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Abstract

A global trend in the growth of power systems is to build interconnections
with the aim of achieving technical, economical and environmental benefits.
The interconnections facilitate exchange of power between different regions
or countries improving the utilization, flexibility, power quality, efficiency of
transmission and emergency support. High Voltage Direct Current (HVDC)
systems emerge as a compelling and efficient solution for long-distance power
transmission, asynchronous system interconnection, and renewable energy in-
tegration. As offshore wind generation is exploited at increasing distances
from shore, HVDC stands out as the preferred transmission method. Offshore
wind farms equipped with Direct Drive Permanent Magnet Synchronous Gen-
erators (DD-PMSG) are drawing increased attention due to their advantage
over other variable speed technologies. Voltage Source Converter based High
Voltage Direct Current (VSC-HVDC) links are considered the most suitable
option for transferring power to the onshore system. The rapid development
of VSC-HVDC based offshore wind farms have highlighted the need for these
stations to synchronise with the grid independently and provide inertial sup-
port, especially as grid strength declines, rendering phase-locked loops (PLLs)
ineffective. In this context, the research work deals with the systematic analy-
sis of Line Commutated Converter based High Voltage Direct Current (LCC-
HVDC) links, Voltage Source Converter based High Voltage Direct Current
(VSC-HVDC) links and integration of VSC-HVDC based offshore wind farms

into multi-machine systems.

Specifically, the study presents a performance analysis of synchronous and
asynchronous multi-machine systems using tie-lines as LCC-HVDC links. De-
tailed inferences are drawn for the systems subjected to various dynamic events
in comparison to systems with Thyristor Controlled Series Capacitor (TCSC)
lines. The effect of variation of synchronous tie-line power levels on the
modal behaviour is investigated. The asynchronous system modes are anal-
ysed with reference to the modes of its synchronous counterparts. The impact
of VSC-HVDC active and reactive power controls on frequency controllers is
assessed. The effect of feedforward and feedback active power loops are exam-

ined through bandwidth analysis. The influence of reactive power controllers



on the performance of frequency controllers is also studied. Additionally, a
simplified model of VSC-HVDC link is proposed that can be efficiently used
for analysis of links embedded in large AC systems. This model offers lesser

modelling complexity and computation time, enhancing efficiency in analysis.

Following the above analysis, the integration of VSC-HVDC connected DD-
PMSG based offshore wind farms into multi-machine systems is explored. A
novel approach for power flow and initial condition calculations is proposed
to facilitate dynamic analysis of the system. For three cases of the most com-
monly specified quantities of the wind farm, efficient methods have been de-
scribed. This approach enables the user to build the model in any basic graphi-
cal dynamic modeller and numerical computational software without requiring
power system toolboxes or electromagnetic transient packages. Case studies
and simulations are conducted to verify the proposed technique. The work
further presents a novel approach for grid synchronisation and inertial support
from VSC-HVDC based offshore wind farms. The DC capacitor dynamics
are utilised to imitate the rotor dynamics of a synchronous generator for syn-
chronisation, while inertia support is derived from the DC capacitor energy
and the hidden inertia of the offshore wind farm. A time constant based ap-
proach employing two distinct DC voltage tolerance bands for the control is
proposed. This leads to improved inertial response and a very easy selection
of controller parameters. The effectiveness of the strategy has been proved in
high impedance and low inertia systems. MATLAB/SIMULINK has been used
for the study.

Keywords: HVDC; frequency control; multi-machine systems; PMSG; grid

synchronisation; inertial control; asynchronous systems
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Blade pitch angle of wind turbine

Air density in kg/m?

Stator flux linkage in pu

Wind turbine rotor speed in pu

Base rotor speed in electrical rad /s

Wind turbine rotor speed in rad/s (mechanical)
Wind turbine rotor speed in electrical rad /s
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Performance coefficient of wind turbine

Wind turbine coefficients
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D and Q axis PCC bus voltage in pu
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Inertia of wind turbine in s

Inertia of individual PMSG in s

Inertia of agrregated PMSG in s

LCC-HVDC reference current in pu

TCSC reference current in pu

Current in the TCSC line in pu

VSC current in abc frame in pu

d and g axis VSC current in pu

D and @ axis VSC current in pu

DC link current of VSC-HVDC in pu

Moment of inertia of PMSG

PI constants of DC voltage controller of VSC-HVDC link
PI constant of active power controller of VSC-HVDC link
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K, 0’ Kig . PI constant of reactive power controller of VSC-HVDC link

Ky, ues Kivac . PI constants of AC voltage controller of VSC-HVDC link

(Kp)iq’ (Ki)iq g-axis PI constants of inner current controller of VSC-HVDC link
(Kp); » (Ki);, : d-axis PI constants of inner current controller of VSC-HVDC link
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Lyc : VSC-HVDC link inductance in pu
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Ppcce :  Real power at the PCC bus in pu

P; . Modulated power reference in pu

P, : Real power at VSC bus in pu

Py : Mechanical power output in pu

Pyr :  Real power at the wind farm bus in pu

Opcc : Reactive power at the PCC bus in pu

O, : Reactive power at VSC bus in pu

Owr . Reactive power at WF bus in pu

R : VSC line reactor resistance in pu

R : PMSQG resistance in pu

Ry . VSC-HVDOC link resistance in pu

Ry : Droop controller constant in pu

Rgsce . GSC converter line reactor resistance in pu

Rwr :  Wind turbine radius in m

sysCOI : average system frequency / common mode frequency / COI frequency
Ssys : Multi-machine system power base MVA

Ty : Mechanical torque in pu

T :  Electromagnetic torque in pu
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Chapter 1

INTRODUCTION

In recent years, the global energy demand has experienced a remarkable surge, while con-
ventional fossil fuel reserves continue to deplete rapidly. This escalating challenge has
necessitated a paradigm shift towards cleaner, sustainable, and cost-effective power gener-
ation and transmission. In this pursuit, two promising options that have emerged are High
Voltage Direct Current (HVDC) technology and Wind Power Plants (WPP). The research
work will delve into the significance of HVDC and WPP technology in shaping a more
resilient energy landscape.

Industrialization in the major cities of India led to an urgent need of fetching power
from generating stations situated at distant remote places. The HVDC transmission sys-
tems facilitated this. Five bipole HVDC systems were installed in India till June 2012,
namely, Chandrapur - Padghe (1500 MW, + 500 kV DC), Rihand - Dadri (1500 MW, +
500 kV DC), Talcher - Kolar(2500MW, 4+ 500 kV DC), Balia - Bhiwadi(2500 MW, £ 500
kV DC) and Mundra - Mohindergarh(2500 MW, + 500 kV DC). All the initial five Bipole
HVDC transmission systems had voltage level of = 500 kV DC. The first Back-to-Back
HVDC project in India was commissioned in 1989 at Vindhyachal in central India, which
has a rating of 500 MW. There are another three Back-to-Back HVDC stations installed in
India, namely Chandrapur, Gazuwaka (Vizag) and Sasaram. Recent trend is for Ultra High
Voltage DC (UHVDC) transmission by using line-commutated converters for long distance
power transmission. There are four bipole UHVDC systems in India namely Champa - Ku-
rukshetra (6000 MW, 4 800 kV DC, 1,365 km, 2 parallel lines 3000 MW each), Raigarh
- Pugalur (6000 MW, + 800 kV, 1,830 km), Biswanath Chariali - Alipurduar - Agra (6000
MW, + 800 kV, 1,728 km). All the above links are based on line commutated converter
(LCC) technology. The LCC-HVDC projects of India are presented in Figure 1.1. The
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HVDC connection of about 200km between Pugalur (Tamil Nadu) to Trichur (Kerala) is
India’s first HVDC link featuring voltage-sourced converter (VSC) technology. The trans-
mission voltage level is & 320 kV DC and the total capacity is 2000 MW. Moreover, India
has also commissioned cross border projects (India - Bangladesh) and many others are in

the planning stage.

~. ,3/ HVDC projects in India
‘\
4 9

Biswanath Chariali
.

Kurukshetra

® Cities
A Back to back
® 500 kV point to point

I 800 kV point to point

Figure 1.1: LCC-HVDOC links in India (Source : https://powerline.net.in)

The world’s first 1100 kV DC UHVDC transmission link is between Changji and
Guquan in China. This is the biggest HVDC project in the world with a power transfer
capacity of 12,000 MW and the length of the link is 3,284 km (Abbhijit, 2018).

By the end of 2022, the global cumulative wind energy was nearly 940 GW with 78 GW
of new installations in the year 2022. Out of the 78 GW, 68.8 GW are onshore installations
and 8.8 GW are offshore installations. India ranks among the top five wind markets in the
world with a total installed capacity of around 42 GW. India aims to achieve a substantial
increase in its wind energy capacity. By the end of 2030, the country is targeting the
addition of over 60 GW of onshore wind capacity and nearly 40 GW of offshore wind
capacity. The onshore and offshore global wind capacity is given in Figure 1.2 (GWEC,
2023).
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Figure 1.2: Global wind installations (a) Global onshore capacity (b) Global offshore capacity
(Source : GWEC 2023)

By the first half of 2023, India had accumulated wind power installations totaling 43.8
GW. This accounted for approximately 10% of the nation’s overall installed power capacity
and roughly 30% of its total renewable power capacity. In June 2023, Gujarat took the lead
as the foremost wind power installer, contributing to nearly 24.9% of the total cumulative
wind installations in India. Tamil Nadu secured the second position with a share of 23.2%
of the country’s total wind installations. Following closely were Karnataka and Rajasthan,
ranking third and fourth, respectively, with 12.1% and 11.9% of the cumulative installa-
tions. Maharashtra completed the top five states, accounting for 11% of the total wind
power installations. India is also a market with high offshore wind potential. Studies are
being undertaken for 1 GW offshore plant in Gujarat with Tamil Nadu being the next focus
(MERCOM, 2023).

Due to the bottlenecks in the High voltage alternating systems, HVDC is an attractive
solution for the integration of large offshore wind farms to the onshore AC system. VSC-
HVDC technology holds great promise for efficiently integrating large-scale offshore wind
farms (OWF) into the main power grid. With the increasing number of inverters set to con-
nect to the power system in the coming years, it is becoming increasingly evident that this
will have a substantial impact on the stability of the AC system. Loss of system controlla-
bility and decrease of system inertia will cause fluctuation in grid voltage and frequency.
Thus, the need arises to operate inverters in the same way as conventional generators. It
would be expected that WF’s and VSC HVDC links provide additional inertia, frequency
regulation and damping features to the main AC system. Most of the grid codes around

the world put a mandatory requirement on inertial support, frequency regulation, damping
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contribution from WF’s and VSC-HVDC. In countries like Germany where the penetration

of wind power is really high very stringent regulations have been put into place.

1.1 HVDC links

Despite alternating current (AC) being the prevailing method for transmitting electrical
energy throughout the 20th century, the superiority of HVDC technology has been demon-
strated in various specific application areas. Since the early 21st century, the number of
HVDC installations per year has steadily risen. Despite the considerable costs associated
with converter stations, HVDC is generally favoured for the following applications (Kun-
dur, 1994, Dragan and Khaled, 2015):

* Long-distance, high-capacity power transmission.

* Subsea and extensive cable-based power delivery over extended distances.

* Linking asynchronous AC systems or systems with differing frequencies.

* Enabling controlled power transfer between different nodes within a power network.

* Providing AC grid stability support, ancillary services, and resilience during black-

outs.
» Connecting isolated systems such as offshore wind farms or offshore oil platforms.

The primary components of an HVDC transmission system are the converter stations
located at either end of the transmission line. The rectifier station converts AC power from
the grid into DC power, which is then transmitted via the DC line. At the receiving end,
the inverter station converts the DC power back into AC power, which is then fed into the

AC grid connected to its terminal.

1.1.1 Types of HVDC link

The origins of contemporary HVDC transmission can be traced back to the Sweden-Gotland
installation in 1954. Prior to the mid-1970s, all HVDC systems, including this one, uti-
lized converters based on mercury arc valves. A notable technological leap occurred when

solid-state valve converters (thyristors), were introduced. Subsequently, another significant
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milestone was reached with the advancement of insulated-gate bipolar transistor (IGBT)
converters. Presently, the HVDC technology is of two types : HVDC classic and HVDC
light technology. The HVDC-classic is based on current source converter (CSC) concept
where the basic modules in the AC/DC converters are thyristor-based as shown in Figure
1.3. These converters exclusively endorse the line-commutated converter (LCC) concept
and are more widely recognized as LCC-HVDC. HVDC light is based on voltage source
converter (VSC) concept where the basic modules in the AC/DC converters are IGBT-based
as shown in Figure 1.4.

PCC PCC
DC Cable / OH line

Transformer

Smoothing reactor
Figure 1.3: Schematic of a LCC-HVDC link

PCC PCC

DC Cable / OH line

Transformer
AC reactor
Fa AL

Filter
: 1 1 -

DC Capacitors

Figure 1.4: Schematic of a VSC-HVDC link

HVDC links are categorized based on the number of DC conductors and the valve

arrangement into three types: Monopolar, Bipolar, and Homopolar.

* Monopolar Link: This type consists of a single conductor, with the ground serving

as the return path. Ground is utilized as the return path.
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* Bipolar Link: Bipolar links comprise two conductors or poles. One operates with a
positive polarity, while the other operates with a negative polarity. Typically, the cur-
rents in the two poles are balanced, eliminating the need for ground return. Ground
return is only utilized in the event of a fault in one of the poles, effectively transform-

ing it into a monopolar link.

* Homopolar Link: Homopolar links consist of two or more conductors with the same
polarity, usually preferring the negative polarity to minimize corona losses. Ground
always serves as the return path. In the event of a fault in one of the poles, it functions

as a monopolar link.

Among these, bipolar links are the most commonly employed HVDC transmission links.

The schematic of these link types is illustrated in Figure 1.5.

+ —

A

A\ 4

=K
=

K

N
_I
N

= v
| |

<
<

<
<

H |

(a) (b) (©

Figure 1.5: HVDC links based on number of conductors/poles : (a) Monopolar Link, (b)
Bipolar Link, (c) Homopolar Link

Based on the arrangement of converters, HVDC links are categorized as Back-to-Back,

Point-to-Point, and Multi-terminal, as depicted in Figure 1.6 and explained below :

* Back-to-Back: This type of HVDC link connects two neighboring power systems
that have different and incompatible electrical parameters, such as frequency, volt-
age level, or short-circuit power level. It serves as a bridge between these systems,

enabling power exchange.

* Point-to-Point: When there’s an economic need to transmit electric power over long
distances or between two distinct geographical locations using DC transmission or
cables, a two-terminal or point-to-point HVDC transmission system is employed.

This allows efficient power transfer over extended distances.
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e Multi-terminal: In situations where three or more HVDC substations are situated
in separate geographic locations and interconnected through transmission lines or
cables, the HVDC transmission system takes on a multi-terminal configuration. This

setup facilitates power distribution and exchange across multiple locations.

| |

@ A | VE= b =A AV —
1 I [

© ! ‘ ' o T e
| \ I ' '

Figure 1.6: HVDC converter bridge arrangements : (a) Back-to-back system, (b) Two terminal
system, (c) Multi-terminal parallel system, (d) Multi-terminal series system

1.1.2 Comparison of LCC-HVDC and VSC-HVDC link

The schematics of LCC-HVDC link and VSC-HVDC link is already given in Figure 1.3

and Figure 1.4. Table 1.1 presents a comparison of the two links.

1.2 Wind energy conversion systems

A Wind Energy Conversion System (WECS) is designed to convert the kinetic energy from
the wind into electrical power. This process involves the wind turbine rotor rotating in
response to the wind’s speed, effectively harnessing mechanical energy. This mechanical
power is then used to drive a rotating electrical generator, which in turn generates electrical

energy. The block diagram of WECS is given in Figure 1.7.

1.2.1 Wind turbine components

A wind turbine (WT) comprises various components essential for energy conversion. Presently,
horizontal axis wind turbines dominate the field of WT applications. This type of WT

consists of a tower supporting a nacelle, which is positioned atop the tower. The nacelle
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Table 1.1: Comparison of LCC-HVDC and VSC-HVDC based links

and turn OFF by external
circuit

LCC-HVDC VSC-HVDC
Switching device Thyristor IGBT
Turn ON and OFF Turn ON by control action | Both Turn ON and OFF

by control action

(with additional cost)

Station size Large Small (around 50% of LCC)
Reactive power demand | Yes No
Reactive power control Limited Continuous and inherent

(without additional cost)

Switching losses

Negligible

High

Independent control of
active and reactive power

No

Yes

Harmonics

Generates significant low
order harmonics

Doesn’t generate low order
harmonics

AC filter Large Small
DC filter Might be required Rarely used
Commutation failure Present for AC disturbances | No
Power Reversal Voltage polarity needs to be | Current direction needs to be
reversed changed
Black Start capability Requires additional Inherent
equipment
Wind Energy Mechanical Energy Electrical Energy
- Mechanical P o Switching
N : Electronic: . i
] e ) Equipment |— - Grid
Protection
—_— Generator 4
Compensating
”””””””””””” Unit
Oﬁ_o—> Control System

Figure 1.7: Block diagram of a WECS

essentially functions as the WT’s machine room and is designed to rotate on its tower with

the assistance of a yaw drive mechanism, allowing it to align with or deviate from the

wind direction, particularly in the face of high wind speeds. Within the nacelle, critical
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components include the rotor, gearbox (if present), generator, and the control system.

Horizontal axis wind turbines designed for electricity generation typically feature two
or three blades affixed to a rotor hub, which, in turn, is installed on the primary low-speed
shaft. The transfer of mechanical energy to the generator occurs through the drive train,
encompassing the shaft, bearings, and gearbox (if utilized). In contemporary WT technol-
ogy, modern variable speed wind turbines (VSWT) are often gearless, utilizing direct drive
systems. This design eliminates the need for a high-speed shaft, resulting in a smaller sized
nacelle.

Additionally, beyond the components directly engaged in power conversion, there exist
other vital elements within a WT system that play a significant role in ensuring its effective
and dependable performance. These encompass the pitch system (which includes stall and
pitch mechanisms), wind speed measurement devices, mechanical braking systems, power
distribution cables, heat dissipation mechanisms, protective measures, power converters,

and control systems, among others (Bin Wu et al., 2011).

1.2.2 WECS configurations

WT’s can either operate with fixed speed or variable speed. There are four standard WT
types. Type 1 is of fixed speed type and Type 2, Type 3, Type 4 are variable speed wind
turbines (WECC task force, 2010, Ackermann, 2005).

1. Type-1 - Fixed speed
This configuration represents a fixed-speed WT featuring an asynchronous squirrel
cage induction generator (SCIG) connected to the grid through a transformer, illus-
trated in Figure 1.8. Type 1 WT’s, as depicted here, often incorporate capacitor banks

to facilitate reactive power compensation.

For a considerable duration, fixed-speed WECS, whether employing active or passive
stall mechanisms, have been the prevailing technology in the wind power industry.
These systems have demonstrated their reliability in practical operation and naturally
offer inertial response. However, their primary limitation lies in the fact that the

constant generator speed doesn’t allow for significant control flexibility.

2. Type-2 : Limited variable speed.
This configuration represents limited VSWT, featuring a variable generator rotor re-

sistance, as illustrated in Figure 1.9. In this configuration, a wound rotor induction
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Wind B

Turbine

PCC
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Capacitor
bank

Figure 1.8: Type-1 WECS

generator (WRIG) is utilized. By utilizing power electronics, it becomes possible to

modify the rotor resistance, thereby enabling control over the slip.

The extent of dynamic speed control achievable with this setup depends on the mag-
nitude of the variable rotor resistance. However, as a general guideline, the speed ad-
justment range typically falls within the range of 0% to 10% above the synchronous

speed.

Variable
Resistance

(IS

WRIG PCC
Wind
Turbine Capacitor
bank

Figure 1.9: Type-2 WECS

3. Type-3 : Variable speed with partial scale frequency converter.
This configuration, often referred to as the Doubly Fed Induction Generator (DFIG)
concept, represents a specific limited VSWT design employing a wound rotor induc-
tion generator (WRIG) and incorporates a partial-scale frequency converter, rated
at approximately 30% of the nominal generator power, within the rotor circuit, as

depicted in Figure 1.10.
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In this setup, the stator windings are directly connected to the three-phase grid with
a constant frequency, while the rotor windings are linked to the grid through a pair of
back-to-back VSCs. Typically, the achievable speed range spans from synchronous
speed -40% to +30%. The utilization of a smaller frequency converter in this config-
uration enhances its economic appeal. However, it is worth noting that this concept
comes with challenges related to the use of slip rings and the need for robust protec-

tion mechanisms in the event of grid faults.

Partial scale
frequency converter

N
N
Gear Q I \

WRIG PCC

‘Wind
Turbine

Figure 1.10: Type-3 WECS.

4. Type 4 : Variable speed with full scale frequency converter.

This configuration corresponds to the full VSWT setup, where the generator is linked
to the grid through a full-scale frequency converter, as depicted in Figure 1.11. In
this setup, you have the flexibility to use either an induction generator or a syn-
chronous generator.Further, the synchronous generator can take two forms: a wound-
rotor synchronous generator (WRSG) or a permanent-magnet synchronous genera-
tor (PMSG). The PMSG configuration is particularly promising because it operates
using permanent magnets, eliminating the need for an excitation energy source. Ad-
ditionally, the salient pole design of a PMSG operates at low speeds, allowing for
the elimination of the gearbox. This represents a significant advantage in PMSG-
based WECS since gearboxes are known to be sensitive components in wind power
systems. A similar advantage can be achieved by utilizing direct-drive PMSG (DD-
PMSG).

VSWTs particularly Types-3 and 4, offer an exceptional degree of controllability, en-

abling the extraction of maximum power across a wide range of wind speeds. Notably,
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Full scale
frequency converter
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Figure 1.11: Type-4 WECS

these systems allow for the complete decoupling and independent control of active and
reactive power, enhancing their flexibility. VSWTs have established a dominant presence
in the market, particularly in the megawatt class. However, it’s important to note that,
especially in the case of Type-4 WT’s, there exists electrical decoupling between the gen-
erator and the grid. This characteristic distinguishes them from conventional synchronous

generators and they cannot contribute to the power system’s inertia in the same manner.

1.3 Literature Survey

1.3.1 Modelling, control and performance analysis of HVDC links

Synchronous AC links combined with FACTS devices especially Thyristor controlled se-
ries capacitors (TCSC) have long proven to be a major success in increasing the power
transfer capability and in providing a reliable controllability (Hingorani and Gyugyi, 2000,
Padiyar, 2009). For large AC systems with transmission system spreading over thousands
of kilometers, use of HVDC links along with meshed AC interconnections is found to be
economically beneficial. In the asynchronous interconnections, HVDC links are the only
practical solution to interconnect AC systems operating at different frequencies. In Indian
power system, the southern grid was asynchronously connected to the rest of the grid before
connecting it synchronously in December 2014 (Pritwish et al., 2015). With the increased
penetration of solar PV power system and WECS into the grid and interconnection of such
low inertia grids in-turn have led to the usage of asynchronous links prominently. Even in
micro-grids, different types of renewables are interconnected through asynchronous ties.
In these grids, frequency control and handling of large disturbances in the presence of re-

newables are the major concerns (Padiyar and Kulkarni, 2019, Chen et al., 2018). In this
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context, in (Miniyuan et al., 2015) and (Bandaru et al., 2018), an asynchronous system is
simulated with VSC-HVDC links. In (Hu and Mao, 2005), LCC-HVDC are compared with
VSC-HVDC links. The feasibility of integrating weak grids via LCC-HVDC link has been
investigated in (Yong et al., 2012, Yogarathinam et al., 2017, Vennelaganti and Chaudari,
2018). The modelling of LCC-HVDC links is well established in (Teena and Shubhanga,
2017) and (Kundur, 1994). For general purpose power system stability studies response
type model of LCC-HVDC is adopted. It provides a compromise between simulation ac-
curacy and modelling efficiency. In most studies involving asynchronous HVDC systems,
load flow analysis is typically performed using electromagnetic transient software pack-
ages. This approach is favoured over rigorous mathematical calculations. Additionally,
there is potential for more robust and comprehensive analysis of the dynamic behavior and

modal characteristics of LCC-HVDC systems in multi-machine environments.

A generalized dynamic model for a VSC-HVDC link is presented in (Stijin et al., 2010)
which can be implemented for every conceivable topology of DC circuit. The time lag of
converter’s power electronics and DC voltage controller are addressed using time delays.
The performance of a VSC-HVDC link crucially depends on its control system. Additional
controllers of VSC-HVDC for system support have been widely discussed in the literature
(Latorre et al., 2008, Preece et al., 2013, Xiao and Tang, 2015, Sigrist et al., 2015, Zhiy-
ong et al., 2017). In (Latorre et al., 2008), control strategies of VSC-HVDC are examined
for transient stability improvement and damping of low frequency oscillations of system
using Lyapunov control functions. However, severely simplified model of VSC-HVDC is
used for the study. Damping control strategies for stability improvement is discussed in
(Xiao and Tang, 2015). The research is based on direct power-angle control of converters
which may not be practical. Vector dq current control is the most widely used control due
to its inherent advantages. The impact of frequency controllers on the transient stability
of the system is analysed in (Sigrist et al., 2015). The primary frequency capability of
VSC HVDC on three different asynchronous interconnections in North America is given in
(Zhiyong et al., 2017). All the above investigations focus primarily on the dynamics of the
AC system. In (Li S. et al., 2016), the effects of VSC-HVDC controllers on AC and DC side
system responses is highlighted through modal analysis and transient simulations respec-
tively. The impact of VSC control parameters on network stability is discussed in (Giddani
et al., 2012) by presenting a detailed state space model of the system. However, the inter-
actions between controllers and the possible effects as a result of this is not discussed. The

impact of different types of reactive control schemes on power transfer capability is dis-
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cussed in (Bernat and Preece, 2019). The stability and robustness of active power control
system is examined with emphasis on the rectifying operation of the converter in (Wang
W. et al.,, 2014). The effect of feedforward and feedback real power loops based on vector
current control is demonstrated in a detailed manner. The impact of the power loops on
voltage droop control is also investigated. There is potential for delving deeper into the
analysis of the effect of active and reactive power control systems on frequency controllers,

an aspect that has not yet been thoroughly investigated.

For small signal stability study and power system analysis of large scale systems, most
literature model VSC-HVDC link merely as power injections at the AC buses to which it
is connected (Abedin et al, 2021, Agnihotri et al, 2017, Asvapoositkul and Preece, 2020).
However, such a model doesn’t reflect the dynamic performance of the system. The fea-
sibility of this model is checked in (Asvapoositkul and Preece, 2020) where the authors
provide an index to detect regions where the simplified model can be utilised for small
signal stability analysis. The work shows that the accuracy of the results can vary based
on the location and type of VSC control used. Well-established VSC-HVDC models are
presented in (Jef Beerten et al., 2014, Cole and Ronnie, 2011). In (Jef Beerten et al., 2014),
a simplified model is also discussed by eliminating DC current dynamics while retaining
DC voltage as state variable. In (Cole and Ronnie, 2011), smallest time constants of the
full-order model are neglected to arrive at a simplified model with less number of differen-
tial equations. However, the time constant corresponding to DC capacitors is maintained
as it is treated as a dominant element in the DC circuit. The above models reproduce an
overall dynamic performance of the system. VSC-HVDC link represented by controlled
voltage sources behind reactors is presented in (Shewarega and Erlich, 2014). In this work,
the converter current is not explicitly modeled and voltage value of the source is directly
obtained from the inner controllers. The DC link is represented by an equivalent capac-
itance. Similar work is carried out in (Jahan et al, 2017) to minimize simulation time in
analysis of HVDC links connecting offshore wind farms to main grid. DC grid modeled as
aggregated capacitance is implemented in (Meer et al, 2016) for a multi-terminal direct cur-
rent (MTDC) system to investigate its feasibility in transient stability simulations. But the
model performs inaccurately for very large disturbances. An optimal reduction algorithm
is used for model reduction in (Wang T. et al, 2019). However, it is deduced in frequency
domain over a required operating point. From the literature review, simplified VSC-HVDC
models are either represented as power injections without any other dynamical representa-

tion or are modeled with partial simplification of both DC circuit and converter system. Not

14



Introduction

much effort has been put into presenting a simplified model that preserves the important
aspects of the VSC-HVDC. Furthermore, there is a significant research gap in terms of a
simplified model which can capture the effect of different types of VSC controllers on an

AC system’s behaviour.

1.3.2 Modelling and integration of VSC-HVDC based type-4 wind farms

into multi-machine systems

In (Chia-Nan et al., 2014), a well-established dynamic model of a PMSG wind turbine
is described and simulations for a single PMSG wind turbine feeding grid are performed.
The operation and control strategies of VSC-HVDC connected PMSG wind farms con-
nected to grid are discussed in (Muyeen et al., 2010). The modelling is carried out in
PSCAD/EMTDC. In (Xudan et al., 2018), control strategies to provide synthetic inertia
through VSC-HVDC connected offshore wind farm is discussed where the onshore power
system is treated as a single synchronous generator. A complete transfer function model
of an ensemble of OWF-MTDC-AC system is developed in (Hua et al., 2019). Aggregated
models of type-4 wind farm is described in (Mercado et al., 2015). It elaborates equivalent
wind, approximate mechanical torque and equivalent wind turbine rotor methods for aggre-
gation of PMSG based wind farm. The author concludes that below nominal conditions of
wind speed the response of the models are identical to the detailed model. In (Roland and
Lukasz, 2020), the advantages of HVDC over HVAC technology in relation to transmission
distance are given where a new break-even distance for offshore installation is proposed. A
comparison of HVDC offshore technologies and various configurations of DC-DC offshore
wind farms is discussed. A review of applications of VSC-HVDC technology for offshore
wind integration has been presented in (Asimenia et al., 2016). The grid code requirements
and various converter controls are discussed in the paper.

Power flow methods with VSC-HVDC systems have been discussed in (Pizano et al.,
2007, Wei et al., 2020, Ye et al., 2020, Kamel et al., 2019). The load flow techniques of
systems with wind farms have been presented in (Rahim, 2011, Divya et al., 2006, Zhao
et al., 2008, Khan and Bhowmick, 2019, Hennig et al., 2014, Kumar and Thukaram, 2017,
Kouadri et al., 2016, Zhou et al., 2019, Yao et al., 2020). In (Rahim, 2011), the integration
of fixed speed and DFIG based WECS to multi-machine system is analysed in very limited
detail with no discussion on the initial working condition calculations of the system that

can assist the dynamic analysis. Steady state behaviour of type-4 wind farms connected to
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distribution systems has been studied in (Divya et al., 2006) to assess their impact when
used as DG sources. Based on the given wind speed, the maximum power obtained from
the power characteristics of the turbine is considered as the final output. The authors do not
go into the intricate details of the wind farm model, nor do they explore VSC-HVDC-based
wind farms. Sophisticated power flow models are described in (Zhao et al., 2008, Khan and
Bhowmick, 2019, Hennig et al., 2014, Kumar and Thukaram, 2017, Kouadri et al., 2016,
Zhou et al., 2019, Yao et al., 2020). In (Zhao et al., 2008), the wind farm network is divided
into several local networks and the loadflow is calculated from one local network to another.
Iterative methods for converter losses and converter control are proposed and included in
the loadflow analysis. Optimal power flow techniques are proposed in (Kouadri et al.,
2016, Zhou et al., 2019, Yao et al., 2020). Rigorous mathematical formulations are used
to develop the models. However, such extensive methodologies are not required when the
study concentrates more on the dynamic applications and control aspects of these systems.
In such cases, in order to avoid the calculations of power flow and initial conditions of such
systems, most researchers move towards electromagnetic transient packages (Zeni et al.,
2016, Yousef et al., 2017, Kabsha et al., 2020).

1.3.3 Inertial and grid synchronisation capabilities from VSC-HVDC

based offshore wind farms

In a VSC-HVDC based offshore wind farm integration, the candidates for providing inertia
support are the HVDC capacitor and the kinetic energy stored in the generators of offshore
wind farm. Due to the decoupling nature of VSC-HVDC, the frequency information of the
onshore power system is not directly transferred on to the offshore side. In order to provide
for this, the literature suggests various methods for control that can be broadly classified as
communication based control and communication-less control (Lu et al., 2021). The com-
munication based control is ruled out due to the communication delays, reliability issues
and large costs.

The communication less control can be further classified as phase locked loop (PLL)
based control which follows the grid and control without PLL where VSC station forms the
grid. In (Jiebei et al., 2013), the electro-static energy stored in the HVDC capacitor is used
to provide inertia support. Though it provides a very quick support, the energy is limited
as it depends on the maximum allowable DC voltage deviation which further depends on

insulation and switching requirements. Also, a larger inertia would require a large capacitor
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which is not practical. Hence a combination of energy from both HVDC capacitor as well
as the kinetic energy from offshore wind farm would prove beneficial. Coordinated control
strategies are widely discussed in (Kabsha et al., 2020, Zeng et al., 2020, Xudan et al.,
2018, Adeuyi et al, 2017, Liu and Chen, 2015, Ferr et al., 2015, Li et al., 2014, Silva et al.,
2012). The coordinated strategies either adopt simultaneous or cascaded control to release
the inertial energy. The DC voltage of the grid side VSC (GSVSC) of the VSC-HVDC is
used to transfer the frequency information from onshore to offshore grid as any variation
in the frequency of the onshore grid is immediately reflected in the GSVSC DC voltage.
The commonality in all the above strategies being the PLL for grid synchronisation, it is
well known that integration of VSC into grids with low short circuit ratios can degrade the
dynamic performance of conventional PLL. This in turn degrades the performance of DC
voltage control as well as the current vector control. To resolve this, virtual synchronous
generator (VSG) based approach with grid forming capability has been applied to the VSC-
HVDC based Offshore Wind Farm (OWF) for better stability.

On a general note, VSG refers to the use of synchronous generator rotor equation dy-
namics to achieve grid synchronization. This approach involves setting a fixed power ref-
erence that imitates the rotor dynamics, with any power deviations being compensated for
by the sending end system (Miniyuan et al., 2015, Zhong and Weiss, 2011, Zhang et al.,
2010, Ratnam et al., 2020). However, for offshore wind farms, the system is designed to
operate on the principle of maximum power point tracking (MPPT), where a fixed refer-
ence at GSVSC would result in a deviation from the maximum power point and would
negate the benefits of the offshore wind farm. Researchers have suggested utilizing the
inherent behavior of the DC capacitor to facilitate grid synchronization and provide iner-
tial support (Huang et al, 2017, 2018, He et al., 2018, Yuan et al., 2021, Yujun Li et al.,
2014, Yang et al., 2018, Renxin et al., 2020) which is apt for VSC-HVDC based OWF. In
(Huang et al, 2017), a DC capacitor synchronisation controller namely Visync is proposed
which also provides inertial and damping abilities. This work has been further extended to
multi-terminal DC links in (Huang et al, 2018) with an additional power droop controller.
The above works have been implemented in systems where active power control is allow-
able and inertia and damping coefficients can be easily tuned and varied. In (He et al.,
2018), a similar DC capacitor based virtual synchronous control for grid synchronisation
co-ordinated with frequency droop controller to realize frequency regulation from WT is
discussed for PMSG based WF directly connected to grid. The work does not discuss on

the parameter selection of the inertia and damping constants of the synchronisation con-
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troller which is very crucial owing to the limit on allowable DC voltage deviation and the
sending end inertial energy source being only kinetic energy of the PMSG WT. In (Yuan
et al., 2021), a communication-less cascading frequency regulation scheme is proposed
which uses DC voltage - frequency droop based grid synchronisation strategy and uses
DC voltage for frequency reflection to a sending end AC system. The strategy is imple-
mented for point to point VSC HVDC link connecting two AC systems. In Yujun Li et al.
(2014), the above droop based synchronisation strategy along with additional damping is
implemented for a PMSG WT connected to grid. Only the DC capacitor participates in the
inertial support and no support is obtained from wind farm. In (Yang et al., 2018), inertial
synchronising control with WF support through AC frequency mirroring technique using
droop based approach is proposed for a point to point VSC-HVDC based offshore wind
farm system. This method does not use the rotor mechanics of synchronous generator for
grid synchronisation. An additional damping compensation unit to improve the response is
added. The work is further extended to multi-terminal DC links in (Renxin et al., 2020).

1.4 Research gaps and motivation

Upon the onset of a power disturbance within a system, the frequency dynamics are pre-
dominantly influenced by the inertial response of the system. In systems with a substantial
integration of static-based devices, particularly in the context of weak systems character-
ized by either high impedance or low inertia, it becomes imperative for these devices to
actively contribute to the inertial response. Given the increasing emphasis on the integra-
tion of VSC-HVDC based offshore wind farms into multi-machine systems, it is crucial that
these offshore wind farms and VSC converters actively participate in the inertial regulation
process. However, achieving this goal first necessitates a comprehensive understanding of
HVDC links and wind farms within the broader context of multi-machine systems.

A thorough review of the existing literature in the previous section highlighted several
key research gaps. Though the modelling of LCC-HVDC links are well established, there
is a notable absence of an in-depth dynamic and eigenvalue analysis of these links in multi-
machine systems in comparison to its existing counterparts such as TCSC. Further, a major
task in analysing asynchronous HVDC systems is in performing its load flow analysis. In
order to avoid load-flow of such systems, many researchers move towards electromagnetic
transient packages such as PSCAD and EMTP to arrive at the operating point. There is

a lack of description of a simple method to perform loadflow analysis of asynchronous
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systems. As the research would delve deeper into the frequency stability of systems, the
controller interactions of primary VSC-HVDC controls on the basic ancillary frequency
controls is worth to be looked into. Further, the literature lacks the development of an
efficient and simplified VSC-HVDC model suitable for large power systems, aiming to
reduce complexity and simulation time. While the integration of offshore Type-4 wind
farms into multi-machine AC systems has been extensively discussed in previous research,
there is a dearth of simple power flow and initial condition approaches that can help the
dynamic model to be readily implemented in commonly available modelling packages.
Another significant challenge arises from the untapped potential of harnessing inertia in
offshore wind farms due to the decoupling nature of VSC-HVDC links. By using proper
control methodology this has to be tapped. However, there is always a time delay associated
before the wind farms can react, which can be pitched in by the HVDC capacitor of the
VSC-HVDC link initially. Given the restrictions on the maximum DC voltage deviation, it
is well known that the HVDC capacitors can only provide limited amount of inertial power.
Large voltage deviations are not advisable for longer periods of time with respect to reliable
operation, safety of capacitors and efficient transfer of power. It would be worthwhile to
develop a control to enhance the utilization of DC capacitor while keeping the restrictions
in mind. The literature review reveals that there are limited existing control strategies that
deal in particularly with synchronisation and inertial capabilities of VSC-HVDC based
offshore wind farms leaving room to create a more robust controller.

To address these concerns, this study undertakes a comprehensive exploration of HVDC
links, delving into their modal and dynamic analysis, as well as control interactions, encom-
passing both LCC and VSC-based systems. An attempt is made to introduce a simplified
VSC-HVDC model, aiding in the analysis of large AC systems. Furthermore, a simpli-
fied approach is presented for the load flow analysis of asynchronous HVDC systems and
VSC-HVDC-based offshore wind farms in the context of multi-machine systems. Lastly,
a novel grid synchronization and inertial controller is proposed specifically tailored for
VSC-HVDC-connected offshore wind farms.

1.5 Objectives

The extensive literature survey undergone has helped identify several research gaps based

on which the objectives of the thesis are formulated as follows :

1. A study of synchronous and asynchronous LCC-HVDC systems investigating their
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modal and dynamic behaviour.

2. An analysis on the impact of VSC-HVDC control strategies and modelling intricacy

on the performance of multi-machine systems.

3. Development of loadflow and initial condition techniques for VSC-HVDC connected

type-4 wind farms embedded in multi-machine systems.

4. A novel technique for grid synchronisation and inertial control of VSC-HVDC based
offshore wind farms.

1.6 Author’s Contributions

The major contributions based on the work carried out in this thesis are as follows :

1. An exhaustive analysis of synchronous and asynchronous LCC-HVDC links is pre-
sented. This includes both the dynamic and modal behaviour of the systems in com-
parison to system with TCSC line and system with only AC transmission lines. The
impact of power level changes on the attributes of the dominant swing modes of the
systems is neatly depicted. The effect of forming an asynchronous link is studied by

analysing the modes with reference to the modes of its synchronous counterparts.

2. The effect of VSC-HVDC outer real and reactive controls on the behaviour of fre-
quency controllers is analyzed. A simplified VSC-HVDC model that can be applied
to links embedded in large power systems where the performance analysis of the
AC systems is the main objective of the study is proposed. The model accurately

describes the dynamic and modal behaviour of associated AC systems.

3. A unique approach for power flow and initial condition computations of VSC-HVDC
connected DD-PMSG wind farms integrated into multi-machine systems, which can
aid the dynamic model is proposed. The method allows the complete system dynamic
model to be implemented in easily available basic dynamic modelling packages with-

out the need for power system toolboxes or electromagnetic transient packages.

4. A novel approach to achieve grid synchronization and inertial capabilities in VSC-
HVDC connected offshore wind farms that supply power to weak power systems is
proposed. The controller demonstrates superior effectiveness in providing grid syn-

chronization and inertial response when compared to existing droop-based methods.

20



Introduction

1.7 Organization of the thesis
This thesis is divided into six chapters and are detailed below:

1. Chapter 2: analyzes performance of synchronous and asynchronous LCC-HVDC
links in multi-machine systems. The study presents load flow technique for asyn-
chronous HVDC system, investigates the influence of dynamic events on system
performance, examines the impact of synchronous tie-line power levels on modal

behaviour, and analyses the modal behaviour in asynchronous systems.

2. Chapter 3: discusses the modelling and control of VSC-HVDC systems integrated
into multi-machine systems, analyzing the impact of active and reactive power con-
trol loops on frequency controllers. It also introduces a simplified VSC-HVDC

model for use in analysis of large power systems.

3. Chapter 4: describes a simple approach for computing power flow and initial con-
ditions for VSC-HVDC connected PMSG wind farms integrated into multi-machine

systems enabling dynamic modelling of the system in basic software tools.

4. Chapter 5: introduces an innovative approach for achieving grid synchronization
and harnessing inertial support from VSC-HVDC connected PMSG based offshore
wind farms in weak systems. It utilizes DC capacitor dynamics to mimic the behavior
of synchronous generators, enabling rapid grid synchronization and tapping into both
DC capacitor and offshore wind farm inertia. The proposed controller is validated by

comparing it with existing control strategies.

5. Chapter 6: summarizes the contribution of the work presented in this thesis. In this
chapter the future research work which can be undertaken related to the thesis is also

discussed.
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Chapter 2

LCC-HVDC LINKS IN
MULTI-MACHINE SYSTEMS

2.1 Introduction

Line Commutated Converter based High Voltage Direct Current technology, a cornerstone
of modern power transmission, traces its origins to mid-20th century innovations in electri-
cal engineering. In today’s energy landscape, LCC-HVDC systems serve as vital conduits
for cross-border power exchange, facilitating grid stability through asynchronous intercon-
nections, and fostering energy resilience in the face of evolving demand patterns. With
a proven track record and ongoing technological advancements, LCC-HVDC remains a

fundamental pillar in providing sustainable and robust power networks.

In this chapter, in order to get better insight to the synchronous and asynchronous LCC-
HVDC links, even with regard to their modal behaviour, LCC-HVDC based synchronous
and asynchronous system are simulated and analysed. Additionally, a comparison is made
by introducing systems with Thyristor Controlled Series Capacitor (TCSC) line as a tie-
line. In such a context, LCC-HVDC link and a TCSC with current control are simulated
with response type models. A multi-slack bus method is presented for load flow analysis of
asynchronous systems where a slack bus is chosen in each area. This method can be used
readily in MATLAB/ SIMULINK environment to perform further dynamic analysis. Syn-
chronous systems with TCSC/ LCC-HVDC and asynchronous system with LCC-HVDC
are simulated to bring out valuable insights on dynamic and modal behaviour. Eigenvalue

analysis of interconnected power system involves intensive analytical calculations. How-
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ever, in the present scenario, a large scale deployment of PMU’s in the grid have lead to
the ready availability of dynamic information of power systems. With the data available
from the PMU’s, signal measurement-based mode identification techniques can be applied
to obtain the modal information of the systems. Hence, this chapter uses prony analy-
sis, the most popular technique for ring-down signal measurement and presents the modal

information of the systems.

2.2 System model

In this section, the load flow algorithm, prony method and power system models used in

the study is described in detail.

2.2.1 Multi-slack bus AC-DC load flow algorithm

A power system containing asynchronous HVDC links divides the entire system into inde-
pendent AC subsystems with different nominal frequencies. Therefore, while performing
load flow, a slack bus is required in each subsystem. In this section, a load flow procedure

with multiple slack buses to accommodate asynchronous systems is described.

* Let ny, be the total number of buses. The buses in the complete system are numbered

from 1 to n,.
A slack bus is identified in each of the AC subsystem.

* The voltage magnitude and angle of each slack bus is initialised along with the nor-
mal initialisation process of other variables. The angle of the slack bus pertains to

the reference angle of the respective subsystem.

* An admittance matrix of the complete system [Ypy/s],, xn, is formed. It is made up of
elements of admittance matrices of individual AC subsystems. The Ypygs terms, y ji
= yxj = 0 where j, k are set of asynchronous rectifier-inverter bus pairs of the entire
system, show decoupling of the AC subsystems. The interconnection is brought out
by power injections at the rectifier and inverter buses. This allows for simultaneous
solution of loadflow of all subsystems by handling only one matrix as in the conven-
tional load flow. Consider an example of a 4 machine, 11 bus system as shown in

Figure 2.1. The buses are numbered from 1 to 11 as shown. An asynchronous link
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Figure 2.1: 4 machine, asynchronous System

between buses 9 and 10 separates the system into two AC subsystems, area-1 and

area-2. The admittance matrix of the complete system is [YBUS} it This matrix
X

is made up of elements of individual admittance matrices of area-1 (Y1) and area-2

(YAz) i.e.
= Yar = |Yaus(i, )| wherei,j=(1.2.5.6.9)
— Y= [YBUS(i’j)]ﬁxﬁ where i, j=(3,4,7,8, 10, 11)

However, they maynot be seen as proper submatrices in Ypys due to the bus num-
bering adopted in the system. The decoupling between the two areas in Ypyg are
indicated by the terms Ypys(9,10) = Yppys(10,9) = 0. The interconnection between

the two areas are catered by providing power injections at buses 9 and 10.

* The rectifier and inverter bus’s, real and reactive power injection vectors (P;. and

Q) are given as :

Py = |:Pdr; _Pdi}

Qdc = [Qd,; le} 2.1

where subscripts r and i represent rectifier and inverter respectively and P; and Q,

are real and reactive power respectively.

* Sequential approach of power flow analysis is used where AC and DC iterations are

solved alternatively until the convergence is reached for the entire system. It in turn
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enables convergence of each AC subsystem.

Upon reaching convergence, the power at the slack buses and line flows are calculated
in the usual way. Here, for a i’ slack bus, powers are calculated using the current injections
obtained from the original Ypy g itself as:

np
Pi+j0si = Vi ¥ Yius(i,q)V; 2.2)
q=1

Note: For the load flow procedure adopted in the study:
» The asynchronous link can be either of LCC-HVDC based or VSC-HVDC based.
* Any number of asynchronous links can be present in the system.

* The method discussed doesnot require decoupling of the complete system admittance
matrix in terms of admittance submatrices of its subsystems. The numbering of the

buses can be done in any order.

2.2.2 Response type model of HYDC

Response type model is employed for the HVDC link as detailed in (Kundur, 1994). A
HVDC link representation is given in Figure 2.2 and a block diagram representing the
response type model is presented in Figure 2.3.

Rectifier bus Inverter bus

Figure 2.2: Schematic representation of a HVDC link

In this study, current controller is assumed on the rectifier and constant extinction angle
control on the inverter. For a desired power (Pyypc) through the link, the reference current

(Itrer) of the controller is calculated as,

Prvpc
Vdr

Tirer = (2.3)
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Figure 2.3: Schematic representation of the HVDC response type model

where V, is the rectifier bus DC voltage. Besides, Voltage Dependent Current Order Limit
(VDCOL) is used to limit the maximum allowable current in the link under low voltage
conditions. Thus, Iy,.r along with the limits imposed by the VDCOL characteristics de-
cides the current order (/,4(,/;)) for the rectifier and inverter. Further, this current order
decides the mode of operation of the link using a mode shift logic which in turn will de-
termine the link current (Z;) (Kundur, 1994). For a mode, calculations are then carried out
to obtain rectifier/inverter bus DC voltages (V,, and V;;) and AC current injections (I, and
I;). DQ transform is applied to the currents (Ipg, and Ipg;) in order to interface HVDC to a

network. The complex current injections can be represented as :

Ipgr : At the rectifier AC bus.
Liae = Ipgi : At the inverter AC bus.
0 : At other buses.
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The bus voltages of the network are calculated as :

V =(Igs—1I15—Lnac)/Ysus 2.4)

where, V is the bus voltage vector, I, is the vector of generator source currents, I;  is the

load current vector and Ypy ¢ is the admittance matrix of the system.

Detailed modelling of the HVDC link with equations is discussed in (Teena and Shub-
hanga, 2017) and the same is taken up in this study.

2.2.3 Modelling of the TCSC

A simplified variable reactance model is adopted for the TCSC where the firing angle delays
and controller dynamics are approximated by a first order delay circuit (Padiyar, 2009).

With this model, constant current (CC) control scheme is implemented for the TCSC.

A TCSC connected in a line between i’ and j'* bus is shown in Figure 2.4 and the
modelling steps are presented in Figure 2.5. The current controller is given in Figure 2.6.
Here, Irvef, Iy, Ry, X, Xrcse and Tresc refer to the reference current, line current, line
resistance, line reactance, TCSC reactance and delay constant respectively. X,,qx and X,
respectively represent the maximum and minimum limits of the reactance of the controller.
Current injection approach is used to interface TCSC to a network (Uday and Shubhanga,
2015).

ith bus j** bus

—JjXrcsc

TCSC on CC control

Figure 2.4: Schematic representation of a TCSC line
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Figure 2.5: Schematic representation of the TCSC model

From Figure 2.5, the TCSC current injections can be given as :

I, :Atthe " bus.
Iy =< —1I; :Atthe j* bus.

0 : At other buses
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Variable reactance model of TCSC on CC control
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Figure 2.6: Current control scheme of the TCSC

Similar to HVDC modelling, the bus voltages of the network can be calculated as

V=g —I1s—Ir)/Ysus (2.5)

However, from Figure 2.5, it can be also noted that,

I = f(Vi,Vj, Xrcse) (2.6)

Therefore, from equations (2.5) and (2.6) it is understood that the model employed intro-
duces non linear algebraic equations in addition to system differential algebraic equations
i.e.

Ypys.V = h(V, Xrcsc) (2.7)

An iterative solution within each time step is required to solve such a system of equations.
In this study, this requirement is overcome by using a combination of fast acting differential

equation and linear algebraic equation given by

dl, 1 = _
= —(—-1 h(V.X
5 TL( o +h(V, Xrese)) 2.8)
Iy=1,

A small value of time constant 77 is chosen.

The modelling of the other components of power system are done using (Padiyar K.R.,
2002). Any requirement of iterative solution within a time step due to non linear algebraic

equations is avoided in a similar way as that explained in modelling of TCSC.
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2.2.4 Prony method

In this work, instead of performing a detailed analytical analysis, Prony method, a signal
measurement-based mode identification method, is used to find the electromechanical os-
cillatory modes of the power system. Power system signals are generally classified as : a)
Ring-down signals and b) Ambient signals. This study deals with only ring-down signals
and hence prony method is adopted. A ring-down signal sampled at equal intervals of At

to get N number of samples can be expressed in discrete form as :
-k
k] =} Biz 2.9)
i=1

where, for the i/ component :

o zmelhidt)

B; = ‘%ej(b" and A= 0;+j@;

A; is the amplitude ¢; is the phase angle in rad

* 0; is the decrement factor in neper/s and ; is the radian frequency in rad /s
Sequence of steps to be followed for Prony analysis are (Gasca et al., 2012) :

* A linear prediction model y(k) of order ‘n’ is constructed using the data set of the

signal.

...... +any(k—n) (2.10)

It is solved for its coefficients using Least square technique.

* Discrete system eigenvalues are determined using the characteristic polynomial H (z)

formed from the linear prediction coefficients.
HZ) =72"— (" '+ a2 4.4+ a,2%) =0 2.11)

* Further, the continuous-time eigenvalues are found.

o ln(zi)
A= o (2.12)
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* The original discrete form of the signal in equation (2.9) and the signal model can

then be used to solve the amplitude and phase of the modes.

* From the complete set of modes, the most dominant modes are picked out on the
basis of their energy (Krishna and Shubhanga, 2018).

2.2.5 System configuration

1 5 6 9 7 3
Gl 8 4 6 10 G3
3
% 9 5 7 11 %
P, = 3.5000 \/\J; —L J7 JN Ili; ‘: 3.13?)?;7
Vil = 1.03 Load A Load B & ’

P =5.795 P=7175 |1
2 Q=106 Q=14 4
11
G2 G4
Load C
P, = 3.5000 P=07 P, = 3.5000
[Vl = 1.01 Q=0 [Vl = 1.01
v s
Area 1 Area 2

Figure 2.7: System description

A two-area, 4-machine, 10-bus power system as shown in Figure 2.7 is used for the
study. One of the three lines interconnecting the two areas of the original system in (Padiyar
K.R., 2002) is assumed to be on outage. An additional load, Load-C of 0.7 + jO pu is
connected to bus-10 via a transmission line of 0.01 ;. The system studies are carried out at
50% of the original load levels. The entire system is per-unitised on a 100 MVA base.

The generators are modelled as 2.2 models (Padiyar K.R., 2002). Generators 1 and 2
are provided with ST1A exciter and speed governor with hydro turbine. A slip input type
power system stabilizer is also enabled in generator-2. Generators 3 and 4 are provided
with constant static exciter. In addition, speed governor with reheat type steam turbine
is enabled in generator-3. Composite load model is employed for real power loads with
30% fraction of constant power and constant current components along with 40% fraction
of constant impedance component. The reactive power loads are modelled as constant
impedance type. Loads are considered as frequency dependent. The network details are
identical to those given in (Padiyar K.R., 2002).
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In order to investigate the system performance, few case studies have been taken up.
In the base case, both AC tie lines are noted to carry 0.5516 pu of power. The following

systems are studied :
* Synchronous System :

1. System with HVDC : The HVDC link shown in Figure 2.2 is used to replace
line-2 of system shown in Figure 2.7. The LCC-HVDC link data is given in
(Teena and Shubhanga, 2017).

2. System with TCSC : Here, a TCSC with CC control as shown in Figure 2.4 is
placed in line-2 of system shown in Figure 2.7. The TCSC current controller

data is given in the Appendix Al.

3. System with only TCSC line between the areas : Here, TCSC line is the only

tie-line between the two areas. Line-3 is assumed to be on outage.

* Asynchronous System :
In this system, HVDC link of Figure 2.2 is the only link between the two areas of the

system in Figure 2.7.

2.3 Dynamic performance comparison of synchronous sys-

tems

In this section, simulations are carried out for the synchronous systems (system with HVDC
and system with TCSC), and comparisons are drawn with the help of various case studies.
In the base case, HVDC link / TCSC line is made to carry 0.5516 pu of power. The

corresponding reference currents are shown in Table 2.1.

2.3.1 Variation in power level

The scheduled power transfer in the HVDC link / TCSC line is switched from the base
case to a value of 0.8274 pu at 1s by changing the respective current reference values as
tabulated in Table 2.1. The corresponding simulation results are shown in Figure 2.8 and
Figure 2.9.

As observed in Figure 2.8, power transfer in the HVDC link / TCSC line tracks the

reference level effectively. The power in the HVDC link settles to its new value without
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any oscillations unlike the power in the TCSC line. However, Line-3 power oscillates
showing clearly the inter-area mode of frequency of 2.7656 rad/s.
The average system frequency (also known as common mode frequency or centre of

inertia (COI) speed or COI-frequency) denoted by sysCOI for a system is given as:

i1 SiH

sysCOI =
Y i1 Hi

(2.13)
where n is total number of generators in the system, S; is the slip deviation in pu and H; is
the inertia constant in MJ /MVA for the i"* generator.

COl-frequency is plotted for both the cases in Figure 2.9a. As speed governors and
frequency dependency of loads are enabled, COI-frequency settles to a new steady-state
value in both the cases. It is interesting to note that the COI-frequency of the system
with HVDC shows an increasing trend whereas the system with TCSC shows a decreasing
trend. In order to understand this, Y. 7;, — ) T., = Tcor has been plotted in Figure 2.9b.
Here, T,, refers to the mechanical torque and 7, refers to the electromagnetic torque of
the generators. It can be observed that the net Ty is positive in the system with HVDC
whereas it is negative in case of system with TCSC. This is noted to be due to decrease
in the net real power losses in the system with HVDC and an increase in the losses in the

system with TCSC with respect to base case.

Table 2.1: Current reference values in per-unit

Power Level TCSC HVDC
ITref (pll) Var (pu) IHref (pu)
0.5516 0.5544 1.2016 0.4591
0.8274 0.8387 | 1.2023 | 0.6882

2.3.2 Load trip

The real power load, Load-C, is tripped at 1s during the base case operation of the system.
The CC controller initiates action in order to retain the same level of power in HVDC link /
TCSC line as seen in Figure 2.10. Hence, power in the other tie line gets altered to preserve
the load balance as displayed in the plot. Since the load is thrown off, an increasing trend

is observed in the COI - frequency plots of both the systems as shown in Figure 2.11.
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Power plots for variation in power level in synchronous systems
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Figure 2.9: COI-frequency plots for variation in power level
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Power plots for load—trip in synchronous systems
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Figure 2.11: COI-frequency plots for load trip

2.3.3 AC tie line trip

In this section, AC tie line-3 (refer Figure 2.7) is tripped at 1s when the system is operating
in the base case. In this condition, as displayed in Figure 2.12, irrespective of the load
requirement in area-2, the HVDC link still transfers the same scheduled power. Further,
as shown in Figure 2.13, the individual COI-frequency plots of area-1 and area-2 diverge,

indicating loss of synchronism between the two areas.
However, in case of system with TCSC, the real power in the TCSC line increases to

match the load-generation balance of the combined system (see Figure 2.12), thus maintain-

ing the synchronism between the two areas. This is further verified by the COI-frequencies
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of area-1 and area-2 reaching the COI-frequency plot of the entire system in Figure 2.14.
The plot of current in the TCSC line is presented in Figure 2.15. It can be observed that the
current in the TCSC line is larger than the reference current of the controller throughout,
after the disturbance. From the schematic of the controller in Figure 2.5, it can be under-
stood that the controller would hit its lower limit. This indicates that the TCSC is unable to

provide any regulation when the two areas get connected only by a single TCSC line.

Power plots for tie-line trip in synchronous systems
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Figure 2.12: Power plots for AC tie line trip
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Figure 2.13: COI-frequency plots of HVDC system for AC tie line trip

37



LCC-HVDC links in multi-machine systems
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Figure 2.14: COI-frequency plots of TCSC system for AC tie line trip

TCSC line current for a tie-line trip in system with TCSC
1-5 T T T T

Current (pu)
—
T

1
5 10 15 20 25 30
time(s)

Figure 2.15: Current in the TCSC line for AC tie line trip

2.4 Modal behaviour of synchronous systems

In this section, modal behaviour of the synchronous systems are evaluated. In our analysis,
the slip-COI signal of generators, given as slip-COI = S; — sysCOI for i'" generator, is
obtained by applying a 3 phase fault for a short duration of 0.05 s without any line trip.
This signal is subjected to prony analysis for identification of modes of the system.

In the synchronous system with HVDC / TCSC, the Prony analysis is repeated for
different cases of pre-fault power levels in HVDC link / TCSC line (Pgypc / Prcsc). The
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swing mode frequencies and their damping factors are tabulated in Table 2.2 for each of
the cases. The analysis is also included for the system shown in Figure 2.7 for comparison
(referred as System without HVDC/TCSC). It is to be noted that, case-3, i.e. a power
transfer of 1.1010 pu could be established only in the system with HVDC. In this case,
power in the AC tie line-3 (P3) is zero. Such a condition is found to be infeasible in the
system with TCSC.

Table 2.2: Comparison of results obtained from prony analysis of slip w.r.t COI signals for
various power levels in synchronous systems

Pre-fault Power Level | System without HVDC / TCSC** System with TCSC** System with HVDC**
Case | P,/ Prcsc/ P3 Swing Modes Damping Swing Modes Damping Swing Modes Damping
Puvpe Factor Factor Factor

-0.3863 £ 3.3867 0.1133 -0.5611 £+ 3.3013 0.1676 -0.2077 +; 2.7638 0.0749
1 0.5516 0.5516 | |-1.5576 4 4.9857 0.2982 -1.6212 £+ 5.1956 0.2979 -1.6278 +j 4.9459 0.3126
-2.7765 +j 6.2008 0.4087 -2.4817 +j 6.4345 0.3598 -2.5731 +j 6.0941 0.3889
-0.6304 £ 3.8467 0.1617 -0.8307 £+, 3.7637 0.2155 -0.2063 +; 2.7656 0.0743
2 0.8274 0.2762 | |-2.0013 £ 4.9885 0.3724 -1.8348 £+ 5.4656 0.3182 -1.6193 1 4.9546 0.3107
-2.8400 +j 6.2400 0.4142 -2.7791 £+ 5.6353 0.4421 -2.5058 +j 6.0820 0.3809
-0.2018 +; 2.7637 0.0728
3 1.1010 0 -1.6034 +j 4.9742 0.3068
-2.4386 +j 6.0741 0.3725
**bolded mode - Inter-area mode, | boxed mode | - local mode of area-2, italicized mode - local mode of area-1

In order to verify the nature of swing modes, slip-COI plots for case-1 of system with
HVDC are presented in Figure 2.16a for a 3-phase fault at bus-7. It can be observed that,
generator G3 oscillates against G4 with a radian frequency almost same as the frequency
of the boxed mode (4.9459 rad/s) tabulated in Table 2.2. Since the generators belonging
to area-2 participate in this oscillation, this mode is considered as a local mode of area-2.
Once the local-mode dies down, it can be seen that G1, G2 together oscillate against G3,
G4 with a radian frequency equal to the frequency of the mode (2.7638 rad/s) which is in
bold. This mode is referred to as an inter-area mode. The third mode in the list (italicized
mode) is captured when a 3-phase fault is applied at bus-5 (plot not given), with generator
G1 oscillating against G2. This mode is the local mode of area-1. Similarly, slip-COI plots
for case-1 of system with TCSC have been plotted in Figure 2.16b for a 3-phase fault at
bus-7. The corresponding modes can be verified through Table 2.2.

The following observations can be made from Table 2.2 :

* For a given case, the inter-area mode of the system with HVDC has the lowest damp-
ing factor and that of the system with TCSC has the highest. The frequency of the
inter-area mode is the lowest in the system with HVDC, and the system without

HVDC/TCSC has the highest inter-area mode frequency. To graphically verify these
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Figure 2.16: Slip w.r.t COI plots of system with HVDC and system with TCSC

facts, plots of the bus angle across the tie lines for all systems have been shown in
Figure 2.17 for case-1. Only the inter-area oscillations are seen in such a plot. It

can be observed that the oscillations decay faster in the system with TCSC. Also, the

differences in frequency can be clearly seen through the plot.

In the system without HVDC/TCSC, the damping factor and frequency of the swing

modes increases as we increase the power flow in line-2.

crease the power flow in the TCSC line. Further, the frequency of the inter-area

mode and local mode of area-2 increases, and that of the local mode of area-1 de-

In system with TCSC, the damping factor of the swing modes increases as we in-
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creasces.

* In the system with HVDC, the frequency of the inter-area mode remains almost the
same with an increase in the specified power level in the link. Also, the damping
factor of the inter-area mode doesnot show much variation. This can be verified by
comparing the plots for case-1 and case-3 in Figure 2.17. However, the attributes of
the local modes show variation along the cases. It is due to the fact that the scheduled
power in the HVDC link is increased from case-1 to case-3. This leads to a decrease
in the power flow in the AC tie line. Hence, it is expected that the local mode gets

influenced to a greater extent than the the inter-area mode along the cases.

* In the system with HVDC, the damping factors of both the local modes show a de-
creasing trend. An increase in the local mode frequency of area-2 can be noticed,

whereas the frequency of the local mode of area-1 exhibits a decreasing trend.

* It is to be noted that, in case-3, the HVDC link alone transfers power from area-1 to
area-2 even though there is an AC line interconnection (P3=0). This AC interconnec-

tion preserves the inter-area mode in the system.

2.5 Dynamic analysis of asynchronous system

In this section, the asynchronous system with HVDC is analysed. In this system, as the
areas are connected only through a DC link, they would work as two independent AC
systems. Thus, the system would have two different COI-frequencies, each pertaining to a
area.

According to the load flow algorithm discussed in Section 2.2.1 buses 1 and 3 are
chosen as slack buses. The voltages at these buses are initialised as V; = 1.0320 and V3 =
1.03£0. From the load flow, the power transfer in the HVDC link is found to be 1.1010 pu.

The reference current of this system is found to be 0.9171 pu.
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Bus angle across tie-line for a 3—phase fault in synchronous systems
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Figure 2.17: Bus angle across tie lines

2.5.1 Load trip

The real power load-C in area-2 is tripped at 1s. The power in the HVDC line remains
almost the same as shown in Figure 2.18 due to the controller action. A slight increase in
power is due to an increase in rectifier bus AC voltage.

The COI-frequency plots of area-1 and area-2 are given in Figure 2.19. It can be
seen that, the COI-frequency of area-2 settles to a new higher value. However, the COI-
frequency of area-1, shows a negligible change. Thus, the two areas now operate at different
frequencies indicating asynchronous operation. Also, the rotor angles of all the generators
expressed with respect to their COI's (8 w.r.t COI) are plotted in Figure 2.20. It can be
clearly seen that, in the asynchronous HVDC system, with a load-trip in area-2, the quan-
tities of area-1 do not get appreciably affected.

But, a contrasting result is obtained, when a 3-phase fault of small duration is applied

in area-2 in this system. The results are presented in the following subsection.

2.5.2 3-phase fault

A 3-phase fault is applied at bus-7 of the asynchronous HVDC system at 1s and cleared
after 0.05 s. The COI-frequencies of both the areas vary as shown in Figure 2.21. Though

the fault belongs to area-2, unlike in the previous case of load trip, electromechanical oscil-
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Power in HVDC link for load-trip in area-2 of asynchronous system
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Figure 2.18: Power plot for load trip in the asynchronous HVDC system
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Figure 2.19: COI-frequency plots for load trip in the asynchronous HVDC system

lations appear in area-1 as well. The & w.r.t COI plots of generators shown in Figure 2.22

further confirm this behaviour.

2.6 Modal analysis of asynchronous system

The prony analysis is now performed for the asynchronous HVDC system, where a real
power transfer of 1.1010 pu is maintained from area-1 to area-2. The swing modes and
their damping factors are presented in Table.2.3. The modes are verified by obtaining

the slip-COI plots of generators in two areas by applying a 3-phase fault at bus-7 (see
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Rotor angles for load—trip in area—2 of asynchronous system
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Figure 2.20: Rotor angle w.r.t COI plots for load trip in the asynchronous HVDC system
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Figure 2.21: COlI-frequency plots of area-1 and area-2 for a 3-phase fault at bus-7 in the
asynchronous HVDC system

Figure 2.23). It can be observed that generators in area-1 swing against each other with a
radian frequency equal to 6.0432 rad/s in Figure 2.23a. This is the local mode of area-1.
Similarly, generators in area-2, oscillate against each other as shown in Figure 2.23b with a
radian frequency of 5.0745 rad/s (see Table 2.3). This mode, therefore, corresponds to the
local mode of area-2. As there is no AC link between the two areas, no inter-area modal
behaviour exists in the asynchronous HVDC system.

For comparison, the swing modes of the system with only AC line-3 (without TCSC /
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Rotor angles for a 3—phase fault in area-2 of asynchronous system
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Figure 2.22: Rotor angle w.r.t COI for a 3-phase fault at bus-7 in the Asynchronous HVDC
system

Table 2.3: Comparison of modes for a asynchronous HVDC system and system having one
AC Tie line with and without TCSC

Asynchronous HVDC system™* System with only AC line-3** System with only TCSC line**
between the areas between the areas
Swing Modes Damping Factor Swing Modes Damping Factor Swing Modes Damping Factor
-2.2280 +j 6.0432 0.3459 -2.5697 £j 6.1395 0.3861 -2.6467 £j 6.3229 0.3861
-1.6018 £ 5.0745 0.3010 -1.5812 £ 4.9846 0.3024 -1.5837 £ 5.0749 0.2979
-0.1970 £/ 2.7420 0.0717 -1.1889 + 2.4666 0.4342

**italicized mode - local mode of area-1, |boxed mode | - local mode of area-2, bolded mode - Inter-area mode

HVDC) between the areas, are also added in the table. It can be seen that the local mode
of area-1 of the asynchronous HVDC system has a lower radian frequency and damping
factor when compared to the system with only line-3 as the tie-line but the local mode
of area-2 has a higher radian frequency and lower damping factor for the asynchronous
HVDC system.

In Table. 2.3, the swing modes are also obtained for the system with only TCSC line
between the areas. It is observed that the attributes of local mode of area-2 of asynchronous
system is similar to that of this system. However, the frequency and damping factor of local
mode of area-1 of asynchronous system is smaller. A large increase in the damping factor
of the inter-area mode is observed in system with only TCSC tie-line when compared to
the system with only AC line-3 between the areas. In the system of Fig. 2.7, when TCSC
line is the only link between the two areas, a 3-phase fault is applied at bus-7 at 1s and
cleared in 0.05s. The current in the TCSC line displayed in Fig. 2.24a indicates that the
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Figure 2.23: Slip w.r.t COI plots of generators in area-1 and area-2 for a 3-phase fault at bus-7
in the Asynchronous HVDC system

controller would hit its upper limit as shown in Fig. 2.24b. The slip w.r.t COI plots of
all the generators under such condition are given in Figure 2.25. Though the oscillations
damp out quickly, from Figure 2.24 it is seen that the operating point continuously changes
and eventually reaches a new steady state. Under such a condition, a normal analytical
based eigenvalue estimation fails. As Prony analysis is used, the modes could be readily

identified even under a changing operating condition.
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3—phase fault in system with only TCSC line between the areas
a. Current in the TCSC line
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Figure 2.24: Current in TCSC line for a 3-phase fault at bus-7 when the two areas are connected
only via TCSC line
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Figure 2.25: Slip w.r.t COI plot for a 3-phase fault at bus-7 when only TCSC line is connected
between two area

2.7

Summary

This chapter analyses the dynamic and modal behaviour of synchronous systems with LCC-
HVDC link / TCSC line and an asynchronous system with LCC-HVDC. A 4-machine,

two-area system is used for the study. Studies carried out and observations made in this

chapter are given below:

The dynamic behavioural differences of the systems subjected to tie line trip and

variation in power level are discussed using power plots and centre of inertia plots.

From modal analysis of the synchronous systems, it is observed that for a given
power level, the system with HVDC has the lowest inter-area mode frequency and

damping factor when compared to systems with and without TCSC.

The impact of power level changes on the attributes of the swing modes of the sys-
tems is neatly depicted. The attributes of inter-area mode of the system with HVDC
remain unaffected by the variation of power levels. However, the impact is observed

in the characteristics of all the dominant modes of the system with TCSC.

The effect of forming an asynchronous link is studied by analysing the modes of the

asynchronous system with LCC-HVDC in comparison to the modes of a system with
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only one AC tie line between the areas, and a system with only a TCSC line between

the areas.

* The eigenvalue analysis is conducted using prony method which doesnot require

rigorous calculations as in conventional analytical methods.

The LCC-HVDC technology stands as a well-established and mature system that has con-
tinuously evolved over the years. This chapter provided insight into this technology from a
power system standpoint delving into its modal and dynamic analysis within multi-machine
systems. Another category of converter-based HVDC technology is VSC-HVDC systems.
In contrast to LCC-HVDC systems, VSC-HVDC can autonomously control both active
and reactive power without requiring extra compensating equipment. It possesses self-
commutation capability, making it resilient to commutation failures, as well as black start
capability and the ability to produce fewer harmonics. The next chapter explores VSC-

HVDC systems, focusing on their modelling and control mechanisms.
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Chapter 3

MODELLING AND CONTROL OF
VSC-HVDC SYSTEMS

3.1 Introduction

Voltage Source Converter based High Voltage Direct Current systems emerged as a re-
sponse to the need for more efficient and controllable power transmission. Advances in
semiconductor technology and power electronics paved the way for VSC’s, leading to the
development of the VSC-HVDC system. The provision of independent control of active
and reactive power, instantaneous power reversal without the need to reverse DC voltage,
black start capability etc makes the VSC converter superior to its conventional counterpart.
The major applications of the system include interconnection of asynchronous systems,
integration of offshore wind farms to the main grid, provision of frequency support etc.
Advanced research on VSC-HVDC systems and its control strategies is continuously pro-
gressing.

In this chapter, the modelling and control of VSC-HVDC system integrated to multi-
machine systems is discussed in detail. The effect of outer active and reactive power control
loops on the performance of supplementary frequency controllers is examined. The closed
loop models of the feedforward and feedback active power loops are derived through an-
alytical analysis and evaluated through simulation results. Bandwidth analysis is used to
study the impact of feedback active power loops. In addition, the effects of feedforward
reactive power control, feedback reactive power control and AC voltage control are also
investigated. Further, a simplified VSC-HVDC model is described that can be applied to
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links embedded in large power systems where the performance analysis of the AC systems
is the main objective of the study. It is validated in two multi-machine test systems where
the modal and dynamic analysis of the system with simplified model is compared with that

of a full model.

3.2 Description of VSC-HVDC link

The one line diagram of a point to point VSC-HVDC link connected between two AC buses
is given in Figure 3.1. VSC-HVDC converters are connected to the AC system through a

€6 9

phase reactor and transformer. The subscripts “r”” and

€C
l

in the figure represent rectifier
side and inverter side quantities and parameters respectively. PCC; and PCC; are the AC
power system buses to which the link is connected and will be referred as PCC buses
from here on. The converter side AC buses are represented as Bus-r and Bus-i and will be
referred as converter buses from here on. The phase reactor and transformer are depicted
by impedances, Z, = R, + jX, and Z; = R; + jX;. C,. is the capacitance of the DC capacitor,
L. is the inductance of DC link, R, is the resistance of the DC link, v;., and v,.; are the
DC voltages at rectifier and inverter respectively, i;.1, ige2, and i.. are DC currents. In
this study, the complete interfacing of all the components in the power system to the AC
network is conducted in the synchronously rotating reference frame or DQ frame. Any
quantity in the DQ frame is defined as fDQ = fo+ jfp- The voltage at the PCC buses are
represented by E or e and that of converter buses are V or v with appropriate subscripts.
For eg., the rectifier side PCC bus voltage (refer Figure 3.1) in DQ frame is represented as

Epg, = eg, + jep,. All the quantities are per unitised for the modelling.

E,

V.
Vder Vdci
Rdc de
VSC [Mes Lee lae, |VSC
T Cac  Cac T
RECTIFIER INVERTER
PCC, Bus-r Bus-i PCC;

Figure 3.1: Equivalent circuit of VSC-HVDC link

The subscripts  and i can be used as required and will be omitted in redundant

cases.
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3.3 Dynamic model

In this section, the complete dynamic modelling of a 2-terminal VSC-HVDC link is pre-
sented. It involves the modelling of the converters, control system and the DC link. Current
injection approach is used to interface the link to the AC network. A general schematic of

a VSC station derived from Figure 3.1 is given in Figure 3.2.

€abc

P R—
AC System

€abc Converter bus | _ _ _ _

. . Vabe
labc 1dq Vdq
PCC bod Control 4 b
abc-dq System q-abc
) €dq !

Figure 3.2: General schematic of a VSC station

A cascaded control structure consisting of inner and outer controllers is used to control
each of the converters. Decoupled vector current control strategy is used. The fast inner
current controller decouples the components of current using feedforward method which is
elaborated later in this section. The reference currents required for the inner controller are
provided by the outer controllers. The outer controller controls the real and reactive power
at the PCC of each converter.

Given the voltage at PCC, say, ep + jep and injected current as ip + jip, it is well
known that the injected real power at the PCC is given as Ppcc = egip + epip and the
injected reactive power as Qpcc = epig — egip. It can be seen that each of the power
quantities depend on both the components of current. An alteration in the frame of the
vector co-ordinates can lead to decoupling of the components that would benefit the outer
control process (Schauder and Mehta, 1993).
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3.3.1 dq transformation

In regard to above, as a first step to modelling, a new frame called as dq frame is defined
where the instantaneous voltage at the PCC is always aligned to the ¢ axis and the d axis is
quadrature to it. Any quantity in the dg frame is defined as F 4, = f; + jf4. The transfor-

mation of any quantity from DQ frame to dg frame is given below :

fatifa= (fo+ifp)e
= (fo+Jjfp)(cosO — jsinB) (3.1)

where ‘0’ is the PCC bus angle. The angle can be obtained from a PLL and this can be

[fq] _ [cqs@ sin@] [fQ] (3.2)
fa —sin@ cos@| | fp

Consider the voltages at PCC; and PCC; ,

Epg, =¢g, + jep, = (\/€p, +¢p,) £6:
B (3.3)
Epg, = eg, + jep, = (\/ ep, T ¢b,) £6;

where ‘0, and ‘0;” are the bus angles.

written in matrix form as :

Transforming it to the dq frame using equation (3.1),

€qr = \/ 82Qr+e%)r Y 0 (3 4)
eq = @/ezQi—l—el%l. , eq =0

Therefore, the real power and reactive powers injected at the PCC (Ppcc and Qpcc) by the

converters can now be written as,

Prccy = eq,iq, ,  Qpccr = —eq,ld, (3.5)

Ppcci = eqiiq; ,  Qprcci = —eqld;

It can be seen that, only ‘¢’ component of current controls the active power and only ‘d’
component of current controls reactive power thus facilitating the control process. Hence,

the modelling of the converters and its control system is done in the dq frame of reference.
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3.3.2 Converter model

A generalised converter model is presented here with current directions taken to be into the
PCC bus.

The basic equation of the converter AC side in abc reference frame is (refer Figure 3.2) :

X digp
Wyp dt

= Vabc — €abc — Riahc (36)

The converter model in dq frame is given as (Shubhanga, 2018):

di W, B . o _ .
d—;] = Tg [Vq — qu + a)—gBde - eq] (37)
did wgB . w .
— =—-|y;—Rig— —Xi,— 3.8
2 =X [va — Rig o iq—eq] (3.8)

Above, ® = wyp and ey = 0 as discussed in section 3.3.1. The initial conditions of the
above equations are obtained from AC loadflow. The quantities v, and v, are obtained

from output of control system block.

3.3.3 Control system modelling

The control of VSC converters comprises essentially of control of real and reactive power
that the VSC-HVDC exchanges with the AC system. The control of real power may be
implemented to regulate the power flow or to control the DC voltage of the VSC. Reactive
power control may be done directly or by controlling the AC voltage magnitude at the PCC.
Along with the power control, the controller should also provide converter protection, good
response, system stability and grid support whenever required. Hence, a cascaded control
structure is adopted with inner controller which takes care of converter protection and the
outer controller handles VSC performance requirements. A block diagram of complete

control of a VSC converter is displayed in Figure 3.3.

3.3.3.1 Outer controller

For real power control of a two terminal VSC-HVDC link, one terminal controls the active
power at the PCC bus and the other terminal controls the DC voltage. Either reactive power
or AC voltage magnitude at the PCC bus is controlled at each terminal. The outer controller

gives the required reference currents to the inner controller. The g axis currents completely
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Vde
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]
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€q |Reactive Power Control Block

Figure 3.3: Control block of each converter

control the real power and the d axis current completely controls the reactive power as

discussed in section 3.3.1.

The type of real and reactive power outer controller at each converter depends on the
system and its requirements. Hence, a generalised control system model is presented. The
subscripts ‘r’ and ‘i’ can be suitably attached to the controller parameters and quantities as

applicable. The outer controller can be broadly classified as Feedforward (FF) and Feed-

back (FB) controller. The different types of controllers are :

* Feedback DC voltage control (FBV . control): It maintains constant DC side voltage

of the converter. A reference DC voltage (v};.) is compared against measured DC

voltage (v4.) and is sent to a PI controller to obtain g axis

reference current (i;) as

given in (3.9). The PI control constants are K, ;. and Kj,4. -

. Kiva
l; = (vadc + %) (vdc - VZC)
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* Feedforward active and reactive power control (FFP and FFQ control): The real and
reactive power references at the PCC (Pp~ and Qp) directly decide the current
references. There is no feedback loop involved. Hence, from (3.5) the reference

currents can be obtained as :

P*
q eq
. (3.10)
i — —Opcc
d — ey

* Feedback active and reactive power control (FBP and FBQ control): The measured
active and reactive power at the PCC bus are compared with the reference through a

feedback loop and the error is sent to PI controllers to obtain the current references.

iy = (Kpp+ =) (Ppce — Pecc)
§ (3.11)

K.
. 0
iqg=(Kpy+ %) (Qpcc — Qpcc)

Kyp, Kip, KPQ and Kig are the PI constants.

» Feedback AC voltage control (FB|V,|): In this control, the AC voltage magnitude
at the PCC, e, is maintained constant through a PI controller. The PI constants are
K and K;, ;..

Pvac

= (K

Pvac

)(eq—ey) (3.12)
Appropriate limits are applied to the reference currents.

3.3.3.2 Inner controller design

It can be seen from the converter model given in equations (3.7) and (3.8) that the ¢ and d
axis current can be controlled by the converter voltages v, and v;. The model also indicates
that there exists a cross-coupling between the two components.

In order to decouple them, the converter voltages are controlled as follows :

i .

v, =u,—Xig+e

¢ 1 (3.13)
Vi = ug+Xig
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where vZ and v/ are the controlled converter voltages. The terms Xi; and Xi, are the
feedforward terms used to compensate the coupling between the g and d axis current com-

ponents.

ug and uy are the two new state variables obtained from the outer controller current

references as :

A ((Kp)i” @> ) (3.14)
i = ((K,»,-d + (Kf"d) (i3~ i4)

Appropriate limits are placed on u, and u.

Under normal conditions i.e. with no modulation limits hit, the converter AC side
voltages, v, = v’q’ and vy = V. Substituting the control equation (3.13) in the converter

equations (3.7) and (3.8), we get,

di w o,

Ca_ _ZeBpi 4 5By,

dt X X (3.15)
dia __Opp. . O,

dt x 4T x

Thus, with the control adopted, the currents respond to u, and u, as two separate first order

systems without any coupling.

3.3.4 DC link model

The basic differential equations on the DC side of the converters in per-unit are given as :

dvd . .
dtcr = ch[ldcl - lcc]

dv,e . .

= Kaclide, +icd (3.16)
di W,B .
d;C = ch [Vdcr —Vdei — Rdclcc]

where K. = ocif. The initial conditions of the above equations are obtained from DC power

flow.
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3.3.5 AC-DC coupling equations

The AC and DC equations are related to each other through power balance equations. As
the converter losses are neglected in this study, the converter AC side power is assumed to

be equal to the DC power. Hence, equations for iy., and iy, are :

- (vfh i‘h + vdr idr)

Vdcer
. . (3.17)
- (qu'lqz‘ + vdildi)

Vdci

ldcl -

ldcz -

3.3.6 Interfacing to the AC network

For interfacing VSC-HVDC to the network, currents in the dg frame have to be transformed

back to DQ frame. The transformation is given as:

fo+ifo=(fy+ifs)e’® (3.18)

The above equation is a non linear algebraic equation and to avoid its iterative solution, the
following approach as discussed in (Shubhanga, 2018) is used to obtain the final injected

currents ig,, ip,, ig; and ip;.

dig | ) dip | _
d[r = FL(_lQr_}—l/Qr) ) dfr = FL<_lDr+llDr) 319
— = —(—ip;:+1ip.) = —(—ip;+ip;
dt 11, Qi Qi dt 11, bi Di
where
i, + jip, = (ig, + jia,)e™® (3.20)
ig; + Jipi = (ig;+ jiai)e’™
Thus the complex VSC-HVDC current injections are given as :
Ipg, = ig, + jip,
o= (3.21)

7DQi =1ig, + Jip

The current injection model of VSC-HVDC link is presented in Figure 3.4.
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PCC, Ingr Ingi PCC;

Figure 3.4: Current injection model of VSC-HVDC link

The VSC-HVDC currents are vectorised as :

Ipgr : At the rectifier side PCC bus.

Lysenvae = § Ipgi  : At the inverter side PCC bus.

0 : At other buses.

As vectorisation is done, this method can be adopted to a system containing any number
of VSC-HVDC links.

The bus voltages of the network are calculated as :

EDQ - (ZGS - ZLs - l_vschvdc)/YBUS (3.22)

where, £ po 1s the bus voltage vector, I, is the vector of generator source currents, [ ; is

the load current vector and Ypy g is the admittance matrix of the system.

3.4 Impact of VSC-HVDC controls on ancillary frequency

controllers

The basic real power control strategies employed for VSC-HVDC models donot respond
to the frequency fluctuations of the power system. In order to provide frequency support,
the frequency deviation can be detected and converted into an additional power reference
in the active power controller. In this study, two such types of frequency support control

strategies are used, namely droop control (R type) and PI control. The power frequency
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droop and PI based frequency controllers are respectively characterized as,

i} 1

K.
Pj=—(Kps+ ) 6F (3.24)

where P}k is the modulated power reference and O F is the frequency deviation. The mod-

ulated power is added along with the initial power reference (Pp.) to obtain the actual

power reference.

Pipcc = Ppec+ Pf (3.25)

3.4.1 Linearized analytical model

In this section, analytical models of the FFP and FBP controllers are derived. The reactive
power controllers can be modelled similarly. It is assumed that the PCC is connected via
an impedance R; + jX; to an AC system bus with voltage of v;, + jvi4.

Linearizing g-axis equation of (3.15),

o, (0)
sAiy = —TgBRAiq + TgBAuq

% (3.26)
T
From equation (3.14),
(Ki)iq - .
Augy = <Kp>iq + p (Aiy — Aiy) (3.27)

Combining the equations, the inner current controller transfer function is given as,

, @,
i, (K, %+ (KD, %

AP ) ®
LA S (R+ (Kp>,-q) S5+ (Ki);, =

(3.28)
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The feedforward real power control can be linearized from g-axis equation of (3.10) as,

AP: . By
APy = —PCC _TIPCC p,, (3.29)
eqo e 40

The feedback real power control can be linearized from g-axis equation of (3.11) as,
Aiy = (Kpp+ %) (APpcc — APpec) (3.30)
Linearizing real power equation, Ppcc = eg4iq, APpcc can be obtained as,
APpcc = ego0Aiy +igAey (3.31)

The dynamic equations governing the current can be also written as,

dig _ Db

=X Vg — Reig +Xeiq —vi) (3.32)
di [0) . .
d—;’ — XL,B Vg — Reiq — Xiig — vid] (3.33)

where X; = X +X; and R, = R+ R;.
Combining equations (3.7) and (3.32), and then linearizing them,

Aey, = %Avq + @Aiq + %Avsq (3.34)
From the g-axis equation of (3.13),
Avy = Aug — XAig+ Aey (3.35)
From equations (3.34) and (3.35), Ae, is
Ae, = %Auq + wmq + Avgy — X;Aig (3.36)

The closed loop transfer functions of the feedforward and feedback active power con-
trollers can be obtained through equations (3.29), (3.30), (3.31), (3.28) and (3.36). In
(Wang W. et al., 2014), it was observed that the feedforward power loop for rectifying op-
eration of converter caused undesirable effects due to the positive feedback. In this work,

the inverting operation of converter is studied. The inverter of the VSC-HVDC link per-
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forms active power control. The analysis done above reveals that the feedforward loop
forms a negative feedback system for inverter operation. The effect of feedback loops is
obtained through transfer function based bandwidth analysis where the bandwidth of FBP
controllers are varied while all the other outer controllers are maintained at the initial set-

tings.

3.4.2 Simulation and analysis

The two areas of the 4-machine system in Figure 2.7 are connected by a 200 km VSC-
HVDC link carrying power from area-1 to area-2 forming an asynchronous system as
shown in Figure 3.5 and is used for the study. The parameters of the VSC-HVDC link

are given in the Appendix A2. Rectifier (converter associated with PCC bus-9) controls

6 9 10 8

@% 5 Yol <Eamean o) | %
T

-
-

P =5.795 P=7.175 TV

) Q=1.06 Q=144 4

11 —
. T e
Load C
P=0.7
s Q=0
Areal Area 2

Figure 3.5: 2-area, 4-machine asynchronous VSC-HVDC system

the DC link voltage and inverter (converter associated with PCC bus-10) controls the ac-
tive power. The frequency controller is introduced alongside the real power controller of
inverter. The frequency deviation in the receiving area i.e. area-2 is tracked at bus-10. The
modulated power is obtained through frequency control strategies discussed. The feedback
active power loops are tuned for a set of required bandwidths for comparison purpose. The

gains are tuned using the analytical models in section 3.4.1 and by the method specified in
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(Li S. et al., 2016) and (Giddani et al., 2012). The frequency controller parameters are Ry
=0.05, K,y = 20 and K; = 100.

3.4.3 Impact of active power controller bandwidth

The impact of active power controller bandwidth on the performance of the frequency con-
trollers is examined in this section. For this analysis, two independent events are applied in
area-2. The first event pertains exclusively to real power load change in the system whereas
the second event is a 3-phase to ground fault that affects both real and reactive power of the
system. All the inner current controllers are maintained with a bandwidth of 240 Hz. The
performance of each frequency controller added with a) FFP controller b) FBP controller
with 15 Hz bandwidth c¢) FBP controller with 30 Hz bandwidth d) FBP controller with 60
Hz bandwidth is compared for each event. The outer DC voltage controller bandwidth is
maintained at 6 Hz. For reactive power control, both VSCs employ FBQ controller with a
bandwidth of 15 Hz.

3.4.3.1 Load change in area-2

At 1s, a purely real power load is added at bus-10 which constitutes to 4% of load increase
in area-2. The behaviour of droop and PI type frequency control strategies is given in
Figure 3.6 with FBP controller of 15 Hz bandwidth. The frequency deviation at bus-10 and
the modulated power plots are presented. As expected, following the event, the frequency
in area-2 decreases and the controller provides an additional power reference to maintain
the frequency. It can be observed that with the onset of the event, there is a sudden initial
transient in the quantities followed by a gradual change.

The impact of different active power controls on the performance of droop type fre-
quency control strategy is given in Figure 3.7. It can be observed that with the onset of load
change event, a greater initial frequency drop is detected with FFP control, whereas a lesser
frequency drop is observed with FBP controller of 15 Hz bandwidth. The performance of
droop control with FBP controller of 60Hz bandwidth is closest to that with FFP controller.
The power output of the droop controller gets accordingly modified. The maximum power
peak is found with FFP controller and minimum with FBP controller of 15 Hz. The PI type
frequency control performs similarly with the different active power control cases. The
frequency and power plots are given in Figure 3.8. Beyond 1.15s, the performance of the

frequency controllers is similar with all the four active power control cases and they follow
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Figure 3.6: Performance of frequency control strategies for load change in area-2

1 1.5

the trajectory of Figure 3.6.

In order to bring about a quantitative comparison, the first swing maximum peaks of
the modulated power following load change have been tabulated in Table 3.1. The power
values are given in actuals (MW). It can be observed that, upon the onset of the event, there
is a difference of 40 kW between the modulated power peaks with FFP control and that
with FBP 15 Hz active power loop. This is observed when both droop and PI frequency

controllers are used.

Table 3.1: The first swing maximum peaks of modulated power for load change

Pr (MW) FFP | FBP 60Hz | FBP30Hz | FBP 15Hz
Droop control | 1.02 1.02 1.01 0.98
PI control 1.14 1.14 1.13 1.10
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Load change with droop type trequency Control
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Figure 3.7: Load change : Comparison of performance of droop type frequency control with
various active power loop bandwidths

3.4.3.2 3-phase to ground fault

A 3-phase to ground fault is applied at bus-7 at 1s. It leads to a voltage sag at bus-10. The
performance of the two frequency controllers are provided through frequency and power

plots in Figure 3.9. The controllers are added along with FBP control of 15 Hz bandwidth.

The performance of droop control and PI frequency control with various cases of active
power control is given in Figure 3.10 and Figure 3.11 respectively. It can be observed that
FF control provides a superior performance as compared to the various FB cases. Even
here the performance with FBP of 60 Hz is closest to that of FFP controller. Beyond the
initial high frequency oscillations, all the four active power controllers perform similarly

according to plots in Figure 3.9.

The maximum peaks of the first swing of the modulated power following the 3-phase
fault have been tabulated in Table 3.2. A large difference of 4.58 MW exists between the
peaks of modulated power with FFP and that with FBP 15Hz active power loop. The plots
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Load change with PI type frequency control
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Figure 3.8: Load change : Comparison of performance of PI type frequency control for various
active power loop bandwidths

are well differentiated in this case when compared to that with the load change.

Table 3.2: The first swing maximum peak of modulated power for 3-phase to ground fault

Py (MW) FFP | FBP60Hz | FBP 30Hz | FBP 15Hz
Droop control | -0.55 0.72 2.04 4.03
PI control -0.62 0.74 2.12 4.24

3.4.4 Dynamic performance comparison between Q and |V,| control

In the previous case studies, the effect of active power control cases were examined using
FBQ controller for reactive power control. In this section, the performance of frequency
control is analysed for different type of reactive power controls i.e. FFQ controller, FBQ
controller of 15 Hz bandwidth and |Vj¢| controller of 15 Hz bandwidth. This study allows

us to determine if the influence of active power controller bandwidth must be explored
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3—phase to ground fault with frequency control strategies
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Figure 3.9: Performance of frequency control strategies for a 3-phase to ground fault in area-2

separately when other types of reactive power controllers are utilised. For the study, FBP
controller of bandwidth 15 Hz is associated with the frequency controllers. All the inner
controllers are of 240 Hz bandwidth. For a given case, both the VSC’s use the same type

of reactive power controller.

For a 4% increase of real power load in area-2, the performance of droop controller and
PI frequency controller is respectively presented through modulated power plots in Figure
3.12a and Figure 3.12b. It can be observed that the performance is similar with all the three
cases. This is due to the fact that load change is associated with real power control. Hence,

the quantities pertaining to reactive power control remain unaffected due to the decoupling.

The modulated power plots of droop controller and PI frequency controller is given in
Figure 3.13a and Figure 3.13b respectively for a 3-phase to ground fault in area-2. The be-
haviour of the frequency controllers remain similar with FFQ and FBQ controls. However,
a significant difference can be observed in the behaviour with |V4¢| type reactive power

control. Due to the fault, there is a voltage sag in area-2 voltage which directly influences
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3—phase to ground fault with droop type frequency Control

x10~° a) Frequency deviation
10 T
5+ _
)
N
B 0
-5 _
[ \ \ FFP L]
1 1-05 1.1 _____ FBP ISHZ 1.2
b) Modulated power FBP 30Hz
L FBP 60Hz | |
0 —]
=
B
& _0.05 .
-01 | | | |
1 1.05 1.1 1.15 1.2
time(s)

Figure 3.10: 3-phase to ground fault : Comparison of performance of droop type frequency
control for various active power controller bandwidths

the real and reactive power control. As Q-controller and |Vy¢| controller control the reac-
tive power differently, their interactions with the real power control vary and hence their

behaviour.

3.4.5 Effect of active power control bandwidth with |V,| type reactive

power control

Based on the analysis done in the previous section, it is observed that the behaviour of the
frequency controllers are similar with FFQ and FBQ controllers. However, it would be
interesting to examine the performance with various active power control cases when V(|
type reactive power controller is used for a 3-phase fault condition. The modulated power
plots are provided in Figure 3.14 when PI type frequency controller is used. It was observed
that with the onset of fault, the performance during the initial high frequency transient

phase is similar to that shown in Figure 3.11 i.e with FBQ type reactive control. However,
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3—phase to ground fault with PI type frequency control
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Figure 3.11: 3-phase to ground fault : Comparison of performance of PI type frequency control
for various active power controller bandwidths

beyond 1.2s performance with FFP control displays larger low frequency oscillations when
compared to FBP control cases. In the case with FBQ reactive control, performance with
all active power control cases overlapped after 1.2s. The plots of droop frequency controller

is not provided here as similar inferences were drawn.

3.5 Simplified model of VSC-HVDC

This section presents a simplified VSC-HVDC model designed for aiding AC system anal-
ysis. Existing literature encompasses a range of simplified approaches when it comes to
modelling VSC-HVDC systems. It is proved in (Asvapoositkul and Preece, 2020), that
representation of VSC-HVDC solely as power injections has reservations regarding loca-
tion and control for small signal stability analysis. In addition, this kind of representation
cannot be used for transient stability analysis. The simplified models obtained by elim-

inating time constants listed in literature survey are compared with full order models in
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Impact of reactive power controllers with load change
a) Droop frequency controller modulated power
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Figure 3.12: Effect of reactive power controllers for load change in area-2

(Cole and Ronnie, 2011). The dynamic performance of the models are insufficient for a
VSC-HVDC system connected between two infinite buses rendering them unsuitable for
multi-machine systems. Optimization and voltage source based reduction methodologies
are out of scope of this research. In this study, a simplified model is presented and validated
in multi-machine systems by comparing the modal and dynamic behaviour of the system

to that of the system with model of section 3.3.

3.5.1 Dynamic model

In this section, the simplified model of VSC-HVDC is described. In the model, the DC
circuit dynamics are eliminated. The phase reactor and transformer associated with the
converter is considered as a part of the transmission network of the AC system in which
the VSC-HVDOC is connected. The control system is shifted from the control of PCC bus
quantities to the control of converter bus quantities. This allows for the converter currents

to be acquired directly from the real and reactive power controllers.
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Impact of reactive power controllers for 3—phase fault
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Figure 3.13: Effect of reactive power controllers for 3-phase to ground fault in area-2

In order to decouple the control process, the modelling is carried out in the dg frame. In
this model, the quantities of converter buses (Bus-r and Bus-i) are controlled. The converter
bus voltage is always aligned to the g-axis and d-axis is quadrature to it. The control system

is presented in Figure 3.15.

Unlike full model, DC voltage control is not present in the simplified model due to the
elimination of DC dynamics. Both the stations involve in real power control of the converter
bus with equal real power references. Either reactive power or AC voltage magnitude of the
converter bus is controlled. The real power controller directly provides the real part of the
converter current, i,, and the reactive power controller directly provides the reactive part,
iz. The control system is summarized below :

» Feedforward active and reactive power control (FFP and FFQ control): The active

and reactive power references at the converter buses (P} and Q7 respectively) directly
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3—phase to ground fault with PI type frequency control
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Figure 3.14: Comparison of performance of PI type frequency control for various active power
controller bandwidths with |Vac| type reactive power controller

decide the current value.

* Feedback AC voltage control (FB|V | control): In this control, the AC voltage mag-

nitude at the converter bus (v,) is controlled using PI controller.

Kivac
S

+

iq=(K

Prac )(vg—vy) (3.38)
* Feedback active and reactive power control (FBP and FBQ control): The measured
active and reactive power at the converter bus (P, and Q. respectively) is compared
with the reference through a feedback loop and the error is sent to PI controllers to
obtain the currents directly.
: K;
iqg= (Kpp+ Tl)(Pc* —F)
(3.39)
. KiQ *
lg = (KpQ + T)(QC - Qc)
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Figure 3.15: Control system of the simplified VSC-HVDC Model

The current injections obtained in dq frame are transformed back to DQ frame to inter-

face to the network.

The currents are vectorised and are treated as current injections at the converter bus as :

I_DQrSM : At the rectifier converter bus.
ZSM = I_DQiSM : At the inverter converter bus.

0 : At other buses.

The complex AC impedances R, + jX, and R; + jX; are included as a part of system trans-
mission network. If n, is the total number of two terminal VSC-HVDC links in the
system, the number of transmission lines and number of buses increase by 2*n,,. when
a simplified model is used. Hence, the size of bus voltage vector and admittance matrix

of the system gets modified accordingly. In this model, the converter as well as PCC bus
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voltages are calculated as a part of network solution. The bus voltages are calculated as :

Vo= Ugs—1Irs—ILsy)/Ysus (3.40)

where, ZDQ is the modified bus voltage vector, I Gs 18 the vector of generator source currents,
I, , is the load current vector and Ypys is the modified admittance matrix of the system. The

simplified model is represented in Figure 3.16.

=
=

Figure 3.16: Simplified model

3.5.2 Case studies

In order to get an understanding on the behaviour of VSC-HVDC links with respect to
its modelling intricacies, case studies have been undertaken using two multi-machine AC
systems. A two-area, 4-machine system and a large 16-machine, 68-bus system is used.
VSC-HVDC links are connected in appropriate locations to analyse the modal and dynamic
performance of the AC systems with the discussed dynamic models.

The various control scenarios of a VSC-HVDC link used in this study are presented in
Table 3.3. Converter - A represents the DC voltage controlling station and Converter - B
represents the real power controlling station. The DC link voltage controller is replaced by
a real power controller when simplified model is utilised.

The parameters of the VSC-HVDC link is given in the Appendix A2. All the quantities
are per unitised on a base of 100 MVA for both the systems and applications.

The model discussed in section 3.3 will be referred as full model (FM) and the simpli-

fied model discussed in section 3.5.1 will be referred as simplified model (SM).
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Table 3.3: VSC-HVDC control strategies

Q - control Converter - A Converter - B
FF - type FBV,. , FFQ FFP, FFQ
FB - type FBV4. , FBQ FBP, FBQ

|Vac| control Converter - A Converter - B
FF -type | FBVy. ,FB|V,| | FFP, FB|V,|
FB -type | FBVy. . FB|V,| | FBP, FB|V |

* - FFP in case of simplified model
*% - FBP in case of simplified model

3.5.2.1 Two-area, 4-machine system

The two-area, 4-machine system shown in Figure 2.7 is used in this study. Under this base
case, the modes of the system and their attributes i.e. frequency (f) and damping factor
(DF) are given in Table 3.4.

Table 3.4: Modes of two-area, 4-machine base system

Eigenvalue f (Hz) DF
Inter-Area Mode | -0.3863 + j3.3867 | 0.5392 Hz | 0.1133

Local mode Area-2 | -1.5576 £ j4.9857 | 0.7935 Hz | 0.2982

Local mode Area-1 | -2.7765 £ j6.2008 | 0.9869 Hz | 0.4087

In order to conduct case studies, a 200 km VSC-HVDOC link is used to replace line-2
of the system, with rectifier (Converter-A) at bus-9 and inverter (Converter-B) at bus-10
as shown in Figure 3.17. For three levels of power in the HVDC link given in Table 3.5,
the modal analysis results are presented in Table 3.6 and Table 3.7. Pyypc refers to the
power in the VSC-HVDC link and P3 refers to power in the AC line - 3 from bus-9. The
characteristics of all the modes of the system with simplified model is compared to system
with full model.

Table 3.5: Power levels in the VSC-HVDC link for the case studies

Case % of total Power Puvpe P3
through VSC-HVDC (approx)
1 25 % 0.2758 | 0.8267
50 % 0.5516 | 0.5509
3 75 % 0.8274 | 0.2750

The attributes of the inter-area mode with controls of Table 3.3 employed in the link
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Figure 3.17: Two-area, 4-machine system

are given in Table 3.6. It can be clearly seen that the frequency and damping factor of the

inter-area mode when simplified model is used is similar to that when full model is used

for all cases of Table 3.5. The characteristics of inter-area mode for the system with full

model of link reveal that, with reactive power control as |V,¢| - control a higher frequency

and damping factor is observed when compared to reactive power control as Q-control. In

addition, as the power level in the HVDC link increases, the mode features with Q-control

remain nearly the same. However, there is a variation in the frequency and damping factor

with |Vyc| - control. All of the aforementioned is well captured when simplified model of
VSC-HVDC link is used.

Table 3.6: Attributes of Inter-area mode

Q-control |Vac|-control
Tﬁ)e Case FF - type FB - type FF - type FB - type

Model f (Hz) DF f (Hz) DF f (Hz) DF f (Hz) DF
Full 1 0.4390 Hz | 0.0723 | 0.4390 Hz | 0.0724 || 0.4416 Hz | 0.0768 | 0.4417 Hz | 0.0768
model 2 0.4409 Hz | 0.0723 | 0.4409 Hz | 0.0723 || 0.4440 Hz | 0.0885 | 0.4451 Hz | 0.0838
3 0.4421 Hz | 0.0721 | 0.4418 Hz | 0.0728 || 0.4474 Hz | 0.0899 | 0.4459 Hz | 0.0873
Simplified 1 0.4389 Hz | 0.0728 | 0.4392 Hz | 0.0718 || 0.4403 Hz | 0.0804 | 0.4406 Hz | 0.0802
model 2 0.4409 Hz | 0.0725 | 0.4411 Hz | 0.0734 || 0.4421 Hz | 0.0865 | 0.4426 Hz | 0.0830
3 0.4417 Hz | 0.0727 | 0.4422 Hz | 0.0725 || 0.4436 Hz | 0.0869 | 0.4432 Hz | 0.0843

The properties of the local mode of area-2 is given in Table 3.7. They are identical
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for both the models. It can be observed that given a case with full model, the frequency
with |Vyc| - control is greater than that of Q - control whereas the damping factor of the
mode does not show much variation. The system with simplified model also represents this
effectively. Comparing the characteristics of the local mode of area-1 with the system with

simplified model to that of the full model yields similar results, hence it is not reported

here.
Table 3.7: Attributes of Local mode of area-2
Q-control |Vac|-control
Type
of Case FF - type FB - type FF - type FB - type

Model f (Hz) DF f (Hz) DF f (Hz) DF f (Hz) DF
Full 1 0.7899 Hz | 0.3053 | 0.7900 Hz | 0.3057 || 0.7982 Hz | 0.3032 | 0.7988 Hz | 0.3039
model 2 0.7871 Hz | 0.3068 | 0.7875 Hz | 0.3069 || 0.8012 Hz | 0.3097 | 0.8013 Hz | 0.3032
3 0.7860 Hz | 0.3077 | 0.7867 Hz | 0.3104 || 0.8021 Hz | 0.3091 | 0.8031 Hz | 0.3047
Simplified 1 0.7896 Hz | 0.3068 | 0.7907 Hz | 0.3044 || 0.8015 Hz | 0.3058 | 0.8016 Hz | 0.3069
model 2 0.7863 Hz | 0.3078 | 0.7902 Hz | 0.3086 || 0.8036 Hz | 0.3112 | 0.8032 Hz | 0.3067
3 0.7848 Hz | 0.3107 | 0.7873 Hz | 0.3126 || 0.8052 Hz | 0.3107 | 0.8061 Hz | 0.3077

In order to compare the dynamic performance, the system is initially made to work
with Case-2 power level i.e. around 0.5516 pu of power in the link as well as AC line-3.
At 1s, a step change in the reference power is applied such that 75 % of total power flows
through the VSC-HVDC link (case-3) upon step. The plots for power in the HVDC link
(Puvpc) and power in AC Line-3 (P3) are given in Figures 3.18 and 3.19 for FF-control
strategy of VSC-HVDC link in the system for both simplified and full models. It can be
clearly observed that the plots of both the models exactly overlap each other. As Line-3
connects two areas, the oscillations in P3 depict the inter-area mode, justifying the results
of the modal analysis. The FB - control yields similar findings and hence the plots are not
included here.

Further, the base two-area system in Figure 2.7 is modified by replacing both Line-2
and Line-3 by a single VSC-HVDC link to form an asynchronous system. The VSC-HVDC
link carries the total power from area-1 to area-2. The system would only have local modes.
The frequency and damping factor of the modes obtained for the control strategies in Table
3.3 is presented in Table 3.8. The attributes of the modes with simplified and full model
are similar.

The dynamic response of the asynchronous system is verified in the next section by
introducing additional frequency control to the link. From the above analysis, it can be

proven that the generic 4-machine system modelled with simplified VSC-HVDC performs
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Figure 3.18: Pyypc and P;3 plots for FF - type, Q-control
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Figure 3.19: Pyypc and P; plots for FF - type, |V,c| - control

similar to that modelled with full model. In order to further prove the efficiency of the

simplified model, case studies are conducted with a larger test system with multiple DC
links in section 3.5.2.3.

3.5.2.2 Influence of dynamic modelling on the working of frequency control strate-
gies

In this section, the asynchronous VSC-HVDC system discussed in Figure 3.5 with fre-

quency control strategies is used. The case study is conducted for load-C tripped at 1s. The
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Table 3.8: Modes for Asynchronous 4 - machine system

Local mode of area-2 Local mode of area-1
Tﬁ}f)e FF - type FB - type FF - type FB - type
Model | f(Hz) | DF f(Hz) | DF f(Hz) | DF f(Hz) | DF
Q-control Q-control

FM | 0.8098 Hz | 0.3024 | 0.8101 Hz | 0.3025 || 0.9705 Hz | 0.3462 | 0.9834 Hz | 0.3449
SM | 0.8099 Hz | 0.3026 | 0.8102 Hz | 0.3017 || 0.9728 Hz | 0.3459 | 0.9835 Hz | 0.3438
|Vac|-control |Vac|-control
FM | 0.8092 Hz | 0.3007 | 0.7922 Hz | 0.3007 || 0.9769 Hz | 0.3345 | 1.0077 Hz | 0.3466
SM | 0.8045 Hz | 0.3017 | 0.8013 Hz | 0.3013 || 0.9758 Hz | 0.3342 | 0.9989 Hz | 0.3464

power through the HVDC link employing FB - type Q-control with PI type frequency con-
troller (FC) is presented in Figure 3.20(i). Similarly, the power through the link employing
FB - type |Vyc| - control along with R type (droop type) frequency controller is given in
Figure 3.20(ii). The performance of the system with the two models are overlapped and are
presented.

Further, the average system frequency (refer section 2.3.1) denoted by sysCOI is studied
under this condition of load trip. The sysCOI of both the areas with no frequency control
(NFC) and with PI type frequency controller when the VSC-HVDC link is operating with
FB-type, Q-control is presented in Figure 3.21. Due to load trip, as expected, sysCOI of the
area-2 increases. Under frequency control, there is an increase in the average frequency of
area-1 too. There is a negligible deviation in the sysCOI plots of the system with simplified

model from that of full model.

3.5.2.3 16-machine, 68-bus system

In this section, a 16-machine, 68-bus system given in Figure 3.22 is used to further prove
the effectiveness of the simplified model. The generator and network details of the system
are adopted from (Pal and Chaudhuri, 2005). The system is per-unitised on a base of 100
MVA. Due to the large size of the system, only selected eigenvalues are considered. The
dominant modes of the base system used in our study is given in Table 3.9.

Three VSC-HVDC links of different lengths are introduced in the system by replacing
the existing transmission lines to conduct case studies. The DC links carry the same amount
of power as that previously carried by the AC transmission lines. The details of the VSC-

HVDC links are as follows (Rectifier - Converter-A, Inverter - Converter-B):

e Link-1: A 400 km link between buses 41 and 40 to carry 6.2378 pu of power from
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tem
Table 3.9: Dominant modes of 16-machine base system
Eigenvalue f (Hz) DF
Mode-1 | -0.1212 £j2.4817 | 0.3949 Hz | 0.0487
Mode-2 | -0.0835 +£j3.0928 | 0.4922 Hz | 0.0269
Mode-3 | -0.1911 +£ j4.9266 | 0.7841 Hz | 0.0387

bus 41 to bus 40.
* Link-2 : A 200 km link between buses 2 and 1 to carry 0.8387 pu of power from bus

2tobus 1.
* Link-3: A 100 km link between buses 8 and 9 to carry 0.2004 pu of power from bus

8 to bus 9.
The modal analysis of the system is given in Table 3.10 using prony method. The

attributes of the dominant modes of the AC system with simplified and full models of
VSC-HVDC links operating with FB - type, Q - control and FB - type, |V | - control is
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Figure 3.21: Comparison of sysCOI of areas for load trip in asynchronous VSC-HVDC system

presented. It can be observed that the mode features are similar for both the models. The

analysis with FF - type controls provide similar results and are hence not presented here.

Table 3.10: Attributes of the Dominant modes of the 16-machine system with embedded VSC-
HVDC links

Dominant | Type of | Q - control, FB - type | |Vy| - control, FB - type
Modes Model f (Hz) DF f (Hz) DF
Mode-1 FM 0.3649 Hz | 0.0054 | 0.3599 Hz 0.0195

SM 0.3630 Hz | 0.0051 | 0.3581 Hz 0.0163

Mode-2 FM 0.4883 Hz | 0.0277 | 0.4812 Hz 0.0317

SM 0.4981 Hz | 0.0289 | 0.4971 Hz 0.0291

Mode-3 FM 0.7705 Hz | 0.0372 | 0.7731 Hz 0.0352

SM 0.7757 Hz | 0.0379 | 0.7661 Hz 0.0357

A large and severe 3-phase to ground fault is applied at 1s on bus-48 of the system
with VSC-HVDC links operating with FB - type |Vy| - control. Upon fault clearance after
3 cycles, one of the lines between buses 48 and 47 is tripped. For the event, computing
times are measured for a 10 s simulation period. The simulations were run on a personal
computer with a 3.60 GHz Intel Core i7-7700 processor and 16GB of RAM. The system

82



Modelling and Control of VSC-HVDC Systems

=139
4477139
52
e

9
33
38
|
42
Gy

|
17
P
}
3 >
30
s
—=
6
31

1.—

a At tx Teta | il s
LT LT 1« %%;]W: gv ﬁv gi s \JV
B @ 3

Figure 3.22: 16-machine, 68-bus base system

with full model of VSC-HVDC required a minimum time step of 10us. Larger time steps
displayed erroneous results. However, the system with simplified model provided accurate
results even with 100us step time. The CPU time taken is provided in Table 3.11. It can
be observed that for a given time step of 10us, the system with simplified model exhibits
much lower computation time as compared to system with full model. With a time step of
100us, excellent computation speed can be observed with usage of simplified VSC-HVDC
model in the system.

The dynamic response of the system under this event is presented through plots given
in Figure 3.23 and Figure 3.24. The PCC bus voltage magnitudes of the inverter of the
three links, i.e. bus-40, bus-1 and bus-9 are presented in Figure 3.23. The bus-48 voltage

magnitude and power in the un-tripped line between bus-48 and bus-47 is presented in
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Table 3.11: CPU time taken for a simulation time of 10 seconds

Type Full Model | Simplified Model
Step time 10us 10us 100us
CPU time 1264 s 772 s 84 s

Figure 3.24. In-spite of the severity of the fault, it can be observed that the system with
simplified model is able to quickly respond to the event and provide support similar to the
system with full model. This proves the efficacy of the simplified model in the analysis of

multi-machine systems embedded with VSC-HVDC links even under adverse events.

PCC voltages at the inverter
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Figure 3.23: PCC voltages of the inverter of the three links (bus - 40, bus - 1 and bus - 9) of
16-machine, 68-bus system
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Figure 3.24: Bus-48 voltage magnitude and power in the line between buses 48 and 47 of
16-machine, 68-bus system

3.6 Summary

This chapter explores the modelling, control, and integration of VSC-HVDC links into
multi-machine systems. Studies carried out and observations made in this chapter are given

below:

* The effect of VSC-HVDC outer real and reactive controls on the behaviours of fre-
quency controllers is analyzed. Simulations are performed on an asynchronous sys-

tem with the inverter controlling the active power.
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* It was observed that the performance of frequency controllers with feedback real
power controller of lowest bandwidth was more robust for an event that solely af-
fects the real power in the system. However, it was shown that frequency controllers
along with feedforward active power controllers performed better during the initial

transients for a system event that affected both real and reactive power.

* The influence on the type of reactive power controllers on the behaviour of frequency
controllers is also presented. The difference was prominent for systems events affect-
ing both real and reactive power. After the initial high frequency transients settled,
larger low frequency oscillations were observed with frequency controllers added
to feedforward active power control when AC voltage control was used for reactive

power control.

* A simplified model of a VSC-HVDC link has been presented. The distinctive fea-
tures of this model are the elimination of DC part dynamics, the inclusion of con-
verter associated impedances as part of the AC system transmission network, and
modification of the control system to control the converter related AC quantities. It
allows for the direct determination of converter currents, making it a very simple

model.

* Case studies are conducted for VSC-HVDC links embedded in 4-machine and 16-
machine systems to validate the model. The model effectively captured the impact
of different types of controllers, varying power levels in the links and influence of
multiple VSC links in the system. It was also effective in providing frequency support

in asynchronous system.

* The system with the simplified model exhibited significantly lower CPU time for

simulation when compared to that with a full model.

In summary, this chapter has offered a comprehensive understanding of VSC-HVDC links,
covering their modelling and control strategies. Building upon this foundational knowl-
edge, the upcoming chapter will shift its focus to the pivotal role of VSC-HVDC links in
the context of offshore wind farms. Due to its advanced control capabilities, VSC-HVDC
remains the most attractive and cost-effective choice for integrating offshore wind farms
into the grid. The next chapter will explore into the integration of VSC-HVDC based off-
shore wind farms into multi-machine systems, focusing on the dynamic modelling, power

flow, and initial condition techniques of the system.
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Chapter 4

VSC-HVDC CONNECTED
OFFSHORE WIND FARMS

4.1 Introduction

Concerns about the depletion of fossil fuel resources and the increasing demand for sus-
tainable power has made renewable energy systems very relevant today. Wind energy con-
version systems, in particular, has grown rapidly over the last decade as a result of excellent
technological developments and lower costs. Moreover, offshore wind farms are becoming
increasingly popular due to abundant wind resources at sea, lower acoustic impact and the
provision to deploy turbines with bigger capacities and sizes. Type-4 WECS with perma-
nent magnet synchronous generators is a common choice in offshore systems. VSC-HVDC
links are considered as the most economical choice to deliver power from the offshore wind
farms. In the last chapter, a thorough analysis on the modelling and control interactions of
VSC-HVDC links has been established.

As more VSC based renewable energy sources are connected to the grid, it becomes
crucial to study the dynamics of the integrated power system. However, for studies focusing
on the dynamic aspects and control of these systems, extensive methodologies for power
flow and initial condition calculations may not be necessary. In such cases, researchers
often turn to electromagnetic transient packages to avoid these calculations. Hence, in this
chapter, a novel approach to the power flow and initial condition calculations of the VSC-
HVDC connected DD-PMSG based wind farms integrated to multi-machine systems is

proposed which would be required to aid its dynamic analysis. Effective methods have been
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described for most typically provided specified quantities of the wind farm. The approach
allows the user to build the dynamic model in any basic dynamic modeller without the

requirement of electromagnetic transient packages.

4.2 System description

An offshore wind farm consisting of Nwr variable speed WECS equipped with DD-PMSG
is interfaced to a multi-machine system through a VSC-HVDC link. A single line diagram

of the system is given in Figure 4.1.

x_© ﬂ = WFVSC DC cable GSVSC )
0 B [T
_O fleo Rl E“ A TE—()

Offshore

' PCC Offshore Onshore Onshore
‘_O ﬂ i VvsC VSC PCC o
AC i
nd PMSG Msc GSC Reactor Multi-Machine AC System
" (n, buses)
Turbine
WF bus

Figure 4.1: VSC-HVDC connected DD-PMSG offshore wind farm interfaced to multi-
machine system

Individual wind turbine comprises of full scale back to back VSC’s, decoupling PMSG
from the rest of the system. Machine side converter (MSC) connects to the stator windings
of the PMSG. The other converter, grid side converter (GSC), connects to the wind farm bus
(WF bus) via a line reactor, filter and transformer. The wind farm’s power is first transferred
to the offshore AC network. The offshore network is passive in nature. The offshore
VSC connects to the offshore network and is responsible in maintaining the voltage and
frequency of the offshore PCC constant. The VSC-HVDC link transmits the power to the
multi-machine system. The VSC associated with onshore PCC is referred as onshore VSC
or grid side VSC (GSVSC) and the VSC associated with offshore converter is referred as
offshore VSC or wind farm side VSC (WFVSC).

In this study, an aggregated model of wind farm is used. Individual wind turbine’s
mechanical and electrical attributes are scaled properly to be replaced by an equivalent
wind turbine in the aggregated representation of the wind farm (Ali et al., 2011). All

wind turbines in the wind farm are assumed to receive the same wind speed. This method
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would be appropriate for this study as the wind speed remains mostly constant in offshore
conditions. Using this method for modelling, the order of the wind farm and computation
time gets greatly reduced.

The machine reference frame (dg frame) is used to build the dynamic model of the
PMSG of the wind farm and the synchronous generators of the multi-machine system. The
synchronous reference frame (DQ frame) is used to model the remainder of the network.

Per-unitisation is applied to all parameters and quantities.

4.3 Dynamic model of the system

In this section, an overview of the dynamic modelling of the system is described to assist

the understanding of the proposed power flow and initial condition methodologies.

4.3.1 Dynamic model of the DD-PMSG offshore wind farm
4.3.1.1 Aggregated model of wind farm

Consider a single unit wind turbine. Let P, be the mechanical output and Pyr be the
output at WF bus of each wind turbine. Let Ryuers Xdacrs Xque0 VF oo @0d J be the PMSG
stator resistance, d-axis reactance, g-axis reactance, stator flux linkage and moment of
inertia respectively in actuals. Cy.,; 1s the DC link capacitance. R, and X,.; be the GSC
side resistance and reactance respectively. Similar NwT wind turbines constitute a wind
farm.

In order to aggregate, the radially connected Nyt wind turbines are replaced by a single
unit. The equivalent mechanical output of wind turbine is NwtP,,; and equivalent output
at wind farm bus is NwtPwg. Due to radial connection, the voltages and speed quantities
remain the same in the aggregated model. Hence flux linkage of the equivalent wind turbine
is the same as that of individual wind turbine. Equivalent current quantities are Nwt times

the individual currents. The other parameters are scaled as :

Rsact Xdact *q R X

" act act
) ) ac aNWTJ7NWTCdCaCt7 )
NwT NwT NwT Nwt Nwrt

Per unitisation has been carried out on the following base: Sy, MVA (multi-machine

system MVA rating, power base for entire system), V,,,;, V (voltage base on PMSG side of
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the transformer), ,p rad/s (PMSG frequency base), @,p rad/s (network frequency base).

In case the parameters are already given in per unit for a single wind turbine connected
to a grid then following steps are adopted. Let Rsup, Xamps Xq,0 YF> Cacmps Hmp be the
parameters of a single wind turbine in per-unit on individual machine base S,,, MVA and
Vb V.

Upon aggregation, the base is ST = NwtS,,» MVA whereas the voltage and frequency
bases remain the same. The stator flux linkage in per-unit on the aggregated base remains
to be yr. The stator resistance in per-unit can be calculated as follows.

2
Rsmb‘;‘mimbb
R _ M _p 4.1)
saggr V2, smb .
St
Similar calculations are done for the other parameters and quantities. It is understood that
the per unit values of the aggregated wind farm on the aggregated base is equal to the per

unit values of individual wind turbines on its own machine base.

All the per-unit values are transferred to multi-machine system base S5, MVA. The
voltage base and base rotational speed remain the same. The stator flux linkage yr remains
the same. The other parameters are calculated as follows. The stator resistance, reactances

and inertia of PMSG are given as

S sys Ssys Ssys
Rs = Rsmbga Xsd = xdmb§7 Xsqg = xqmbg
St
Hy=H,,;,—
s mb Ssys
The DC link capacitance on the new base is,
St
(Cac)wr = Cdembg—
sys
The GSC parameters are,
Ssys Ssys

Rgsc = Rmp——, Xcsc = Xmp——
GSC mb S; GSC mb Sy
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4.3.1.2 Wind turbine model

The mechanical power output of a wind turbine in watts, B, , is given as,
1 3
P, = EpAWTCpVW 4.2)

where p is air density in kg/ m3, Vi, is wind velocity in m /s and Awr is the surface area of
blades in m?. C » is the performance coefficient which is the function of tip speed ratio, A

given as,
]

Cp,= cl(— —c3f —cq)e i +cgh 4.3)

where ¢ to ¢g are the wind turbine coefficients and A, is given as,

1 1 0.035
— = — 4.4
A A+0.088 pB3+1 “44)
where f is the blade pitch angle. The tip speed ratio is defined as,
R
2 = LrmBwT (4.5)

Vi

where ®,,, is the speed of the rotor of wind turbine in rad/s (mechanical). The maximum
power coefficient occurs at the optimal tip speed ratio with the optimal pitch angle. For a
given blade the optimal tip speed ratio is a constant. For Nyt wind turbines, the mechanical
power output in per-unit can be obtained as

NwtP,
P, = VT Maa (4.6)

S sys

The per-unit mechanical torque output which drives the PMSG is given as,

Pn
T,=— 4.7
" 4.7)
@, is the per-unit rotor speed.
Note: @, is calculated as @, = (g’—’”; = “’” where ®,, is the rotor speed in mechanical rad /s

, Opy,p 18 the base rotor speed in mechanlcal rad/s , @y, is the rotor speed in electrical

rad /s, o,p is the base rotor speed in electrical rad/s.
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4.3.1.3 PMSG modelling

The modelling equations of a synchronous machine is already elaborated in (Padiyar K.R.,
2002). The modelling of a permanent magnet synchronous machine can be done in similar
way (Chia-Nan et al., 2014). As rotor coils donot exist in a PMSG, only stator currents
need to be modelled. The per-unit equations of the PMSG dynamic model in the rotor
reference frame is given here.

The stator current components, i, and iy are modelled as,

di — B .
d_sq —= " (RSlSq - a)rll/sd + Vsq)
t Xsq (4 8)
di 0 ’
o = —t (Rsisd + W Ysq + Vsd)
dt Xsd

where,

’(l[sq —_= xsqisq and llfsd == xsdisd + IVF

R;, x5q and x4 are the PMSG stator resistance, g-axis reactance and d-axis reactance re-
spectively. The stator voltages vy, and v, are obtained as output from the controller of
machine side converter (MSC).

The mechanical equation is,

dw,
2H, yi T — T 4.9)

where the electromagnetic torque 7, is given as,

Teg = l//sdisq - quisd (4.10)
The power output at the PMSG is calculated as,

Ps = vyqlsq + Vsaisa (4.11)

4.3.1.4 Machine side converter

At wind speeds above cut-in and below rated, machine side converter controls the PMSG
to ensure maximum power point (MPP) operation. Cascaded control structure with outer
MPP controller and inner current controller is used.

An optimal tip speed ratio is maintained in order to obtain maximum power at any wind
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speed. Accordingly, the optimal speed or torque reference is determined. The outer control
loop of the MSC handles this MPP operation. Also, maximum torque is maintained with
minimum stator current by setting d-axis current to zero. It is also required to protect the
converter from over currents. The fast inner current control loop controls the d and g axes
currents of the PMSG.

Let A, be the optimal tip speed ratio which is maintained constant. At this tip speed
ratio, the performance coefficient is Cp, | - for an optimum blade pitch angle 3. For a given
wind speed, the optimal rotor speed can be obtained from (4.5). For a given wind speed

VW k)
Vw

opt
Rwr

In this study, MPPT with optimal torque control method is used. Zero d-axis control is

Oy = (4.12)

adopted. The desired torque reference is obtained using the optimum speed.
From (4.6),

B NWT(%pAWTCpop,V\g)

&
" —
Ssys
1 A w?mR%VT
Nwr3PpAWTCp, , (Z55)
. opt
Ssys 4.13)
N 1 AwrC COme3WT(w3 B)
ES —rmB
B WTZ2PAWTCp, FERE .
Ssys

3
P;:l - Kop;a)r

where N oA R o)
_ YWTPAWTE pop Nt Prmis 4.14)
opt Ssyskgpt .
From (4.7),
T = Kop (4.15)

As zero d-axis current control strategy is used, the g-axis reference current is obtained from
(4.10) as,

*
o _ T
sq

/2

The reference inputs for the inner current controller are iy, and iy; = 0. The inner current

(4.16)

control structure is similar to that discussed in chapter 3. The entire control scheme is given
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in Figure 4.2. In the figure, vy4,, and vy;, are the intermediate state variables obtained from
inner current PI controllers whose constants are Ks, Kisq, Kpsq and K;zq. The back to back

DC link is modelled in the conventional manner.

Wy

Figure 4.2: MSC control system

4.3.1.5 Grid side converter model

The GSC controls the DC link voltage of the wind farm and the reactive power exchanged
with the WF bus. The vector control strategy is used. A slow outer loop manages the DC
voltage and reactive power control whereas a fast inner loop does the current control.

In order to achieve decoupled control, the converter model is derived in dg frame, where
the instantaneous voltage at the wind farm bus is assumed to be always aligned towards the

g-axis and d-axis is quadrature to it. The converter model in dg frame is given as,

digopr _ O
dt Xgsc

l.

. Q) .
Vacse — Rascliqopr + w_gXGSCldOFF ~Vawr)
8B 4.17)

where Rgsc and Xgsc is the GSC side resistance and reactance respectively, vy q-+ /Vacsc
is the GSC converter bus voltage and vy, . + jvawr is the wind farm bus voltage.

The modelling and control of GSC is similar to that discussed for VSC in Chapter 3.
The currents obtained in dg frame in the GSC controller is transformed back to the DQ
frame in order to be compatible with the offshore network model. Current injection model

of the converter is adopted.
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4.3.2 Dynamic model of VSC-HVDC

The offshore PCC is controlled in such a way as to behave like an infinite grid since the
offshore network is passive. The offshore VSC is in charge of transferring the wind farm’s
power as well as keeping the voltage magnitude and frequency of the offshore PCC con-

stant.

Consider that eg . + jepo 1s the voltage at the offshore PCC. The control requires that
the magnitude of the voltage i.e. , /eéOFF + e o 18 @ constant. In the synchronous rotating
frame, constant frequency at the offshore bus can be obtained by controlling the frequency
deviation (rate of change of bus angle) at the bus to zero. The frequency deviation in rad /s

is given as,

dGOFF _ i(tan_leDoFF)

dt dt €0
depopr degpp (4 1 8)
- €0 orr dt €Dorr dt
o 2 2
eQOFF + eDOFF

Thus, by maintaining each component of the voltage constant, both the control require-

ments can be satisfied.
As the current in the offshore network is known, the converter AC side voltage equation

can be described as,

eQOFF + jeDOFF = vQOFF + jVDOFF+

(iQOFF + jiDOFF) (RR + ]XR)

(4.19)

where v .+ J VDo 18 the offshore VSC converter side voltage and Rg, Xg are the reac-

tances associated with offshore VSC.

The individual components of the offshore voltage can be given as,

eQOFF = vQOFF + iQOFFRR - iDOFFXR (4 20)

€Dorr = VDorr T iDoreRR + iQOFFXR

From the equations, it can be seen that the converter AC voltages vy . and vp,. can be
used for the control. It can be also seen that cross coupling terms exist and hence to achieve

decoupled control, feedforward terms are introduced. The control voltage loop can be
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expressed as,

(Ki)eg .
VOorr = ((KP)EQ + lS : (eEOFF - erpF) + iporrXR
4.21)

<K> D * .
VDorr = (<KP)€D + ls : <eDOFF - eDOFF) - lQOFFXR

where (K)o, (Ki)eo, (Kp)ep and (K;).p are the PI constants.

The onshore VSC controls the DC link voltage (vg4.),, of the VSC-HVDC link and
maintains reactive power at the onshore PCC to zero. The modelling of the DC link and
onshore converter of the VSC-HVDC is similar to that discussed in Chapter 3.

4.3.3 Interfacing to the AC network

The entire VSC-HVDC connected PMSG wind farm is interfaced to the multi-machine
system at the onshore PCC. The modelling of onshore converter is done in the dq frame.
The currents in the dg frame are transferred back to the DQ frame and treated as current
injections TDQ on at onshore PCC for the interface. Further, vectorisation is done in order
to include any number of VSC-HVDC connected wind farms in the multi-machine system.

The procedure is described in Chapter 3. The vectorised currents are,

o Ipgyy : Atonshore PCC buses
Ipcc =
0 : At other buses

The bus voltages of the network of multi-machine system are calculated as :

Epo = (Igs—1I1;—Ipcc)/Yus (4.22)

where, E DO is the bus voltage vector, ZGS is the vector of generator source currents, I Ls 18

the load current vector and Ypy g is the admittance matrix of the system.

4.4 Power flow and initial condition calculations

The steady state equivalent circuit of the system is given in Figure 4.3. Ropr and Xopp
are the offshore network resistance and reactance. Each of the VSC’s of the VSC-HVDC

link are connected to their respective PCC’s via a reactor and coupling transformer. Rg and
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XR are the resistance and reactance relating to the offshore VSC while Ry and Xy are those

pertaining to onshore VSC.

Py Veseo Peseo Vwro Py 10 Porro Voxo Powy  Prcen
(Vaco)ore  (Vacn)on

Lossless Rae Lossless
Offshore Onshore

vse [} VsC
o

—> Lossless

BTB

Qono

Converters offshore  onshore

DC DC
MsC GSC ‘WF bus Offshore Offshore  bus bus Onshore
converter converter PCC VSsC VsC
bus bus converter converter e
bus bus

Figure 4.3: Equivalent circuit for initial condition calculations

The known quantities of the system are as follows,

* The reactive power at the the wind farm bus, Qwgg = 0 pu.
¢ The voltage at the offshore PCC bus, (Vogrg)sec = 140 pu.
* The DC voltage of the onshore converter, (Vo).

* The reactive power at onshore PCC bus, Qpcco = 0 pu.

Based on the given specifications of the offshore wind farm, the proposed method is subdi-

vided into following three cases.

4.4.1 Case 1 : The total output of the wind farm (Pywpgo pu) and the to-

tal number of wind turbines in the wind farm (Nywr) are known

In this case, the procedure begins by calculating the offshore AC network’s power flow.
The obtained offshore current would be required to calculate the power flow and initial
conditions of PMSG wind farm. In this case, even the initial wind speed has to be calculated
and a method has been described for the same. The power at the offshore converter can be
computed from the offshore AC network power flow, allowing the user to conduct the load
flow of the DC section of the HVDC link. The real power at the onshore VSC converter
bus is derived from this. The calculations for the onshore converter bus are incorporated
in the load flow of the multi-machine system to simplify the procedure. The following is a

detailed description of the entire method.
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4.4.1.1 Power flow and initial conditions of offshore AC network

* The real power output at the wind farm bus is given and the reactive power is main-
tained at zero. Thus, the total power output at the wind farm bus is known i.e.
Pwro + jO. The offshore PCC bus voltage is held constant at 1.£0.

* The equations governing the offshore network are :

VWF —1
Rorr + jXoFF (4.23)
Pwro + jO = Vwroloro

Torro =

« Solving the above equations, Vwgg and Iorpy can be obtained.

Through this, the real and reactive power flows at the offshore AC network buses can

be calculated.

4.4.1.2 Power flow and initial conditions of the DC part of VSC-HVDC link

* Under steady state, the DC part of the HVDC link is reduced to a series resistor
between the DC buses.

The DC voltage of the onshore VSC is a constant at (V) -

* The power at the offshore VSC converter bus, Poprg, can be obtained as
Porro = real{(1 — [Rr + jXr]Iorro)lopro } (4.24)

* The power at the offshore DC bus is Popgo.

* The equations governing the DC circuit are,

(Viaco) opr = TecoRac + (Vaco) ox
Porro (4.25)

feeg = 20
« (VdCO)OFF

 From the above equations (V,),.. and I.co can be obtained which are the initial

conditions for the DC link model.

OFF
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* The real power at onshore VSC converter bus is calculated as

Pono = <VdC0)ONICCO (426)

* However, the calculation of reactive power at the onshore VSC converter bus is not
straightforward. Hence, an algorithm is proposed, where the onshore VSC converter
bus is included in the load flow of the multi-machine system. It is described in the

following section.

4.4.1.3 Power flow and initial conditions of the multi-machine system

* The onshore VSC converter bus, reactor and coupling transformer are included in
the load flow of the multi-machine system. Therefore, for a multi-machine system
with ny, buses and »; transmission lines, the load flow would contain n;, 4 1 buses and

n; 4+ 1 transmission lines.

* The reactive power at onshore PCC is maintained at zero. But, in order to avoid
complex alterations to the existing load flow program, initially the reactive power at

onshore VSC converter bus is considered to be zero.

* A simple iterative algorithm is adopted as follows. The onshore VSC converter bus
is considered as a PQ bus (load bus) with real power P = Pgno. Initially, in the
first iteration, the reactive power (Q) is taken to be zero i.e. Q1 = 0. Load flow
is performed for the modified multi-machine system. After the convergence, the
reactive power at the onshore PCC bus, Qpcco is noted. For the next iteration, load
flow is initialized by adding Opcco to the existing reactive power at the onshore VSC
converter bus i.e. Q> = Q1 + Opcco- This process is repeated until reactive power
requirement at the onshore PCC bus is zero, i.e., Opcco = 0. This algorithm is written

as an external loop to the main load flow program.

* Once the final load flow convergence is obtained, the reactive power at the onshore
PCC is given as Qonog = —Q; where O is the reactive power noted at the onshore VSC
converter bus for last iteration. The initial conditions of the multi-machine system

are calculated as given in (Padiyar K.R., 2002).
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4.4.1.4 Power flow and initial conditions of PMSG aggregated wind farm

» Using the system base values and Nwr, the parameters of the aggregated wind farm

can be calculated.

* The initial conditions, 1o and I for (4.17) is given as,

Lo+ jlao = (Torro)e oW 4.27)

* The power at GSC bus can be calculated as
Posco = Pwro + (I + 1) * Rasc (4.28)
Due to no loss back to back converter, this power equals the power output at PMSG.

Pso = Pgsco (4.29)

* The controller of MSC is equipped with zero d axis current control i.e. isy0 = O.

. T,
Hence, izy0 = V’/i;’

* The power output at PMSG can be written as :

Py = Vquiqu

= (_Rsiqu + 00 l,UF)iqu
TZ
= _stizo + @,0Tno (4.30)
F
(Kop 1)
= _R‘YLZ}’O + 0,0 (Kapto 0)30)
Yr

* This equation can be written in terms of @, as,

R,K?
SWZ”’” W5y — Kopr 03 + Py = 0 (4.31)
F

The required ®,q is one of the solutions of the above equation. Upon analysis it can
be found that only one pole can be between ‘0’ and ‘1’ which is the required solution

to w,q. This value is the initial condition for (4.9).
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* igq0 and iz are the initial conditions for (4.8).

* The initial wind speed can be calculated from (4.5) as,

0 @rmpRWT

\%4
w0 A,Opt

(4.32)
4.4.2 Case 2 - The output from each wind turbine and the total output

of wind farm are given :

If the output from each wind turbine Py pu on individual turbine base is known then the

total number of wind turbines Nyt can be calculated as,

Pyfo * Ssys
Nwt = ——— (4.33)
Pyvt0 * S

The value 1s rounded off to the next whole number. The rest of the calculations are obtained

as per Case 1.

4.4.3 Case 3 - The initial wind speed and the total number of wind

turbines in the wind farm are given :

In this case, the aggregated PMSG wind farm calculations are obtained first, followed by
the offshore network, DC link and the multi-machine system. An iterative approach is
proposed to acquire the real power output at the wind farm bus while keeping the reactive
power at the bus at zero. The GSC bus is included in the power flow of offshore network

for this algorithm. The complete description of the method is given below.

4.4.3.1 Power flow and initial conditions of PMSG aggregated wind farm

 The initial wind speed V,q is the known quantity.

* The optimum rotor speed for the given wind speed is,

(4.34)
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* The torque can be calculated as,
Tino = Koptwrzo (4.35)

Hence, the g-axis reference current can be obtained as,

Isq0 = % (4.36)
* The initial power at MSC bus is given as,
Py = vsq0isq0 (4.37)
where vy, can be obtained as,
Vsq0 = —Rsigq0 + @O0 WF (4.38)
* The real power at GSC bus is,
Pasco = Pso (4.39)

* The real power at the wind farm bus cannot be obtained in a straightforward manner
as the current is unknown. Hence the calculations of power flow at wind farm bus is

included with that of offshore grid calculations.

4.4.3.2 Power flow and initial conditions of offshore network

* The real power at the GSC bus, the reactive power at the wind farm bus and the
voltage at the offshore PCC are the known quantities. As there are differences in
data specified for the three different buses and in order to avoid complex calculations

an efficient algorithm is developed.

* The reactive power at the GSC bus is initially taken to be zero. The voltage at GSC
bus can be obtained. The offshore current Ioprg can be calculated. The reactive
power at wind farm bus is calculated which is the power required by GSC reactor
and is to be compensated by GSC converter. This reactive power is added to the GSC

bus and the above calculations are again repeated. The process is repeated until the
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reactive power at wind farm bus is zero.

Il’litially QGSCOI =0
Repeat following steps until Qwro equals zero

Let k be the iteration counter

Solve for V Gscor,
Fgsco + jQascox =
VGscox ( Vascoe 1 ) *
Rgsc + Rorr + j(Xgsc + Xorr) (4.40)
Calculate,
7 _ Vascor — 1
OFFOk =

Rgsc + Rorr + j(Xcsc + Xorr)
Vwrox = Vascor — lorrok (Rasc + jXasc)
Owror = Imag{Vwroilopror}

Ocscor = Qcscox—1 — OWFok

* The power at the offshore converter Poppg is calculated.

¢ The rest of the load flow and initial conditions calculations of DC link and multi-

machine system remain the same as that in Case-1.

As vectorisation is done the proposed method can be extended to a multi-machine sys-
tem containing any number of VSC-HVDC connected DD-PMSG wind farms.

4.5 Case studies

For the validation of the proposed power flow and initial condition technique, two case

studies have been taken up which are implemented in MATLAB.

4.5.1 Case study 1 : Two area, 4-machine system

The two-area, 4-machine system in Figure 2.7 is used for the study. The system is modified
with a offshore wind farm connected to bus-9 (onshore PCC) of the system via a VSC-
HVDC link as shown in the Figure 4.4. The parameters of the wind turbine and VSC-
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HVDC link is given in the Appendix A2, A3.

1 5
Gl 8 4 s 6 10 G3
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Do 1] T
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2 —Fr—— 4
" |
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Area 2
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%
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Figure 4.4: Two-area, 4-machine system with offshore wind farm

1. The wind farm is assumed to be injecting 0.2 pu of power at the wind farm bus and
the total wind turbines in the wind farm is given as 18.

The study corresponds to case-1 of the proposed load flow and initial condition calculation
method. The results are shown in Table 4.1. The specified quantities are provided in the
first row, followed by the significant results of the proposed method. The offshore network
results are provided first followed by DC network and multi-machine results. The complete
load flow and initial condition data of the multi-machine system is not presented here as

it is not the focus of method presented. The reactive power at onshore PCC is obtained as
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zero in two iterations. The aggregated parameters of the PMSG wind farm are determined
using the parameters of a single wind turbine listed in Appendix A3. The offshore PMSG
wind farm quantities are computed backwards from the wind farm bus quantities to finally

obtain the wind speed.

Table 4.1: Load flow and initial condition calculations (Case-1)

Speciﬁed PWFO =0.2 pu, QWFO =0 pu, (VOFFO)])CC =120
Quantities (Viaco)ox = 1.5 pu, Opcco =0 pu

Nwrt =18, i35 = 0 pu

Load flow and Initial condition calculations

Offshore Grid VSC-HVDC link
TOFFO 0.1999/0.14 pu POFFO 0.1996 pu
Vwr 1.000220.14 pu || (Vaco)ope 1.5003 pu
I.co 0.1330 pu

Multi-machine AC system
Iteration-1, 01 =0

VoNo 0.9966/—0.70 pu PoNo 0.1995 pu

Orcco —0.004 pu Vo 0.9948/—1.85 pu
Iteration-2, 0> = —0.004 pu

VoNo 0.9971/£-0.71 pu PoNo 0.1995 pu

Orcco 0 pu Vo 0.9949/—1.86 pu

Qono = —02 = 0.004 pu

PMSG aggregated wind farm

Aggregated [ Ry =0.0085 pu, x;g = 0.9981 pu, x5; = 1.9053 pu
Parameters H; =0.1613, Rgsc = 0.005 pu, Xgsc = 0.05 pu

Lo+ jlao 0.1999 + jO pu Pgsco 0.2002 pu
[ 0.7019 pu I540 0.34404 pu
Vwo 9.8052 m/s

2. The initial wind speed is given as 9.8052 m/s and the total wind turbines in the wind
farm is given as 18.

This study corresponds to case-3 of the proposed method. The results are tabulated in Table
4.2. By applying the proposed iterative algorithm for the offshore AC network, the reactive
power at the WF bus is obtained as zero in two iterations. The results for the VSC-HVDC

link and multi-machine system remain the same as that of the previous case study.
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Table 4.2: Load flow and initial condition calculations (Case-3)

Specified Vwo = 9.8052 m/s, Nyt = 18, Qwpo =0 pu

Quantities (VOFF0)pce = 120

(Vo) ox = 1.5 pu, Qpcco = 0 pu
Load flow and Initial condition calculations

PMSG aggregated wind farm

Wy 0.7019 pu Tmo 0.28668 pu
I5q0 0.34404 pu Vsq0 0.5819 pu
PGSCO = PS() =0.2002 pu
Offshore AC Network

Iteration-1, Qgsco =0 pu
VGSCO 1.0011£0.71 pu 701:1:0 0.1999-0.71 pu
VWFQ 1.0002£0.14 pu QWFO —0.0019 pu
Iteration-2, Qgsco = 0.0019 pu
VGSCO 1.001220.71 pu TOFFO 0.1999/0.14 pu
Vwro 1.0002£0.14 pu | Owro 0 pu

3. 3-phase fault on the onshore PCC

A 3-phase to ground fault is applied on the onshore PCC (bus-9) at 1s. Basic blocks in
SIMULINK is used to build the model. The wind speed at the wind farm is 9.8052 m/s as
shown in Figure 4.5a. At this wind speed, the PMSG rotor speed, torque and stator power
output are given in Figure 4.5b, Figure 4.5c and Figure 4.5d respectively. The offshore
VSC maintains constant voltage and frequency at offshore grid as displayed in Figure 4.6a
and Figure 4.6b respectively. It can be seen that the fault on the onshore AC system does
not have an effect on these quantities. This is due to the fact that the VSC-HVDC link
decouples the offshore wind farm and offshore grid from the AC system. The waveforms in
Figure 4.5a — Figure 4.6b exhibit the calculated initial conditions right from the beginning

of the simulation proving the efficiency of the proposed approach.

The power delivered by the wind farm at the onshore converter is given in Figure 4.6¢
and the electromagnetic torques of the system generators are given in Figure 4.6d. The
initial operating conditions are displayed in the waveforms until the onset of fault i.e. Is.
As the fault applied is a 3-phase to ground fault which is the most severe fault in power
systems, overshoots can be observed at the onset of the event. However, the system has
been designed with appropriate limits according to (Padiyar K.R., 2002, Stijin et al., 2010)

ensuring that it works with reasonable operating points.
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a. Wind Speed

c. PMSG electromagnetic torque
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Figure 4.5: 3-phase fault on the onshore PCC : Wind farm quantities
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Figure 4.6: 3-phase fault on the onshore PCC :

quantities

Offshore grid quantities and 4-machine system

4.5.2 Case Study 2: 16-machine, 68-bus system

In this section, generator G1 of the 16-machine, 68-bus base system given in Figure 3.22
is replaced by a VSC-HVDC connected offshore wind farm (Appendix A2, A3) shown in
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Figure 4.7. It is interfaced to the 16-machine system at bus-53. The offshore wind farm
delivers 2.65 pu of power at the wind farm bus. The loadflow and initial condition calcu-
lations are given in Table. 4.3. The calculations pertain to case-1 of the proposed method.
The VSC-HVDC, offshore network and wind turbine details are given in the appendix.
The important results of offshore network calculations followed by VSC-HVDC and then
multi-machine initial conditions are presented. The offshore wind farm is operating at a
wind speed of 9.83 m/s.

x_O @Hﬂ = DC cable Bus-53
QL G [ 1 I
FOHE-e I

| Rk i

'_. @ ﬂ = 0), Offshore  Offshore Onshore Onshore
‘ PCC VSC VSC PCC

WF bus

Figure 4.7: VSC-HVDC connected offshore wind farm

Further, a 3-phase to ground fault is applied on bus-2 of the system at 1s. The fault is
cleared after 0.05s. The plots of the voltage magnitude at bus-2 and power in AC trans-
mission line 2-1 are presented in Figure 4.8. In addition, the plots of voltage magnitude
at bus-53 and the onshore VSC AC current magnitude plot are given in Figure 4.9. The
dynamic analysis is also compared with the results obtained when the simplified model of
VSC-HVDC discussed in Chapter 3 is used. The waveforms demonstrate the initial con-
ditions from the onset of the simulation. It can be observed that the system employing
simplified model of the link performs exactly similar to the system with full model. De-
spite the proximity of the fault from the link, the oscillations and transients are very well
exhibited by the simplified model, even with a severe fault.

At 1s, wind speed is stepped up from 9.83 m/s to 12 m/s as shown in Figure 4.10(1).
The power delivered at bus-53 by the wind farm through the HVDC link is given in Figure
4.10(i1). The onshore VSC AC current magnitude and power in the AC line 2-1 is given in
Figure 4.11. Even in this context, the waveforms demonstrate the accurate representation
of the calculated initial conditions from the onset of the simulation, thereby validating the

effectiveness of the proposed methodology. It can be observed that power plot at bus-53
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Table 4.3: Initial condition calculations for 16-machine system

Specified Pwro = 2.65 pu, Qwro = 0 pu, (Vopro)see = 120
Quantities (Viaeo)on = 1.5 pu, Qpcco = 0 pu

NWT = 237, ist =0 pu

Load flow and Initial condition calculations

Offshore Grid VSC-HVDC link
TOFFO 2.6443/1.82 pu POFFO 2.5731 pu
Vwr 1.00212£1.82 pu || (Viaco) ope 1.5036 pu
I.co 1.7112 pu
Multi-machine AC system
Iteration-1, Q; =0
Voo 0.9813224.38 pu Pono 2.5669 pu
QPCCO —0.6843 pu V53 0.9904/—11.28 pu
Iteration-2, @, = —0.6843 pu
VONO 1.0748.£24.38 pu PONO 2.5669 pu
QPCCO 0.0726 pu V53 1.014/11.11 pu
Iteration-3, O3 = —0.6117 pu
VoNo 1.0651/24.58 pu PoNo 2.5669 pu
QPCCO —0.0021 pu V53 1.0113£11.13 pu
Iteration-4, Q4 = —0.6138 pu
VoNo 1.0653/24.58 pu Pono 2.5669 pu
QPCCO Opu V53 1.0113/11.13 pu

Qono = —04 =0.6138 pu
PMSG aggregated wind farm

Aggregated [ R; = 0.00065 pu, x;s = 0.0758 pu, x, = 0.1447 pu

Parameters Rgsc =0.00038 pu, Xgsc = 0.0038 pu

Iq() + jlgo 2.6443 + jO pu Pgsco 2.6526 pu
Wy 0.7034 pu I540 4.5491 pu
Vo 9.83 m/s

for system with simplified model overlaps with that of full model. Due to the change in
wind speed, the power delivered increases almost by 50% of initial power. In such a case,
a slight deviation in the performance between system with simplified and full model can be
observed in the quantities given in Figure 4.11. However, given the magnitude of operating
conditions, lower modeling complexity and higher computation speeds, these deviations
are acceptable. In addition, this condition arises when the wind speed is stepped to nominal
speed. As aresult, any further rise in wind speed would not result in any further significant

increase in the deviations in the quantities of the system.
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(i) Voltage magnitude of bus-2
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Figure 4.8: 3-phase fault at bus-2 : (i) Voltage magnitude at bus-2 (ii) Power in the line 2-1
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Figure 4.9: 3-phase fault at bus-2 : (i) Voltage magnitude at bus-53 (ii) Onshore VSC AC
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(i) Step change in wind speed
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Figure 4.10: Step change in wind speed : (i) Wind speed (ii) Power delivered at bus-53
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Figure 4.11: Step change in wind speed : (i) Onshore AC current magnitude (ii) Power in the
AC line 2-1
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4.6 Summary

This chapter presented a unique approach for power flow and initial condition computations
of VSC-HVDC connected DD-PMSG wind farms integrated into multi-machine systems,
which can aid the dynamic model of the system. The research conducted in this chapter

can be summarised as follows. :

* The method proposed allows the complete system dynamic model to be implemented
in easily available basic dynamic modeling packages without the need for power

system toolboxes or electromagnetic transient packages.

* The strategy is proposed for three cases of specified quantities of the aggregated wind

farm.

— In the first case, the total real power delivered by the wind farm and the total
number of wind turbines are specified. The method to derive the initial wind
speed required for the dynamic analysis is described in this case. Also, to avoid
complex calculations, the onshore VSC converter bus is included in the load
flow of the multi-machine system. An algorithm is proposed to maintain reac-

tive power at onshore PCC as zero.

— The second case specifies the total real power output of the wind farm and the
output from each wind turbine. The technique is identical to the first case,

except that the number of wind turbines must be estimated separately.

— In the third case, the specified quantities are the initial speed of wind and the
total wind turbines in the wind farm. An algorithm is presented to calculate the
real power output at the wind farm bus and to maintain reactive power at the

wind farm bus to zero.

* The proposed approach is validated through case studies carried out on an offshore
DD-PMSG wind farm integrated to a 4-machine and 16-machine systems via a VSC-
HVDC link. MATLAB/SIMULINK environment is used.

* Significant power flow and initial conditions results that can assist the dynamic anal-
ysis are displayed. Dynamic response of the entire system is obtained by initiating
dynamic events. The initial conditions displayed in the waveforms prove the effec-

tiveness of the strategy.
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* The simplified VSC-HVDC model discussed in previous chapter is validated for 16-
machine system with VSC-HVDC based offshore wind farm. The dynamic analysis
results affirm the model’s suitability for use in large AC systems involving VSC-

HVDC based offshore wind farms operating under conventional control strategies.

The VSC-HVDC link isolates the offshore wind farm from the onshore power system. As
we move towards integrating more converter-based systems into the grid in the future, there
will be a significant impact on the overall stability of the system. To address this challenge,
it becomes imperative for both the VSC’s and offshore wind farms to actively participate
in ensuring synchronization and maintaining frequency stability within the system. In this
context, the next chapter will explore grid synchronization and inertial techniques specific
to VSC-HVDC-based offshore wind farms.
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Chapter 5

GRID SYNCHRONISATION AND
INERTIAL SUPPORT

5.1 Introduction

The increasing penetration of VSC-HVDC based offshore wind integration poses major
threat to the frequency stability of the power system due to the decline in inertia. The
traditional method of using a Phase-Locked Loop for synchronizing the grid side VSC
(GSVSC) with the power grid does not work well when the grid is weak. This empha-
sizes the need for additional control methods that can provide grid synchronisation, inertial
and frequency support from power electronic interfaces in weak power systems as already

mandated in grid codes around the world.

In this chapter, a novel approach for grid synchronisation and inertial support from
VSC-HVDC connected offshore wind farms in weak system is presented. The DC capaci-
tor dynamics mimicking synchronous generator mechanics is used for grid synchronisation.
As the DC dynamics are directly used, a quick grid synchronisation is achieved. The inertia
from the DC capacitor as well as the inertia from the PMSG’s of individual wind turbines
are tapped. The controller includes inherent damping capabilities and no separate control
loop is added. A time constant based approach is described which allows for usage of two
distinct DC voltage tolerance band ranges for the response. A larger tolerance band whose
influence on the inertial response time period depends on the time constant chosen. And
a smaller tolerance band impacting the rest of time period of the response. This method

has been proved to enhance the total inertial response of the system in comparison to the
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existing strategies. The tolerance bands are chosen based on the data available in litera-
ture. Upon choosing the time constant, the rest of parameters of the controller can be easily

derived.

5.2 Methodology

In order to illustrate the control strategy, the system described in the previous chapter i.e
an offshore wind farm integrated to onshore power system via a point to point VSC-HVDC
system is used as shown in Figure 5.1. The onshore power system is represented here by a

single synchronous generator connected to onshore PCC.

WF
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Figure 5.1: VSC-HVDC based offshore wind farm integrated to AC onshore system with
proposed control strategy
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From Figure 5.1, the dynamics of the HVDC link capacitor associated with GSVSC in

per unit is given as,

AVicon

K
dt

=Pr —Pon (5.1

Cd c

Vd
where K, = C;’Dﬂi‘;
8

ferred from the offshore wind farm, Pgy is the power injected to the onshore AC system,

. Vdeoy 18 the DC voltage across the capacitor, Pr is the power trans-

Cyc is the per-unit capacitance, @gp is the base angular frequency. The steady state DC

voltage vy, 1s defined in K, as it varies in a very small range.
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The general form of swing equation of the synchronous generator (in per-units) is well

known as,

d
2Hd—“t’ = Py~ Pog— D(0 — ) (5.2)

Considering (5.2) and (5.1), it can be seen that the DC voltage of the VSC-station plays
a similar role in reflecting the power balance in the grid. Further, it can be observed that
the DC voltage is analogous to the rotor speed of a synchronous generator. Using this co-
relation, in order to provide independent grid synchronisation avoiding the use of PLL as

well as provide inertial support, a novel control approach is proposed for GSVSC.

In case of DC link capacitors participating in grid synchronisation and inertial support
process, it becomes extremely important to track the variations in the DC voltage and keep
it within the allowable limit. Hence, a voltage tracking coefficient K, is introduced and the

capacitor equation is rewritten as,

dVicon

K
< dt

= PT - PON - KV(VdCON — VZCON) (53)

Considering that the GSVSC can emulate synchronous generator characteristics, the

dynamics of the output frequency of GSVSC ,, can be written as,

2H, =Pr—Pony — Dv(wgv — (D*) (54)

where H,, is the inertia constant and D,, is the frequency damping constant of the controller.
The inertial capability provided by the DC capacitor provided through H, is discussed in
detail in Section 5.2.1.

Equating the capacitor DC voltage dynamics and the GSVSC frequency dynamics,

d g,

2H
"dt

dvd %
+DV((DgV — (D*) = Kcﬁ +Kv<deON — deON) (55)

Applying the Laplace transform it can be rewritten as,

(2Hys +Dy) (0 — 0°) = (Kes + Kv) (Vacox = Vieoy)

. (Kss+K) §
ot = T v 56
Do = = DHs D)) (Vdco = Vieon) ©:0)
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Thus, the synchronising signal d, required for dq transformation is obtained as,

d oy,
dt

= wgB(wgv - (1)*) (5.7

The control applied at GSVSC is given in Figure 5.1.

Due to the control applied at GSVSC, any change in the frequency of the onshore
power system can also be sensed by the WFVSC by tracking its respective DC capacitor’s
voltage. This information has to be passed to the offshore wind farm side in order to the
tap the inertia from PMSG wind turbines. In order to do this, a similar control is applied
on the WFVSC, so that the offshore grid frequency can replicate the onshore frequency by
tracking the changes in the offshore DC voltage. In a conventional approach, the WFVSC
would be maintaining the voltage and frequency at offshore grid constant through a virtual
PLL. The control is modified to obtain the output frequency ®,,, of WFVSC as,

* (Kcs + KV)

O = 0" = g5 4 D) (o Vi) 9

where (Vieom — V5 COFF) is the DC link voltage deviation at the offshore side. The synchro-

nising signal of the virtual PLL is given as,

d awv
dt

= wgB(wwv_ (D*) (59)

Thus, the frequency information of the onshore power system is delivered to the offshore
grid.

In order to tap the inertial potential from the offshore wind farms, the frequency infor-
mation at the offshore grid is transferred as additional power to the MPPT power. The extra

power is a function of the rate of change of frequency at the offshore grid (@wowe) given as,

dow,
AP = —2H g (5.10)
dt
The total reference power at the wind turbine is given as,
g = Pm+ AP (5.11)

where Py, is the MPPT reference power.

Taking Pr = P; and due to the frequency replication control established, (5.4) can be
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re-written as,

do,
(2H, + 2H0Wf)7gv = Py — Pop — Dy(0g, — @) (5.12)

It can be observed that the entire VSC-HVDC based offshore wind farm behaves similar to
a synchronous generator with combined inertia of the HVDC capacitors and offshore wind

farm.

5.2.1 Parameter Selection

The general form of time domain response of the controllers of (5.6) and (5.8) is given as,

K, K. K, (P
Ao(t) = | — - 28y " | Av g (t 5.13
( ) |:Dv+(2HV Dv>e de( ) ( )
The time constant can be defined as,
2H
="
D,

This time constant governs the influence of the four constants of 5.8 on the system.

However, K, is already a known constant given as,

_ Vdcgyo Cdc

K. (5.14)

The constant H, is the inertial constant of the DC capacitor. It can be derived as,

Vde
Vdiolc?l\l;] KC dvdc
2H, = T g
Jay d@ (5.15)
_ K:Avgep,

A®

where Av,.;, 1s the allowable DC link voltage deviation during the initial part of inertial

response and A® is the allowable frequency deviation.

The parameters K, and D, are the damping constants which would depend on the devi-
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ation allowed for the DC link voltage and frequency. It can be given as,

K A®
v (5.16)
Dy, Avgeq
where Av,., 1s the DC link voltage deviation for the later part of inertial response.
Thus, it can be understood that, the frequency deviation in 5.13, would depend on Aﬁf}"ﬁ ,

AW
Avicq

By choosing Av,.;, > Avg., and an appropriate time constant 7, a higher capacitor en-

and 7.

ergy can be obtained at the beginning of the inertial response and also allows the choice
of other constants. According to literature, the allowable DC voltage tolerance band for
HVDC systems ranges from £5% - £15% of the nominal DC voltage. However, many
countries prefer a more stringent band of £5% or less, with China having a particularly
strict band of +=3%. A larger tolerance band for a long period of time would lead to adverse
effects on the operation on DC system, especially when considering the impact on the DC
submodules of MMC-HVDC. Considering the above facts, in order to ensure a reliable
operation, the Av,., is fixed at 5% and Av,,, is fixed at 10%. The system would be influ-
enced by Av,.;, based on 7. It is well known that the inertial response lasts around 6s after
the onset of a frequency disturbance and the influence of Av,.;, based on (5.13) would last
for around 47s. Accordingly the time constant T can be chosen as 0.4s - 0.6s allowing an
approximate 25% - 50% influence over inertial response time period. A® is maintained at
1%.

5.3 Implementation and validation

The proposed control is implemented in two power systems, Test system - 1 and Test system
- 2. MATLAB/SIMULINK is used for the study. The entire system has been per-unitised
on a power base of I00MVA, respective voltage bases and frequency bases. In order to
get a better perspective, the quantities and parameters are provided in real units during

discussion.

5.3.1 Test system - 1

In Test system - 1, VSC-HVDC based PMSG offshore wind farm is connected to a grid

represented by a single synchronous generator as shown in Figure 5.2. The offshore wind
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farm has an aggregated capacity of 420 MW with a virtual inertia constant of 4.9s. The
synchronous generator has a capacity of 800 MVA and an inertia constant of 2.57s. The
offshore wind farm is connected to the PCC via a VSC-HVDC rated for 450 MVA and
4320 kV. Two loads, a fixed load (L) of 6.4 pu (640 MW) and a switchable load (L;) of
1.6 pu (160 MW) is connected at the PCC. Initially, only L is connected to the system. The
rest of the parameters of the system are given in Table 5.1. The short circuit ratio (SCR)
is considered to classify the systems into strong, weak and very weak. It is changed by

varying the grid reactance (Xgiq)-

Ly Lo

Figure 5.2: Test system - 1

The proposed control is validated by comparing it with the following existing strategies

1. TC (Traditional control) - It is based on conventional vector control with no inertial
response from wind farms or HVDC capacitor and PLL is used for grid synchronisa-

tion (refer chapter 4).

2. DCP (Traditional Droop control with PLL) -PLL-derived frequency deviation is con-
verted to GSVSC DC voltage deviation using droop control, which is passed to the
offshore grid by tracking WFVSC DC voltage dynamics and modifying virtual PLL
reference using droop. This enables the wind farm to provide inertial support (Xudan

et al., 2018). A minimum time delay of Sms is considered for this control.

3. DCNP (Droop control without PLL) - This method uses DC capacitor inertia to syn-
chronize with the grid. The GSVSC frequency deviation is obtained through droop
control of the DC voltage deviation and is converted into a synchronizing signal.
The offshore grid receives the grid frequency information by tracking the WFVSC
DC voltage dynamics, similar to the DCP method (Yang et al., 2018).
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Table 5.1: Parameters of test system - 1

Parameter Value
Onshore Synchronous Generator
Rated Power 800 MVA
Rated Voltage 20 kV
Frequency 50 Hz
Xgs X1y Xy 1.6 pu, 0.264 pu, 0.21 pu
Xgs Xygu X, 1.52 pu, 0.488 pu, 0.24 pu
Toos T 85s,0.05s
T Tyo 0.4s,0.04s
Inertia constant 2.57s
Rated Voltage of Toy 20/230 kV
Leakage reactance of Tpy 0.096 pu
VSC-HVDC
Rated DC voltage +320 kV
Rated grid voltage 230 kV
Rated Active Power 450 MVA
Number of submodules 220
Submodule capacitance 5.5 mF
Line reactor and transformer 0.504 pu
DC Transmission line
Resistance 0.0113 Q/km
Inductance 0.466 mH/km
Length 200 km
Offshore Wind farm (aggregated parameters)
Offshore grid frequency 50 Hz
Offshore grid rated voltage 230 kV
Rated power 420 MVA
Equivalent Inertia 4.9s
Nominal Wind speed 12 m/s
PMSG stator resistance 0.0034 pu
PMSG g-axis reactance 0.7685 pu
PMSG d-axis reactance 0.4026 pu
Grid side converter resistance 0.002 pu
Grid side converter reactance 0.02 pu

4. PIC (Proportional integral control without PLL) - This control is similar to DCNP
control, except that the the frequency information at GSVSC and WFVSC’s virtual
PLL is obtained by PI control rather than droop control.

The proposed control system is represented as PC. The time constant, T = 0.4 s.
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5.3.1.1 Strong system

The SCR of system is set to 7.2, which is a strong system according to electrical standards.
At 1s, L, is added to the system. The simulation results for the event are presented in
Figures 5.3 and 5.4. Figure 5.3a shows the frequency dynamics at the onshore PCC upon
the occurrence of the event, which is reflected in the DC voltage of GSVSC in Figure 5.3b.
The GSVSC output frequency is obtained based on the type of control used, as illustrated
in Figure 5.3c.

The initial frequency dip is lowest with the PC. The system with TC does not experience
any changes in the DC voltage. In the case of system with PIC, the DC voltage returns to its
initial value due to the nature of proportional-integral control. The DC voltage regulation
enables the GSVSC output frequency to closely follow the PCC frequency for system with
proposed control. The output frequency at GSVSC is almost similar to the PCC frequency
for system with DCNP and DCP.

The frequency reflected at the offshore PCC in Figure 5.4a shows that system with
DCNP and PC accurately mirror the frequency, with the PC control performing better than
DCNP. The DCP control initially struggles to follow the frequency after a fault but eventu-
ally maps it correctly after 1.4 seconds. The PIC control performs poorly and is unable to
replicate the frequency accurately. The wind farm provides inertial response to the grid, as
shown in Figure 5.4b, and the results demonstrate that PC control results in a lower initial
ROCOF and, therefore, a lower amount of power given from the wind farm. The power
output at the PCC bus in Figure 5.4c¢ consists of inertial power from the DC capacitor. Due
to the incorrect frequency information with PIC control, the ROCOF of the PCC frequency
is larger than other frequency control strategies. In future case studies, systems with TC

and PIC will not be considered.

5.3.1.2 Weak system

The SCR of the system is set to 2.48 which represents a weak system. The simulation
results for load L, addition at 1s is given in Figure 5.5 and Figure 5.6. In this case, the
system with DCP performs poorly due to the instability of the PLL, which results in inac-
curate frequency tracking at the onshore PCC (Figure 5.5a). The inaccuracies in frequency
tracking get worse as the frequency is transmitted to the offshore side (Figure 5.5b - Figure
5.6¢).

On the other hand, the systems utilizing PC and DCNP controls effectively regulate
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Figure 5.3: Test system - 1 with SCR = 7.2 (Strong system) a) Frequency at PCC bus b) DC

voltage at GSVSC c) Frequency at GSVSC

the DC voltage, leading to an output frequency at GSVSC that closely mirrors the grid

frequency as soon as the event occurs. The system with PC display fewer oscillations at
the PCC bus (Figure 5.5a) than that with DCNP. Additionally, the initial frequency dip is

smaller with the system that employs PC due to the larger DC voltage variation allowed

for the control. Furthermore, the frequency at the offshore PCC accurately follows the grid
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Figure 5.4: Test system - 1 with SCR = 7.2 (Strong system) a) Frequency at Offshore PCC bus
b) Power output at WF bus ¢) Power output at onshore PCC bus

frequency variation, allowing for inertial response from the wind farm, as demonstrated in
Figure 5.6a. and Figure 5.6b respectively. The power output at the PCC, which includes the
DC capacitor power, shows a better power profile with the system that employs PC when
compared to that with DCNP.
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Figure 5.5: Test system -1 with SCR = 2.48 (weak system) a) Frequency at PCC bus b) DC
voltage at GSVSC c) Frequency at GSVSC

5.3.1.3 Very weak system

The SCR of the system is set to 1.66 which is a very weak system. The simulation results
for load addition is given in Figure 5.7 and Figure 5.8. Due to the very low grid strength,
the systems with DCP and DCNP fail to support the system as observed through PCC bus
frequency plots in Figure 5.7a and GSVSC DC voltage plot in Figure 5.7b. The frequency
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at PCC and DC voltage at GSVSC go unstable and beyond limits. Hence, DCP and DCNP
control strategies fail in case of very weak system. However, system with proposed control
sustains the low grid strength as shown in Figure 5.8. The frequency at PCC bus and
the accurate replication of the same at GSVSC output and offshore PCC is clearly seen in
Figure 5.8a. The DC voltage at GSVSC and WFVSC which provides for accurate mirroring

of frequency is given in Figure 5.8b. The power output at the wind farm bus is given in
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Figure 5.8c. The extra power obtained from the capacitor can be clearly observed in the

PCC power output plot. This case clearly proves the effectiveness of the proposed control.

a. Frequency at PCC bus
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Figure 5.7: Test system-1 with SCR = 1.66 (very weak system) a) Frequency at PCC bus b)
DC voltage at GSVSC

5.3.2 Test system - 2

The IEEE 4-machine system (Kundur, 1994) is modified by replacing the generators of
area-1 by VSC-HVDC based offshore wind farms. Each of the OWF’s are made to deliver
the same amount of power as was previously delivered by the synchronous generators. The
load at bus 7, Ly is of 967 MW + j 100 MVAR and load at bus 9, Lg is 1.967 GW + j
100 MVAR. The loads are considered to be adjustable. Simulation results for system with
DCNP and PC have only been presented here. The time constant, T = 0.6 s. The ratings
of the wind farms and VSC-HVDC are given in Table. 5.2. The 4-machine ratings and
parameters are adopted from (Kundur, 1994). The DC transmission line parameters are
same as that of Test System - 1. The offshore wind farm parameters of Test System-1 are

aggregated to the base value of the Test System -2.

128



Grid Synchronisation and Inertial Support

a. Frequency plots

50 h
4991 f at PCC bus :
R49.8 = = = -fat GSVSC control |
§ - — — - f at offshore PCC
49.7 |
49.6- |
49.5 | | | | | | | | |
1 2 3 4 5 6 7 8 9 10
b. DC voltage plots
Vdc at GSVSC 7
= === Vdcat WFVSC
6 7 8 9 10
c. Power plots
350 .
Power output of WF bus
§ Power output at PCC bus
= 300 .
&
250
1 2 3 4 5 6 7 8 9 10
time(s)
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5.3.2.1 Load addition at bus-7

At 1s, a load of 290 MW + j 3 MVAR is added at bus-7. The simulation results are given
in Figure 5.10 and Figure 5.11. The frequency at load bus-7 is presented in Figure 5.10a.
Immediately upon the onset of the event, the DC voltages at the GSVSC of both the VSC-
HVDC links respond to the grid frequency change as shown in Figure 5.10b and Figure
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Figure 5.9: Test system - 2

Table 5.2: Parameters of test system - 2

Parameter Value
VSC-HVDC
Rated DC voltage 4500 kV
Rated grid voltage 230 kV
Rated Active Power 1500 MVA
Number of submodules 220
Submodule capacitance 7 mF
Line reactor and transformer 1.008 pu
Offshore Wind farm (aggregated parameters)
Offshore grid frequency 50 Hz
Offshore grid rated voltage 230 kV
Rated power 1100 MVA

5.10c. The system with the PC exhibits a larger variation in DC voltage during the initial 2s
after the event compared to the system with DCNP, allowing for the provision of additional
inertial energy from the capacitors right after the event. This is evident in the total power
input at bus 7 as shown in Figure 5.10d, resulting in a better frequency profile for the system
with the proposed control (Figure 5.10a).

Figure 5.11a depicts the average system frequency or the center of inertia (COI) fre-
quency calculated for the entire system by considering the VSC-HVDC-based offshore

wind farms as virtual synchronous generators with appropriate virtual inertia constants.
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The frequency of the wind farms and generators with respect to the COI frequency is pre-
sented in Figure 5.11b for the system with PC and Figure 5.11c for the system with DCNP.
It can be observed that the virtual synchronous generators in area-1 collectively oscillate
against generators G3 and G4 in area-2, representing the inter-area mode. Additionally, the
individual virtual synchronous generators oscillate against each other, representing the lo-
cal mode. The behaviour is similar to synchronous generators of two areas of a 4-machine

system.
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Figure 5.10: Test system - 2 with load addition plots
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5.3.2.2 Load deletion at bus-9

In this scenario, a load of 295 MW + j 3 MVAR is tripped at bus-9. As a result, the
frequency increases, as shown in Figure 5.12a. This frequency change is reflected in the
DC voltages at both GSVSCs, illustrated in Figure 5.12b and Figure 5.12c. Analyzing the
power input at bus-7 in Figure 5.12d and the total power input at bus-9 in Figure 5.13a, it
can be concluded that the generators in area-2 play a more active role in providing inertial
response in this case. The DC capacitors with proposed control provide only slightly larger
capacitor energy as compared to system with DCNP. As a result no noticeable improve-
ment can be seen either in ROCOF of frequency at bus-9 as shown in Figure 5.12a or in

average system frequency shown in Figure 5.13b. The frequencies w.r.t COI of the vir-
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tual synchronous generators of area-1 as well as the generators in area-2 exhibit identical

profiles.
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Figure 5.12: Test System - 2 load deletion plots
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54

Summary

This chapter presents a novel approach to achieve grid synchronization, inertial and damp-

ing capabilities in VSC-HVDC connected offshore wind farms that supply power to weak

power systems. The main points of this chapter are as follows :

The proposed synchronization controller utilizes the dynamics of the DC capacitors,
which are designed to mimic the behavior of synchronous generators, enabling effi-

cient synchronization.

The controller utilizes both the energy stored in the capacitors and the inherent inertia
of PMSG wind farms to enhance the inertial response. In order to maximise the use
of DC capacitor, an appropriate time constant and two distinct DC voltage tolerance

bands are chosen for the controller.

The effectiveness of the proposed control strategy is validated through MATLAB/
SIMULINK simulations using two test systems. The first system consists of off-
shore wind farms supplying power to a grid represented by a single generator, while
the second system involves a multi-machine setup with two VSC-HVDC connected

offshore wind farms.

The proposed controller is compared with existing control topologies - traditional
control, droop control with PLL, droop control without PLL and proportional inte-
gral control. The proposed controller demonstrates superior effectiveness in provid-
ing grid synchronization, inertial and damping response when compared to existing

methods.
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Chapter 6

CONCLUSIONS

6.1 Work Carried Out and Inferences

The topics discussed in this thesis deal with modelling, control and performance analysis
of HVDC links in multi-machine systems with wind farms. The work carried out in this

thesis includes :

* The analysis of behavior of synchronous and asynchronous LCC-HVDC links is pre-
sented. The systems are simulated and compared to systems with a Thyristor Con-
trolled Series Capacitor (TCSC) line. A 4-machine, two-area system is used for the
study. The study examines the dynamic differences of the systems during tie line
trips and power level variations. Modal analysis shows that the system with HVDC
has the lowest inter-area mode frequency and damping factor compared to systems
with and without TCSC for a given power level. Power level changes have an im-
pact on all the dominant swing modes of the system with TCSC, but the attributes of
the inter-area mode in the HVDC system remain unaffected. The study introduces
a multi-slack bus approach for conducting load flow analysis on asynchronous sys-
tems, wherein a slack bus is selected in each area. The study also analyzes the modes
of the asynchronous system with LCC-HVDC compared to systems with only one
AC tie line or only a TCSC line between the areas. The modal analysis is conducted
using prony analysis, which is a signal identification based technique that does not

require rigorous calculations as in conventional analytical methods.

* The work discusses the modelling, control, and integration of VSC-HVDC links into

multi-machine systems. The effects of VSC-HVDC outer real and reactive con-
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trols on frequency controllers are analyzed through simulations. It is found that
frequency controllers with feedback real power controller of lowest bandwidth are
more robust for events that only affect real power. However, frequency controllers
along with feedforward active power controllers perform better during initial tran-
sients for events that affect both real and reactive power. The type of reactive power
controllers also influences the behavior of frequency controllers, particularly for
events affecting both real and reactive power. A simplified model of a VSC-HVDC
link is presented, which eliminates DC part dynamics, includes converter associated
impedances as part of AC transmission network, and modifies the control system to
control converter-related AC quantities. This simplified model effectively captures
the impact of VSC controllers, varying power levels, and multiple VSC links in the
system. It is also validated for frequency support in asynchronous systems and in
traditional control of VSC-HVDC connected offshore wind farms. The simplified

model significantly reduces CPU time for simulations.

* A novel methodology for evaluating the power flow and initial condition calcula-
tions of VSC-HVDC connected DD-PMSG based wind farms integrated into multi-
machine systems is presented. The proposed approach aims to aid the dynamic anal-
ysis of these systems. For three instances of most frequently provided specified quan-
tities of the wind farm, effective solutions have been proposed. The stated quantities
in the first case are the total number of wind turbines and the total real power out-
put of the wind farm. Here, a method to determine initial wind speed is described.
An approach to calculate onshore VSC converter power flow is presented. The total
output of the wind farm and power output of each wind turbine is specified in the
second case. The procedure to obtain the number of wind turbines in the wind farm
is provided. In the third case, the initial speed of the wind and the total number of
wind turbines in the wind farm are specified. An iterative algorithm for determining
grid side converter power flow is presented in this case. The study presented cov-
ers all essential calculations for a VSC-HVDC connected DD-PMSG based offshore
wind farm interfaced into a multi-machine system. The approach allows the user to
build the dynamic model in any basic dynamic modeller without the requirement of

electromagnetic transient packages.

* A methodology to provide grid synchronization and inertial capabilities from VSC-

HVDC connected offshore wind farms is proposed. The proposed synchronization
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6.2

controller utilizes the dynamics of the DC capacitors, which are designed to mimic
the behavior of synchronous generators, enabling efficient synchronization. Further-
more, the controller utilizes both the energy stored in the capacitors and the inherent
inertia of PMSG wind farms to enhance the inertial response. In order to maximise
the use of DC capacitor, an appropriate time constant and two distinct DC voltage
tolerance bands are chosen for the controller. The controller is validated in a single
machine system and a 4-machine system. The analysis is compared with existing
control strategies like traditional control and droop control strategies with and with-

out PLL. The simulations prove the efficacy of the proposed controller.

Future Scope of Work

. Implementation of the analysis in multi-terminal HVDC links :  The techniques

and approaches presented in this thesis can be effectively applied to multi-terminal
HVDC (MTDC) links. It is valuable to explore the dynamic analysis, modal analy-
sis, and control interactions within MTDC systems. Furthermore, it is worthwhile to
examine the applicability of the simplified VSC-HVDC model and the grid synchro-

nization and inertial controllers in the context of MTDC links.

. Use of supercapacitors for inertial and grid synchronisation methods : The uti-

lization of supercapacitors in VSC-HVDC based offshore wind farms presents an
innovative approach to enhance grid synchronization and inertial support. Superca-
pacitors, with their rapid energy discharge and recharge capabilities, can effectively
mimic the inertia provided by synchronous generators, contributing to the stability

of the grid during sudden disturbances.

. Virtual Primary and secondary frequency regulation methods from VSC-HVDC con-

nected offshore wind farms: The proposed grid synchronisation and inertial con-
troller can be further extended to provide primary and secondary frequency regula-
tion from VSC-HVDC connected offshore wind farms.

. Virtual voltage and PSS control methods from VSC-HVDC connected offshore wind

farms : Building upon the previous point, the controller’s robustness can be further
strengthened by incorporating virtual voltage and Power System Stabilizer (PSS)

control methods.
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5. Fault ride through capabilities : Exploring the fault ride-through capabilities of
VSC-HVDC-based offshore wind farms, specifically focusing on aspects like zero
voltage ride-through and low voltage ride-through, offers an opportunity to investi-
gate a significant area within the literature. The existing literature highlights several
research gaps in this area, making it a valuable and promising field for further inves-

tigation.
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Al. TCSC current controller parameters
d K] =3
¢ Xpax = 0.176 pu, Xpin = 0

® TTCSC =0.015s

A2. Parameters of VSC-HVDC link

e Ratings : 450 MVA, 4+ 320 kV

e Per-unit Base : 100 MVA, 50 Hz

R, =0.01pu, X, =0.1 pu

R; =0.01 pu, X; =0.1 pu

Rye = 0.0021 pu, Ly = 0.0276 pu

Kye = 100

A3. Parameters of offshore wind farm
Parameters of each wind turbine
* Values of C), coefficients are : ¢; = 0.22, ¢ = 116, c3 = 0.4, c4=5, ¢5=12.5, ¢c=0

* B =0° Cpmax =0.43821, Aopt = 6.325, Air density(p)=1.225 kg/m3, Rotor radius
=375m, H, =4.5

* Nominal rotor speed = 18 rpm, Nominal wind speed = 12 m/s
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Parameters of each PMSG

 Rated apparent power = 2.2408 MVA, Rated Mech power = 2.0093 MW, V,,,,, = 690
V(rms)

* Ryue =0.73051 mQ, X444 = 1.21 mH, x4, =2.31 mH

* Rated rotor speed = 22.5 rpm, Rated rotor flux linkage per phase = 4.696 Wb

H,yp, = 0.4

e yp =2%*m*11.25 rad/s, Wy = 2*1*50 rad/s

Parameters of GSC, Offshore Network

* Rgsc = 0.002 pu, Xgsc = 0.02 pu (on single wind turbine base of 2.2408 MVA and
690 V)

* Rorr =0.001 pu, Xorr = 0.012 pu (on a base of 100 MVA, 50 Hz)
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