switching of the converter.

13



4. DC capacitors.

Two capacitors, of the same size, are placed on the DC side in order to control power
flow by acting as an energy storage, and to grant the off-current to flow in line with
low inductance. This current may have some harmonics as a result of the switching
process of the VSC leading to a potential DC voltage ripple. The design and size of
these capacitors are determined by the anticipated level of both the DC voltage and
its ripple. Disturbances, such as faults, in the AC side have to be considered in the
design as well as the steady state of the system because these disturbances may cause
oscillations and over-voltages in the DC side. A small size capacitor is implemented
and represented by a time constant 7, which is the ratio between the energy stored
in the capacitor at a rated DC voltage, and the apparent power of the VSC.
5CVie

S (2.11)

T =

This time constant has the same value as the time consumed by the capacitor to
charge from zero to the level of V. under the condition of the converter receiving

power that is equal to the active power part of S [23].

2.3 VSC Power Flow Model

One of the main objectives of the VSC station is to link AC grids with DC grids especially in
MTDC system applications. This connection occurs using a phase reactor and filter that are
connected to the AC grid through a transformer that allows power to flow bidirectionally.
The direction of power flow determines the VSC mode of operation in which the converter
works as an inverter when the active power is delivered to the AC grid from the DC grid.

In contrast, the VSC acts as a rectifier if the active power flows from the AC grid to the

14
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Figure 2.5: A single line diagram of a VSC

DC grid. The equivalent single phase model of the VSC is shown in Figure 2.5 where
all the main components are illustrated with the directions of power flow. Starting from
the converter side, the VSC is a controllable AC voltage source V.ony = VionvZ0conw as
stated in section 2.1, followed by the phase reactor, which is donated by an impedance
Zy = R, + jX,, while 1/Z,, = G, + jB, is the admittance of the phase reactor.
The susceptance B; represents the low pass filter that is connected to the AC grid via
a transformer with its impedance 7. = Ry + j Xy, and admittance 1/7;, = Gy + jBy,.
The voltage at the grid side is donated by Vi,.iq = VypiaZdgria, whereas the filter voltage is
Vi = VyZds. The equations of the active and reactive power at the AC grid side and the

converter side are expressed, respectively, as [24]:

Pyrig = —V;]Q,,Z-thr + ViridVy Gy c05(0gria — 0f) + Biy sin(dgria — 07)] (2.12)
ng‘d = ‘/giidBtr + ‘/gm'dvf [Gtr 3in<5g'rid - 6f) - Bt'r COS((ng'd - 5f)] (213)
Prono = V2, .Gpr — ViV [Gpr c0s(6; — 8e) — By 5in(Sgrid — Seonn)) (2.14)

Qconv - _‘/cZom;Bpr + Vf‘/c [Gpr Sln(éf - 50) + Bpr COS((ng'd — 5conv>] (215)

The power equations of the filter, and the reactive power of the lossless AC filter, are

presented, respectively, as:

Py = VfQGtr — ViViria |Gy c08(0gria — 05) — Biy sin(dgrig — d7)] (2.16)

15



Qopr = —szBtr + ViViria [Gir sin(dgria — 0f) + By c05(8gria — 0f)] (2.17)
Qf = —V}By (2.18)

The active and reactive power equations of the phase reactor are:
Pepr = =ViGpr + ViVeons [Gpr c05(8 — Gconv) + Bpr $in(07 — Gcony] (2.19)

Qepr = VfQBpr + ViVeono [Gpr $in(8§ — Sconv) — Bpr €05(0f — Sconw] (2.20)

2.4 VSC Control Techniques

The control aspect of VSC-HVDC systems can be summarized as the control of the transfer
of energy between the input and output side. Specifically, the control of transferred power
is the objective of VSC-HVDC systems with the ability to independently control active

and reactive power.

A number of control techniques have been used for VSC-HVDC systems, two of which

will be discussed since they are the most common methods.

2.4.1 Direct Power Control

Firstly, the Direct Power Control (DPC) technique implements predicated virtual flux
vector for the control loop along with the instantaneous active and reactive power control
loops. This strategy, which lacks PWM switching and inner current control loops, instead
uses the instantaneous difference between the required and estimated values of active and
reactive power for the switching process [25]. Accordingly, DPC is not a preferred control
method in terms of the need for fast and instantaneous calculations, and the incapability

of an independent power control.
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2.4.2 Vector Control

Secondly, vector control has the ability to independently control active and reactive power
especially for PWM converters. The vectors of both the current and voltage remain con-
stant in steady state and, in the case of errors, a proportional integral (PI) controller is
implemented. Axis transformations are being used by vector control in order to model

three-phase systems as described in the following paragraph.

Vector control consists of a two-step transformation, starting from the three-phase
stationary to the d-q rotating coordinate system with the aim of representing the quantities
of AC voltages and currents. Clark transformation is first used to transform the three-phase
vectors with a 120°phase shift into a two-phase (« - ) stationary system. The a-axis is
aligned with the first phase a-axis, and the (-axis is placed vertically on the three-phase

vectors, forming a 90° with the a-axis, as shown in Figure 2.6.

Ve
Vb A

~

Figure 2.6: ABC, and «-f reference frames

The mathematical model of Clark transformation of voltages is explained in Equa-
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tion 2.21 to Equation 2.24, and the same applies for currents.
VotV +Ve=0 (2.21)

Vo = Vo c0s(0) + V4, cos(120) + V.. cos(120)
. . (2.22)
=Vo (1) +Vp <—§) + Ve (—§>

Vi =V, c0s(90) + V}, cos(30) + V,. cos(150)
2.23
:0+%(£>+VC<—£) .

2 2
V. [ R Ve
N =k J; 23 A7 (2.24)
Vs 0 %5 -5

Ve

If the value of k in Equation 2.24 equals 2/3, as expressed in Equation 2.25, the voltage
magnitude of a-f frame is equal to the voltage magnitude of the abc frame, and can be

described as voltage invariant.

V. 2 (1 -1 -1 Va
—— 2 2 Vi (2.25)
v 3 o B8 _8
B 2 2 v

However, if k has the value of \/g as derived in Equation 2.26, the power of the abc

frame is equivalent to the power of the a-f frame, and this transformation can be called

Gain = G = \/(1)2 + (—%)2 + (—%)2 = g (2.26)
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Figure 2.7: dq rotating frame
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In the second stage, Park transformation is implemented to convert the stationary a-f
to the synchronous rotating d-q frame based on a synchronous speed w, and the rotor angle

between the d-axis and a-axis, which is donated by 6§ = wt, as shown in Figure 2.7.

Vi cos  sinb V,
_ . (2.28)
Vq —sinf  cosf Vs
cosd  cos (@ - %’T) cos (@ + %’r) V.
‘/:1 — 2 . . 27 . 2T 2 29
v =3 —sinf —sin (9 — ?) —sin (9 + ?) SV (2.29)
1 1 1 Ve
|2 2 2 ]
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Figure 2.8: The VSC station

Therefore, vector control for a VSC requires a mathematical model in the dq frame,
which begins by applying Kirchhoff’s Voltage Law (KVL) between the converter station

and the main AC grid, including converter input voltage V.3, resistance R, inductance L,

and the grids’ voltages Vagb’zd and currents 74, in the abc frame, as depicted in Equation 2.30

and Figure 2.8.

j d'a c
Va%)?d - aCbOcnv = R-igpe + L zitb (230)
Based on Equation 2.29, the first term of Equation 2.30 will be:
. 2 2 2
Vot — 3 [Va cos(0) + Vi, cos(0 — %) + V.cos(0 + ?ﬂ)}
5 5 5 (2.31)
Vo = ~3 {Va sin(6) + Vj sin(0 — ?ﬁ) + V. sin(0 + g)}
And the second term of Equation 2.30 will be similar to the first:
2 2 2
Vit = — |V, cos(0) + Vi, cos(6 — —W) + V. cos(0 + —W)
3 3 3
(2.32)

2 2 2
| ~3 [Va sin(8) + V, sin(0 — ?ﬂ) + V. sin(0 + g)]
The currents flowing through the inductance and resistance are expressed as follows:

2 2
g = 3 [z’a cos(0) + iy cos(0 — ?ﬁ) +i.cos(f + ?ﬂ)}
2.
, 20 o 2y 2m (2.53)
lg=—3 |la sin(0) + ip sin(0 — ?) + i. sin(0 + ?)
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The last term of Equation 2.30 is the derivative form of the currents shown in Equation 2.33:

dig 2 |di, diy, 2m di, 2m
=3 [% cos(0) + pr cos (6 ?) + pr cos(6 + 3 )}
2 2 2
— 3w [ia sin(0) + i, sin(0 — g) +i.sin(0 + g)}
2.34
Qg _ 2\ Do ) 4 92 sin(o — 2T) + it ingo 4 25 .
dt 3 ar Y Y T Y T YT

2 2
+ gw [ia cos(0) + iy, cos(0 — %) +i.cos(6 + %)}

Using Equations 2.30, 2.31, 2.32, and 2.33, the new formulation of the KVL equation in

the dq rotating frame is:

ygrid V/con i d |i 0 —1| |i
Sl =R AL Y 4wl ¢ (2.35)
‘/qgmd ‘/qcom) iq dt 'L.q 1 0 Z‘q
di ;
LS4 = —Rig + wliy + Vi — Vo
gf (2.36)
d_tq — _qu o U)le + V;ngd . ‘/qcom)
where w is the AC angular frequency at the grid side.
The apparent power at the grid side is represented in the dg frame as follows:
3 rid %
qu - é%gq qu
3 i < raridy /- i
= SV 4 VI ia = i) (2.37)

3 rid . rid ; . rid ; rid ;
_ 5 deg dld—f—V:]g dlq> + <ng dZd—Vdg dzq>]

The active power of the grid input has an equal relationship with the DC output as ex-

pressed below:

rid
qu = Pdc
, (2.38)
5(‘/dzd + V:ﬂq) = ‘/dcjdc
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where

dVie
I, =C
¢ dt
The dq rotating frame has the d-axis aligned with the AC grid voltage phasor, using a
Phase Locked Loop (PLL), which results in:

+1 (2.39)

Va = Viria
! (2.40)
Ve=0
Hence, the active and reactive power from Equation 2.37 is:
3
P=-Vjgy
2 ; (2.41)

As can be seen in Equation 2.41, two parts of the currents in the d and ¢ axes have been
defined based on the transformation to the dg frame system. This implies the ability to
independently control active and reactive power where i; manages the amount of active

power that is required from the system, whereas i, regulates the levels of reactive power.

The angle 6, as previously mentioned, is needed for the transformation between the
a-f and dq frames. This angle is located between the d-axis of the dq rotating frame and
the a-axis of the a-f stationary frame, and is also known as the angular position of the

voltage vector.

v
0 =tan 'L 2.492
an (V) (2.42)

where V,, and Vj represent the voltage coordinates in «a-f frame system. The value of
the angle is determined by a PLL, which is a circuit used to synchronize a local voltage-
controlled oscillator (VSO) with an input signal, and which also guarantees this VSO to
have the same frequency and be in phase with the input. A PLL is not required in the

case of connecting the VSC-HVDC to a passive grid since there is no synchronization issue
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Figure 2.9: The main components of a PLL

if only one AC source exists in the system. In contrast, connecting an active AC grid
to a VSC-HVDC station demands a frequency and phase synchronization at the point of

common coupling (PCC). The main components of a PLL are shown in Figure 2.9.

A decoupled control of active and reactive power, which is one of the major advantages
of vector control, requires a cascade control scheme. This control includes inner, outer, and
PI controllers in which the inner current control is the output of the outer controllers. These
outer controllers consist of DC voltage control, active power control, AC voltage control,
and reactive power control. The active current has a reference value that is governed by
the DC voltage and active power controllers. However, the reference reactive current is set

by the AC voltage and reactive power controllers.

2.4.3 The Inner Current Controller

The operation and layout of the inner current control for the VSC station is shown in
Figure 2.10 and based on the relationships in Equation 2.36 [26-29]. This equation contains
cross-coupling and nonlinear terms that need to be eliminated in order to prevent any
possible disturbance in the control system. As a result, a feed forward term in the controller
loop is implemented to cancel the coupling effect caused by the inductance. The presence

of PI controllers in the loop is essential in order to eliminate the dominant poles of the
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Figure 2.10: The inner and outer controllers

VSC by the zeroes of the PI controllers. After rearranging the terms of Equation 2.36:
dig

Vvdgrid . dconv =L— + Rig— U)L'Lq
gf (2.43)
V:Ig”d _ V:Iconv _ Ld_: + qu +wliq
The two main equations of the PI controllers are:
K. 1+ T
P(s) = Ky + — =K {%}
S ¢S (244)
7, Lo
C Kc

where K, is the proportional gain and 7, is the integral time constant, and the reference
output voltage of the PI controller is:

conv KC
°05) = Uaps) = 106)] (4.7 (2.45)
Since the converter is considered to be an ideal transformer that has a time delay, the

output voltage can expressed as:

1

Ve (s) = Vi (s) T

(2.46)
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where Ty is the time delay, which equals half of the switching time.

By substituting Equation 2.45 in Equation 2.46:

Ve (s) = {lsts) = 169 (1= 22) } g (247

S 1 + Td - S
By implementing Equation 2.47, the currents iq and ¢, have separate inner current con-

trollers that lead to two reference values for the voltage:

K, 1
Vo _ ref - Kz e
d (ia Zd)( p+s)1+Td.3

conv e, . KC 1
‘/q :(’qu—zq) (sz+?)1_’_—m

(2.48)

With the use of separate controllers, the currents in Equation 2.43 are not independent
because they are controlled by the disturbance of cross-coupling inductance from wLi,,
wLig, and the grid’s voltages Vdg”d and ng”d, as well as the effect of the converters’ voltages
Vo™ and Vo, Consequently, a negative feedback control and grid voltages feed-forward
terms are necessary to attain an improved control and overall performance [30].
Veonvs __(jref _ o K , grid
d = —(ig ia) (sz + S > +wliqg+V,

” (2.49)
‘/qcon'u* — _(Z-ref . Zq) <sz T ?C) o szd + ‘/qgrzd

q
Using Equations 2.43, 2.46, and 2.49, the two axes’ currents iq and i, can be independently
controlled by the addition of feed-forward compensations, which is the main feature of

vector control.

di
V;lconfu —_ L% + Rld

dit (2.50)
‘/qconv — Ld_; _{_qu

By applying Laplace transformation:

. R . 1 conv
s -ig(s) = ~7 ia(s) + Evd
(2.51)
- R - 1 conv
s ig(s) = T iq(s) + qu
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Resulting in

N ( ) 1 conv
14(s) = ——= -V}
ig(s) = IR cony
Therefore, the system transfer function is:
1 1 1
T(s) = (2.53)

R(l—i—s-%) :E'l—i—&’t

Transforming this equation to per unit representation has to begin with Equation 2.51:

L-s-i(s) - Iy + R-i"(s) - [, = V;”"""" - (2.54)
L-s-ip“(s)~£+R-ip“(s)~£:Vcom’pu (2.55)
d ‘/b d ‘/b d :
L " DU DU conv,pu
BB () 4 Ry () = Vi (2.56)
Wy
L .pu -pU conv,pu
8 (8) + Rpy - 15 (s) = V"% (2.57)
b
» 1 1
chion(f,]):m - : I (258)
‘/d Rpu 1+ <%> .S
Wy Lipu
Thus, the per unit transfer function of the system is:
b 1 1
ig (5) (2.59)

Vdconwpu Rpu 1 + Tpu . g

PI controllers in a VSC-HVDC follow the same process as electric drives in terms of the
tuning operation. These controllers must be tuned in order to achieve the best possible
optimal operation outcome by increasing the response speed of the system. The modulus
optimum method is used to tune the PI controllers in the inner control loop. When the
transfer function has one dominant pole and second minor pole, the modulus optimum

technique is performed by eliminating the dominant pole using the controller zero which is
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Figure 2.11: A flowchart of the inner controller

the integral time constant in this case. Based on Equations 2.45, 2.47, and 2.59 as shown

in Figure 2.11, the formulation of the open loop transfer function of the controller is:

1+T. s 1 1 1
0.1.(s) ( pi T, s ) <1+Td-s) (Rpu 1+S-Tpu> (260)

The dominant pole of the transfer function is cancelled by the zero of the controller due

to the use of the modulus optimum technique, and the time constant 77 is defined as T,.

To(s) = —2- ! (2.61)
0L T Ry s (14+Ty-s) '
By applying the unity gain condition, the proportional gain of the controller is:
Krv 1
T, = P . 2.62
To1.(s)] Tpw R 5 (1415 5) (262)
Ky = WeoTRpu (1 + T2w?)2 (2.63)
where w,, is the cutoff frequency. The time constant is:
T.= Tpu (264)
From Equation 2.61, the closed loop transfer function can be written as:
1
TC‘L.(S) (265)

T T2 2 42Ty s+ 1
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2.4.4 The Outer Controllers

The outer controllers in the VSC include active power control, reactive power control, AC
voltage control at the PCC, and DC voltage at the DC bus, as illustrated in Figure 2.10.
The active current i4 is implemented to control the active power flow and DC voltage level,

whereas the reactive current 7, regulates the reactive power and AC voltage.

Active and reactive power control loops in the outer control controllers are represented
and based on Equation 2.40 and Equation 2.41 [26,27]. PI controllers are used in both
loops in order to reach a better control in which the z'gef is the output of the active power
controller, and igef is the reactive power’s output based on the scope of this thesis, as
shown in Figure 2.10. These outputs have limits in order to control the current in the VSC
station where igef is limited by =£i,,4, and i;ef is limited by +7,,,,. as well as the condition

that the rated current is less than the VSC current.

irated = Z.mcm

it = \/ (imaz)? — (1772

The DC voltage controller principle is based on the power balance equation of the VSC

(2.66)

station:

Pac"'Pdc_'_Pcap:O
(2.67)

3
5‘/dzd + Vchdc + Vdcicap =0

where /4. is the current at the DC bus, and 4., is the current flowing through the capacitor

which can be expressed from the same equation by:

. 3Vaig
anp = — ( 2‘/:1(; -+ [d,;) (268)

This capacitor current can also be represented based on the voltage across the capacitor

by:

dVge
dt

foap = C

(2.69)
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Combining Equation 2.68 and Equation 2.69 gives the differential equation of the DC

voltage:

Ve 3Via (. 2Vila
de _ _ °27dld (zd+ d d) (2.70)

dt 20V 3V,
From Equation 2.70, the I, term is replaced by a feed-forward in the DC voltage controller,

which is completely regulated by the active current ig.

The PI equations in the DC voltage outer controller are given as follows:

K, 1+7,-
P(S) = Kpi + ? :Kpi [:}

To-s (2.71)
7, =L
v — KU
where K,;, K,, and T, are the voltage parameters of the PI controllers.
-re re KU
chf(s) = Vdcf(S) — Vdc(5>i| <Kp2 + ?> (272)

From Equation 2.38 and Equation 2.40, the I;. equation in terms of the active current is:

3 vq .
lje=—=- . 2.73
=5yl (2.73)
Using Equation 2.39:
dvdc 3 Vq .
=—- g — 1 2.74
dt 2V, T (2.74)

Equation 2.74 is a nonlinear equation that requires linearization using a Taylor series.
This expansion depends on one variable, which is the reference voltage input Vdrff , and by

multiple condition points xg, 39, and 2y:

d

d—f =f(z,y,2)
dAx  Of of of

= |ly=vo x_'__ac*ac'Ay—i__a::x'AZ

dt Oz Y=Y Qy 14=%0 Oz |12=to (2.75)
dVie 3 vqo .3 4o 3 V4o - ldo
@de _ 9 Vdo A, o 2 A — | 2. AV — AT

7 5 ‘/dTCEf 1q + 5 V;Cef Vg (2 Vdchef ) Ve L



Since the main focus in this controller is i4, the linearization equation is:

dAVie 3 vag
dt 2 vrel

Aig (2.76)

By applying Laplace transformation:

AVge(s) 3 v 1
e 2@ 2.
Adg(s) 2 viel s-C (2.77)

The DC voltage controller aims to achievie power balance conditions by regulating the
capacitor current i.. In other words, 7. equals zero when the conditions are fulfilled;

therefore, I,=1,. and the feed-forward term is:

.2 Ve
g — =

T 2.78
3 Va L ( )

The per unit representation of the power balance equation in Equation 2.73 and its ex-

pression as a power invariant are, respectively:

pu
TP base_%.vd—'vb.ipu.]
de “tde T 5 VPu . Jbase " d b

dc dc (2 79)
U :
P — Yq . ;pu
de — pU d
Vdc

Expressing Equation 2.69 in per unit, then using Laplace transformation, is depicted,

respectively, as:

1 . deCu — [pu _ ]pu
wp Gy dt (2.80)
pU Wy - Cpu pU U
Vie (8) = ——— (Ig: (s) = I1"(s))
The feed-forward Equation 2.78 in per unit is:
%%

it = U;i; i (2.81)

d

The PI controller is tuned based on the modulus optimum technique when the open

transfer function has a dominant and a minor pole. In contrast, when the open transfer
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Figure 2.12: A flowchart of the outer controller

function has a pole near or at the origin, the symmetrical optimum technique is imple-
mented instead of the modulus optimum. The symmetrical optimum technique can be
defined as an optimization approach in which a controller demands the frequency response
to be within the range of low frequency systems. The main advantage of the symmetrical
optimum over other methods is its ability to maximize the phase margin. This feature is

necessary for systems where delays and disturbances are frequent.

The open loop transfer function of the system is presented in a per unit expression as
well as in terms of PI controllers, the inner current controller, and the system dynamics,

as illustrated in Figure 2.12.

1+T,-s 1 va Wy C
T = [ gpPe. 2V 7). N = 2.82
0...(5) ( pi T, s ) (1 +Tey - S) (Vdpcu § ) 25

T,, = 2T, (2.83)

in which:

LTor.(s) = —180° + tan ' (wT,) — tan ™ (wT,,)
! (2.84)

LTor.(s) = —180° + ¢,
where ¢,, is the phase margin that its maximum value can be obtained when ¢, is differ-

entiated with respect to w, and equated to zero.

d¢m Tv Teq 1
_ _ — 0, whenw= —— 2.
do " Tr@h)? T4 hp Ve = (2.85)

€q
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As a result, the angle of the phase margin is:

T, T,
Loy = tan™ " | == —tan™"y [ =2 2.86
o an T, an T (2.86)

when the first term of the previous equation is assumed to be:

T,
tan_lw == (2.87)
Teq

Consequently, Equation 2.86 can be written as:

L =9 — (90 — V) (2.88)

Using Equations 2.86, 2.87, and 2.88, the time constant of the controller is expressed as:

1+ sing,,
1 — sing,

T, =T, - { (2.89)

The proportional gain is determined based on the unity gain condition.

1+T,-s 1 Py - C
Kpw., 1 7v 2, . d_ . PPl =1 2.90
(7)) () e

1
U wb'CPu
T (2.91)

The closed loop transfer function of the DC voltage controller is:

To.L.(s)] =

B 1+a® T, s
_1+a2-Teq-s+a3-T3q-32+a3-qu-s?’

Tor(s) (2.92)

where a is the distance between 1/T, to w, and from w to 1/T,.

The AC voltage controller depends on the KVL equation across the line reactor:

VTEf ‘/conv =X - Z.com)

grid —
P-jQ
ref . J
Vria = Veonw + (1 + jwl) ( VZ;% ) (2.93)
re P + l y P l - _
‘/grig = ‘/00”” + ( . Tec}zw > T < = reer>
‘/grid ‘/grid



As can be seen in Equation 2.93, the imaginary part of the equation has a minor impact
on V;;eié, and ((wi>>r) in most AC systems; therefore, V;;?; is only dependable on the flow
of reactive power.

re wl
V ! - W Q (294)

grid —
grid
The operation of the AC voltage controller can be summarized based on Equation 2.41

and Equation 2.94.

2.5 VSC-HVDC Configurations

The implementation of VSC-HVDC connections of two or more terminals has growing
applications, such as interconnecting between renewable energy sources and AC systems,
and transmitting power from or to offshore areas, which results in a number of various
structures for HVDC systems. These arrangements differ in converters locations, lines,

and advantages, based on function and cost.

2.5.1 A Monopolar HVDC system

This configuration has two main types, as listed below:

1. An Asymmetric Monopole

An asymmetric monopole connection is a single conductor that separates two con-
verters with either a positive or negative DC voltage, as shown in Figure 2.13. The
return current in this configuration can use the ground or a metallic return conductor

as a path.
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Figure 2.13: An asymmetric monopole HVDC system
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Figure 2.14: A symmetric monopole HVDC system

2. A Symmetric Monopole

A symmetric monopole has two conductors with opposite DC voltage polarity, and
a mid-point ground at the DC side that has no flowing current during normal con-
ditions as demonstrated in Figure 2.14. In the case of a fault between the one of the

conductors and the ground, the DC side will receive no current from the AC side.

2.5.2 A Bipolar HVDC system

The bipolar connection has four converters, and two insulated conductors with a different
voltage polarity, as illustrated in Figure 2.15. Both these two poles can be grounded, which
allows them to work independently. This means that both poles have equal current with no
ground current under normal operation whereas, in abnormal conditions, one of the poles

can operate its two converters solely and use the ground as a path. Thus, the reliability of
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Figure 2.15: A bipolar HVDC system

this configuration is higher, but it is not cost-effective.

2.5.3 A Multi-Terminal HVDC System

This arrangement has more than two converters that are separated by long transmission
lines and placed over a large geographical area. The primary aim of this type is to provide

more reliability as well as being cost and operation efficient.

2.6 Per-Unit Representation

A per-unit system is needed to simplify the design and use of different controllers in VSC-
HVDC systems. This system is based on the peak values of voltage and current as well
as the power rating. In VSC-based systems, the p.u. conversation in the dq frame is
categorized into two parts based on the sides of the VSC station: AC and DC terms, as
shown in Table 2.1.
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Table 2.1: P.U. quantities

AC side
2
Power Sbase =3- V;"ms ' Irms — 3 %eak . Ipeak
2
Voltage Viase.ac = \/; - ViLrms
Current Dyase.ac = gbase
’ base
Resistance Rbase,ac = Zbase,ac = ‘I/:ase'
ase
Capacitance C -1
p base Zpase,ac Whase
Z,
Inductance Lipge, = Zhaseac
Whase
Frequency Wh
DC side
VOltage Viase = 2 %ase,ac
Sh
rren 1 — ase
Cu ¢ t base ‘/base,dc
1 Vi
Resistance Riase.de = Zpase.de [:ase,dc
ase,dc
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Chapter 3

Power Sharing Control in MTDC
VSC-based Systems and the
Proposed Control Strategy1

One of the major applications of MTDC systems is to integrate renewable energy sources,
such as offshore wind farms, into onshore AC grids as well as implemented in distribution
systems, which results in a wide range of possible benefits. MTDC systems in these types
of applications transmit power from the generation stage to AC grids at the end side in
order to guarantee a suitable power sharing among different stations that are connected
to the MTDC system. Achieving a desired power sharing level is considered to be a

significant challenge in MTDC systems due to the complexity of the system and device

LA part of this section has been published in:
Khaled Alshammari, Hasan Alrajhi Alsiraji, and Ramadan El Shatshat. Optimal Power Flow in Multi-
Terminal HVDC Systems. 2018 IEEE Electrical Power and Energy Conference, EPEC 2018, pages 1-6,
2018
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level issues. From the system level, the process of power sharing among MTDC stations
must be performed under the conditions of a balanced power, while maintaining the DC
voltage level within acceptable limits in order to operate a stable system. At the device
level, power sharing methods provide converters with predefined or fixed values that have

to be satisfied, which may cause overloading in some parts of the system.

Power sharing schemes are used in MTDC systems to fulfil certain objectives such as
minimizing transmission line losses, prioritizing specific converters, and varying the amount

of power sharing.

Although many methods have been implemented to operate and control power sharing
among MTDC terminals, the main and most commonly used techniques can be classified

into five types. These five types are described in Sections 3.1-3.5 below.

3.1 Master-Slave Control

In this technique, the DC voltage regulation across the system is the task of one centralized
converter, known as the master converter. This converter operates in constant voltage
mode, whereas the other converters, named slave converters, work in constant power mode.
The outer control loop of the master converter regulates the DC voltage level, and the other
converters govern the power flow in the system. These constant-power converters receive
their power reference values from the master converter using OPF calculations, while the
master converter has a reference DC voltage value that must be within system constraints
[31-31]. The major drawbacks of implementing the master-slave method include the need
for fast communication and reliability since this method adopts a centralized scheme and
fast communication is required between the master and slave converters to reach a proper

power balance and sharing. This method cannot be used in a large-scale system due to the
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presence of one voltage-regulating converter. In order to overcome any possible outages or
over-limit cases, the master converter should operate with high rated power which causes

an increase in cost and losses.

3.2 Voltage Margin Control

The voltage margin voltage technique is an alternative master-slave control in which the
master converter can be replaced by multiple converters to control the DC voltage in the
system. In normal operations, the master converter regulates the DC voltage, while the
remaining converters work in constant power mode. However, the other converters, which
are back-up converters, start to regulate the DC voltage in the case of a master converter
failure and operate within local voltages and power ratings [35]. The operation of voltage
margin control can be explained as the master converter maintains the DC voltage level
at a certain voltage point (V) but, in the case of an outage, the DC voltage either rises
or drops. When the DC voltage rises, the terminal with a higher reference voltage point
(V) stops working in constant power mode and starts to govern the DC voltage across
the system as shown in Figure 3.1. In the case of a voltage drop, the station with the
lower voltage reference acts as the DC voltage regulator. Therefore, this technique can
be operated without the need for communication among terminals regarding the use of
predefined voltage and power reference values [36]. Hence, the difference between voltage
references of the master converter and other backup converters is the voltage margin, as
shown in Equation 3.1:

A‘/margin = V?“ef - VTEf (31)

master backup

In a two-stage voltage margin control, voltage and power-controlled converters are oper-

ated based on upper and lower power limits in order to transfer power within the system.
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Figure 3.1: Voltage margin control

The maximum DC current sets these limits while taking power flow conditions into consid-
eration. This scheme has the edge over one-stage margin voltage control in terms of using

one backup converter that can act as master converter in a voltage rise and drop cases.

This method has a number of disadvantages, such as the issue that only fixed power
sharing is implemented and transient response is slow due to the presence of multiple
control loops. Using more voltage and power references provides more flexibility to the

system; nevertheless, this causes more complexity in terms of the method dynamics.

3.3 Droop Control

The voltage droop control is considered to be the DC alternative of power-frequency droop
control in AC systems where the frequency is generally the indication of a stable AC grid.
The same applies to DC voltage in DC grids. Specifically, any rise or drop in frequency is

driven by load changes on the consumer side. Similarly, the DC voltage level in an MTDC
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system is triggered by a power increase or decrease that requires the VSC stations to
balance the difference by adjusting their current. The power flow between the terminals of
the MTDC system is mainly affected by the voltage level throughout the grid. Therefore,
the voltage droop control regulates the DC voltage among the terminals under the condition
of achieving power balance in the entire system. Using a decentralized approach, droop
control allows two or more converters to regulate the DC voltage based on specific droop

characteristics, while the remainder of the converters work as constant power terminals [37].

Droop control improves the system reliability since all the droop terminals can regulate
the DC voltage. This is a significant advantage especially when there is an outage in a
station since the system remains in operation regardless of the outage. Low-rated power
terminals are implemented for large power balances throughout the system since all droop
stations share the voltage and power control. One the contrary, one of the main disadvan-
tages of droop control is that the power sharing among the system terminals depends on the
DC voltage differences which results in an unsuitable power flow. Therefore, the proposed

control strategy in thesis applies a secondary control level to overcome the aforementioned

drawback.

3.4 Priority Control

This method can be defined as a master-slave control with droop-controlled terminals or a
combination of constant-voltage and droop control techniques. Priority control is so named
since it gives priority to one station over other stations in terms of gaining power until the
maximum predefined value is reached. In normal operations, the priority station operates
in constant voltage mode, and regulates the DC voltage in the system. However, the other

terminals work in constant power mode with droop control. In abnormal circumstances,
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the high priority terminal, which may have an outage or may exceed the power limit, starts
to work in constant power mode, which results in an increase in the DC voltage, causing the
rest of the converters to work in droop control and to regulate the DC voltage. Specifically,
the DC voltage reaches the minimum voltage limit of the second terminal, which is higher
than the maximum voltage limit of the priority terminal, and the second station acts as

the voltage regulator [38,39].

Priority control requires high voltage rated terminals that work with droop control to
operate without the need of communication. Therefore, the cost of all terminals, with the
exception of the high priority terminal, is higher than other control techniques. Systems
with many terminals cannot implement priority control due to the difficulty of the design
and operation on a large scale. The approach of using designated stations may cause an

inefficient use of the entire system capabilities.

3.5 Ratio Control

Ratio control is a droop control with a ratio between voltage-controlled terminals for the
purpose of sharing all the generated power in the system [10]. This approach provides
the ability to change the droop slope in order to control the power-sharing ratio among
terminals that regulates the DC voltage, unlike the droop control method. In the case
of an MTDC system with two VSCs at the grid side, the first terminal has fixed droop
characteristics, whereas the second VSC has flexible droop characteristics in order to meet

the conditions, as shown in Equation 3.2 [38]:
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where n is the power ratio, R is the resistance of the DC cables, and k; and k, are the droop
characteristics of VSC1 and VSC2. This equation shows that the power ratio between the

two VSCs has to be the same value n.

Ratio control has several drawbacks, including the effect of the DC cables’ resistance
that may vary due to temperature, which causes imprecise power ratio. In addition, this
method has a complex mathematical approach, especially with the calculation of a high

number of power ratios within large systems.

3.6 VSC Station Losses

HVDC-based VSC systems are mainly employed in transmission stages of power systems
due to the development of power electronics devices, and the ability to transfer power over
long distances. Using a VSC station has numerous advantages, including the high and
independent controllability of both active and reactive powers as well as the bidirectional
power flow. In contrast, VSC stations carry several disadvantages, such as lower power
capability compared to LCC. However, because of its effect on operational and power
sharing efficiency, the most important disadvantage concerns the issue of losses. These
losses can be defined as the sum of each component loss in the VSC station. The main

components regarding losses are described in the following sections.

3.6.1 Transformer

Transformers are almost the same in AC and HVDC systems with the exception of har-
monics caused by the VSC current. Losses in transformers are primarily divided into two

types: load losses and no-load losses.
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Load losses, also known as copper or winding losses, are the simplest form of losses
whereby a higher current level and higher resistance lead to higher losses. These losses
are mainly caused by several reasons such as the DC resistance of the windings, and the
current carrying the harmonics through the windings. In contrast, no-load losses, namely
core or iron losses, which are created by the variations in the flux, include two major kinds:
eddy losses, which occur in the material of the core and hysteresis Losses, which refers to
the power dissipated in the form of heat because of the change of magnetic field across
the core. The presence of leakage of the magnetic flux results in a small amount of losses

known as stray losses.

3.6.2 AC Filter

An AC filter, which is used to redirect the VSC harmonic current to the ground, consists
of capacitance, inductance and resistance. The high-pass filter is the most common type in
which the resistance and inductance are connected in parallel. The components of a high-
pass filter play an important role in the number of losses. The capacitor losses are solely
affected by its Equivalent Series Resistance (ESR), whereas the power losses of resistance

are based on the square value of the current flowing through the resistance.

3.6.3 Phase Reactor

A phase reactor is designed to separate the AC frequency from the PWM signal, partic-
ularly to cancel the effect of high frequency disturbance using a series connection. This
connection contains a reactance in series with a resistance, and the losses in the phase

reactor are in the form of the dissipated power across the resistance.
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3.6.4 Valves Consisting of IGBT’s and Anti-Parallel Diodes

Valve losses represent the higher amount of losses in a VSC station, and switching and

conduction losses are considered to be the main types.

3.6.5 DC Capacitor

Since DC capacitors lessen the effect of harmonics ripple, the losses in capacitors are mainly

dependent on the harmonic current.

3.6.6 VSC Loss Model

A generalized loss model is presented, including all the main components of the VSC
station, and used in the reminder of the thesis [11]. This model is also implemented in the
load flow calculations, and in the control scheme technique. The data were based on the
the Sodra Lanken HVDC Light® link, which was rated at 600 MW and a DC voltage of
+300 £V, operating at a power factor of 1. The losses in this model can be categorized
into constant terms, and dependent terms on the phase reactor current I, either linearly
or quadratically. I, is calculated based on the active and reactive power that is delivered

or received by the converter, and the phase voltage.

/P2 1 ()2
I, = \;g—;—Qc (3.3)

This current has an upper limit, which is:
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