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Abstract

The main objectives of this research work are to determine the underlying mechanisms lead-
ing to instability in a system with dominant presence of tightly regulated power electronics
components and to identify the causal relationship between power electronics component con-
trol algorithm and the grid stability with the purpose of establishing design guidelines that can
guarantee the system stability. The research focuses on the analytical investigation of the small-
signal stability and interactions between components of an offshore DC grid and verification
of such investigation by benchmarking with numerical simulations and laboratory tests. The
simulations are employed to assess the influence of active and passive parameter uncertainties
while the experiments verify their impact. The research results identify the critical configur-
ations leading to unexpected interactions based on the theoretical analysis and the simulation
results, and specify general guidelines for avoiding failures and restoring stability. Small-signal
stability analysis in the frequency domain based on the state-space modeling and eigenvalue
analysis, and the impedance-based analysis are carried out for the VSC-based HVDC transmis-
sion system and wind farms integration through the HVDC system. In this scenario, the sta-
bility properties of converter controllers widely used today have been identified and compared
using the equivalent impedance analysis. Through this analysis, a controller that emulates the
synchronous machine (The synchronverter) was found to exhibit an R-L (resistive-inductive)
circuit nature on its equivalent impedance, which conferred this controller a better ability in
keeping stability compared to PLL based dg-domain control in point of stability and control in
integrating offshore wind farm through an HVDC system. A Grey-Box method for extracting
critical controllers bandwidth, when limited information is available about the system, has been
developed based on the impedance measurements. This method has proven to be effective in
identifying critical parameters and in re-shaping the impedance to restore the stability.
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Chapter 1

Introduction

The purpose of this introductory chapter is to provide a short overview of the thesis and present
the motivation, scope, and contributions.

1.1 Context and Motivation
1.1.1 HVDC System Overview

The high voltage direct current (HVDC) transmission system is an efficient, flexible method and
economically sound to transmit a large amount of power over a long distance by overhead lines
or underground/submarine cables compared to alternating current (AC) transmission system. It
is also used to interconnect separate power systems with different power frequencies where the
traditional AC transmission system cannot be used. With the development of power electronics,
the HVDC transmission is becoming more and more attractive resulting in a steady increase in
the application all around the world [1]-[11].

The semiconductor switches used in HVDC converters are thyristor, Gate turn-off thyristor
(GTO) or Insulated Gate Bipolar Transistors (IGBT). The HVDC system based on the thyristors
is called traditional HVDC or classic HVDC. It also refers to line commutated converter HVDC
(LCC-HVDQ). Fig. 1.1 shows a configuration of a six pulse LLC converter. The LCC-HVDC
has been widely used for five decades. The LCC-HVDC converter produces harmonic on the
AC side and these must be prevented from injecting into the AC networks. This converter
consumes reactive power in all operating modes. This reactive power is supplied by the reactive
power compensation devices e.g. capacitor banks and partly by the AC filters. The classic
HVDC system has many advantages over conventional AC transmission [12]. This system has
no limits in transmitted distance. It is valid for both overhead lines and cables. It can carry more
power for given size of conductors. The control is very fast and accurate. The magnitude and
direction of the power flow can be changed very quickly. One disadvantage of this technology
is that the commutation for an inverter must be provided by the AC system and cannot provide
black start capability.

The HVDC system based on the Voltage source converters (VSCs) is called HVDC light or
HVDC plus. It also refers to VSC-based HVDC (VSC-HVDC) system [1], [13]. Fig. 1.2 shows
the configuration of two-level and three-level VSC. The semiconductor used in this technology
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Figure 1.2: VSC converter (a) two level and (b) three level

is GTO or IGBT and they operate with high switching frequency typically 1-2 kHz utilizing
Pulse Width Modulation (PWM). It can create any waveform of voltage up to a certain limit
(phase angle and magnitude of the fundamental component) with the PWM pattern. Therefore,
the VSC is considered as a controllable voltage source. It can control both active and reactive
power flow in any direction. The high controllability of the VSC allows for wide range of
applications. A VSC-HVDC system consists of VSCs, AC filters, transformers, phase reactors,
DC capacitors and DC lines or cables. The converter used in actual transmission application is
composed a number of elementary converters, that is, of three phase, two level, six-pulse bridges
or three-level, 12-pulse bridges. The two-level bridge is the most simple circuit configuration,
has been widely used in the various application in wide range of power levels. The two-level
bridges consist of six valves and each valve consists of IGBTs or GTOs with an anti-parallel
diode.

In the VSC-HVDC system, the converters are connected to the AC networks through a trans-
former. The transformer is mainly utilized to transform the voltage of the AC system to a level
suitable for the converter. High-pass AC filters are installed to prevent the harmonic entering
into the AC network. The phase reactors are used to regulate the power flow by regulating the
current through them. It does not need to compensate any reactive power consumed by the con-
verter itself. The current harmonic on the AC side is directly related to the PWM frequency and
low order harmonic in the current is very small that dramatically reduce the amount of filters
compared to the LCC-HVDC system. The design of the capacitor is very important in design-
ing the two-level VSC-HVDC system. It must be considered for both transient and steady state
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operation. There are two capacitor stacks of the same size are used in the two-level and three-
level VSC. The size of the capacitor depends on the required DC voltage level and the amount
of power transfer. The main objective of this capacitors is to provide a low inductive path for
the turned-off the current and an energy storage to be able to control the power flow and also to
reduce the voltage ripple on the DC side.

Recently modular multilevel converter (MMC) has become the most attractive converter to-
pology for the VSC-HVDC systems. Fig. 1.3 shows a configuration of MMC. The MMC
has several attractive features compared to the two/three level VSC such as a modular struc-
ture, easy scalability in terms of voltage and current, less/no filtering requirement, low expense
for redundancy and fault tolerant operation, utilization of standard components, and excellent
quality of the output wave forms [14]-[22]. However, MMC has more complex internal dynam-
ics such as required circulating current suppression controller and sub-module (SM) capacitor
voltage balancing algorithm, it requires much care in designing and implementing the control
system. A basic structure of three-phase MMC topology consists of one upper and one lower
arm in each phase leg connected in series with DC terminal. Each arm has a number of identical
half-bridge or full-bridge SM and series connected arm inductor and also its equivalent resistor.
The arm inductors suppress the high-frequency components from the arm currents. The SMs
provide two different voltage level at its terminal depending on the stage of the complementary
switches.

Due to having superior advantages of the VSCs which include two-level, three-level and MMC
compared to the LCC, in this thesis, the VSC-based HVDC technology is a clear focus.
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1.1.2 Existing and Proposed VSC-based HVDC Projects

With the expected developments of large-scale offshore wind farms at long distances from the
shore, the VSC-HVDC transmission is emerging as the preferred solution for interconnection
with the existing onshore power systems [1], [23]. In the long term, it is also expected that
the HVDC transmission systems for wind farms are going to be interconnected with the VSC-
based point-to-point HVDC interconnections between existing AC grids and gradually form
multi-terminal meshed HVDC (MT-HVDC) grids. Such plans have especially been considered
relevant in the North Sea region, due to the significant plans for offshore activities in renew-
able and oil exploration requiring infrastructure for electric power transmission, as well as the
possible benefits of more interconnections between the countries surrounding the North Sea
[23], [24]. Similar plans for offshore MT-HVDC grids are also considered in the Mediterranean
region and for the east coast of the US. Meshed VSC-based HVDC grids have further been en-
visioned as a large-scale overlay grid for avoiding power system limitations and congestions in
mainland Europe [23]. Although there are still significant challenges with the implementation
of protection systems and interruption of fault currents in the HVDC grids, construction and
operation of large-scale MT-HVDC systems are considered technically feasible with available
cables and VSC technology.

Figure 1.4: "Existing (red) and Planned (blue) HVDC links in Europe (courtesy of Dr D van Hertem,
KU Leuven, adapted from Messerly, Wikimedia Commons)" [25]

Many VSC-based HVDC projects have been put into operation recently. The first commercial
application of HVDC transmission between the Swedish mainland and the island of Gotland
used mercury-arc valves in 1954. Nanhui Wind Farm Grid Integration is the first VSC-based
project commissioned in Asia in 2011. The MMC structure is used in this project which has
a capacity of 18 MW, +30 kV DC with a transmission length of approximately 8 km [26].
Zhoushan five-terminal HVDC Project is the World’s first MT-HVDC system officially put into
operation in 2014 [27]. Some other HVDC transmission systems have been commissioned in
Europe. Fig. 1.4 shows the existing and planned HVDC links in Europe [25]. BorWinl is one
of the most remote offshore wind farm clusters in the world connected to the German grid by
a 400 MW £150 kV HVDC Light transmission system [28]. Several other wind farms integ-
ration projects like BorWin2, HelWinl, HelWin2, DolWinl are adding power to the German
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grid through the VSC-based HVDC system [5]. The Skagerrak 4 is another VSC-based HVDC
system connected between hydroelectric power based Norwegian grid and thermal power based
Danish grid with a capacity of 700 MW [29]. Several HVDC projects such as the Plains &
Eastern Clean Line HVDC Project, the Western Spirit Clean Line HVDC project, the Southern
Cross HVDC project, the TransWest Express Transmission HVDC Project, have been envi-
sioned to interconnect different states in the USA to supply reliable electric power [30]. More
than 200 HVDC projects have been planned or put into operation around the world from which
around 35 projects are based on the VSC HVDC system [5]. All the recent HVDC projects are
based on VSCs which indicates that the VSC-HVDC is the most popular choice for the power
system planner because of having many advantages such as avoidance of commutation failures
due to disturbances in the AC network, independent control of the reactive and active power,
possibility to connect to a weak AC network, black start capability, faster dynamic response,
needed less filtering, even no filtering for MMC-HVDC, no need of transformers to assist the
commutation process [1]. The existing AC power systems are therefore combined with the
HVDC system to have reliable power supply capability. Initially, the two AC systems will
be connected a point-to-point HVDC system which will gradually be expanded to MT-HVDC
system.

1.1.3 Stability of VSC-HVDC Systems

Despite of its many advantages, VSC-based HVDC transmission systems can experience unex-
pected instability and interaction phenomena that can lead to failure if proper care has not been
taken in designing the system [31], [32]. Therefore, before installing the HVDC system and
expanding to MT-HVDC system, there is a significant need for studying such a hybrid AC-DC
system that guarantees the reliable and stable operation and prevent the unexpected failure.

There are not yet any practical installations or established test systems available for large-scale
MT-HVDC grids to study. Previous studies have been based on simulations of various sys-
tem configurations and parameters depending on the main issue under investigation. The B4
working groups of CIGRE has proposed a DC grid test system intended as a common refer-
ence allowing for easier comparison of results from various types of investigations [33]. This
test system can be used to study in a different perspective, for example, to study the large-
and small-signal stability analysis, design the protection system, etc. It is also important to
understand which interaction or instability phenomena can arise during the stepwise expansion
from two-terminal HVDC system to MT-HVDC system. The study of the basic point-to-point
configurations needs to be followed by the analysis of a three/four-terminal sub-system, before
proceeding to the analysis of the very large MT-HVDC system. Based on the results from a
common reference MT-HVDC system, it can be shown the particular instability and interaction
that can occur when multiple HVDC converters are connected into a meshed MT-HVDC grid
similar to what is expected in the long term for the offshore HVDC grid development.

In classical power systems, the definition of the power system stability is well established.
Power system stability is defined in [34], as:

"The ability of an electric power system, for a given initial operating condition, to regain a
state of operating equilibrium after being subjected to a physical disturbance, with most system
variables bounded so that practically the entire system remains intact”.
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Power systems may undergo various forms of instabilities. The classification of power system
instability proposed in [35] is based on

(1) the physical nature of the instability phenomena such as voltage instability, frequency in-
stability, rotor angle instabilities,

(i1) the size of the disturbance considered such as small-signal and large-signal stability and
(iii) the time span that is short-term and the long-term disturbances.

"Large-signal voltage stability refers to the system’s ability to maintain steady voltages fol-
lowing large disturbances such as system faults, loss of generations, or circuit contingencies'.
and

"Small-signal stability is the ability of the power system to maintain synchronism under small
disturbances [35].

Small disturbances occur continually in these systems due to the continuous variation of the
loads and generations. In power systems dominated by power electronics, the converters enable
the integration of non-conventional power sources to the grid (e.g. wind farms via HVDC
system). Due to the complexity of the power electronics converter, different instability and
interaction phenomena have been observed in these systems. In the case of wind farms and
HVDC systems, small-signal disturbances are expected to occur continually. This thesis limits
its focus on this type of instability phenomena and applies small-signal stability analysis to
scenarios of wind farm integration via HVDC system.

1.2 Problem Statement and Research Questions

1.2.1 State-of-the-art in Small-signal Stability and Interaction Analysis of the
VSC-based HVDC System

Due to the complexity of the VSC based interconnections and a high number of components
with nonlinear nature, different instability and interaction phenomena have been observed in
offshore wind farms and installations that comprise a high number of power electronics com-
ponents. An example is the case of the BorWinl HVDC transmission system in Germany that
remained shut-down for about a year reportedly facing several technical faults which resulted
with unplanned shutdowns of the network connection. It did not become clear whether the
cause of this lay on the HVDC substation or in the wind farm [31]. The Nanao wind farm
HVDC project in China is another example of unexpected phenomena. This wind farm was
experiencing sub-synchronous oscillations in the initial phase, which later were found to be
caused by particular controllers configurations. The root causes of the oscillation phenomena
observed in the cases of BorWinl and Nanao wind farms are yet poorly understood and rigorous
explanation of the origins of these oscillations are not yet reported. Therefore, there is a signi-
ficant need for developing new methods and tools for assessing the stability of these systems.
These methods and tools should enable pre-assessing the impact of these subsystems on the
main AC grids or their stability as stand-alone systems. Continuous efforts have been made to
investigate the stability and interaction analysis of such systems by different approaches in the
time domain and the frequency domain, and some of them are shown in Fig. 1.5. Instability and
interaction phenomena such as the interaction of the converters controllers and the grid have
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Figure 1.5: State-of-the-art in stability analysis methods for power systems dominated by power elec-
tronics. Green color indicates the methods treated in this thesis.

not been studied in detailed [23], [33], [36]-[39]. Generalized methods to minimize the control
interaction between converters systems and the AC grid, and to design the control of converters
that guarantees stable operation, remain open research questions.

One of the well-established methods for stability and interaction analysis for VSC-HVDC sys-
tems is based on the state-space modeling and the eigenvalue analysis [36], [37], [40]-[43]. This
method can be used to study the large-scale MT-HVDC system. In order to use this method,
the system needs to be represented by a small-signal state-space form analytically. Deriving the
state-space model analytically for a large system requires much derivation and computational
effort and is not an easy task. Transmission System Operators (TSOs) and network developers
usually use traditional tools like PSS/E or DigSilent Power Factory for large-scale stability stud-
ies. These tools contain separate modules for linearized system eigenvalue analysis. DigSilent
Power Factory, as an example of a commercial power system simulation tool, can be used for
identifying the critical eigenvalues of the interconnected AC and DC power systems and on
revealing how these modes are related to the grid configuration and the various parts of the
HVDC converter controllers. The electrical systems are represented by algebraic equations in
the phasor-domain in DigSilent Power Factory when calculating the properties of the linearized
system model where the dynamics of the AC networks are neglected. The VSC-based HVDC
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schemes have time responses that are faster and can exhibit dynamic interactions at higher fre-
quencies than the traditional LCL-oscillations studied in large-scale power systems. Therefore,
an important research question is what simplifications are reasonable when studying the stabil-
ity of the VSC-based HVDC systems.

The state-space modeling and eigenvalue-based approach is a global stability analysis method
and this approach determines the stability of the system, regardless of the location of the source
of the instability. Two main drawbacks noticed when analyzing the stability and interaction phe-
nomena in VSC-based HVDC systems. The first drawback is that it requires detailed modeling
of the VSC system. Secondly, the VSC systems are modeled based on the average modeling
of the converters which neglects the pulse width modulation (PWM) and digital signal pro-
cessing (DSP) delays resulting in that it cannot identify sustained harmonic oscillation in the
VSC-based HVDC system [44]. Therefore, an alternate approach is needed to overcome these
drawbacks when studying the VSC-based HVDC system.

Another small-signal stability and interaction analysis method is the impedance based analysis.
Recently the impedance-based method has been widely used to determine the stability of power
electronics based power systems. This method initially used for DC-DC converters [45] and is
widely used now in AC-DC converters. The impedance-based method is used on the AC side
at interfacing point connecting to the main AC grid either in the sequence-domain [46]-[49]
or the dq-domain [50]-[55]. A relation between the modified sequence-domain impedance and
the dq-domain impedance for VSCs has been developed [56] and the impact of the off-diagonal
term on the stability has been discussed [57]. The impact of the current control-loop bandwidth
and the PLL-loop bandwidth of the VSC, converter LC filter has been investigated in the AC
side using the impedance-based method [49], [50]. In those cases, it is assumed that the DC-link
voltage is stable and decoupled by the DC-link capacitance; thus the DC-link capacitance and
other dynamics are neglected and have been replaced by a DC source. The resonance caused
by the DC-link capacitance in a VSC-HVDC system has been investigated by the impedance
method at the DC side interfacing point [58]. Moreover, Xu et. al. in [58] reported that the in-
stability resulting from the grid strength cannot be determined by the impedance-based method
applied in the DC interfacing point. Moreover, the instability caused by an imperfect tuning
of the outer-loop power-controller cannot be determined by the DC impedance-based method
[59]; however, the impedance-based method used at the AC interfacing point can accurately
determine the stability. The impedance-based stability analysis method provides a good way
to assess the stability and interaction phenomena of VSC-based HVDC transmission systems.
The impedance-based method can be used to tune the individual converters of the VSC-HVDC
system that guarantees the system stability and minimize the interaction phenomena.

Researchers have so far focused on determining the stability of the power electronics-based
power system either by the eigenvalue-based method [36], [37], [40]-[43] or the impedance-
based method [45]-[48], [50]-[52]. A weakness of the impedance method is the limited observ-
ability of certain states given its dependence on the definition of local source-load subsystems
which makes it necessary to investigate the stability at different subsystems interfaces. A com-
parison and relation between these two methods have not yet been established. What is the
relation between these two methods and what are the advantages and disadvantages when these
two methods are used to assess the stability of the HVDC system needs to be better understood.



1.2. Problem Statement and Research Questions 9

1.2.2 Impact of Power Flow Direction on the Stability- Control Challenges

A common practice when designing the control of an HVDC is that the DC voltage controlled-
converter operates as an inverter and the power controlled-converter operates as a rectifier [58],
[60]. Thus, the active power flows in one direction from the power control to the DC voltage
controlled-converter. If it is necessary to change the power flow direction, the control mode
between the converters needs to be changed. However, the HVDC systems are appearing more
and more and it is becoming a requirement that the VSCs operate both as an inverter and a
rectifier without changing the controls to provide the flexibility of having power flows both
directions, as an AC transmission system in which two AC networks support each other. It has
been observed that the HVDC system operates stably when the power flow direction is from
the power controlled-converter to the DC voltage controlled-converter and it becomes unstable
when the power flow direction has been altered. Existing impedance-based stability methods
cannot determine the stability when the power flow direction has been altered. Moreover, in
the literature most researchers have so far focused on the AC impedance modeling either in the
positive-negative sequence [48], [49] or in the dg-frame [51], [61], and considered to have an
ideal voltage source or a current source on the DC side in which the DC lines/cables impedance
are neglected. However, in a VSC-based HVDC system, the DC side network dynamics have a
significant impact on the system stability. Therefore, the impact of the DC line impedance must
be considered in the stability analysis. A DC impedance-based resonance analysis for the VSC-
HVDC system is investigated for different value of the DC link capacitance in [58]; however, it
doesn’t include the detailed stability analysis. Another DC impedance-based stability method
has been presented in [62]; however, these papers have not discussed the impact of the power
flow direction on the stability.

In order to apply the impedance-based stability method, it is necessary to determine the source
and the load impedances. A method for determining the current source and the voltage source
for the DC system has been presented in [63] in which the subsystem connected in series with
an inductor is assumed to be the current source while the subsystem connected in parallel with
a capacitor is assumed to be the voltage source. Moreover, in the literature the subsystem
which regulates the voltage is assumed to be the voltage source and other converter is assumed
to be the current source regardless of the direction of the current (power flow). Hence, the
system can be represented by an equivalent small-signal impedance model consisting of both
the voltage source and the current source, and the stability can be determined from the minor
loop gain which is the ratio of the voltage source to the current source impedance [46]. However,
the stability of a system consisting of a current source and a voltage source system cannot be
determined for both directions of the active power flow. A method based on the Generalized
Inverse Nyquist Criteria (GINC) has been presented in [64] which could be useful to analyze
such instability problem but it does not give any indication when to use the Generalized Nyquist
Criteria (GNC) or GINC for a case when the power flow direction has been altered.

It is, therefore, important to design the control system which makes the system operate stably
in both directions of power flows. In order to design the appropriate control, the instability
problem needs to be defined analytically. In an attempt to do that, an impedance based method
is proposed and the HVDC converter stations are represented by its Norton equivalent current
source with parallel connected impedance, and the source and the load impedance are determ-
ined based on the power flow direction. The identification of the source and the load impedance
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Figure 1.6: Experimental setup of VSC- and MMC-HVDC system.

is based on the power flow direction which is a new method presented in this work. The stability
analysis has been performed for two different directions of power flow where the method can
determine the stability for both directions of power flow and the theoretical analysis has been
verified by time domain simulation and by experiments. Fig. 1.6 shows the setup used for the
experimental validation of the theoretical analysis.

1.2.3 Interaction Phenomena between Offshore Grid and Wind Farms

The stability of the offshore wind power network connected through HVDC transmission line
is a critical problem since the offshore AC collection (ACC) bus is not connected to a strong
AC grid. Moreover, no rotating machine is connected directly to the AC collection bus since
the wind turbine generators are connected to the AC collection point through AC-DC-AC con-
verters due to their variable speed operation. Field experience has shown that sub-synchronous
oscillation (SSO) and harmonic resonance can occur between the wind farms and HVDC sys-
tems [32], [49], [65]. The oscillations can appear in the presence of background harmonics
from the controller interaction of the wind energy conversion system (WECS) inverter control-
ler and HVDC rectifier controller [49], [55]. These SSO and harmonic resonance phenomena
are reported by many researchers [66]-[71] but the mechanism at the source of it, it is yet
poorly understood. Therefore, pre-assessing the stability of the offshore wind farms connected
via HVDC systems is mandatory before connecting to an existing grid. Existing approaches
for the stability analysis are based on the small-signal stability analysis such as modeling the
interconnected system in state-space form and finding the eigenvalues [36], [41], [43] and the
impedance-based analysis [49], [65].

The eigenvalue-based analysis has broadly been used to determine the stability of wind tur-
bine system [72], two-terminal and multi-terminal VSC- and MMC-based HVDC transmission
system [41], [42], [73], and harmonic stability assessment [74]. The state-space modeling and
eigenvalue-based approach is a global stability analysis method that determines the stability of
the system regardless of the location of the source of the instability. For state-space model-
ing, detailed information of the system is required. However, in the case of an interconnected
system of wind farms and HVDC, the detailed modeling of the wind turbine generator might
not be available due to industry secrecy and confidentiality and the interconnected system can
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not be modeled in a state-space form due to the lack of detailed information about the model.
On the other hand, the impedance-based stability criterion does not require the detailed internal
modeling of the interconnected system to assess the stability.

The impedance-based analysis has been proven to be a useful method to assess the stability of
the interconnected system of wind farms and HVDC transmission system [49], [55], [65]. The
impedance measurement is the basis of the impedance-based approach for the Nyquist criterion
to estimate the stability [46]. In order to apply this approach, deriving the analytical impedance
model of inverters is the prerequisite [47]-[50], [53], [58]-[62], [75]. The analytical impedance
model is a continuous transfer function and the Nyquist criterion is checked on the transfer
function of the source-load impedance ratio. To derive the analytical model of the impedance, a
detailed modeling of the power electronics converters is required. However, the detailed mod-
eling of the WECS is generally not available due to industry secrecy and confidentiality. The
WECS is then assumed as a ’black/grey- box’ system since no information about the internal
control dynamics is available from the vendors. Due to this lack of availability, an analytical
impedance model for the WECS can not be obtained with good accuracy. One can argue that
it would be enough to measure the impedance of the inverter and then apply the Generalized
Nyquist criterion on the measured source-load impedance and this can be true for a grid-tied
inverter; however, in the case of offshore wind farms application, the system has multiple wind
power inverters which are powered by the HVDC system rather than a strong AC grid and the
aggregated impedance frequency responses of the wind farms can only be obtained from meas-
urement if the interconnected system of wind farms and HVDC operates stably. In real world
application, there is no guarantee that the system will operate stably unless adequate stability
measures have been taken before installation.

Therefore, to ensure stable operation, it is necessary to assess the stability of the interconnected
system analytically before connecting to the AC grid. In order to evaluate the stability ana-
lytically before connecting to the main AC grid, it is necessary to have a continuous transfer
function for the analytical formulation of the impedance model from the black-box approach
of the WECS. Moreover, it is necessary to extract the controller dynamics of the inverters to
identify participation contribution in the observed oscillation and avoid the interaction phe-
nomenon between the controllers of the HVDC rectifier and wind power inverters by reshaping
the impedance. To the author knowledge, extraction of the controllers’ dynamics of an in-
verter from a non-parametric impedance model has not been reported, when information on the
controller parameters is not available. A technique for finding an aggregated non-parametric
continuous impedance model based on the measurement to extract the internal controllers’ dy-
namics of the wind power inverter from available information is needed for the wind industry
when the WECS is assumed to be a black/grey- box. Since the transfer function of the WECS
impedance cannot be derived analytically due to lack of detailed modeling information, this
work proposes a method to obtain the aggregated non-parametric impedance transfer function
from the measured impedance data of a single WECS by using system identification [76], [77]
and the measurement data is used to extract the internal control dynamics of the WECS inverter
when the WECS is assumed to be a ’black/grey- box’. These internal dynamics are used to
explain interaction phenomena.

The eigenvalue analysis with the aid of the participation factor analysis has been so far the
method used to identify which parts of the systems are having a major impact on the oscillat-
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ory behaviour and interaction phenomena. Until now, there has been no method suggested to
extract information related to internal dynamics from the impedance measurement. This work
developed such method based on the non-parametric impedance measurements to enable iden-
tification of which parts of the controllers are participating in observed oscillatory behaviour
and interaction phenomena.

The understanding of the oscillatory phenomena at its source remain of crucial importance
since they not only decrease the power quality and cause a poor system performance but can
greatly impact the stability of the overall interconnected system. Even if the active damping
scheme proposed in [49], [55] has been effective in suppressing the oscillatory phenomena, the
various configurations and controllers in real life systems are not always known in the details
due to confidentiality and industry secrecy. Therefore, research efforts are needed to better
understand the implications of the different components and controllers in the manifestation of
these oscillatory phenomena. It is often argued in the literature that controller interactions are
the likely sources of these oscillations, but rigorous proofs of this claim and practical solutions
that are feasible have not yet been reported. A very likely cause for this might simply be the
lack of well-established tools for analyzing and proving interactions in multi-converter multi-
controller power electronics systems. Among the tools available today and widely used in
power systems research to analyze the interactions between components and controllers of the
system, the participation factor and sensitivity analysis tool is a good candidate. However,
this tool will require a very detailed knowledge of every single parameter of the system under
investigation. This Thesis is focusing on this gap by providing new answers and explanations
for these interaction phenomena and a practical tool to assess the stability of these systems,
based on measurements.

1.3 Scope of the Thesis

The thesis focuses on the analytical investigation of the small-signal stability and interaction
phenomena between components of an offshore DC grid and verification of such investiga-
tion by benchmarking with numerical simulations and laboratory tests. The simulations are
employed to assess the influence of active and passive parameter uncertainties. The research
results identify the critical configurations leading to unexpected interactions based on the the-
oretical analysis and the simulation results and specify general guidelines for avoiding failures.
The main objectives of the work are motivated by the following research gaps.

e Determining the underlying mechanisms leading to instability in a system with dominant
presence of tightly regulated power electronics components;

o Identifying the causal relationship between power electronics component control algorithm
and the grid stability with the purpose of establishing design guidelines that can guarantee
the system stability.

In an attempt to partially answer these research questions, small-signal stability analyses are
carried out for the VSC-based HVDC transmission system and wind farms integration through
HVDC system based on the state-space modeling and eigenvalue analysis, and the impedance-
based stability analysis. The stability properties of converter controllers widely used today
have been identified and compared using the equivalent impedance analysis and the eigenvalue
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analysis. From these, new explanations to interaction phenomena within these systems and new
guidelines for controllers design, that can guarantee and restore the small-signal stability, were
established.

1.4 Main Contribution of the Thesis

This work has contributed in the area of frequency domain small-signal stability and interaction
analysis of the VSC- and MMC-based HVDC transmission system in wind farm integration.
The stability and interaction analysis has been performed based on the two methods i.e., (i) the
state-space modeling and the eigenvalue analysis, and (ii) the impedance-based analysis. The
contributions of the Thesis comprise the following:

o In chapter 2, this work presents the impact of the simplifications implied by the RMS/phasor
modeling approach on the small-signal stability properties of a VSC-based HVDC system
to shed some light on the effects of commonly used simplifications for large-scale power
system studies [78].

e In chapter 3 and 4, the impedance-based stability and interaction analysis of the VSC-
based HVDC system are investigated. The impedance models for the HVDC VSCs and
MMC with different control objectives such as the current control, power control, DC
voltage control, the AC voltage control, and synchronverter-based control are analytic-
ally derived. Once the source and load impedances are identified, the impedance-based
stability analysis is applied to determine the stability of the VSC-HVDC system and the
impedance is reshaped by re-tuning the controllers of VSCs to guarantee the system op-
erates stably. The system will remain stable as long as the minor-loop gain of negative
feedback control system, that is the impedance ratio of the source (grid) - HVDC VSCs
(load) subsystem, satisfies the Nyquist stability criterion. Moreover, the critical locations
in the systems where the application of the impedance-based method can reveal the im-
pact of passive components and the controller gains of the VSC-based HVDC system on
the stability have been identified [79]. The impact of power flow direction on the stability
of the VSC-HVDC system has been presented and a new method based on the imped-
ance Nyquist plot is proposed to investigate the instability problem caused by a change of
power flow direction [59].

e In chapter 5, the potential causes of electrical oscillations observed between the wind
farms and the HVDC system are identified by investigating the impact of the controllers
and the components in the wind farm (WF) inverter and in the VSC-HVDC transmission
system. A discussion of the role of the ratio between the bandwidths of the controllers
of the interconnected areas is introduced, and their essential role as the root cause of the
instability is proposed and taken into account in re-shaping the impedances to maintain
the stability [55].

e In chapter 5, a novel technique is presented to reveal and extract the internal control
dynamics (critical controllers bandwidth) of the WECS inverter when the WECS system
is assumed to be a ’grey box’. A non-parametric impedance model is developed with
this aim, using a system identification technique and based on impedance measurements
[80]. The method has potential immediate applicability in the wind industry based on
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the simplicity it offers to black/grey-box types of systems to guarantee the stability of the
interconnection.

In chapter 6, a WECS inverter controller that emulates a synchronous machine, based on
the synchronverter concept, is characterized by its equivalent impedance. The impedance
model of the synchronverter has been derived to understand the stability properties of the
synchronverter control scheme. The results revealed a R-L (resistive-inductive) nature
of the equivalent impedance of this converter control scheme, which explains the abil-
ity of this controller in keeping better performance compared to PLL based dg-domain
control. The synchronverter control exhibits better stability properties compared to PLL
based dq-domain control in point of stability and control in integrating offshore wind farm
through MMC-based HVDC system, due to its simple R-L (resistive-inductive) charac-
teristic [81].
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Outline of the Thesis

The rest of the thesis is organized in the following.

Chapter 2 presents the state-space small-signal modeling of the VSC- and MMC-HVDC system.
The eigenvalue-based small-signal stability and interaction analysis have been carried out for a
tow terminal VSC-based HVDC system which followed for MT-HVDC systems. Critical modes
of the system under worst case operating conditions are investigated by participation factor
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analysis to show the influence of different states and identify the physical effects associated
with the various eigenvalues. The same test-case is investigated by using DigSilent Power
Factory (PF), as an example of a commercial power system simulation tool, to assess small-
signal stability and dynamic behaviour of the system. Thus, the effects of commonly used
simplifications for large-scale power system studies on the stability assessment of a VSC-based
HVDC transmission scheme are identified, and their influence on the location of critical poles
in the system is analyzed. Moreover, this chapter illustrates the particular challenges that can
occur during a step-wise construction of a large-scale MT-HVDC transmission system.

Chapter 3 presents the impedance based stability analysis of VSC-HVDC systems. Analytical
impedance models for the VSC-HVDC converters have been derived for different control modes
and the impedance frequency response is verified by the perturbation method. Once the source
and load impedance are identified, an impedance based stability method is adopted in order to
determine the stability of the VSC-based HVDC system. The system stability can be predicted
from characteristics loci of minor-loop gain and the phase margin shows the strength of the
system. Moreover, this chapter discusses the impact of the power flow direction on the stability
of VSC-based HVDC system. In order to analyze such instability problem and to design the
local control, a new impedance-based method is proposed.

Chapter 4 presents the comparison between the impedance-based and the eigenvalue-based sta-
bility analysis methods for power electronics-based power systems more specifically for HVDC
system. A relation between the characteristics equation of the eigenvalues, and poles and zeros
of the minor-loop gain from the impedance-based analysis has been derived. Moreover, the ad-
vantages and the disadvantages of these two small-signal stability methods have been described.

Chapter 5 explores the possible causes of these oscillations by investigating the impact of con-
trollers and components in the wind farm and in the VSC-based HVDC transmission system.
The role of the ratio between the bandwidths of the interconnected areas, as having an essential
role in the root cause of the instability is discussed. Moreover, this chapter presents a simple
method that enables to identify the specific part of the equivalent impedance (e.g. controller’s
bandwidth) that has a major impact on the stability of the system.

Chapter 6 presents a controller for WECS inverter based on the synchronverter concept. The
design of the synchronverter is embedded in the VSC to mimic the way synchronous generator
synchronize. The detailed analysis and the results presented show the benefits of this controller
and its potential for stability. The results highlight the synchronverter’s ability in keeping better
performance in point of stability and control in integrating offshore wind farm through MMC-
based HVDC system.

Chapter 7 presents the concluding remarks of the thesis and discusses some recommendations
for the future investigation.
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Chapter 2

State-space Modeling and
Eigenvalue-based Stability Analysis

This Chapter presents the state-space small-signal modeling of the VSC- and MMC-base
HVDC system. The eigenvalue-based small-signal stability and interaction analysis have been
carried out for a two terminal VSC-based HVDC system analytically which followed for large-
scale MT-HVDC systems numerically to highlight the challenges that an analytical approach
poses on large-scale multi vendor systems. Critical modes of the system under worst case oper-
ating conditions are investigated by participation factor analysis to show the influence of differ-
ent states and identify the physical effects associated with the various eigenvalues. Moreover,
this chapter illustrates the particular challenges that can occur during a step-wise construction
of a large-scale MT-HVDC transmission system.

This chapter is based on the following articles.

[1] M. Amin, J. A. Suul, S. D’Arco, E. Tedeschi and M. Molinas, "Impact of state-space
modelling fidelity on the small-signal dynamics of VSC-HVDC systems," 11th IET Inter-
national Conference on AC and DC Power Transmission (IET ACDC 2015), Birmingham,
2015, pp. 1-11.

[2] M. Amin, M. Zadeh, J. A. Suul, E. Tedeschi, M. Molinas and O. B. Fosso, "Stability
analysis of interconnected AC power systems with multi-terminal DC grids based on the
Cigre DC grid test system," 3rd Renewable Power Generation Conference (IET RPG
2014), Naples, 2014, pp. 1-6.

[3] M. K. Zadeh, M. Amin, J. A. Suul, M. Molinas and O. B. Fosso, "Small-signal stability
study of the Cigre DC grid test system with analysis of participation factors and parameter
sensitivity of oscillatory modes," 2014 Power Systems Computation Conference (PSCC
2014), Wroclaw, 2014, pp. 1-8.
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2.1 Introduction

This chapter investigates the effect of state-space modeling fidelity on the small-signal stability
characteristics of HVDC systems based on VSCs. For this purpose, a small-signal state-space
model of VSC and MMC HVDC system, including the dynamics of the AC networks and the
converter control loops is developed analytically and verified by comparison to time responses
of a detailed model including the nonlinear effects. The small-signal state-space model has been
developed for a VSC-HVDC system. Critical modes of the system under worst-case operating
conditions are investigated by participation factor analysis to show the influence of different
states and identify the physical effects associated with the various eigenvalues. The same test-
case is investigated by using DigSilent Power Factory (PF), as an example of a commercial
power system simulation tool, to assess the small-signal stability and dynamic behaviour of
the system. Thus, the effects of commonly used simplifications for large-scale power system
studies on the stability assessment of a VSC-based HVDC transmission scheme are identified,
and their influence on the location of critical poles in the system is analyzed. The results are
used as a basis towards general guidelines on how to assess the results from traditional power
system stability studies of networks containing VSC-HVDC transmission schemes and to shed
light on the impact of the simplifications on the stability estimate. This approach will aim at
revealing if any poles of importance to the stability properties of the system will be ignored by
the phasor domain modeling and the effect of the simplified modeling of the electrical systems
on the location of the critical poles. This study contributes to a better understanding of which
simplifications are justifiable for large scale power system studies and how these simplifications
are influencing the stability properties of the linearized system models.

In order to identify interaction phenomena and critical modes that can occur with different
typical system configurations, the analysis is presented in several steps. Firstly, a case with
point-to-point HVDC connection is analyzed, followed by the analysis of a four-terminal DC
system, before the stability of the large-scale MT-HVDC system is studied. The presented
results illustrate particular challenges that can occur during a step-wise construction of a large-
scale MT-HVDC transmission system. This chapter also presents the parameter sensitivities of
critical modes and it’s most likely sources in power systems containing large-scale MT-HVDC
transmission schemes.

2.2 State-space Modeling of VSC

This section presents a small-signal state-space modeling of the VSC system analytically.

2.21 Mathematical Modeling of VSC

The electrical circuit of an inverter for analytical modeling is shown in Fig. 2.1 where L. and
R, are the total series inductance and resistance between the inverter and point of common
coupling (PCC); Cy is the DC link capacitor; C is the filter capacitance connected at PCC and
R, and L, are the grid resistance and inductance including the series resistance and inductance
of the transformer. The modeling, analysis and control of the system will be presented in a
synchronous reference frame (SRF). The transformation of the three phase quantity from the
stationary reference frame to SRF is based on the amplitude-invariant Park transformation, with
the d-axis aligned with the voltage vector vy and g-axis leading the d-axis by 90°. The dynamic
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Figure 2.1: Overview of a VSC HVDC inverter station

equations of the inverter system in per unit (pu) can be given by

dipg Wy wh wp R, . .
_ _ _ e 2.1a
QL Vevd T, Ved = T na + Wpwyirg (2.1a)
dig  wp W ) wp R, .
— = — — —Vpg — - 2.1b
dt Lc Vevq Lc Voq WpWylLd Lc ULq ( )
dvge wp Wy .

—7.cin6_7c 2.1
i Cdcld 1 C,dcld (2.1¢)

where wy, is base angular grid frequency; wy is grid frequency in pu; voltages and currents of
these equations are indicated in Fig. 2.1 [82], [83]. An ideal lossless average model is assumed
for the converter. Therefore power balance constraint between DC and AC side can be given by

idcvdc = iLdUcvd + Z‘qucvq- (22)

2.2.2 Current Controller

The inner loop current controller is assumed to be a widely used SRF proportional and integral
(PD) controller of the VSC with decoupling term and is shown in Fig. 2.2. The output voltage
reference obtained from the current controllers, including the feed-forward terms can be given
by

Vevd,ref = kpc(id,ref - Z‘Ld) + kic’YLd + Vod — wplchiLq — Vod,AD (233)

Vevg,ref = kpc(iq,'ref - Z‘Lq) + kic’qu + Voq + wplchiLd — Voq,AD (23b)

v

cvd ,ref

Figure 2.2: Current Controller in SRF
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where i4,.¢ and iq,.s are the reference active and reactive current components obtained from
the outer loop controller; &, and k. are the proportional and integral gain of the current con-
troller; yz4 and 7z, are auxiliary variable introduced to represent the integral part of the current
controller and can be written by (2.4) in state-space form; v,q,4p and v, 4p are output voltage
references from the AC active damping and w,,; is the frequency of the PLL in pu.

d
Zﬁd = lgref — iLd (2.4a)
dv . .
dtq = lgref — lLg (2.4b)
iAD,dc

ld ,ref ,PI

Qref' + k iq ref
,-
d,ref
Oy

Figure 2.3: Outer-loop active and reactive power controller

2.2.3 Active and Reactive Power Controller

The active and reactive power at PCC that will be controlled, is calculated by (2.5). A low-pass
filter is introduced to eliminate measurement noise. The measurement filter (MF) in state-space
form is represented by (2.6) where Py and () are the filtered active and reactive power and wpg
is the cut-off frequency of the MF.

Pricas = Vodlod + 'quioq (2.5a)
Qmeas = quiod - Uodioq (2.5b)
dP
th = _WPQPf + WPQPmeas (263)
dO +
% = _WPQQf + WPQQmeas (26b)

Outer loop PI controller is used to obtain the d-axis and g-axis current references. The reference
current ig,.¢,pr and ig ..y can be defined by
idgef,p1 = kpp(Pres — Pr) + kipyp (2.72)
iqﬁ“ef = [kpp(Qref - Qf) + kiPVQ](_l) (2.7b)
where, P,.; and @),y are the reference active and reactive power to the controller; &, and k;, are

the proportional and integral gain of the controller; vp and ¢ are auxiliary variable introduced
to represent the integral part of the controller and can be written by (2.8) in state-space form.

dvp

=P.—P 2.
dt ref f ( 821)
dvq
— = Qer — 2.8b
7 Qrey — Qy (2.8b)

The controllers implemented in nonlinear model are shown in Fig. 2.3 where an active DC
damping term, i4p 4. is introduced to suppress the DC link voltage oscillation [84].
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Figure 2.4: Outer-loop PI DC voltage controller

2.2.4 DC voltage controller

An outer-loop PI controller is assumed to regulate the DC-link voltage of the HVDC system.
Fig. 2.4 depicts the DC voltage controller. The reference current, igc,cf,p; Obtained from the
DC voltage controller can be given by

id,ref,PI = [kpvdc(vdc,ref - Udc) + kivdc’}/dc] (_1) (29)

where, V4. ,.r is the reference DC voltage to the controller; k4. and ;4. are the proportional
and integral gains of the controller; -, is a variable introduced to represent the integral part of
the controller and can be written in state-space form by

d’ch
dt

= (Udc,ref - Udc)~ (2.10)

2.2.5 Active AC Damping

The active AC damping is designed to suppress the LC oscillations in the filter [85]. There are
several concepts developed for damping such oscillations; in this case, the active damping is
based on injecting a voltage component of counter-phase with detected oscillation in order to
produce a cancellation effect. The oscillation is first isolated by high pass filtering and is then
multiplied by a gain k4p. The high pass filter function is implemented by subtracting measure
voltage signals from a low pass filtered version of the same voltages. The implemented active
damping scheme is depicted in Fig. 2.5 (a). The damping voltage reference is given by

Vo,dq,AD = kAD(*QOdq + Uo,dq) (2.1

where g, is the low pass filtered voltage signal of measure voltages signal. The corresponding
internal states ¢q and ¢, of low pass filter can be given by (2.12), where w4p is the cut-off
frequency of the applied low-pass filter.

d
% = —WApYd + WADVod (2.12a)
d
L = —wapy + WaDUng (2.12b)

2.2.6 Active DC Damping

The active DC damping proposed in [84] is assumed for attenuating the oscillation in the DC
side of the converter. Fig. 2.5 (b) depicts the implemented active DC damping which is identical
from a functional point of view to the active AC damping that was described in the previous
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Figure 2.5: Active damping: (a) active AC damping (b) active DC damping.
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Figure 2.6: Phase Locked Loop

subsection. The same approach of isolating the oscillating component of the voltage is applied
by high-pass filtering function. Then, the detected oscillatory component is multiplied by a gain
to produce a current reference. The current reference resulting from the active DC damping,
14D,dc 1s added to the d-axis current reference for the AC side current controllers as given by

tdref = tdref,pl T 14D dc = taref,P1 + Kapde(—pPde + Vac) (2.13)

where, kap 4. is the active DC damping gain and pg. is the state of the low pass filter used for
implementing the active damping, as defined by (2.14).

dpac
% = —WAD,dcPde T WAD,dcVde (2.14)

2.2.7 Phase Locked Loop

The phase locked loop (PLL) is used to track the actual grid frequency [86]. An inverse tangent
function is used on first order low-pass filtered output of g- and d-axis voltage to estimate the
actual phase angle error as shown in Fig. 2.6. This phase angle error is the input to the PI
controller for tracking the frequency of the measured voltage. The states of the low-pass filter
of the PLL are given by (2.15) where wyp prr. is the cut-off frequency of the low-pass filter.

dvpa

(2 = —WLPpIVpiid + WLPplVod (2.15a)
d’U 1l
% = —WLPplVpllqg + WLPplVoq (2.15b)

The frequency deviation, dw,,; of the PLL with respect to the grid frequency can be defined by
(2.16) where k,p; and k;,;; are the proportional and integral gain of the PI controller; €, is the
variable introduced to represent the integrator state and can be defined by (2.17).

v
6wpll = kppll arctan <pllq) -+ kipllgpll (2.16)
Uplld
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depu = arctan <Upuq> 2.17)
dt Uplid

The corresponding phase angle difference, d6,; between the grid voltage and orientation of
the PLL is represented by (2.18) and the grid voltage represented by its amplitude v, can be
transformed into PLL reference frame as given by (2.19). Frequency of the PLL can be given
by (2.20).

dsé v
dtpzl — Gty = Wik arctan <UPZZ) + wikipu€pil (2.18)

p
vy = Dge %0 (2.19)
Wyl = 5wp” + Wy (2.20)

2.2.8 State-space Matrix Realization

After manipulation of the equations (2.1) and changes of variable, the final nonlinear differential
equations of VSC for P-Q control mode can be given by

—di od “ ; v . w
d;d = _ fikADUod - fi(kpc + Re)ira — wp(kppu arctan (%ZZ) + Kipu€pit)ing + fi&c'YLd
W, W, w w w
7 kap@a = T kpekipp Py + T kpckap ac(Vae = pac) + 7 knckip1p + 7 Kpeki Preg
(2.21a)
diL Wy Upll ) W . W
dtq = _ L—ckﬁADvoq + Wb(kpp” arctan (1];; + k,»pllsp”)zLd — L—c(k;pC + Rc)qu + I:kicfm
Wh Wp wh wp
+ T kapeg + L—kpckpr 7+ T kackipyg = L—kpckp,,cgmf (2.21b)
dUdc,j Wy . (Ub(l — :ZCAD) . . wbkpc 5 5 wbkpck‘ADﬁdc .
o :Cdc Lde,line — m(lmﬂbd + iLgVoq) + Covas (i3, + ZLq) — Cidcllld
wekic . . wpkap . : wkpekpp | . :
— _ WhRaD Wokipckpp .
Coclae (izaVrd +iLgVLq) Coetae (iLa®d + irgpq) + Cotae (iraPr —in,Qy)
WykpckAD,de . wkpekip , . , wikpekipp .
T e T A T PTG - re
Covg LaPde = G (iavp +iLgVQ) Crova, (iraPref — i0qQref)
(2.22)
The states of the integrator of the current-controller are represented by
Drd _po bk Pk 2 ! : 523
dt PP ref — RppLf + KipYPp — KAD,dcPdec + KAD,dcVde — ULd (2.23a)
dyr )
dtq = —kppQres + kppQy + kipYQ — iLg- (2.23b)

The filter capacitor voltage and grid inductor current in state-space form can be presented in
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SRF by
dVoq Wy . Wh .
L = C—szd — C—fzod + WpWgloq (2.24a)
dveg  wy .

Whp .
pT C—szq — F;Zoq — WhWgUod (2.24b)

d’iod Wy Wy wbR . .

ke L—gvod - L—gvg cos(08,) — nglod T WpWglog (2.252)
di, Wy Wy . . . wplRy .

dtq =7 Voq + Lfvgsm(éﬁpu) — WiWglod — —— Liog. (2.25b)

g9 9

The system is presented in state-space form by (2.26) through a nonlinear model, where x(t) is
the state vector and u(t) is the input vector.

T _ fate) uie) (2.260)
y(t) = gle(t). u(t)) (2.26b)

The non-linearity of the model prevents direct application of classical linear analysis techniques.
Therefore, a small-signal representation is derived for a steady-state operating point as given by

ddATx ~ A Az + B.Au (2.27a)
Ay~ C. Az + D.Au (2.27b)

where,
A= Amfa B = Auf? C= AT% D= Aug (228)

where, for example, A, f denotes the Jacobian matrix of f with respect to x.

The states and input vectors, for example, of P-Q control converter including one states for DC-
line inductor are given by (2.29). The A- and B- matrices of the resulting linearized state-space
small-signal model are given in Appendix A.

T = [Vod Vog TLd iLg VLd VLq lod log Pd Pq PP PO Upiid Vpliq Epit 00pit Vdej de line Pdc VP vl
(2.29a)
u= [Ref Qref Udc,i {)g wg]T (2.29b)

The analytical state-space small-signal model has been validated by simulation with a detailed
model of the VSC system. The results from simulations with the nonlinear simulation model are
therefore compared with results obtained from the linearized state-space small-signal model.
Fig. 2.7 (a) shows d- and g-axis voltages at PCC and Fig. 2.7 (b) shows the d- and g-axis
currents of the converter for a step change of power reference. As can be seen, both the nonlinear
and the state-space small-signal model capture the dynamics of the converter which validates
the correctness of the derived model.
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Figure 2.7: Time domain responses comparison between the state-spcae linearized model and the non-
linear model: (a) voltages at PCC and (b) VSC currents.

Similarly, an analytical state-space model has been developed for the DC voltage control VSC.
The states and the input vector for the DC voltage control converter can be given by

& = [Vod Voq id iLq Vid Vg fod log Pd Pq Pde PQ Vpitd Vpitq Epit O0pit Vde Pac Yae Vo) (2.30a)
u = [‘/dc,ref Qref idc,i 'Dg wg]T- (230b)

The validated small-signal model is then used to further analyze the characteristics of the in-
vestigated system.

2.3 State-space Modeling of MMC

A basic structure of MMC topology for MMC-based HVDC system is depicted in Fig. 2.8.
Each phase leg of MMC consists of one upper and one lower arm i.e., an upper arm represented
by subscript u and a lower arm represented by [, connected in series with DC-terminal. Each
arm has N number of identical sub-modules (SMs) and series connected arm inductor L, and
also its equivalent resistor R, to represent the losses within the arm. The arm inductors suppress
the high-frequency components from the arm currents, i* and i where k stands for three phase
system and k € abc. The SMs provide two different voltage level at its terminal depending on
the stage of the complementary switches.

The circulating currents which flow through the upper and lower arms can be described by

ko ok
=t 2.31)
i 2
and the AC phase current can be expressed as
i =t (2.32)

The single phase equivalent circuit of the MMC including a transformer/filter impedance is
depicted in Fig. 2.9. From the single phase equivalent circuit, by applying Kirchhoff’s voltage
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Figure 2.9: Single-phase equivalent circuit of MMC.

law it can be obtained

dit dit .

vk La% + Rait 4o, + Lfﬁ + Ryt = % (2.33a)
dik . dl{: . Vde

vk — Lad—tl — Ryif — % + Ly -+ Ryi* = - (2.33b)

From continuous model of the MMC, the sum capacitor voltage in an arm can be defined by

vk = Nnkok, = nky2k (2.34a)
of = Nnfok = nfo2* (2.34b)

where n¥ and nf are insertion indexes of the upper and lower arm, respectively and vg and
v2: are the sum of the SM capacitor voltages of the upper and lower arms, respectively. The



2.3. State-space Modeling of MMC 29

dynamics of the sum capacitive voltage can be expressed as

dvi" N 1, i
= ki = (zk+l2> (2.350)
sm eq
dvgk N ok Vo s
T Csmnl 1 = C—eqnl (zc — 2) (2.35b)

where C,y = C/N.
It is assumed that direct modulation is used. Hence, the insertion indexes can be given by

Vae _ ,Uref _ Uref

y=-—=3° ¢ 2.36
n — ( a)
Ve ref _ ,ref
+v )
=2 5 ¢ 2.36b
n . (2.36b)

where v"¢/ is the reference voltage generated by the inner-loop current-controller and v"¢/ is
reference voltage generated by circulating current suppression controller (CCSC).

After manipulation of (2.33), the circulation currents can be represented as

di* R, . 1 vy, 1 [ n? vczu +nfv Zk 2.37)
— =t — | ——]. .
dt Lo ¢ Ly 2 L, 2
The state-space model of the MMC states can be expressed as
. Ra nk np . 1
4z - Ze 00 vczu o I U N (2.38)
dt Zk i Sk ok s
C:q 0 O cl 0 _gceq

After manipulation of (2.33), the phase currents can be represented in state-space form as

dit R 1, 1,
P T TLA L (239)

where
L
L'==+1L
p T
R,
R/:7+Rf
oF — —nﬁvczu +nl gk
s 2

The v* is the modulation voltage reference, that drives the phase current of the MMC. It can be
given directly for the case of open-loop control or it can be obtained from the current-controller
and can be expressed as

vf = phrel, (2.40)
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It is assumed that the MMC has internal current-controller and the CCSC in rotating dq-frame.
Therefore, the state-space model is derived in dg-frame. The states, variables and input signals
in (2.38) are in sequence domain, they can be converted in dq-domain as in the following.

1 n n n n
”ﬁ:<2)0_2d_2q_22d_22q (2.41a)
nf—(i)irgﬂn;—";d—”;q (2.41b)
i =0 + ic2a + fezg (2.41c)
i =g iy (2.41d)
vEh = ko + vk, + 0k, + vEe + vk 2.41e)
vi " = v+ v+ v, + v + v (2.416)

where the assumptions are

e The insertion indexes have the inputs at fundamental frequency from the current-controller
and at twice the fundamental from the CCSC.

e The circulating current is a DC component plus the second harmonic component.
e The phase currents have only fundamental components.

e The sum capacitor voltages consist of DC components, fundamental and second harmonic
components.

Inserting (2.41), the nonlinear equations of sum capacitor voltage can be expressed as

dvgo 1

at 8Ceq
dvz{;d 1 . . . . . .
7 = lecuq - 8? ((4ndlc() + 2nd7/02d + anzc2q) - (Qchd — Nadlevd — T],quwq)) (242b)
eq
dvgiq
= —W1Vcud —
dt 1heud 8cCeq

((47;00 - 2n2d7;c2d - 2n2qic2q) - (ndicvd + nqicvq)) (242&)

((4nqi60 - aniCQd + 27?’(17;62[]) - (Qicvq + n2d7;cvq - anicvd))
(2.42¢)
dvczud2
dt
dv>

cuq2

1 . . . .
= 2W1Veygz + 3o ((—4nagico + 4ic2q) — (Ndicvd — Nylcug)) (2.42d)
eq

= - 2wlvcud2 +

i Scey ((—4nagico + 4icaq) — (Nylevd + Ndlevq)) (2.42e)
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d”czlo _
dt 8Ceq

dvgd
dt

dv>

clq

dt
d”czl:dz

dt
dvZ

clq2

((4dco — 2nadicad — 2Nagicaq) — (Malevd + Nglevg)) (2.43a)

= W1Velq + ((4ndi00 + aniCQd + 2nqi02q) - (Qicvd - n?dicvd - n?qicvq)) (243b)

1
8Ceq

= —W1Veq + ((4nqi00 - anidd + 2ndiCQq) - (2icvq + nQdicvq - anicvd» (2430)

Ceq

1 . . . .
= 2w Vg2 + 3 ((—4nogico + 4icaa) — (Naleva — Ngleng)) (2.43d)
eq

= —2wW Va2 +

dt 8Ceq ((74712(]2'(:0 + 4i62q) - (nqicvd + ndim)q)) . (2436)

From (2.42) and (2.43), it is concluded that
> = z 2 DORY > =

w0 = Veios Yeud = ~Veards Ucuq = 71}clq7 Veud2 = Veraz: 7)cuq2 = Uclq2'

Hence inserting (2.41), the nonlinear equation of the circulating current can be expressed as

diCO Ra_ 1 Vde 1

T 1. o + .2 1L (21)@%0 — ndvc%d — nqvc%q — n2d“czud2 — HQQUC%qQ) (2.44a)
di,. R, . , 1

d:2 = Tl + 2w1teq2 — AL, <_ndvczud + nqvc%q — 2npquly + 2%%512) (2.44b)
dicqo R, . .

d: = —L—azaﬂ — 2Witca2 — 1L, (—nqvc%d — ndvczuq — QanUC%O + QUC%qQ) . (2.44¢)

The MMC can be modelled in state-space form through a 8th order nonlinear equations where
sum capacitor voltage has five states and circulating current has three states and can be given
by

demc
dt = f(X(t)mma U(f)) (2.45a)
Y = g(X(t)mme U(1)) (2.45b)
where
T
Xume = (050 05y vha V5 Wi i i i) (2.46)

The MMC used in the HVDC transmission system is assumed to have a close-loop current-
controller similar to the one discuss for the two-level VSC discuss in the previous section as
shown in Fig. 2.2. In active power control mode, the d-axis current reference can be obtained
from the outer-loop PI controller or can be calculated directly from the voltage power relation-
ship. In the case of the DC voltage control mode, the d-axis current reference can be obtained
from the outer-loop DC voltage controller. The state-space model developed here is assumed
to have only a current-controller which can be extended for other control mode application by
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Figure 2.11: Circulating current suppression controller of MMC.

extending with an outer-loop controller. Fig. 2.10 shows the MMC HVDC system includ-
ing the current-controllers, CCSC and the PLL. The The d-axis and g-axis insertion indexes at
fundamental frequency are obtained from the current controller as

na = Vsaref = kpe(idrer — isd) + KieYia + Voa — WpuL'irg — Voa,AD (2.47a)
Ng = Vsqref = kpc(iq,ref - 7;sq) + kic’YLq + Voq + wpllL/iLd — Voq,AD- (247b)
The CCSC is implemented to limit the second harmonic circulating current through switch

and is shown in Fig. 2.11. The d-axis and g-axis insertion indexes at twice the fundamental
frequency obtained from the CCSC can be expressed as

Ngo = kpcc (ide - 7:(:(12) + kicc’de - 2wllaicq2 (2483)
Ng2 = kpcc (iZqQ - icq?) + kicc’YqQ + 2w1laicd2 (248b)
where 47, and i, are the d- and g-axis circulating current reference which are set to zero;
kp.cese and k; ccsc are the proportional and integral gain of the CCSC, respectively and the g2

and v, are the auxiliary variables introduced to represent the integral term of the CCSC and
can be defined as

dryq . )
dTQ =gy — a2 (2.49a)

d . .
% . (2.49b)
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Figure 2.12: Time domain responses comparison between the state-spcae linearized model and the
nonlinear model: (a) voltages at PCC and (b) MMC phase currents.

Hence the MMC model including the states of the current controller, PLL, CCSC and AC
dynamics can be presented in state-space form by a 24th order nonlinear equation as

dl‘mmc,HVDC o f

at (@ (t)mme,mv DO, U(t)) (2.50a)

g(x(t)mmc,HVD07 u(t)> (250b)

Y

where

Immc,HVDC(t) :[Uod Voq lsq Z.sq Yd Vq Lod Z'oq Pd Pq Uplid Vplig € 00

Uc%o Uc%d Uc%q Ugdz Uczqu 1e0 Ted2 Teq2 Vd2 qu}T (2.51a)
u(t) :[id,ref Z.q,ref Vde ide Z.Zqz Vg Wg}T~ (2.51b)

The nonlinear model of the MMC HVDC system has been linearized around an operating point
and linearized A, B, C and D matrices are obtained. The MMC HVDC system has also been
implemented in MATLAB/Simulink with the association of Simpower System. The results
obtained from the linearized model are then compared with the results from the simulation
model. Fig. 2.12 (a) shows the d- and g-axis voltages at PCC and Fig. 2.12 (b) shows d- and
g-axis phase currents of the MMC both from the nonlinear model and small-signal state-space
linearized model. A step 0.1 pu current is applied at 0.5 s. As can be seen both nonlinear and
the linearized model have similar behaviour in response to the step change of current which
validates the effectiveness of the derived model.

2.4 Impact of the State-space Small-signal Modeling Fidelity

The state-space model relies on the development of supporting equations and modeling assump-
tion and can be studied by using general simulation system or power system specific software.
In this study, an analytical linearized small-signal state-space (ALSS) model developed for VSC
in the previous section has been expanded for a point-to-point VSC-HVDC transmission sys-
tem. The configuration of the investigated point-to-point HVDC system is shown in Fig. 2.13.
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Figure 2.13: Schematic of investigated point-to-point VSC HVDC system

Table 2.1: Data used for the point-to-point HVDC system

Parameter Value Parameter  Value
Rated Power, S 1200 MVA Vg, 400 kV
Rated AC voltage 204 kV L 0.10 pu
Rated frequecy 50 Hz R, 0.0015 pu
Trans. inductance  0.15 pu Cy 0.074 pu
Trans. resistance  0.005 pu L 0.2042 pu
Grid inductance 0.0027 pu Ry 0.0029 pu
Grid resistance 0.27E-7pu  Cy. 4.2224 pu

The time domain responses obtained from ALSS model are therefore compared with a non-
linear model. After validation of the ALSS model with the nonlinear model, the small-signal
stability analysis has been carried out using the ALSS model for further investigation of the
HVDC system.

The system is also investigated by using the PF simulation tool developed by DIgSILENT
GmbH [87] as an example of a commercial power system simulation tool to have a compar-
ison of small-signal stability assessment between ALSS model and PF model. PF is a software
package for analysis of transmission, distribution and industrial electrical power systems (Ver-
sion 15.0.2 is used in this study) [87]. PF has two simulation options; one is based on the
detailed Electromagnetic Transient mode (EMT) and the other is based on the simplified elec-
trical transient mode (RMS). In EMT simulation, voltages and currents are represented by their
instantaneous values where the dynamic behavior of the network components is included. Elec-
tromagnetic dynamics of electrical networks are neglected in RMS simulation and the voltages
and currents are represented by magnitude and phase angle. In the network, they are found as
algebraic equations rather than differential equations. In PF, the small-signal stability analysis
can be investigated only in RMS mode. Since this mode is neglecting the dynamics of electrical
network components, it is necessary to understand the effect of this simplification on the system
stability.

2.4.1 Comparison of Time Domain Simulation Results

The parameters listed in Table 2.1 are used for analysis of the system performance. The con-
trol objectives implemented in the investigated system are the DC voltage and reactive power
control on Vdc-VSC, the active and the reactive power control on P-VSC. The transformers are
represented by an equivalent series impedance. The initial condition of the power reference is
set to 0.9 pu and the voltage reference is 1.0 pu and reactive power reference for both convert-
ers is set to 0 pu. For this control strategy and settings, the system is investigated to validate
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Figure 2.14: DC voltage, DC line current and active power: (a) ALSS model and (b) RMS model.

the performance in time domain response. After reaching to steady state, two transient events
are applied to observe the dynamic behavior and stability of the system. At 1.1 s the power
reference steps down to 0.8 pu and after reaching steady state, second event is introduced by
stepping up the power reference to 0.9 pu at 1.5 s. The result from the time domain simulation
is depicted in Fig. 2.14 (a) for both ALSS model and nonlinear model. The DC-link voltage,
DC-line current and measured active power at PCC as shown in Fig. 2.14 (a), have quite similar
behavior with same transient oscillation frequency and damping both for the ALSS model and
nonlinear model. The time domain simulation result confirms the satisfactory operation of these
models.

The performance of the active power and the DC voltage controller is confirmed by time domain
analysis and is found to be satisfactory for both ALSS model and the nonlinear model. The DC
voltage and current have a transient oscillation with a frequency of 68.6 Hz, which is found to
be damped well in steady state operation. The oscillation frequency is the same for the ALSS
model and the nonlinear model.

The system with the same parameters and control is investigated in PF environment. In PF
model the converters are connected to the grid through a transformer of 380/204 kV, 50 Hz
with the same rating as the converter whereas in averaged model they are represented by an
equivalent inductance and resistance. The m-model DC cable is used for DC transmission line
instead of representing them by equivalent impedance. Same transient events are applied as
discussed for the ALSS model and the nonlinear model. The DC voltage at voltage control
terminal, power at PCC and DC line current from time domain simulation from the PF model
are shown Fig. 2.14 (b). The DC voltage and current have an oscillation with a frequency of
42.4 Hz in the transient period and they damped well in the steady state. The current controller,
DC voltage controller and power controller work properly at the same tuning applied in the
ALSS model and the nonlinear model. The measured active power has an oscillation frequency
of 293 Hz with a high damping when a transient step of the power is applied; however, in
the ALSS model, no such oscillation is noticed. The overall system performance is found
to be satisfactory for the ALSS model, nonlinear model and RMS model in PF for the same
parameters and references when the same tuning criteria are applied for the inner-loop current-
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controller and the outer-loop power or DC voltage controller.

2.4.2 Comparison of Eigenvalue-based Stability Analysis Obtained by Analytic-
ally and Numerical Simulation

The small-signal stability analysis is investigated for the point-to-point HVDC system and the
resulting eigenvalues calculated analytically are depicted in Fig. 2.15. The ALSS model has 40
modes, among which 11 pairs are complex conjugate. Most of the complex conjugate poles are
located twice in the same position, since all the controls and passive components for both VSCs
are the same except the outer-loop controller in the d-axis. Further, the poles are analyzed by
participation factor analysis. They are identified to a group based on the maximum participa-
tion contribution of individual states, marked them with different colors. Four pairs of complex
conjugate poles with the highest complex frequency of oscillation and shorter damping time
constant are related to states of the grid inductance and filter capacitance. Next four pair com-
plex conjugate poles with a quite high damping and relatively low corresponding oscillation
frequency are related to the states of the converter series inductance and AC active damping.
Other three pairs of complex conjugate poles are located close to the imaginary axis and have
more impact on the system stability. The pole located —98.9+ j431 corresponding frequency of
oscillation 68.6 Hz is identified as responsible for the oscillation of the DC-link voltage and cur-
rent. The state of the DC-line current and the states of the DC-link capacitance has the highest
contribution to this mode. A pair of complex conjugate poles with low damping and frequency
is related to the state of the PLL. All other modes are real negative modes. There are four poles
located at —4.71 4 50 corresponding to the integrator of the current controller. Three real poles
located around —8 =+ 50 are corresponding to the integrator of the outer loop power controller
and the pole corresponding to the integrator of the DC voltage controller is located at —10.8+£750.
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Figure 2.15: Eigenvalue plot for ALSS and P.F. model
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Table 2.2: Eigenvalues of associated states based-on maximum participation factor

Associated states ALSS Model, A=c+tjw PF. Model, A=ctjw

YLdYLq -4.714£j0, -4.71£j0 -4.714£j0.02, -4.76+j0

YVde -10.89+j0 -8.18+j5.30

YPYQ -8.03+j0, -8.15+j0,  -8.11+j0 -7.06+4j0, -7.91£j0.04

Epil> 08p1 -12.024j37.62, -12.65+j37.34 -14.834j22.63, -14.21+j22.89

Pde -104j0, -10+j0, -10.02+j0, -10.02+j0

Vdes bde,line -116.47+j0.00, -63.63 £j441.3 Non-existent

Tods togs Vods Vogq -475.79+j10708.38, -560.77£j10772.17 Non-existent
-694.37+j10360.51, -730.93£j10314.40

iLds iLq -1494.07+£j1099.87, -1487.75+j 1091.04 | Non-existent

Unidentified Non-existent -2.25+j1355.7, -2000+50,

-37.39+j266.45

The eigenvalues resulting from the numerical simulation by PF are depicted in Fig. 2.15. These
modes are calculated in PF by selective modal analysis using the Arnoldi/Lanczos method.
They are also further analyzed by participation factor analysis. Eight pairs of complex conjug-
ate poles are identified by PF tool. The participation factor for some poles cannot be identified
in PF, they are denoted as unidentified poles as shown in Table 2.2. For example, the par-
ticipation contribution of states for a pair of complex pole located —2.25 £ 51355.70 cannot
be identified. This pole has very low damping and high oscillation frequency with dominant
impact on the system stability. The exact participation contribution of the states for the pole
located at —37.39 % 7266.45 also cannot be identified; however, it shows that states of low-pass
measurement filter, DC voltage controller, active DC damping and PLL have a small participa-
tion contribution (<0.1% for each states) on that mode. MF has high participation contribution;
therefore, it is shown in the group of MF pole. Moreover, this pole is identified for the oscilla-
tion of the DC voltage and current in the transient period with a damping oscillation frequency
of 42.4 Hz. Other complex conjugate poles are located much closer to the center point (0, 50)
and can lead the system to instability in the case of improper tuning and modeling. Complex
conjugate pole pairs located at —8.18 & 75.30 and —4.71 +£ j0.01 are corresponding to the states
of the outer loop PI controller and inner loop current controller, respectively. The poles related
to the states of the integrator of the PLL are located at —14.0 £ 522.0.

The investigated VSC HVDC system has two converters with same control loop and parameters
except for the difference in outer loop d-axis control. Therefore, most of the complex conjugates
poles are located twice in the same position in the ALSS model; however, there are not twice
in the case of PF (RMS) model except for the pole corresponding to the integrator states of
the PLL. To show the difference more clearly, the eigenvalues calculated analytically from the
ALSS model and identified from PF model are presented in Table 2.2. The damping of the pole
corresponding to the integrator of inner-loop current-control is equal for both PF model and
ALSS model; however, the oscillation frequency is zero for the ALSS model, but it is not zero
for the PF model. The poles related to the outer loop control are real poles for the ALSS model
and they are oscillatory with low frequency for the PF model. The damping of the pole related
to the DC voltage oscillation is quite low for the PF model. Some of the main observations are
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as follows-

e It is observed that not all the eigenvalues can be identified from the PF which is given
in Table 2.2. There is a pole with very low damping and high oscillation frequency that
appears in the PF model, but no such a pole appeared in the analytical model.

e The modeling in RMS works fine as long as the poles related to the network dynamics do
not have a significant impact on the system stability due to the proper design of the LC'
components.

e The PF. model requires less computation time compared to the nonlinear model de-
veloped in MATLAB/Simulink association with SimPower system. To study the large
system P.F. model is more suitable due to less computation time in the PF if it is ensured
that the system will not be influenced by the LC' components.
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Figure 2.16: Trajectory of eigenvalues for a change of series inductor of DC voltage-controlled VSC

2.5 Impact of the LC Component on the Stability

In order to study the impact of the LC' parameter on the stability, the converter series inductor of
the DC voltage control VSC has been varied. The parameters used in the simulation are given
in Table A.1 in Appendix A where the parameters have been chosen for the low voltage and low
power level so that the theoretical analysis can be verified by experiments. The series inductor
of the Vdc-VSC has been varied from 2.01mH to 0.45mH and the VSC has been designed for
a power level with a short circuit ratio of 5. Fig. 2.16 shows the eigenvalue trajectory for a
change of VSC’s series inductor when the converter current controller has been re-tuned for
each inductor value. As can be seen, for lower value of the series inductor, a complex conjugate
eigenvalue around 150 Hz is moving toward the unstable region and is more prone to make the
system unstable. Time domain simulations have been carried out for these two inductor values
of 2.01 mH and 0.45 mH and the resulting time domain responses are shown in Figures 2.17.
As can be seen, the system operates stably for higher value of the inductor and however, the
system has a harmonic oscillation around 150 Hz for lower value of the inductor.
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Figure 2.17: Simulation result: Three phase AC voltages and currents for DC voltage-controlled con-
verter series inductance of (a) 2.01 mH and (b) 0.45 mH.

Figure 2.18: Experimental setup of VSC-HVDC system.
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Figure 2.19: Experimental result: Phase-A AC voltage and current for the DC voltage-controlled con-
verter series inductance of (a) 2.01 mH and (b) 0.45 mH

To further verify the theoretical analysis and the time domain simulations, an experimental setup
has been built in the laboratory with two level VSCs. The controls have been implemented in
the digital signal processor (DSP) and the PWM signal implemented in the field programmable
gate array (FPGA) board. The experiments have been carried out for these two inductor values
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of 2.01 mH and 0.45 mH and the resulting time domain responses are shown in Fig. 2.19,
respectively. As can be seen, both the simulation and experiment prove the existences 150 Hz
harmonic oscillation in the system for lower value of the inductor as predicted by the analytical
small-signal stability analysis. This harmonic instability is caused by the LC' parameters of the
Vdc-VSC and it can not be predicted in the RMS model since the impact of the LC' components
on the stability is neglected in the RMS modeling.

2.6 Eigenvalue-based Stability and Interaction Analysis of Large-
scale MT-HVDC Systems

This stability and interaction analysis is based on the CIGRE DC-grid test system [33], which
is designed to resemble a generalized future configuration of MT-HVDC systems. Fig. 2.20
shows the CIGRE DC grid test system. The small-signal stability of the system is investigated
to identify critical modes related to different parts of the interconnected AC and DC power
systems. Firstly, a case with point-to-point HVDC connection is analyzed (Case 1 in Fig. 2.20),
followed by the analysis of a four-terminal DC system (Case 2 in Fig. 2.20), before the stability
of the entire CIGRE DC grid configuration is studied. Since the CIGRE DC grid system is a
large power system including many VSCs, it is not feasible modeling the system analytically in
a state-space form. Therefore, the systems have been modeled and simulated in the DIgSILENT
Power Factory environment. As discussed in the previous section that the LC parts can have a
significant impact on the system stability. Hence it is assumed that the LC parts of the system
have designed carefully so that they do not have an impact on the system stability. Hence, the
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Figure 2.20: CIGRE DC Grid test system.
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Figure 2.21: Droop Control Implementation.

focus of this study will be the controller interaction analysis.

The VSCs are utilized to control different parameters based on the control objectives. The
converters control two quantities: one in the real d-axis and the other in the imaginary g-axis. In
real d-axis, the converter can be used to regulate the real power or the DC voltage. When a VSC
regulates the DC link voltage, the d-axis current is obtained from an outer-loop PI controller; in
the case of power control mode, the d-axis reference current is obtained from (2.52a). Similarly,
the same controls follow for the reactive power or AC voltage control. The input reference
current to the inner-loop current controller can be given by (2.52b).

P*ug+Q*vq ,
e — e k, P Control (2.520)
(kpvdc + z;dt) (Udc - Udc,ref) ; Vdc Control
Prog—Q*vg,
iqﬂ‘ef — 713+v§ k_’ Q Control (252b)
(kpvac + TZM) (Uac — Vac,ref; ) Vac Control

The control modes used to control the converter are in the following: (i) DC and AC voltage
(Vdc-Vac) control, (ii) active and reactive power (P-Q) control, (iii) P-Vac control, Vdc-Q con-
trol and (iv) AC slack. In the case of AC slack, the converter behaves as a voltage source at the
AC terminal and functions as an AC grid for the offshore wind farms and the load.

In MT-HVDC systems, the active power controller includes a DC voltage droop to contribute to
the voltage control of the DC grid. In the distributed control approach [38], for an MT-HVDC
system, one converter has the main responsibility for DC voltage control and others have the
power control with a droop functions in their outer loop. If the DC voltage controlled-converter
is lost, the DC voltage is regulated by this droop function so that the MT-HVDC can keep in
operation. In addition to the DC voltage droop in power control VSCs, they have frequency
droop to contribute in regulating AC system frequency. The DC voltage droop and frequency
droop for power controlled VSCs are illustrated in Fig. 2.21. Similarly, an active power droop
on a DC voltage and a reactive power droop on the AC voltage have been modeled as depicted
in Fig. 2.21 [39] to contribute in the DC and AC voltage regulation, respectfully.

2.6.1 Analysis of Point-to-point Bi-pole HVDC System (Case 1)

The point-to-point bi-pole connection between busses Ba-A1 and Ba-B1 will be investigated, as
indicated with a green dashed-dotted line in the middle of Fig. 2.20. Since AC system area-A
has active power surplus, the bi-pole HVDC link is used to export the power to the AC system
area-B. Converter station Cb-Al1 acts as rectifier while regulates the HVDC link DC voltage and
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Figure 2.22: The AC voltages of the bipole point-to-point HVDC system with weak grid of SCR 2 for
stepping power from 0.75 pu to 0.85 pu at 0.1 s.

AC voltage magnitude, while converter station Cb-B1 acts as an inverter controlling the active
and reactive power flow. Since this is a bi-pole connection, each converter station consists of
two VSCs connected in series on the DC side, with the mid-point grounded. Thus, this link can
also be operated as an asymmetric monopole, allowing for transferring 50% of rated power even
if one converter is out of operation. Each converter unit is rated 1200 MVA, has 75 F DC link
capacitance and is connected to the AC grids through a 380/204 kV two winding transformer
with the same MVA rating as the converter. The converter stations are connected through £400
kV DC overhead lines (OHL), thus the total DC link voltage rating of one bi-pole converter
station is 800 kV with a total power rating of 2400 MVA.

Considering the electrical parameters in [33], and properly tuned parameters for the control-
lers in the system, the investigated subsystem operates stably. However, the system can easily
become unstable if AC transmission line impedance has not been considered in the control tun-
ing. In order show the impact of the AC transmission line, the system is therefore first studied
without AC transmission lines and operates properly for current controller proportional gain of
0.5 and integrator time constant of 0.01 s. The proportional gain of the DC-link voltage control-
ler is 2 and the integrator time constant is 0.1 s. The small-signal stability has been carried out
for this tuning and setting and the eigenvalues are calculated by numerical simulation in Power
Factory. Including the two AC transmission lines in the system (Case 1 in Fig. 2.20), two pairs
of unstable complex conjugate eigenvalues at 17.005 £ 786.755 and 1.684 + 721.472 are found
for full loading. These modes are mainly influenced by the frequency and voltage angle of the
AC system, the PLLs and the integrator of the DC voltage controller. The small-signal stability
analysis has been verified in the time domain simulation. The resulting AC voltage of the con-
verters with this tuning for a step from 0.75 pu to 0.85 pu power reference is presented in Fig.
2.22. This figure clearly shows how the voltage becomes unstable and quickly collapses at the
rectifier terminal, bringing the entire system into instability. It should also be noticed that the
analysis confirms how the system can become unstable due to the tuning of the PI controller
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Figure 2.23: Eigenvalue plot of (a) point-to-point bi-pole VSC HVDC system and (b) monopole equi-
valent to the investigated bi-pole point-to-point HVDC system.

[88].

In order to improve the system stability, the grid impedance needs to include in the design of the
control-loop bandwidth. Therefore, further investigations have been carried by increasing the
current control-loop bandwidth by increasing the proportional gain to 4 and the corresponding
system eigenvalues found from the small-signal analysis are shown in Fig. 2.23. They are sorted
manually according to their dominant participation factors and plotted with different colors and
markers to identify the various types of poles. As the system has satisfactory performance and
there are no unstable modes, but there are eight pairs of oscillating modes that can be noticed
in Fig. 2.23. The most oscillatory of these pole pairs are located at —37.226 £ 7397.812 and
—26.558 & 7387.017, corresponding to a damped oscillation frequency of 63.04 and 61.45 Hz,
and are found to be mainly associated with the DC link dynamics. There is also four pole
pair with relatively slow damping at —4.918 4 j29.413, —4.744 + j28.751, —3.301 &£ ;524.457
and —3.440 £ 722.127 associated with the integrator of the PLL. The last two pair of complex
conjugate poles is located at —26.548 + 7132.55 and —4.918 4 529.413, and has a relatively
fast response related to the use of measurement filters in the converter control.

Having more bi-pole HVDC converter in the simulation model increases the computational
complexity and requires more time in the simulation. Therefore, a symmetrical monopole
point-to-point VSC HVDC system with the same rating and control condition as the studied
bi-pole configuration has also been investigated for a comparison and later the bi-pole converter
stations can be replaced by monopole converter stations in the full CIGRE DC grid system for
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Figure 2.24: Eigenvalue trajectory for the biople point-to-point HVDC system with SCR of 1-4 of the
AC grid.

simplification of the modeling. In the equivalent monopole HVDC system, the rating of the
transformers is increased to 2400 MVA and the converter side voltage is 408 kV. To be equi-
valent to the bi-pole converter station, the DC voltage of the symmetric monopole converter is
800 kV and the DC link capacitance is 37.5 pF. The resulting eigenvalues of this system under
the same operating conditions as the bi-pole connection are shown in Fig. 2.23. Comparing the
eigenvalues for the bi-pole and the monopole configurations it is clearly seen that the bi-pole
has twice the number of poles and that the most noticeable poles are doubled poles in similar
locations as the corresponding eigenvalues for the monopole system. It is especially noticeable
how the most oscillatory poles have higher oscillation frequency, but also a more negative real
part for the bi-pole configuration than the equivalent monopole configuration. From a general
comparison of the bi-pole configuration and the equivalent monopole configuration, it is also
noticed that some of the real poles have quite different locations. However, these are all fast
poles with no critical influence on the operation of the system. The poles close to O are all the
same for both systems, except that the bi-pole configuration has double sets of poles located
very close to each other.

The small-signal stability has been carried out to investigate the impact of the short circuit ratio
(SCR) on the stability. The trajectory of eigenvalues for different SCR with 0.625 pu power
reference is shown in Fig. 2.24, where the SCR is reduced from 4 to 1. A pair of complex
conjugate poles corresponding to the PLL of converter Cb-A1 shown in Fig. 2.24 is responsible
for the instability and is moving towards unstable region if SCR is smaller than 1.75. Another
complex conjugate poles with relatively slow response, associated with the PLL of converter
Cb-B1 is also moving towards the real axis. Moreover, some other poles are found to be in-
fluenced, for example two complex conjugates poles related to the DC voltage measurement
filter of converter Cb-A1 are moving towards the imaginary axis, but they have less impact of
the system dynamics. This investigation confirms how the system becomes unstable if the grid
becomes weak [88], [89]. The system becomes unstable if SCR is smaller 2 and the power
transfer is high (> 0.5 pu) and in the case of SCR reduced to 1, the system can only transfer
about 50 % of rated power, without provoking a voltage collapse.
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Figure 2.25: Four terminal bi-pole VSC-HVDC system.

2.6.2 Analysis of Four-Terminal HVDC System (Case 2)

In this case, two more converter stations named Cb-C2 and Cb-D1 are added to the subsystems
studied in case 1. These four bi-pole AC-DC converter stations are then forming a ring configur-
ation as indicated with purple dashed-dotted lines in Fig. 2.20. The stations Cb-C2 and Cb-D1
behave as a voltage source at the AC terminal and are used to integrate offshore wind farms.
The controls of the Converter station Cb-A1l and Cb-B1 remain the same as discussed for the
point-to-point system. In addition, an active power droop on the DC voltage and reactive power
droop on the AC voltages have been assumed for the converter stations Cb-Al to contribute
in the AC and DC voltage regulation for a change of active power and AC voltage, respective.
Moreover, the control system of converter station Cb-B1 has introduced the DC voltage droop
and frequency droop in the power control. As a starting point, this case will be studied without
any DC-DC converter, but the influence of including the DC-DC converter for controlling the
power flow in the DC grid will also be investigated. The power rating of converter Cb-C2 is
2x400 MVA and converter Cb-D1 is rated for 2x800 MVA. The AC voltage is 145 kV, and the
transformers are 204/145 kV with the same ratings as the corresponding converters. Each of the
wind farms is producing 500 MW. The resulting power flow solution for the system is indic-
ated in Fig. 2.25. The power produced by the wind farms is exported to the onshore system B
through the DC grid, together with some additional power injected from the onshore AC system
area-A.

The small-signal stability analysis has been carried out for the system and the resulting eigen-
value plot is shown in Fig. 2.26 (a). An unstable mode 8.086 £ j338.214 with a complex
frequency of oscillation of 53.8 Hz is noticed. The DC link dynamics has highest participa-
tion contribution to this mode; however, the current controller has also a significant influence
on this unstable mode. The voltage measurement filter and the PLLs are also associated to
this mode. Since this mode is sensitive to the DC link capacitance, this value is increased to
312uF, ensuring that the system has sufficient stability margin with full loading. The resulting
eigenvalues of the stable four-terminal HVDC system are plotted in Fig. 2.26 (b). As can be
seen, the system has always double sets of complex conjugate poles, since the converters are
the bi-pole configuration, and that most of these poles are located in similar positions as for the
point-to-point connection. Since the added converters are operated as AC slack busses without
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much dynamics of the control, there are not significant new poles added in the system. There is
an additional set of double pole pairs associated with the measurement filters of the converters.
There are also additional sets of complex poles close to the real axis, whereof one of them have
relatively poor damping.
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Figure 2.26: Four Terminal HVDC System: (a) Eigenvalue plot of four terminal HVDC system with
75uF DC link capacitance and (b) Eigenvalue plot of four terminal HVDC system (Stable case).
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Figure 2.27: Four Terminal HVDC System: RMS value of the AC bus voltages of four terminal HVDC
system.

Time domain simulations have also been carried out to further investigate how the poles of the
system influence the dynamic response of some of the main variables. One example of such
simulations is shown in Fig. 2.27, showing the dynamic response of the AC voltages at selected
busses in the system when there is a change in wind power injection into the DC grid. Starting
from a steady-state, the output power of the wind farm connected to bus Bo-C2 is increased
by 20% at 0.5 s of simulation time, and at 1.3 s the output power of the wind farm connected
to bus Bo-D1 is decreased by 20%. Further studying the results in Fig. 2.26 and Fig. 2.27 it
can be found that the oscillation mode at —37.60 £ 728.41 is corresponding with the voltage
oscillation of bus Ba-Al. This oscillation model is associated with measurement filter of the
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DC voltage, the PI controller of the PLL and the DC voltage controller. Similarly, voltage
oscillation at bus Ba-B1 is coinciding with the oscillation mode given by the complex pole at
—2.37 £ 523.385. The real part of this eigenvalue is small, and it takes a relatively long time
to damp the oscillation. The state of the PLL for the converter Cb-b1 has a high participation
contribution in this mode. The voltage oscillations at busses Bo-C2 and Bo-D1 are mainly
corresponding to the eigenvalues at —1.41 + 5174.75 and —12.91 4 7191.77, respectively. It is
noticeable from Fig. 2.26 that in the 4T-HVDC system, the most oscillatory poles associated
with DC link dynamics are now closer to the imaginary axis.

Table 2.3: Overview of Converters and Control Objectives

AC-DC Converter Control Objective and set-point

Cm-Al VDC,ref = 1pu Qref=0

Cm-Cl AC Slack

Cm-B2 VDCref = 0.99pu Qref =0

Cm-B3 Pref = 0.75 pu Droop on VDC and fAC | VAC,ref = 1pu Droop on Q
Cm-El AC Slack

Cm-F1 AC Slack

Cb-Al VDC,ref = 1.01pu VAC,ref = 1pu Droop on Q
Cb-B1 P ref= 0.625 pu Droop on VDC and fAC Qref =0

Cb-B2 Pref = 0.71 pu Droop on VDC and fAC Qref=0

Cb-C2 Pref =- 0.75 pu Droop on VDC and fAC | VAC,ref = 1pu Droop on Q
Cb-D1 AC Slack

2.6.3 Analysis of the CIGRE DC Grid Test System

To study the dynamics of a more complex system of MT-HVDC, the full CIGRE DC grid test
system is investigated. An overview of all the AC-DC converters and their control modes and
reference set-points are given in Table 2.3. The current controller proportional gain is in the
range 2-0.4 depending on the parameters and rating of the converter and the integrator time
constant is kept 0.01 s. The DC and AC voltage controller proportional gain and integral time
constant are 2, 0.1 s and 6, 0.25 s, respectively. Time domain simulations have been carried
out for the tuning and setting and the resulting time domain responses are shown in Fig. 2.28.
As can be seen, the system is unstable. The onshore AC system B voltages have an oscillation
frequency around 4.9 Hz which is propagating to the rest of the system. The onshore AC system
A and all the offshore AC system exhibit the same frequency of the oscillation as the onshore
AC system B. In addition, the voltage magnitude of the offshore AC system C is higher than the
nominal value as shown in Fig. 2.28 (b).

The small-signal stability analysis has been carried out to find the source of this instability.
Two unstable eigenvalues of 1.974 + 731.199 and 33.728 &£ ;0 are identified which provokes
the instability. Participation factor analysis has been carried out to identify the participation
contribution of the states in the unstable eigenvalues. The PLL of converter CB-B1 has high
participation contribution in the unstable eigenvalue of 1.974 £ 531.199. Moreover, the PLL of
converter Cb-B2, the integrator of the DC voltage controller of converter Cb-Al, the frequency
of the AC system A and the measurement filters are also associated with this eigenvalue which
indicates that it is an interaction mode. This unstable eigenvalue is resulting from the interaction
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Figure 2.28: Unstable System: (a) Onshore and (b) offshore AC system voltages (RMS) of CIGRE DC
Grid Test system.

of the controller of the different HVDC converters and the AC system, therefore this oscillation
is making consequently the whole system unstable. Since the most dominant state of PLL
of CB-B1 in the unstable mode, 1.974 £ 731.199, therefore the system can be made stable
by redesigning the system controller of the corresponding converter. The voltage becomes
unstable, therefore an AC voltage droop has been implemented in the converter stations Cb-B1
and Cb-B2 to contribute AC voltage regulation.

The participation factor analysis has been carried out for the unstable eigenvalue of 33.728 & 50.
The states of the AC voltage controller of converter Cb-C2 has a maximum contribution on the
unstable eigenvalue. In addition, PLL and AC voltage measurement filter of the corresponding
converter have small participation contribution on this mode. Since there is no contribution from
states of the other converters controller, it is a local unstable mode and is not an interaction
mode. The AC voltage becomes higher than the nominal value due to the overflow of the
reactive power produced by AC cable connected between converters CB-C2 and Cm-C1. The
system can be made stable by redesigning the controls of the converter CB-C2. A reactive
power droop has been implemented as discuss before in converter station Cb-C2. Moreover, the
frequency droop and the DC voltage droop are included in the control systems of the converters
controlling active power.

After redesigning the controls, the small-signal stability analysis has been carried out and a se-
lected plot of the most important eigenvalues is shown in Fig. 2.29. Now there is no unstable
eigenvalues and the system is expected to operate stably. It is observed that the most oscillatory
poles that occur when expanding the system appear to be related to the DC-link dynamics of the
transmission line and the converters. The poles associated with the current controller show the
similar behavior as four-terminal HVDC system when it expands point-to-point to MT-HVDC
system. There are also a significant set of complex conjugate poles with low oscillation frequen-
cies related to the PLLs and the outer-loop controllers of the converters, and some additional
oscillatory poles with more negative real values associated with the measurement filters of the
control systems. However, the grouping of the poles is not changing significantly by expand-
ing the system, as long as individual converters are kept in stable operation. Although further,
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Figure 2.29: Eigenvalue plot of Cigre DC Grid Test system for stable operation (a) Full view (b) Critical
pole.
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Figure 2.30: Stable System: (a) Onshore and (b) offshore AC system voltages (RMS) of CIGRE DC
Grid Test system.

and more systematic, analysis is required, this indicates that such MT-HVDC system can easily
be expanded step by step, as long as sufficient care is taken on the design and tuning of the
individual converter controllers.

The voltages of the onshore and offshore systems from time domain simulation are shown in
Fig. 2.30. The system operates stably as predicted by the small-signal stability analysis. The
AC system voltage at bus Ba-Al is close to 1 pu since the converter connected to that bus is
controlling the AC voltage. The voltage at bus Ba-B1 is however higher because the converter
at that bus is injecting real power to the AC system while controlling O reactive power. The AC
system voltages of all the onshore busses are also within their operating ranges from 0.95 pu
to 1.05 pu. In the offshore wind farm systems C, the voltages are slightly above the nominal
values since the AC cables are producing reactive power. Converter Cb-C2 is exporting power
to the DC system and producing reactive power. Proper AC voltage control is obtained by
implementing a reactive power droop at that converter. The resulting voltage has a slightly
oscillatory response during transient events but the system is stable and steady state operation
is satisfactory.
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Figure 2.31: Transient Stability: (a) Onshore AC system voltages and (b) HVDC link DC bus voltage
of CIGRE DC Grid Test system.

2.6.3.1 Transient Stability

In this section, the transient event is introduced to observe the stability of the test system in
time-domain RMS simulations. The generated power of wind farm connected at bus Bo-D1 is
increased by 20 % at 1 s of simulation time and at 2 s the reference power of converter Cb-B1
is set to 0.8 pu whereas the initial power setting is 0.625 p.u. At 3 s, the generated power by
the wind farm connected to bus Bo-C2 is reduced by 20 %. The onshore AC voltages for the
transients are presented in Fig. 2.31 (a). The complex frequency of voltage oscillation of the
area B is —10.736 £ j108.17. Based on the participation analysis for this mode, the voltage
controller of Cb-B2 and Cb-B1, the PLL and the frequency of AC system B have the highest
contributions to this mode.

The DC system voltage is presented in Fig. 2.31 (b). The oscillating mode of the voltage of
converter Cb-Al is —4.082 + ;7132.745. The DC link capacitor has a significant influence on
this oscillation, and the state variable of DC voltage controller is associated with this mode. The
complex oscillating mode of DC voltage on converter Cb-B1 is —86.102 + 735.641. From the
participation factor analysis, it is identified that measurement filters on the system A, PLL, and
voltage controller have high participation of contribution to this oscillating mode.

2.6.3.2 Sensitivity Analysis

For the sensitivity analysis, the trajectory of the eigenvalues has been analyzed for a variation
of the system parameters and the controller coefficient. First, the capacitors of the DC link
between onshore Area A and offshore Areas are varied. The pole placement of the system is
indicated in Fig. 2.32 (a). When the capacitances are increased, the modes are moving towards
the real axis in the complex plane, but some of the poles are also moving towards the right.

The droop gain for DC voltage droop control of converter Cb-B1 is varied to investigate its
impact on the stability and the trajectory of the eigenvalues is shown in Fig. 2.32 (b). When the
droop gain Ry 4. is increased, one specific mode is moving toward the imaginary axis. However,
the other modes of the system are only slightly changed, indicating that the contribution of the
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Figure 2.32: Sensitivity Analysis: (a) Trajectory of eigenvalue sensitive to DC link capacitance and (b)
Trajectory of eigenvalue sensitive to DC voltage droop coefficient.

DC droop on the other modes is negligible. The Fig. 2.32 (b) shows that the droop gain R4 =
40 is the border of stability, and after that, the system will be in the risk of instability. This kind
of analysis should be done when a new converter is added to an existing multi-converter system.
This analysis enables to develop a large MT-HVDC system by step by step control design for
each converter.

2.7 Conclusion

This chapter presents the impact of the state-space modeling fidelity on the small-signal stabil-
ity assessments of VSC-based HVDC systems. A detailed analytical state-space small-signal
model is developed for VSCs and MMC for different control objectives. The effectiveness of
the models is ensured by comparing the result obtained from a detailed analytical model with
the nonlinear model. For general observation and to understand the impact of modeling fi-
delity, a point-to-point connected VSC-based HVDC system has been studied. Time domain
responses, as well as the small-signal analysis, are performed to investigate the stability of the
system. This result is also compared with a model implemented in PF environment, a widely
used power system analysing tool. The following points need to be considered as a basis to-
wards general guidelines on assessing the results obtained from the traditional power system
stability studies containing VSC-based transmission scheme.-

e The results obtained from RMS model ignored states corresponding to all the inductor
currents and capacitor voltages. This simplification is justifiable in limited cases when
these poles do not have significant impact on the system stability.

e The RMS model do not present the exact participation contribution of states on each
mode, because some of the modes related to the inductor current and capacitor voltage
are already ignored.

o The result obtained from RMS model do not reflect the actual system stability. Underes-
timation or overestimation of the system stability is observed from small-signal stability
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analysis in RMS model. To estimate the actual system stability, all the states need to be
considered in system modeling when the small-signal stability analysis is carried out for
power electronics based power system.

Moreover. This chapter illustrates the particular challenges that can occur during a step-wise
construction of a large-scale MT-HVDC transmission system. In order to show the challenges,
firstly, a case with a point-to-point HVDC connection is analyzed, followed by the analysis of
a four-terminal DC system, before the stability of the large-scale MT-HVDC system is studied.
During step-wise expansion, the critical poles move towards the imaginary axis which provokes
the system to lose stability. Moreover, the negative real poles in a point-to-point connection
become oscillatory in MT-HVDC systems which indicates that adding more converters, the
system becomes more prone to voltage instability. The stability has been improved by tuning
the controller properly and by ensuring the optimized value of the DC-link capacitor for MT-
HVDC systems.



Chapter 3

Impedance based Stability Analysis of
VSC-HVDC System

This chapter presents the impedance based stability analysis of VSC-HVDC systems as an
alternative measurement-based approach to limit the high dependence on detail information
of components in large-scale systems. Analytical impedance models for the VSC-HVDC con-
verters have been derived for different control modes and the impedance frequency response is
verified by the perturbation method via measurements. Once the source and load impedance
are identified, an impedance based stability method is adopted in order to determine the stabil-
ity of the VSC-based HVDC system. The system stability can be predicted from characteristics
loci of minor-loop gain and the phase margin shows the stability strength of the system.

This chapter is based on the following articles.

[1] M. Amin and M. Molinas, "Impedance based stability analysis of VSC-based HVDC
system," 2015 IEEE Eindhoven PowerTech, Eindhoven, 2015, pp. 1-6.

[2] M. Amin, A. Rygg and M. Molinas, "Active power flow direction effect on stability in
multi-terminal VSC-HVDC transmission system in integrating wind farm," 2016 IEEE
17th Workshop on Control and Modeling for Power Electronics (IEEE COMPEL 2016),
Trondheim, 2016, pp. 1-8.

[3] M. Amin, M. Molinas, J. Lyu and X. Cai, "Impact of Power Flow Direction on the Sta-
bility of VSC-HVDC Seen from the Impedances Nyquist Plot," IEEE Transactions on
Power Electronics, vol. 32, no. 10, pp. 8204-8217, Oct. 2017.

3.1 Introduction

With increasing activities in the development of VSC-based HVDC transmission system, it is
necessary to pre-asses their impact on the system stability before connecting to the main AC
grid. Existing approaches to study such instability are mainly based on the state-space small-
signal modeling of the VSC-HVDC system and analyzing the eigenvalue of the system. It re-
quires the detailed analytical modeling information to derive the state-space small-signal model

53
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for studying the stability of the HVDC system. Recently the impedance-based small-signal sta-
bility analysis method is broadly used to determine the stability of the power electronics based
power system which does not require the detailed modeling of the system [46]. This chapter
presents the impedance-based small-signal stability analysis of the VSC-based HVDC system.
An impedance model for the VSC of the HVDC transmission system is analytically derived and
the derived model is validated by comparing the frequency response of the analytical impedance
model and the impedance measured at the AC terminal from a detailed model of VSC-based
HVDC transmission system in MATLAB/Simulink. Once the source and the load impedance
are identified, the impedance-based stability analysis is adopted in order to determine the stabil-
ity of the VSC-based HVDC system. The system remains stable as long as the minor loop gain
of the negative feedback control system, that is the source-load impedance ratio of the HVDC
system, satisfies the Generalized Nyquist Criterion (GNC). The system stability can be well
predicted from the Nyquist plot of the impedance ratio and the phase margin shows the stability
strength of the system.

In order adopt the impedance based stability analysis of the VSC-HVDC system, deriving the
analytical impedance model is the prerequisite. The impedance-based analysis can be adopted
on the AC side of the VSC either in sequence domain [48], [49] or dg-domain [50], [53] and the
DC side based on the DC impedance [58], [59], [75]. The impedance-based method predicts the
stability of the system accurately and the frequency of the oscillation is predicted from the cross
section point of the unit circle in the Nyquist plot [48]-[50], [53], [65]. In this work, both the
DC and AC impedance model of the VSC are derived. Since the controllers of the HVDC VSCs
are implemented in dg-domain, therefore the AC impedance model is derived in dg-domain.

The rest of the chapter is organized as follows. Section 3.2 shows the analytical AC imped-
ance modeling of the VSC in dg-frame and the section 3.3 verifies the analytical model in
the numerical simulation. Section 3.4 presents the analytical DC impedance modeling of the
VSC. Impedance-based frequency domain stability analysis is presented in section 3.5. Section
3.6 discusses the impact of the control-loop bandwidth on the impedance frequency responses.
Section 3.7 explains the control design for the HVDC system that allow the power flows both
direction in the system. Finally, the chapter is concluded in section 3.8.

3.2 AC Impedance Modeling of the VSC in d¢-frame

This section presents the impedance model derivation of the VSCs for different control object-
ives such as current control, active power control and the DC voltage control.

3.2.1 Analytical Modeling of VSC-HVDC

The electrical circuit of a VSC-HVDC converter for analytical modeling, including the control-
ler block diagram is shown in Fig. 3.1. The modeling, analysis and the control of the system
will be presented in a synchronous reference frame (SRF). The transformation of the three phase
quantity from the stationary reference frame to the SRF is based on the amplitude-invariant Park
transformation, with the d-axis aligned with the voltage vector v, and g-axis leading the d-axis
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Figure 3.1: The VSC-HVDC Converter system including control block diagram.

by 90°. The dynamic equations of the converter in pu can be given by [82], [83]
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where mq and my, are the d- and g-axis modulation index, respectively; the variable, s is used as
the differential operator, s=d/dt, the superscript ’s’ stands for converting the dg-rotating frame
at system fundamental frequency and the voltages and the currents are indicated in Fig. 3.1.
Throughout the thesis, the Bold Font in the equation is used to represent in a matrix form, and
Tilde, "is used to represent the variables in small-signal form.

3.2.2 Current Controller of the VSC

The current-controller as shown in Fig. 3.1 is assumed to be the widely used SRF PI controller
of the VSC with decoupling term. The modulation index references obtained from the current
controllers can be given by
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and Hpw a(s) models the PWM delays; ip,q,.; and iz, ,.; are the d- and q-axis current refer-
ences, respectively; the current compensator transfer function is H.(s) = kp. + ki./s where k.
and k;. are the proportional and integral (PI) gain of the current controller, respectively; wprr,
is the frequency of the PLL in pu and 7 represents the sampling delay. The superscript °c’
represents variables in dg-frame at PLL frequency.

3.2.3 Transformation Variables from PLL Reference to System Reference

The modulation index references in (3.2) are in PLL reference. It is necessary to convert them
into system reference. The following subsection describes how the variables are transformed
from the PLL reference to the system reference.

The PLL is used to track the frequency [86] which acts as a closed control loop. A second order
PLL is assumed as shown in Fig. 3.1, the instantaneous frequency deviation, dwpr; can be
given by

déi;;u = dwprr = HPLL(S)'U(C;Q (3.3)

and the angle difference,
00prr =OprL — 01 (3.4)
where PI controller transfer function, Hppr(s) = kyu + kipu/s, where kp,y; and k;,y are the

PI gain of the PLL compensator, 0py, is the transformation angle of the PLL and 6, is the
transformation angle at the system fundamental frequency. The frequency of the PLL, wpy,
can be found by adding the nominal frequency, w; with frequency deviation and is given by

wprr, = dwprr + w1 (3.5)

and the transformation angle can be found by

dfprr,
dt

= HPLL<S)U(C)(I +w1. (36)

The transformation from the stationary reference to the dg-frame can be described as v; 5 =
e?hys 4 at grid frequency and v; 5 = eIOPrrye 4q @t VSC’s PLL frequency. The relation
between grid and converter dg-frame can be written by

c €—J59PLLU;9
,

Vo,dg dgq

= (COS(depLL) — jS’L’I’L((SGpLL)) (Ugd + jvf;q) (37)
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and 60ppp is assumed to be very small which gives
Ulc)d + jU:;q = (Uzd + Uzq(sepLL) + j(UZq — Uzd(sepLL). (38)

Inserting this relation and applying Laplace transformation on (3.3), the PLL transfer function
can be written by

Gprr(s)

HPLL(S) Av®

—_— . 3.9
s+ VoaoHprr(s) 3.9

00prr =
The integral part of Hpr1(s) is used to remove the quasi-steady-state phase error and it appears
when the synchronous frequency deviates from its nominal value. In steady-state, U, is zero,
Hprr = kypu is sufficient to keep d6pyy, to zero. Gppr(s) is assumed to be a first-order low
pass filter. The bandwidth of the PLL-loop must be sufficiently small to reject the harmonic res-
onance [90]. By a rule, it should be 10 times less than the inner current control loop bandwidth,
Qee=kpe/Lc [91].

The voltage, current and the modulation index in the system reference can be converted using
the transfer function of the PLL derived in (3.9) and can be written as [51]
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3.24 DQ-Impedance Model of Current-Controlled VSC

In order to solve (3.1) for the impedance in frequency domain, the modulating signal, mgq
needs to be found as a functions of iy, 4q and v, qq in frequency domain. Now assume that the
VSC has only inner-loop current control. Taking the PLL into accounts, the modulation signal,
(3.2) from the current controller can be expressed in small-signal form as

{2%] = (—Gpwm(s) (Gee(s) + Zael) Ghri(s) + Gpwm(s)Ghrp(s) + Gori(s)) [géd}

q oq

— Gpwm(5) (Gee(s) + Zael) Bzd} (3.11)

Lq

Since the current control VSC regulates the AC current, the input DC voltage is assumed to be
a constant and Eqn. (3.1) can be rewritten for the constant DC voltage in small-signal form as

Upa| _ | . ?sLd
)= [P v zot0 i) G2
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The impedance model of the current-control VSC can be obtained by inserting (3.11) into (3.12)
and can be given by

Zig(s) = (1= Gi(s)Vae) ™ (Zo(s) + Gpwm(s) (Geels) + Zaer) Vie) (3.13)

where

Ge(s) = —Gpwm(s) (Gee(s) + Zaer) Gpry(8) + Gpwm(s)Gpry (s) + Gpr(s)-

3.2.5 DQ-Impedance Model of the Power-Controlled VSC

In the case of power-controlled VSC, an outer-loop PI controller is assumed to obtain the d-
axis current reference and the g-axis current reference is simply set to zero. The impedance
modeling of the power-controlled VSC including the outer-loop is presented in the following
subsection.

The current reference to the current-controller can be defined by

- [
where the measured power is

Prneas = Voqlifq + Vogllq- (3.15)

and the power controller compensator transfer function H,(s) = kpp + kip /s. The reference

current, if 4, ref N small-signal form can be obtained in terms of if 4, by linearizing (3.14) and
(3.15) as

Gvp Gip
~ —_— .
éid,ref I ‘/;)d ‘/:)q 32 _ ILd ILq ﬁgd
[iiq,ref:| HP(S) l: O 0 Z; HP(S> O O ﬁ(c)q (316)

Now inserting (3.16), linearizing (3.2) and taking the PLL into account, the modulation signal
can be written in small-signal form as

[zd} — Gpwn(8) (—Geo(s) Hp(5)Gryp — (Geols) + Zaar)) [;Ld] + GE(s) [ﬂ (3.17)

q Lq oq

Gl()}<s) =Gpwm(s) (—Gec(8)Hp(8)Gyp — (Gee(S) + Zaer)) GiPLL(S)
+ Gpwm(s) (I = Gee(s) Hp(5)Gip) Gpp(s) + G, (5)-

The impedance model of the power control VSC can be derived by inserting (3.17) into (3.12)
and can be written by

Zqu(5> = (I - Vchg(S))_l (=Zo(s) + VacGpwm(s) (_HP(S)GCC(S)GVp — Gee(s) = Zaer))
(3.18)
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3.26 DQ-Impedance Model of the DC Voltage-controlled VSC

This subsection describes the impedance model derivation of the DC voltage-controlled VSC.
In order to solve (3.1) for impedance in frequency domain, the modulating signal, mgq needs
to be found as functions of iy, qq and v, qq in frequency domain and also it is necessary to find
the relation between AC and DC side variables. An ideal lossless model of the VSC is assumed
for simplification of modeling. Therefore power balance constraint between DC and AC side
can be given by

P =igv4e = (i74my + i7,,m) Ve (3.19)
ide = (i34 + i3,m5)- (3.20)
The dynamic equation of the DC-link voltage in pu can be written by

SCdC

Wy

Vge = I — e (3.21)

Assuming that the output power of the VSC is constant and the VSC behaves as a constant
power source/load. Therefore, the input DC current to the VSC can be written as

I,=—. (3.22)

Inserting (3.22) and after linearization, (3.21) can be be written in small-signal form as

ch(s>

—~
~ SCdc P ~
— =) . 3.23
4 ( o + VdQC) Uq ( )

Now inserting (3.23), eqn. (3.20) can be expressed in small-signal form as

Gyi Gya

—_—~ —_—
~ M. My ~s I, Iy, ~ 5
Ude| _ _ |Vl TVao) | || _ | Va9 Vaulo | || (3.24)
0 0 0 | L%, 0 0 | L7y

The d-axis current reference is obtained from the outer-loop PI controller and the g-axis current
reference is set to zero. The current reference can be given by

|:Z:(id,ref:| — |:Hvd6(3) (_UdCTEf + Udc):| (3.25)
Zzq,'ref 0

where H,q.(8) = kppde + kivac/ s is the DC voltage controller compensator transfer function and
in small-signal it can be written as

Gvde(s)

~ e N
[ézd,ref:| — l:HUdC (S) 0:| |:’l~}dC:| (3 26)
g ref 0 0|10
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Inserting (3.26) and (3.24), and solving for modulation index, (3.2) can be written in small-
signal form as

] = o (Gt 0] + G 1] 62)
where
GE*(0) = Gro () (G + ) Ghua 1)+ G 0) — Gl GG

GB(S) = GPWM(5> ( (é) Zgel — Gcc( )GVdc(S)Gvi)
Ga(s) = (I+ Gpwm(s)Gee(5)Gvde(s)Gva)

and defined the modulation index at operating point,
Mg 0
Go = []Mq 0} '

The impedance model of the DC voltage-controlled VSC can be derived in frequency domain
by inserting (3.24) and (3.27) into (3.1) and can be written by

Z32%(5) =(1 = VaeG! (5)GE™(5) + GpGraGy! (5)GE(s5))
(=Zo(s) + VaeG1'(s)Gr(s) — GpGvi — GpGvaG,'(s)Gg(s)) .  (3.28)

vih iR, L —
:__#»‘:'m_ J")\} HVDC

| Current

injection

Figure 3.2: The VSC’s impedance verification setup based on shunt current injection.

3.3 DQ-frame Impedance Model Verification

The effectiveness of the impedance based stability analysis result depends on the correctness
of the analytical impedance model; therefore the analytical impedance model derivation is con-
sidered to be the most important part in the impedance based stability analysis. The correctness
of the impedance model derivation can be verified by comparing the impedance frequency re-
sponses obtained either by numerical simulation or experiment. In this case, the correctness
of the impedance model is verified by comparing the frequency responses obtained from the
numerical simulation. Fig. 3.2 shows the setup used to obtain the impedance frequency re-
sponses from the simulation. A shunt perturbation current (<5% of rated steady-state current)
at different frequencies is applied as shown in Fig. 3.2 and the voltage is measured. Fast Fourier
Transformation (FFT) tool is used to analyze the different harmonic voltages and currents. The
impedance is calculated by dividing the voltage by current at each frequency. The impedance
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Figure 3.3: The impedance frequency responses of the current-controlled VSC (Solid line is the analyt-
ical model and points are from numerical simulation).

models are derived in dg-domain which is a 2x2 matrix. The frequencies are referred to the
dq-frame, therefore the perturbation is transformed back to the phase domain in order to be
compatible with the injection structure as shown in Fig. 3.2 [92], [93].

Fig. 3.3 shows the impedance frequency responses of the current-controlled VSC. The solid line
is representing the impedance frequency responses from the analytical model and the circles
show the results obtained from the numerical simulation. Both analytical and simulation im-
pedance magnitude and phase are in good agreement which validates the correctness of the
impedance model derivation. In the analytical model, the delay caused by the anti-aliasing filter
is neglected which cause a little deviation in simulation in the off-diagonal elements.

Fig. 3.4 shows the impedance frequency responses of the DC voltage-controlled VSC. As like
as the current-controlled VSC, both analytical and simulation impedance frequency responses
are in good agreement which validates the correctness of the impedance model derivation.

3.4 DC Impedance modeling of the VSC

In this section, the DC impedance models will be derived for a switching model of the VSCs
including the PWM delay and the PLL dynamics. The details impedance model derivation is
described below.
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Figure 3.4: The impedance frequency responses of the DC voltage-controlled VSC (Solid line is the
analytical model and points are from numerical simulation).

3.41 Small-signal Analytical Modeling of the VSCs

The impedance model will be derived based on the analytical model of the VSC-HVDC sys-
tem described in Chapter 2. Applying Laplace transformation, the dynamic equations of the
converter, capacitive filter and grid inductor, in small-signal form can be written in pu as

{Aj\ﬂ e + Ve md] — Zo(s) E;Ld] = [gzd] (3.29)
q q Lq oq

Bal _ [ita] _ s

GRCR=
1}5d:| _ Fid} +Z(s) [fid] (3.31)
|:UZ‘1 U;q & qu

where

Zo(s) = Ry + sLy/wy —wiLy
& wi Ly Ry + sLy/wy

o SOf/UJb —wle
Yer(s) = [ wiC sC’f/wb] '

Assuming that the grid voltage v, is stable and [ﬁ;d ﬁjq} T = 0, Eqn. (3.31) gives the relation
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between i)‘,dq and Vv, qq and can be given by

gs s

{{d} =Y,(s) {f;d} (3.32)
where

The relation between the PCC voltage, v, 4q and converter current, iy, 4q can be found by in-
serting (3.32) into (3.30) and can be written by

Zs(s)

{“d] = (Yer(s) + Yg(s) ™ {Zm] (3.33)

Voq YLg

3.42 Current Controller in System Reference

The modulation voltage references obtained from the current controllers in dg-frame at PLL
reference is given in (3.2). Taking PLL into accounts, the modulation signal from the current
controller can be expressed in small-signal form as

[:Z%} =Gpwm(5)Gee(s) {Z:Ld’ref} — Gpwm(s) (Gee(s) + Zder) [?d} +Gg(s) {Uéd} :

q ULgref Lq

3.4.3 Power Balance Constraint between AC and DC side

By neglecting the losses due to switching, the power balance constraint between the AC and the
DC side can be given by (3.35) and linearized equation of (3.36) is given by (3.37).

Vaclde = 1.qVopa + iSqu;}q (3.35)

Gde = U7gMy + i7,My (3.36)

=gy ] |l o,z [ 3.37

ige = [Ma M| |24 + [T Inq) | -9 (3.37)
YLg my

3.44 DC Impedance Model of the Power-Controlled VSC

As shown in Fig. 3.1, the current reference to the current controller can be written by

PTVLEUS
1 /_(‘/T
[iédre;] = |Hp(8)Prey — Hp(s) (VogiTg + Vogi7,) | - (3.38)
qre,

0
In small-signal form including the PLL dynamics, the current references can be given by
Ud

0] 0 (5)Gun [124] = (5(5) GGl 6) + ()G Gtua (9) [ 5] 339

LLgref "Lq oq
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where
_ ‘/;)d ‘/oq
G =[5 ]
Mg Ipq
Glp—[o O]

Now inserting (3.39) and (3.33) into (3.34), the modulation index can be written by

{”mld] = GE(s) Fid] (3.40)

S
q YLg
where

Gz (s) = (—Gpwm(5)Gee(s) Hp(5)Gvp — Gpwm(s) (Gee(s) + Zaer))
+ ZS(S) (_GPWM(S)GCC(S) (HP(S)GVPGiPLL(S) + HP(S)GVPG;LL(S)) + Glc(s))

The DC impedance of the converters can be calculated as 0./ %dc. Eqgn. (3.29) indicates that
the derivation should involve both AC and DC side, therefore the AC side quantities have to be
expressed in terms of the DC side quantities in order to get an expression of the dc impedance,
Zdge = Uge /Edc. Hence, the relation between the DC voltage and AC currents can be obtained
from (3.29) by inserting (3.33) and (3.40) as

ch@)

(Zs(s) + Zo(s) — Va.GE(5)) Hﬂ Dge = {ZM} . (3.41)
q ZLq

The DC impedance of the converters can be calculated by inserting (3.41) into (3.37) and can
be expressed as

0 Z
Zpl = % — de,base 342
2e(5) i ([Ma M)+ [Ira Iy GE(5)) Yha(s) (3.42)

where Zg. pqse i the DC base impedance.

3.45 DC Impedance Model of the DC Voltage-Controlled VSC

As shown in Fig. 3.1, the current reference to the current controller can be written by

l:Z:FLdref:| _ |:_Hvdc(s)vdc,7'ef + Hvdc(s)vdc] ) (343)
/Liqrcf 0
In small-signal form, the current references can be given by

{W”ff } = {Hv‘*} Die (3.44)
ULgref 0
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Now inserting (3.44) and (3.33) into (3.34), the modulation index can be written by

g = Gpwm(s)Gee(s) Hoaels Bae + GZ**(s) zzd (345)
i - a

where
G2(s) = (~Grwm(s) (Gee(5) + Zaer) + Zs(5) G (5))

The relation between the DC voltage and AC currents can be obtained from (3.29) by inserting
(3.33) and (3.45) as

YX&(s)
- Hyge Mg\ - i
(Zo(s) + Zs(s) — VaeGy(s)) ! (VdCGPWM(s)GCC(s) { %<S)} + [M’ﬂ) Dge = [%ﬂ )
(3.46)

The modulation index can be expressed in terms of DC voltage from (3.29) inserting (3.46) and
(3.33) as

[’,Zﬂ = % ((Zo(s) +Zs(s) YXE () = [%ﬂ) D (3.47)

The DC impedance of the converters can be calculated by solving (3.37), (3.46) and (3.47) and
can be expressed as

Z;C(S) _ @dc ch,base

e My M) YY) ik [T T <<Zo(s>+zs<8>>YX3c(8)_ de

— e (O —
ch,

Figure 3.5: The DC voltage control terminal of the VSC-HVDC system.

Vdc-VSC Z, (s)<—‘ Z %)
K} Rc L q ’—V:CC g Lg Vg
J

3.5 Frequency Domain Stability Analysis based on the DQ-Impedance

model

Impedance based stability analysis has been carried out for the point-to-point connection VSC-
based HVDC system discussed in the previous chapter, section 2.4. Stability analysis needs to
be carried out for each VSC station at the point of common coupling to the grid. This section
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—_—— e —d
Load Subsystem Source Subsystem

Figure 3.6: Equivalent small-signal impedance model.

will present the stability analysis for the DC voltage controlled VSC as an example of the
impedance-based stability analysis.

Fig 3.5 depicts the DC voltage control terminal of the point-to-point connection VSC-based
HVDC system. The equivalent small-signal impedance model of the DC voltage-controlled
VSC station is depicted in Fig. 3.6 where the source subsystem is modeled by its Thevenin
equivalent circuit consisting of an ideal voltage source V(s) in series with an equivalent im-
pedance Z(s), while the DC voltage-controlled VSC subsystem is modeled by its Norton equi-
valent circuit with an ideal current source in parallel with an admittance Y;(s) = 1/Z(s) of
the VSC. Since the impedance models are derived in dg-frame, all the variables in Fig. 3.6 are
in dg-domain. The subscript for the dq has been dropped in the equivalent circuit.

In abc-frame the inductance and the resistance can be written by

R+ sL 0 0
ZRy,abe(s) = 0 R+ sL 0 (3.49)
0 0 R+ sL
and the capacitor impedance is
—1
sC 0 0
Zoabe(s)= |0 sC 0| . (3.50)
0 0 sC

The impedance model of the converter is derived in dg-domain, therefore it is necessary to
convert the abc-frame impedance into dg-frame impedance which can be given by

. R + SL *wlL
ZRy,dq(5) = { wlL R+ SL] (3.51)
-1
_ sC —ch
Zcaq = LMC e ] . (3.52)
Hence, the source equivalent impedance in dg-frame can be give by
-1 -1
| |Rg+sLy —wily sCy  —wiCy
Zsaq(s) = [ wiLy, R, + sL, wiCy  sCy (353)
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and the load impedance for the DC voltage controlled converter is obtained from (3.28) and can
be given by

Zyaq(s) = Z93.(s). (3.54)

Based on this representation in Fig. 3.6, the response of the PCC bus voltage can be written as

1

Vrccdq(s) = (Vsda(s) + Zsdq(5)Is.aq(5)) (I + (Zsaq(s)) (Zl,dq(s))_l)_ . (3.55)
For system stability studies, it is assumed that

1. The AC voltage of the grid is always stable when unloaded; and

2. The DC voltage-controlled VSC is stable when it is connected to a stable source.

Therefore, the stability of the interconnected system depends on the second term of right-
hand side of (3.55) and the PCC bus voltage will be stable if and only if the impedance ra-
tio, (Zs.aq(5)) (Z1.aq(s))”" which can be defined as the minor loop gain of a feedback control
system as

G(s)H(5) = (Zsaq($)) (Zraq(s)) ™ (3.56)

meets the Generalized Nyquist Stability Criterion (GNC) [45], [46]. The stability of the sys-
tem depends on the multi-input multi-output (MIMO) Nyquist variables and it is necessary to
include all the elements of the matrix G(s)H(s) as described in [52]. Fig. 3.7 (a) shows the char-
acteristics loci (eigenvalues, A and \;) of the minor-loop gain with full power loading with the
SCR of 5. The inner-loop current controller is tuned with 90° phase margin at 400 Hz crossover
frequency and the outer-loop DC voltage controller is tuned with 80° phase margin at 25 Hz
crossover frequency. As can be seen, the characteristics loci of the minor gain do not encircle
the point (-1,j0), therefore the system is predicted to be stable.

To further validate the frequency domain analysis, a detailed time domain simulation model
of the HVDC system as depicted in Fig. 3.5 has been implemented in the Matlab/Simulink
environment associated with the SimPower System Blockset. Fig. 3.7 (b) shows the three-
phase voltages and currents at PCC of the VSC. As predicted in the small-signal impedance-
based analysis, the HVDC system operates stably in the time domain simulation. At 0.3 s a step
change of 0.025 pu DC voltage reference is applied to observe the performance of the system.
Since the characteristics loci is stable with sufficient phase margin, the system operates stably.

Now the grid strength has been reduced purposely to show an interaction example between the
grid and the HVDC system. The SCR is reduced to 2 when the VSC is operating with full
power loading. Fig. 3.8 (a) shows the characteristics loci of the minor-loop gain. As can be
seen, the phase margin of A; becomes low (11.5°) at frequency 4 Hz. Since the phase margin is
very low, it can provoke the instability even with a small disturbance. To validate the theoretical
analysis, a time domain simulation has been carried out, the resulting time domain responses
are shown in Fig. 3.8 (b). The system operates stably in the initial simulation. At 0.3 s a step
change of 0.025 pu DC voltage reference is applied. Even the disturbance is very small, the
system becomes unstable with a frequency around 4 Hz as predicted by the frequency domain
analysis.
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Figure 3.7: (a) Characteristics loci of the minor-loop gain with full loading and SCR 5, and (b) Three
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Figure 3.8: (a) Characteristics loci of the minor-loop gain with full loading and SCR 2, and (b) Three
phase voltages and currents at PCC of the VSC for SCR 2.

3.6 Impact of the Control-loop Bandwidth on the Impedance Fre-

quency Responses

The analytical impedance models of (3.13), (3.18) and (3.28) indicate that the impedance fre-
quency responses of the HVDC VSC depend on the converter series inductance, control-loop
bandwidth, and the steady-state operating point. This section presents two examples of the
impedance reshaping by re-tuning control-loop gain and how it affects the stability of the VSC-
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Figure 3.9: The impedance frequency responses of the current-controlled for the current control-loop
bandwidth of 800 Hz and 400 Hz with 90° phase margin.
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Figure 3.10: Characteristics loci of the minor-loop gain with full loading: (a) the current control-loop
bandwidth of 400 Hz and (b) the current control-loop bandwidth of 800.

based HVDC system.

Fig. 3.9 shows the impedance frequency responses of the current-controlled VSC for two design
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of the current control-loop. Initially, the current control-loop is designed with a phase margin
of 90° at 400 Hz crossover frequency. The impedance frequency response is shown in fig.
3.9 with dash line. The proportional gain is increased to two times the original gain to have
the control-loop gain at twice the initial bandwidth while the phase margin remains the same.
The impedance frequency response is shown Fig. 3.9 with solid line. As can be seen, with a
higher control bandwidth, both the magnitudes of the diagonal elements of the impedance be-
come larger which indicates that system stability increases with the increase of the current-loop
bandwidth. Fig. 3.10 shows the characteristics loci of the minor-loop gain of the DC voltage-
controlled VSC for 800 Hz bandwidth of the current control-loop. By comparing between Fig.
3.10 (a) and (b), it can be concluded that higher control bandwidth of the current control-loop
increases the stability margin of the system by increasing the phase margin in the characteristics
loci of the minor-loop gain.

Fig. 3.11 shows the impedance frequency responses of the DC voltage-controlled VSC for two
design example of the DC voltage control-loop bandwidth. Initially, the DC voltage control-
loop is designed with a phase margin of 80° at 25 Hz crossover frequency. The impedance
frequency response is shown in fig. 3.11 with dash line. The proportional gain is increased to
two times the original gain to have the control-loop gain at twice the initial bandwidth while
the phase margin remains the same. The impedance frequency response is shown Fig. 3.11
with solid line. As can be seen, the DC voltage control-loop does not have any impact on the
qqg-axis impedance since the DC voltage controller has been implemented on the d-axis. The
d-axis impedance has an impact on a change of the DC voltage control-loop bandwidth. The
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Figure 3.11: The impedance frequency responses of the DC voltage-controlled VSC for the control-loop
bandwidth of 50 Hz and 25 Hz with 80° phase margin.
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(a) (b)

Figure 3.12: Characteristics loci of the minor-loop gain with full loading: (a) the DC voltage control-
loop bandwidth of 25 Hz and (b) the DC voltage control-loop bandwidth of 50 Hz.

impact on the impedance is not much since the AC side impedance does not much related to the
DC side dynamics. Fig. 3.12 shows the characteristics loci of the minor-loop gain of the DC
voltage-controlled VSC for 50 Hz bandwidth of the DC voltage control-loop. By comparing
between Fig. 3.12 (a) and (b), it can be concluded that the control bandwidth of the DC voltage
control-loop does not have a significant impact on the stability margin at the AC interfacing
point of the VSC system.

3.7 Control Design of VSC-HVDC for both Direction of Power Flow

This section presents the impact of the power flow direction on the stability for a VSC-HVDC
system. Existing methods of determining the source and the load impedances cannot predict
the stability when the power flow direction has been altered; therefore a method based on the
power flow direction has been presented to determine the source and the load impedance [59].
The control has been redesigned based on the proposed method such that the power flows both
directions without changing the control between the converters.

3.7.1 Problem Identification

The point-to-point VSC-based HVDC system under this study is depicted in Fig. 2.13 in
Chapter 2. The VSC-HVDC system is implemented in MATLAB/Simulink with detailed switch-
ing model of the VSCs. In addition, the simulation results are also compared with the set-up
of a two-terminal system built in the laboratory as discussed in the chapter 2. The theoret-
ical analysis and simulations have been performed to a low voltage level in order to com-
pare with the same voltage and system parameters in the experiments. The electrical circuit
parameters of the system are given in Table A.l in Appendix. The inner-loop current con-
troller of the P-VSC is tuned at H..(s) = 4 4+ 800/s and the close-loop control bandwidth
is 160 Hz with 150-degree phase margin. The active power compensator transfer function is
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(a) (b)

Figure 3.13: Simulation results for -10 kW power reference to the P-VSC (Stable case): (a) Three-phase
AC voltages and currents at PCC of P-VSC and (b) Three-phase AC voltages and currents at PCC of
Vdc-VSC of the HVDC system.
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Figure 3.14: The DC link voltage and current of VSC HVDC system.

Hp(s) = 0.005+1/s, and the close-loop control bandwidth is 27 Hz. The current compensator
of Vdc-VSC is H..(s) = 5+ 1000/s and the close-loop control bandwidth is 157 Hz with 150-
degree phase margin, and the DC voltage compensator transfer function is H,q.(s) = 4.5+ 3/s
and the control bandwidth 8 Hz. The control tunings satisfy the standard bandwidth require-
ments and the system is expected to operate stably.

The DC voltage reference to Vdc-VSC is set to 500 V. The active power reference to P-VSC
is set -10 kW. The negative power reference to P-VSC means that P-VSC is exporting active
power to the DC system and is operating as a rectifier. Thus, Vdc-VSC is extracting power from
the DC system and operates as an inverter. A time domain simulation has been carried out for
these tuning and setting, and the resulting time domain responses are shown in Fig. 3.13 and
Fig. 3.14 which show that the system operates stably. Fig. 3.15 shows the experimental results.
The system operates stably in both the time domain simulation and the experiment.
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Figure 3.15: Experimental results for -10 kW power reference to the P-VSC (Stable case): (i) the DC
link voltage, (ii) voltage at PCC of VSC (phase-A), (iii) current of P-VSC (phase-A) and (iv) current of
Vdc-VSC (phase-A).

g g
S =
S o
S
— 3
——
——
—
—
— 3
—
— ol

dc link voltage (V
N

® ©

o o
—
——
——
—
———
—

470

0.5 0.55 0.6 0.65 0.7
-25
<
§ 30
5
o
_—_E -35
o
©
-40
0.5 0.55 0.6 0.65 0.7
Time (s)
(b)

Figure 3.16: Simulation results for +10 kW power reference to the P-VSC (Unstable case): (a) Three-
phase AC voltages and currents at PCC of Vdc-VSC and (b) the DC link voltage and current of VSC
HVDC system.

The HVDC system is expected to operate stably for both directions of the power flow. There-
fore, the opposite direction of the power flow is tested for the same control tuning. The active
power reference is now set to +10 kW which is opposite to the previous direction. For this
power reference, P-VSC is extracting the power from the DC system and operates as an inverter
and Vdc-VSC is exporting power to the DC system. The power reference has been altered from
the negative reference to the positive while the controls of the VSCs remain the same. A time
domain simulation has been carried out and the resulting time domain responses are shown in
Fig. 3.16. As can be seen in Fig. 3.16, the system has become unstable and the PCC voltages
and currents have different harmonic components. The DC-link voltage and current have also
the different frequency of oscillation. An experiment has been carried out for the same setup
and power reference. Fig. 3.17 shows the results from the experiment. The experimental result
has confirmed that the system is unstable and has polluted by the different harmonic. Moreover,
it cannot be continued the operation in the experiment since protection system has been tripped.
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Figure 3.17: Experimental results for +10 kW power reference to the P-VSC (Unstable case): (i) the DC
link voltage, (ii) voltage at PCC of VSC (phase-A), (iii) current of P-VSC (phase-A) and (iv) current of
Vdc-VSC (phase-A).

The system operates stably when the power flow direction is from the power controlled-converter
to the DC voltage controlled-converter and becomes unstable when the power flow direction has
been altered. To analyze the stability and find the causes of this instability, an impedance based-
stability method is adopted. The next two Sections have presented the stability analysis of the
system and the possible solution to overcome this instability.

3.7.2 Impedance-based Stability Analysis based on the Literature

The investigated two-terminal VSC-HVDC system including the shunt current injection struc-
ture for the impedance model verification is depicted in Fig. 3.18. For stability analysis, the
equivalent small-signal impedance model of the VSC-HVDC system is shown in Fig. 3.19.
The power controlled-converter subsystem including the DC-line impedance is modeled by its
Norton equivalent circuit consisting of an ideal current source, /p in parallel with an equival-
ent impedance, Zp(s) while the DC voltage controlled-converter subsystem is modeled by its
Thevenin equivalent consisting of a voltage source with a series equivalent impedance, Zy 4.(s)
[63].

The current source impedance can be given by

ZP(S) — ch(s)

= —— " Ziccable 3.57
1+ sCac 25 (5) + Zecabie (5) ( )

<—+e P, Z, (S)<T’ch (s)

Ot RT O Rk e DO

1 P-VSC Current yge.vsc [
Injection

Figure 3.18: Investigated point-to-point VSC-based HVDC system including current injection structure
for impedance model verification
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Power Control  DC voltage Control

Figure 3.19: Equivalent small-signal impedance model of VSC-HVDC system consisting of both the
voltage source and the current source.
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Figure 3.20: Frequency response of the impedance: (a) the impedance of the current source subsystem
and (b) the impedance of the voltage source subsystem (solid-line is from model prediction and the
red-points are from detailed simulation).

where Z;. cqpie 1 the impedance of the HVDC-link cable and the voltage source impedance is

ZU (S)
2V de = “de 3.58
vae(s) 1+ 5CaBZY.(s) 539

The analytical impedance model developed for the VSCs in (3.57) and (3.58) are validated by
simulation with detailed switching model of the VSCs. A perturbation current (1% of rated
dc steady-state current) at different frequencies from 1 Hz to 1 kHz is injected as shown in
Fig. 3.18 and the voltage is measured. The FFT tool from the SimPower System is used
to analyze the different frequency voltages and currents, and the impedance is calculated by
dividing the voltage by current at each frequency. The analytical and simulation impedance
frequency reponses are shown in Fig. 3.20 and the electrical circuit parameters of this system are
given in Table A.1 in Appendix A. The solid-line is the analytical impedance and the red-points
show the results from detailed simulation. Both the analytical and the simulation impedance
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magnitude and phase have a good agreement which validates the correctness of the impedance
model derivation.

The equivalent small-signal impedance model of the VSC-HVDC shown in Fig. 3.19 is a hybrid
system consisting of both a voltage source and a current source. Therefore, the DC voltage at
the interconnection of Fig. 3.19 can be given by

1
U(S) = (’Udc(s> + iP(S)Zde(S)) <1Z\/d4(5)> (359)
+ Zp(s)

where the second part of the equation resembles a closed-loop transfer function and the stability
of the system can be determined by checking the Nyquist plot of the voltage source to the
current source impedance ratio regardless of the current source behaves as a source or a sink.
Moreover, this criterion indicates that a point-to-point connection VSC-HVDC system should
be designed to have high output impedance as possible in the current source subsystem and low
input impedance in the voltage source subsystem in order to operate stable under a wide range
of frequencies.

Fig. 3.21 (a) shows the impedance frequency response of the voltage source and the current
source subsystem for the negative power reference of the power controlled-converter. As can be
seen, the impedance of the current source subsystem, (Zp(s)) is higher than the impedance of
the voltage source subsystem, (Zy4.(s)) at all frequencies which is desirable to have the stable
system. Fig. 3.21 (b) shows the Nyquist plot of the impedance ratio. Since the magnitude of
the Zp(s) is higher than the magnitude of the Zy4.(s) at all frequencies, the Nyquist plot stays
inside the unit circle and it never encircles the point (-1, jO). Moreover, there is no pole in the
right half-plane (RHP), therefore, the system is stable for the negative power reference. The
system is found to be stable in time domain simulation and in the experiment.

Since the impedance also depends on the steady-state operating point, the impedance is calcu-
lated for the +10 kW power reference to P-VSC (which is the new operating point). Fig. 3.22
(a) shows the impedance frequency response for the positive (+10 kW) power reference. As
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Figure 3.21: Negative power reference: (a) Impedance frequency response of the voltage source and
current source subsystem and (b) the Nyquist plot of the impedance ratio (Zy 4.(s)/Zp(s)).
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Figure 3.22: Positive power reference: (a) Impedance frequency response of the voltage source and
current source subsystem and (b) the Nyquist plot of the impedance ratio (Zy4.(s)/Zp(s)).

can be seen in Fig. 3.22 (a), the impedance of the current source subsystem, (Zp(s)) is higher
than the impedance of the voltage source subsystem, (Zy4.(s)) at all frequencies, therefore, the
Nyquist plot of the impedance ratio stays inside the unit circle and it never encircles the point
(-1, jO) as shown in Fig. 3.22 (b). and There is no pole in the right half-plane (RHP) for the
open-loop gain, therefore, the system is predicted to be stable from frequency domain analysis
by the existing impedance based stability method; however, the system is found to be unstable in
the time domain simulation and the experiments. Therefore, existing method can not determine
the stability of the system when the power flow direction has been altered.

3.7.3 Stability Analysis and Control Design that Enables both Direction of Power
Flow

In the previous section it has been observed that the existing impedance-based method cannot
determine the stability of the system when the power flow direction has been altered. Therefore,
to overcome this limitation in this work an impedance-based stability method is proposed where
the subsystems are represented by only a Norton equivalent current source instead of represent-
ing them by a hybrid system consisting of both a voltage source and a current source. This
assumption is valid, since the voltage controlled-subsystem can be represented by its Norton
equivalent current-source with parallel connected impedance [46]. The modified equivalent
small-signal impedance-model of the two-terminal HVDC system is shown in Fig. 3.23.

Now assume that the power reference of the power controlled-converter, P-VSC is negative, this
means that P-VSC injects power into the DC system and works as a current source and the DC
voltage controlled-converter, Vdc-VSC operates as an inverter and extracts active power from
the DC system. Therefore, P-VSC operates as a current source while the Vdc-VSC is a current
sink or load. For this condition, the current, I(s) at interconnection in Fig. 3.23 can be given
by

Zvae 1
I(s) = (Ip(s) — Iy(s) ZV; é‘?) oy (3.60)
Zp(s)
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Figure 3.23: Equivalent small-signal impedance model of VSC-HVDC system: current source equival-
ent model.

Note that the second part of (3.60) resembles the close-loop transfer function of a negative
feedback control system with a forward gain of unity and the feedback gain is Zy4.(s)/Zp(s).
Hence based on (3.60), the HVDC system will operate stably if the ratio of the DC voltage
controlled-converter impedance to the power controlled-converter impedance, Zy4.(s)/Zp(s)
satisfies the Nyquist Stability Criterion. Fig. 3.21 shows the impedance frequency response
and the Nyquist plot of the impedance ratio for the negative power reference and the system
is predicted to be stable. The system operates stably in the time domain simulation and the
experiments as shown in Fig. 3.13 and 3.15, respectively.

Now the reference power of P-VSC is set to +10 kW, this means that the P-VSC is extracting
power from the DC system and working as a current sink or load, while the Vdc-VSC is working
as a current source. In that case, the current /(s) at interconnection can be given by

I(s) = (Iv(s) = IP(S)ZZV’:Z)) — 1ZP(S) . (3.61)

Zyac(s)

Therefore, based on (3.61) the stability of the HVDC system depends on the impedance ratio

22,4,
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Figure 3.24: Nyquist plot of impedance ratio, Zp(s)/Zy 4.(s).
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Figure 3.25: Frequency response of the impedance model at interfacing point for modified control tuning
(the solid-line is from model prediction and the red-points are from detailed simulation).
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Figure 3.26: Nyquist plot of impedance ratio for modified control tuning: (a) Negative power reference:
Zvac(8)/Zp(s) and (b) Positive power reference: Zp(s)/Zy 4c(s).

of the input impedance of the power controlled-subsystem to the output impedance of the DC
voltage controlled-subsystem, Zp(s)/Zyq.(s) which is the inverse of the previous assumption
of (3.60). The system operates stably if Zp(s)/Zyq.(s) satisfies the Nyquist Stability Criterion.

Fig. 3.24 shows the Nyquist plot of the impedance ratio, Zp(s)/Zy4.(s) for the positive power
reference of P-VSC. As can be seen in Fig. 3.22 (a), the magnitude of the Zp(s) is higher than
the magnitude of the Zy4.(s) and the Nyquist plot of Zp(s)/Zy4.(s) (Fig. 3.24) does not cross
the unit circle; however it encircles the point (-1, jO) and there is a pole in the right half-plane
(RHP) of the open-loop system, hence the system is predicted to be unstable. Therefore, the
system has become unstable in the simulation and experiments as shown in Fig. 3.16 and Fig.
3.17, respectively.

Eqn. (3.61) indicates that the system stability can be improved by increasing the magnitude of
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Figure 3.27: Simulation results for a step change of power reference from negative to positive 10 kW.

Zy4c(s) which can be done by modifying the converter passive components and the controller
bandwidth. It is not a good choice to modify the passive components instead it is better to
reshape the impedance by re-tuning the controller gain.

Hence, the voltage controller gain is re-tuned at Hy4.(s) = 14 3/s and the close-loop crossover
frequency is 7.2 Hz. Fig. 3.25 shows the impedance frequency response of the subsystems for
the negative power reference. The impedance magnitude crosses each other at frequencies of
30.6 Hz and 65.8 Hz with a phase margin of 160° and 66.5°, respectively. Fig. 3.26 depicts
the Nyquist plot of impedance ratio, Zy.(s)/Zp(s). As can be seen in Fig. 3.26 (a), the
Nyquist plot does not encircle the point (-1, jO). Therefore, it has been predicted that the system
operates stably for the negative power reference. Now stability analysis is performed for the
positive power reference, and the resulting Nyquist plot of the impedance ratio, Zp(s)/Zy 4c(s)
is shown in Fig. 3.26 (b) and the Nyquist plot predicts that the system will operate stably. The
system is predicted to be stable for both directions of the power flow.

A time domain simulation has been carried out for a step change of active power reference from
-10 kW to +10 kW and the resulting time domain simulation is shown in Fig. 3.27. The system
operates stably for both directions of power flow which is further confirmed in the experiments.
Both the simulation and the experiments have validated the theoretical analysis.
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3.8 Conclusion

This chapter presents the impedance based stability analysis of a VSC-HVDC system as an
alternative measurement-based approach to limit the high dependence on detail information of
components in large-scale systems. Analytical impedance models for the VSC-HVDC con-
verters have been derived for different control modes and the impedance frequency response is
verified by the perturbation method via measurements. Once the source and load impedance are
identified, an impedance based stability method is adopted in order to determine the stability of
the VSC-based HVDC system. Moreover, this chapter presents the impact of the power flow
direction on the stability for VSC-HVDC systems. Existing methods of determining the source
and the load impedances cannot predict the stability when the power flow direction has been
altered; therefore a method based on the power flow direction has been presented to determine
the source and the load impedance. The control has been redesigned based on the proposed
method such that the power flows both directions without changing the control between the
converters.

The system stability can be predicted from characteristics loci of minor-loop gain and the phase
margin shows the stability strength of the system. The system is found to be stable as long as
the impedance ratio satisfies the Nyquist stability criterion. The frequency domain stability ana-
lysis based on impedance ratio is further validated by time domain response for the VSC-based
HVDC transmission system. From the observation, it can be concluded that the impedance
based method could be a good tool for modeling, control and the stability assessments of VSC-
based HVDC transmission systems.






Chapter 4

Impedance-based and Eigenvalue-based
Stability Assessment Comparison

This chapter presents a comparison between the impedance-based and the eigenvalue-based
stability analysis methods for power electronics-based power systems more specifically for an
HVDC system. Advantages and disadvantages of these two methods have been discussed when
assessing the stability of power electronics based power system.

This chapter is based on the following articles.

[1] M. Amin, A. Rygg and M. Molinas, "Impedance-based and eigenvalue based stability
assessment compared in VSC-HVDC system," 2016 IEEE Energy Conversion Congress
and Exposition (ECCE), Milwaukee, WI, USA, 2016, pp. 1-8.

[2] M. Amin and M. Molinas, Small-Signal Stability Assessment of Power Electronics based
Power Systems: A Discussion of Impedance- and Eigenvalue-based Methods, /[EEE Trans-
action on Industry Application, To be published. Online available: 06 June 2017. DOI:
10.1109/T1A.2017.2712692

4.1 Introduction

As shown in Fig. 1.5, existing approaches for the small-signal stability study of power electronics-
based power system are based on the transfer function [94], state-space modeling and eigenval-
ues analysis [36], [40]-[43], nonlinear methods [95]-[98], and the impedance-based method
[45], [46], [49], [50], [59], [64], [65]. The transfer function based stability analysis does not
include the impact of the grid impedance and it is mainly adopted to tune the control-loop of the
converters. The nonlinear methods have computational complexity and are difficult to study for
large-scale power electronics based power systems. On the other hand, the impedance-based
and the eigenvalue based analysis need less computation and include the impact of control-
ler dynamics and the grid impedance; therefore, these two methods are more suitable for the
stability analysis of power electronics-based power systems.

The state-space modeling and the eigenvalue-based approach is a global stability analysis method
that determines the stability of the system regardless of the location of the source of the instabil-

83
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ity. The eigenvalue-based analysis has broadly been used to determine the stability of a wind
turbine system [72], harmonic stability assessment [74], the stability of two-terminal and multi-
terminal VSC- and MMC-based HVDC transmission systems [40], [41], [73].

Impedance-based small-signal stability analysis has broadly been used to determine the stabil-
ity of power electronics based power systems. Impedance-based analysis has been investigated
for a grid-tied inverter at interfacing point connecting to the grid, either in the AC side by the
sequence domain impedance by checking the Nyquist stability criterion on the positive and the
negative sequence impedance ratio [46]-[49] and the dq-domain impedance based on the gen-
eralized Nyquist stability criterion [50], [53] or in the DC side [44], [58], [59], [79]. When
the analysis is carried out in the AC impedance-based method, it is assumed that the DC-link
voltage is stable and decoupled by the DC-link capacitance [49], [65], and the DC-link capacit-
ance and other dynamics are neglected. Hence, the instability caused by the DC-link dynamics
has been overlooked in the AC impedance-based approach. Resonance caused by the DC-link
capacitance has been investigated by the DC impedance-based approach [58]. According to
the literature, some instability phenomena in power systems with AC-DC power electronics
converters cannot be identified from the DC impedance based approach [58], [59] while the
instability caused by the DC-link dynamics has been overlooked in the AC impedance-based
approach since the DC-link dynamics are decoupled by the DC-link capacitance [49], and the
DC-link dynamics are neglected in the AC impedance model of AC-DC converters. In addition,
there is no clear idea about the critical locations where the application of the impedance-based
method can reveal the impact of a passive component or a controller gain of the grid-tied power
converters on the stability.

Researchers have so far focused on determining the stability of the power electronics-based
power system either by the eigenvalue-based method or the impedance-based method. As far
as the author knows, a comparison and the relation between these two methods have not yet
been established. This chapter aims at filling this gap. This chapter presents the comparison
between the impedance-based and the eigenvalue-based stability analysis methods for power
electronics-based power systems more specifically for an HVDC system. A relation between
the characteristics equation of the eigenvalues, and poles and zeros of the minor-loop gain from
the impedance-based analysis has been derived. In the case of the impedance-based method,
a low phase-margin in the Nyquist plot of the minor-loop gain indicates that the system can
exhibit harmonic oscillations. A weakness of the impedance method is the limited observability
of certain states given its dependence on the definition of the local source-load subsystems
which makes it necessary to investigate the stability at different subsystems. To address this
limitation, this work discusses the critical locations where the application of the method can
reveal the impact of a passive component or a controller gain on the stability. On the other hand,
the eigenvalue-based method, being global, can determine the stability of the entire system,
however it cannot unambiguously predict sustained harmonic oscillations caused by an AC-
DC power converter. To generalize the observations, the two methods have been applied to a
DC-DC converter and the results of their assessment are compared. To illustrate the difference
and the relation between the two-methods, the two stability analysis methods are then applied
to a two-terminal VSC-based HVDC system as an example of power electronics based power
systems and the theoretical analysis has been further validated by simulation and experiments.

The rest of the chapter is organized as follows. Section 4.2 shows the equivalence between the
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state-space model and the impedance-based model analytically. The characteristics equation
of the eigenvalues for DC-DC converters has been analytically derived and a relation between
the eigenvalues, and the poles and zeros of the minor-loop gain from the impedance-based
analysis has been shown analytically. Section 4.3 presents the stability assessment comparison
for a VSC-based HVDC system. Time domain simulation and experimental results are also
presented in Section 4.3. Finally, the chapter is concluded in section 4.4.

22

Source o Load
Subsystem Subsystem
! 1 v, 1

Figure 4.1: Source-load system.

4.2 Equivalence Between the State-space Model and the Impedance-
based Model

Consider the power electronics system shown in Fig. 4.1 which splits between a source and
load subsystems. The source subsystem can be represented in small-signal state-space form by

AX, = A,AX, + B,AU, (4.1a)

AY, = O,AX, (4.1b)

where A, is a nxn matrix for the source subsystem and n is the number of state variable; matrix
B, has a dimension of nx1; C, has a dimension of 1xn; AUj is the single input as AU, = Al
and AYj is the single output as AY,; = AV,,. The source impedance can be calculated from the
input-output relation of (4.1) as

ZS(S) ==, = CS(SI - As>71Bs (42)

where s is the Laplace operator and I is an identity matrix. Note that it has been assumed that
the output, Y, of (4.1) is a state variable. if it is not a state variable, the D matrix must be
included in (4.1) to find the impedance of the subsystem [99].

Similarly, assume that the load subsystem has m-number of state with a single input, AU, =
AV, and single output, AY; = A, and matrix B; has a dimension of mx1, C; has a dimension
of 1xm. The load admittance can be calculated from the input-output relation of state-space
model as

77N (s) = @l(s) = Cy(sI — A)'B,. (4.3)

The close-loop feedback gain of the system is [100]

G(s)

BT o
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where the minor-loop gain
G(s)H(s) =Zs(s)Z; ' (s) 4.5)
and the stability of the system can be found by checking the Nyquist criterion on (4.5).

For the eigenvalue-based stability, the full-system (FS) of Fig. 4.1 is presented in state-space
form as .
AXps = ApsAXrps + BrsAUrs. (4.6)

By combining the state-space model of the source-load subsystem, the A g matrix can be found
as

Ch ... Crn Cpia Crim
[ 0o .- 0_
DA,
Aps — _ng 0 Bg)g 0 @)
: Al
L 0 - 0 |

which has a dimension of (m + n)x(m + n). Ci—12. n+t1, ntm represents the column of mat-
rix Apgs and row follows the column. The stability of the system can be checked from the
eigenvalue of the system as

|sI — Aps| =0 (4.8)
which gives the close-loop poles of (4.4).
Example 1

To illustrate the difference and the relation between the two-methods, and to generalize the
observations, the two methods have been applied to a DC-DC converter depicted in Fig. 4.2.
The converter can be represented in state-space form by (4.9) where L and R are the source
inductance and resistance; C'is the filter capacitance; P, is the power of the constant power
load (CPL); V,, is the linearized voltage at operating point; D is the duty ratio of the switch; and
dy is its complement, d; = 1 — D, and voltages and currents are shown in the circuit of Fig.

4.2.
dli) _[-1 —% 1
@ - ( . 4.9
L) = | e R 1 @9

The small-signal stability of the system can be assessed by the impedance-based approach
through the frequency domain Nyquist criterion. For this approach, the system model is split
between the impedance of the source and the load. The LC filter is assumed to be the part of
the source impedance; hence the source impedance transfer function can be found as

1 R
ZS(S) _ _Q'JO(S) _ C (S + L)2 (410)
ZO(S) (52 +8% + %)
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Figure 4.2: Converter 1: DC-DC step-up converter with constant power load.
Table 4.1: Parameters of the DC-DC converters
Parameter | Value | Parameter Value
Vs 12V | L=L1=L, 150 uH
Vo 24V | R=R; =Ry | 0.015Q
PO 12W C=Cl=02 470 lLF
D 0.5 Fow 20 kHz
Table 4.2: Eigenvalues and the close-loop Poles of the DC-DC converter system.
Eigenvalues Close-loop Poles
Converter 1 (Fig. 4.2) | —27.8 £ 51881 || —27.8 + 71881
Converter 2 (Fig. 4.4) | —40.3 &+ 55500 || —40.3 £ 55500
—37.54 51287 || —37.5 £ 51287
and the linearized gain of the CPL is
P,
Zy(5) = ——=. 4.11
1(s) 72 (4.11)
The minor-loop gain can now be expressed as,
Zcu(s)
P, R R d?
G(s)H(s) = Zs(8)Z ' (s) = == (s + )/ | 8" + 57— + K 4.12
()H(s) = Z()77(5) = =g (s + D/ (745 + 15 @12
P (s)

and the stability of the system can be found by checking the Nyquist criterion on (4.12).

When analyzing the system stability through small-signal eigenvalue analysis, the eigenvalues
can be calculated from (4.9) as

R P, R
I-Al=64s—+——~ -2 ([s+=)= 4.1
|s | SHsT 15 CV(?(HL) 0 (4.13)
which can be represented by
|sI — Al =14+ G(s)H(s) = Pau(s) + KZgu(s) =0 (4.14)
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Figure 4.4: Converter 2: DC-DC step-up converter with CPL.

where Py (s) and Zgy(s) are the transfer function of the pole and zero of the minor-loop
gain, respectively; K is a gain and in this case, K = —P,/(CV?). Now we calculate the
eigenvalues for the parameter of the converter given in Table 4.1. The system has complex
conjugate eigenvalues with frequency 1881/(27) = 300H z as given in Table 4.2. The minor-
loop transfer function has close-loop poles at the same frequency as the eigenvalues. The dc-
dc converter is predicted to be stable by both the impedance-based and the eigenvalue-based
analysis which has been further verified by simulation and the resulting time domain responses
of the output voltage from simulation is shown in Fig. 4.3.

Example 2

The relation between the characteristics equation and minor-loop gain has been derived in (4.14)
for the DC-DC converter in Fig. 4.2 with only 2 state variables. To verify theoretically of this
for more complex systems, we consider the DC-DC converter as shown in Fig. 4.4 with four
states. Note that if the system has 5 or more states, it will be harder to show the characteristics
equation of the eigenvalue analytically. The linearized model of the converter system can be
represented by

Ry dy
wo | d g 8 7
i o Cr e 0
- = 1 ¢ e v, (4.15)
dt i~ 0
0 0 o Gie 0

where x = [ig1 Ve ir2 UO]T, the variables and constants are shown in Fig. 4.4. The character-
istics equation of eigenvalue can be given by (4.16).
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sl —Al=s'+s =2+ 2 2 12 L
|s | =s"+s ( 1—0—[2 + s 2C2+[201+[1[2+[101

+s Rl + Rl + d%RQ + d%
LlLQCQ L1L201 L1L201 L1L20102
Po 3 2 Rl R2 , d% 1 RIRQ
@WG4é<m+m>+%aq+ma+mm

P, Ry LR,
- 4.16
@w<+ama+L¢ﬁ1 (+16)

Now the impedance-based method is adopted at point A of Fig. 4.4. The minor-loop gain can
be expressed by (4.17) which follows the relation derived in (4.14). Eigenvalues and close-loop
poles from the impedance-based method are listed in the Table 4.2 for the parameters given in
the Table 4.1. Both eigenvalues and close-loop poles have the same frequency of oscillation.
Nyquist plot of minor-loop gain does not encircle the point (-1, jO) and there is no eigenvalue in
the right-half plane; hence both the impedance-based and eigenvalue-based analysis predict the
stability of the system accurately.

P (B3 2(R R di 1 RiR; R d3 Ry
V2 (5 +s (Ll + L2> +s (LIC] T oo T )t ok T oo
GH — -

4 3(R1 | Ry 9 1 1 RiR» d? Ry Ri+d?Rs 1
55 +s <L1 + L2> +s (chz tTnoathn too) ti\one T Tna ) T onoo
4.17)

The relation between the eigenvalues and poles-zeros of the minor-loop gain in (4.14) has been
verified at point A of Fig. 4.4. Now the impedance-based stability analysis is adopted again at
point B of Fig. 4.4 and the minor-loop gain at point B can be given by (4.18).
2_1 R P, 1 R
GH _ & LoCh + SL]Lzlcl - ng‘/o2 (SL2C1 + L]LQlcl)
N 3(R_ R 1 R R &2 R &R &2
st+ s (ﬁ + f;) + 52 (chz + Lil; + L11C'1) + SL1L2102 + 8L11L2é1 + L1L2101C'2 —YorL

(4.18)
P, . R R R R d? d?R
Ve o (5 2411 2 412 1412 1 1412 )

CyV2 Ly "Ly "Tily CLiCy T LiLaoCy

By comparing (4.16) and (4.18), it is noticed that they follow the relation between the eigen-
values and poles-zeros of the minor-loop gain derived in (4.14).

Now consider a system having r-number of states. The characteristics equation of eigenvalues
for a system within this general form can be written as

|sI —Al=(s+a1)(s+ag)..(s+a,) +K(s+51)(s+52)...(s+0n)=0 (4.19)

and the minor-loop gain from the impedance ratio can be written in general form as

 KZgu(s)  K(s+B1)(s+f2)... (54 Bm)
Gls)H(s) = Pau(s)  (s+a1)(s+ag)..(s+ap) (4.20)

where G(s)H (s) has m-number of zeros with a value —3;, — ... — 3, and n-number of poles
with a value —avy, —an... — a;m #nand m,n < r.
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One important observation from (4.20) is that if a pole, ;; becomes equal to a zero §3;, the impact
of that component (passive R-L-C or controller coefficient) is cancelled out in the representation
of (4.20) and their impacts are not observable in the Nyquist plot of the minor-loop gain in the
frequency domain analysis. This can happen in particular interfacing points of a source-load
subsystem where the impact of that component will not be seen; however, if another interfacing
point is considered to include the impact of the component that is previously neglected, it might
neglect another component which indicates that impedance-based stability analysis is a local
stability analysis method. On the other hand, the eigenvalue-based analysis includes the impact
of all components and is a global stability analysis method.

4.3 Comparison Between the Eigenvalue and Impedance-based Sta-
bility for an HVDC system

This section presents the stability assessment comparison between the impedance-based and
eigenvalue-based methods for a VSC-HVDC system. The theoretical analysis has been verified
by time domain simulation and experiments.

4.3.1 The HVDC System Configuration

The two stability methods presented in the previous section have been compared for DC-DC
converters. The DC-DC converter systems have fewer state variables and lower complexity
compared to a VSC-based HVDC system. Thus, a two-terminal VSC-based HVDC system has
been taken as an example of a more complex power electronics based power system. The HVDC
system under study is depicted in Fig. 4.5 and the detailed controls have discussed in Chapter
3. The electrical parameters of the system are given in Table A.1. The inner-loop current
controller and the outer-loop power controller of the P-VSC are tuned at H,.(s) = 4 + 800/s
and Hp(s) = 0.005+ 1/s, respectively. The current compensator and the DC voltage controller
of the Vdc-VSC are tuned at H,.(s) = 5+ 1000/s and H,4.(s) = 1 + 3/s. The control tunings
satisfy the standard bandwidth requirements and the system operates stably at the tuning as
discussed in section 3.7.3 of Chapter 3.

4.3.2 State-Space Small-Signal Modeling of the Investigated HVDC system

The HVDC system shown in Fig. 4.5 can be presented in a state-space form by (4.21) through
a nonlinear model where x(¢) is the state vector and w(¢) is the input vector. The detailed

- e Preff ZP (S)‘T’ZVdc (S)

."._@.nm_m_@__'_rwvw_ N L ] _rWV\_,_GD_H:Pm_@p
ac K} E]IE K‘\} ac
filter filter]

| P-VSC Current yge-ysc [
Injection

Figure 4.5: Investigated two-terminal VSC-HVDC system.
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Figure 4.6: Time domain response comparison of switching model with the small-signal state-space
analytical model of the HVDC system: (i) DC link voltage, (ii) DC link current and (iii) a step change of

active power of P-VSC

analytical state-space modeling of an HVDC system has been described in Chapter 2.

dx

= = fa(t) u(®)) (4.21a)
y = g(x(t), u(t)) (4.21b)

The non-linearity of the model prevents direct application of classical linear analysis techniques.

Therefore, a small-signal representation is derived for a steady-state operating point as given by

ddA—tI ~ A Azx + B.Au (4.22a)
Ay~ C.Az+ D.Au (4.22b)

The state and input vectors are defined in chapter 2. The analytical state-space small-signal
model developed has been validated by simulation with detailed switching model of the VSC.
The results from simulations with the full nonlinear simulation model are therefore compared
with results obtained from the linearized state-space small-signal model. The validated small-
signal model is then used to further analyze the characteristics of the investigated system. Fig.
4.6 shows the comparison of time domain responses obtained from the switching model and the
state-space small-signal model of the investigated system. As can be seen, both the small-signal
model and the switching model have a very good agreement in time domain responses which
validates the derivation of the state-space small-signal model.
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Figure 4.7: Stable System: (a) Nyquist plot of Impedance ratio (Red line is unit circle) and (b) Eigen-
value plot.

4.3.3 Impedance-based and Eigenvalue-based Stability Assessment Comparison
for HVDC System

Assuming that the power reference of the P-VSC is negative, this means that the P-VSC injects
power into the DC system and works as a rectifier, and the Vdc-VSC operates as an inverter.
Therefore, the P-VSC operates as a current source while the Vdc-VSC as a current sink or load.
The voltage, V' and the current,  at interconnecting point can be given by (4.23) and (4.24),
respectively.

V(s) = (Vae(s) + I (5)Zp(s)) (1 + Zgjjé?) 4.23)
I(s) = (Ip(s) - ‘Z/dpgz;) <1 + ZZV;(S)) (4.24)

Hence, based on (4.23) and (4.24), the HVDC system will operate stably if the ratio of the DC
voltage controlled-converter input impedance to the power controlled-converter output imped-
ance, i.e., Zyq.(s)/Zp(s) satisfies the Nyquist stability criterion [59].

Fig. 4.7 (a) shows the Nyquist plot of the impedance ratio Zy4.(s)/Zp(s). As can be seen
in Fig. 4.7 (a), the Nyquist plot does not encircle the point (-1, jO) and it intersects the unit
circle with sufficient phase margin. Therefore, it has been predicted that the system will operate
stably. The eigenvalue-based stability analysis has been carried out and resulting eigenvalue plot
is shown in Fig. 4.7 (b). There is no eigenvalue in the RHP, therefore the system is predicted to
be stable by both the impedance-based and eigenvalue-based stability methods.

To further validate the above theoretical analysis, time domain simulations and experiments
have been carried out and resulting time domain responses from the simulation and the exper-
iments are shown in Figs. 4.8 and 4.9, respectively. The system operates stably both in the
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Figure 4.8: Simulation: (a) three phase voltages and currents of P-VSC and (b) DC link voltage and
current.

250 V/div

Vpec-4
500 V/div

Figure 4.9: Experiment: (i) DC link voltage, (ii) phase-A voltage of P-VSC, (iii) phase-A current of
P-VSC and (iv) phase-A current of Vdc-VSC.

simulation and the experiments which have been predicted from the impedance-based stability
analysis and the eigenvalue based stability.

4.3.3.1 Impact of the DC Voltage Controller Gain on the Stability

The impact of the controller dynamics on the stability has been investigated by both methods.
The proportional gain of the DC voltage controller reduces to 0.03 with a close-loop crossover
frequency of 7.13 Hz. The impedance frequency response and the Nyquist plot for this tuning
is shown in Fig. 4.10. As can be seen in Fig. 4.10 (a), the DC voltage controlled-subsystem
impedance becomes larger at low frequency for the lower value of proportional gain and it
crosses the unit circle at frequency of 2.96 Hz with low phase margin (<20°) as shown in Fig.
4.10 (b). Since Nyquist plot does not encircle the point (-1, jO) and there is no pole in the RHP
of the open-loop system, the system is predicted to be stable. However, the phase margin is low,
the system could have a low-frequency oscillation at around 2.96 Hz in the transient condition.
A trajectory of the eigenvalues for decreasing value of the DC voltage controller proportional
gain is shown in Fig. 4.11. As can be seen, two of the complex conjugate poles around 2.9 Hz
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Figure 4.10: (a) Impedance of the subsystem for DC voltage control proportional gain of 0.03 and (b)
the Nyquist plot of impedance ratio, Zy 4.(s)/Zp(s).
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Figure 4.11: Trajectory of Eigenvalue for a change of the DC voltage controller proportional gain.

and 80 Hz have a significant impact on their damping term. They are moving towards the RHP.
These two frequencies are the points that cross the voltage and power controlled-converter’s
impedances (which intersect the unit circle of the Nyquist plot). The eigenvalue at 80 Hz has
sufficient damping; however, the eigenvalue at 2.9 Hz has low damping and it moves to the
RHP for a proportional gain of the DC voltage controller lower than 0.03. A participation
factor analysis has been carried to identify the contributing states to these two eigenvalues and
it is found that the integral part of the DC voltage controller, DC link capacitance and the DC
voltage measurement low-pass filter are the contributing states. A time domain simulation has
been carried out and the time domain response of the DC voltage and the current and FFT of
the DC current are shown in Fig. 4.12 (a). As can be seen, the system has a stable pole with
oscillation frequency around 3 Hz as predicted in the frequency domain analysis by the Nyquist
plot in Fig. 4.10 (b). This oscillation is also observed in the AC side as shown in Fig. 4.12 (b)
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Figure 4.12: Simulation results: (a) The DC link voltage and current and FFT of DC current for DC
voltage controller proportional gain of 0.03, (b)The three-phase currents at PCC of Vdc-VSC for DC
voltage controller proportional gain of 0.03.

which is reflected by 50 Hz fundamental frequency, fi as +(f — f1) [47].
4.3.3.2 Impact of the Power Controller Gain on the Stability

An example case is presented to show the impact of the power controlled-converter controller
gain on the system stability by both methods. The power controller proportional gain of the
P-VSC has been purposely increased to 0.0225 while the initial value is 0.005. The Nyquist
plot of the minor-loop gain is shown in Fig. 4.13 (a) for these two power controller tuning and
we see that there is no significant change in the entire Nyquist path. The Nyquist plot of the
minor-loop gain does not encircle the point (-1, jO), therefore the system is predicted to be stable
from the impedance-based stability analysis from DC side.

The eigenvalue plot for a power controller proportional gain of 0.0225 is shown in Fig. 4.13
(b). As can be seen, the system has an unstable complex conjugate eigenvalue with 797 Hz
frequency. This instability for k,,=0.0225 has been predicted by the state-space small-signal
analysis; however, it is not predicted by the impedance-based analysis from the DC side. The
stability analysis results obtained from these two methods are contradictory. It has been dis-
cussed in section 4.2 that the eigenvalue-based analysis determines the stability of the whole
system; however, in the case of the impedance-based method, some of the poles and zeros from
the minor-loop gain might cancel each other resulting in some states being unobservable. A
participation factor analysis has been carried out for the unstable eigenvalue and it is found that
the states of the converter series inductor current and filter capacitor voltage are contributing to
this unstable eigenvalue which indicates that the power controller of the P-VSC and the AC grid
are interacting resulting in instability. To identify the interaction between the controller and the
grid, the impedance-based analysis needs to be carried out at the AC interfacing point.
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Figure 4.13: (a) Nyquist plot of minor-loop gain for different value of power controller gain (Red-line
is the unit circle) and (b) Eigenvalue plot for power controller proportional gain of 0.0225.

O

Figure 4.14: Power control VSC for impedance-based stability analysis from AC side.

Thus, a weakness of the DC impedance based method is that the instability caused by the active
power control-loop can not be determined from the DC side by the impedance-based method.
Moreover, it has been observed that the instability caused by the grid strength (grid impedance)
[58], the AC side LC filter, the inner-loop current controller gain and the PLL-loop gain can
not be identified from the DC side by the impedance-based method, since there is no significant
change in the Nyquist plot for a change of those components.

The impact of those passive components and the controller gain on the stability are observable
from the AC side, therefore the AC impedance-based stability analysis is applied to identify the
interactions. The AC impedance-based analysis can be adopted both in the sequence domain
and dg-domain. Here in this case, a dg-domain impedance model is used. The impedance model
of the P-VSC is derived in Chapter 3 and can be given by

Zia() = (~Zo(s) + Vac:Gowm(5) (—Hp(5)Gee(5) Gvp — Gee(s) — Zaer)) (1= VaeGE(s)) -
(4.25)

The impedance of the converter in Fig. 4.14 is the load impedance as
Zy(s) = Zgq(s) (4.26)
and the source impedance, Z; in dg-domain is calculated as

Zo(s) = (Z3*(s) + Yer(s)) . (4.27)
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Figure 4.15: Characteristics Loci of minor-loop gain: (a) for k,, = 0.005 and (b) for &k, = 0.0225
(Red line is the unit circle).

Figure 4.16: The three-phase voltages and currents of the P-VSC for a change of the power controller
proportional gain from 0.005 to 0.0225 at 1 s.

Hence, the stability of the system can be determined by checking the Nyquist plot of the minor
loop gain,

G(s)H(s) = (Zs(s)) (Zo(s)) " (4.28)

Fig. 4.15 shows the characteristics loci of the minor-loop gain for k,, = 0.005 and k,, =
0.0225. The A; encircles the point (-1, jO) as shown in Fig. 4.15 (b) and becomes unstable
when the power controller proportional gain increases to k,, = 0.0225. The characteristics
loci related to the d-axis dominated impedance becomes unstable since the power controller
is implemented only in the d-axis. Hence, the AC impedance-based stability analysis (in dq-
domain in this case) gives the same conclusion as the eigenvalue-based analysis for a change
of power controller gain. The Nyquist plot of the d-channel minor loop gain encircles the point
(-1, jO) at a frequency around 737 Hz for k,, = 0.0225 and one of the complex conjugate
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Figure 4.17: Experiments: (i) dc link voltage, (ii) phase-A voltage of VSC-A, (iii) phase-A current of

P-VSC and (iv) phase-A current of VSC-B. (a) k;, = 0.005 and (b) kp,, = 0.0225.

poles moves to the right half-plane with the same frequency. To further verify the theoretical
analysis, a time domain simulation and experiments have been carried out for a control tuning of
the power controller at k,, = 0.0225 and the resulting time domain responses from simulation
and experiments are shown in Figs. 4.16 and 4.17 where they have high frequency oscillation
and the system is unstable. In the experiments, the system is equipped with different protection
and limits (current limit, voltage limit), therefore the voltages and currents do not increase
exponentially as expected from the eigenvalue plot.
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Figure 4.19: Characteristics loci of minor-loop gain: (a) SCR=5 and (b) SCR=1.5.
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Figure 4.20: Eigenvalue plot for SCR=1.5.

4.3.3.3 Impact of the Grid Impedance on the Stability

The impact of the grid impedance has been investigated by both methods. Initially, the grid
short circuit ratio (SCR) is 5 for which the system operates stably. An inductance has been
added in series with the grid of the dc voltage controlled VSC and the SCR becomes 1.5. Fig.
4.18 shows the impedance frequency responses of the Vdc-VSC and the grid for two values of
the SCR. The diagonal elements of the grid and Vdc-VSC intersect each other at a point around
580 Hz when the SCR is 5 where both the grid impedance and the VSC impedance characterist-
ics are inductive. For SCR=1.5, the diagonal elements of the impedances intersect around 150
Hz where the grid impedance characteristics are inductive and the Vdc-VSC impedance char-
acteristics are capacitive. Fig. 4.19 characteristics loci of the minor-loop gain for this two cases
of the SCR values. As can be seen, the system is stable for SCR=5 and the system predicted
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Figure 4.21: Time domain responses for SCR=1.5: (i) three-phase voltages and (ii) three-phase currents
of VDC-VSC, and (iii) FFT of the voltages.

to be unstable for SCR=1.5 when the \, encircles the point (-1, jO) at a frequency around 150
Hz. Eigenvalue-based small-signal stability analysis has been carried out and the resultant ei-
genvalue plot is shown in Fig. 4.20. The system has an unstable complex conjugate eigenvalue
of 60.9+ 727148.4 with around the same frequency as the impedance-based method. To further
verified the theoretical analysis a time domain simulation has been carried out and the time do-
main responses are shown in Fig. 4.21. As predicted by both methods, the system is unstable.
The time domain responses have oscillation frequencies at (f +— f;) = 150450 = 100, 200 Hz
as predicted by frequency domain analysis. Hence, the instability caused by the grid strength
can be predicted by the eigenvalue-based method and the impedance-based method from the
AC side.

In an attempt to improve the instability caused by the grid strength, the impedance of the con-
verter has been reshaped by re-tuning the current control-loop of the VSC. The current control-
loop bandwidth has been reduced by decreasing the proportional gain of the current controller
while the integral time constant keeps the same. Fig. 4.22 (a) shows the characteristics loci of
the minor-loop gain for the case of re-tuning the current control-loop bandwidth. The character-
istics loci of the minor-loop gain do not encircle the point (-1, jO), hence the system is predicted
to be stable. For this control-loop tuning, eigenvalues have been calculated analytically and the
resultant eigenvalues are shown in Fig. 4.22 (b). There is no eigenvalue in the RHP. Thus, both
methods predict the stability of the system accurately which is further verified by time domain
simulation.

4.3.4 Prediction of Sustained Harmonic Oscillation

Now the power controller has been tuned such that the system is predicted to be stable from
the eigenvalue-based analysis; however the characteristics loci has a very low phase margin.
The power controller is tuned at k,, = 0.0155 and a trajectory of eigenvalue plot is shown in
Fig. 4.23. The system is predicted to be stable with a critical pole at —10 £ j27.780. Time
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Figure 4.22: (a) Characteristics loci of the minor-loop gain for retuning the current control-loop band-
width and (b) eigenvalue plot.
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Figure 4.23: Eigenvalue trajectory for increasing value of &, from 0.005 to 0.0155.

domain simulation has been carried out for this tuning resulting in time domain responses are
shown in Fig. 4.24 (a). The simulation has been carried out for several hundreds of seconds
and it has been observed that the voltages and currents have a sustained oscillation and they are
neither dying out, nor increasing exponentially. An experiment has been carried for this tuning
and resulting time domain responses from the experiment are shown in Fig. 4.24 (b) showing
sustained oscillation as in the simulation. Even if there is no eigenvalue in the RHP, the system
exhibits sustained harmonic oscillation.

As can be seen in Fig. 4.23, the two terminal system has one critical pole at —10 + j27.780
with a frequency of oscillation 780 Hz. The frequency of the oscillation in the simulation and
the experiments are the same as the one noticed in the critical eigenvalue. The system exhibits
sustained harmonic oscillation even if there is no eigenvalue in the RHP. The critical eigenvalue
at —10 £ j27.780 has sufficient negative real part. The two terminal HVDC system has one
critical eigenvalue which introduces sustained harmonic oscillation. If we consider large-scale
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Figure 4.24: (a) Simulation with detailed switching model of VSC: Voltages and currents of power
controlled converter for low phase margin in the Nyquist plot and (b) Experiments for low phase margin
in the Nyquist plot: (i) DC link voltage, (ii) phase-A voltage of P-VSC, (iii) phase-A current of Vdc-VSC
and (iv) phase-A current of P-VSC.
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Figure 4.25: Eigenvalue plot of large scale MT-HVDC system for stable operation.

multi-terminal HVDC (MT-HVDC) system having multiple converters for stability analysis
based on the eigenvalue analysis, the system could have several critical eigenvalues like the
one observed in the two terminal systems. In order to show the stability analysis results from
a large-scale MT-HVDC system, the eigenvalue based stability analysis has been carried out
for a large-scale MT-HVDC system [33]. The detailed stability analysis has been described in
[42]. Fig. 4.25 shows the eigenvalue plot for a large-scale MT-HVDC system. The eigenvalues
are obtained by numerical simulation. Since there is no eigenvalue in the RHP, the system is
predicted to be stable. As can be seen, the system has several eigenvalues in critical locations,
and the system could exhibit sustained harmonic oscillation even when the system is predicted
to be stable by the eigenvalue analysis. In this case, it not possible to identify precisely which
critical eigenvalue will introduce sustained harmonic oscillations.

The impedance-based analysis has been carried for the tuning of the case of sustained harmonic
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Figure 4.27: Simulation with average model of VSC: Voltages and currents of power-controlled con-
verter for low phase margin in the Nyquist plot do not exhibit sustained oscillations.

oscillation. The characteristics loci of the minor-loop gain are shown in Fig. 4.26. Since
characteristics loci of the minor-loop gain do not encircle the points (-1, jO), however they
intersect the unit circle at a frequency around 780 Hz with a very low phase margin around
3.4%. The designed practice is that the phase-margin should be greater than 35°, however, there
is no such rule for eigenvalue-based analysis. Thus, a low phase-margin in the characteristics
loci plots indicate that the system can have sustained harmonic oscillation in power electronics-
based power system while the eigenvalue method does not predict this oscillation caused by
PWM switching since there is not eigenvalue in the RHP. To provide a confirmation of this,
a simulation with an average model of the VSCs has been carried out resulting in the time
domain responses are shown in Fig. 4.27. The system is free of sustained oscillations and is
stable as predicted from the eigenvalue plot. The voltages and currents form the average model
simulation are purely sinusoidal and do not contain any sustained oscillations.

Although both methods are based on the small-signal stability analysis, the modeling is not the
same. The eigenvalue method does not include the model of the PWM while the impedance
based analysis takes into account the real system since it is based on the measurement and the
real system is a converter with implemented PWM for the modulation. It is also worth noticing
that the impedance based analysis is a measurement based method and as such it will capture
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all the small signal features of the real system. The analytical model of the impedance based
analysis includes the PWM modeling and it verifies and validates the measurement-based im-
pedance model. During the PWM switching in power electronics converter, the system states
oscillate between two points on the loci. It is a kind of constantly switching between stable
region to unstable region and vice-versa. Therefore, in order to ensure the overall system sta-
bility, this work recommends to study both the eigenvalue based analysis for global stability
and the impedance-based analysis at local ac-dc interfacing point to avoid sustained harmonic
oscillation in a power electronics based power system.

4.4 Conclusion

In this chapter, the small-signal stability assessment of power electronics based power systems
has been investigated in the frequency domain by the impedance-based and eigenvalue analysis
methods. Impacts of the converter controller’s gains and the grid strength on the stability have
been investigated analytically and the analytical results are further validated by simulation and
experiments. Example cases have been presented how to restore the stability of VSC-based
HVDC system by reshaping the impedance by re-tuning the converter controller. Based on the
analysis, some observations are:

e The eigenvalue-based method can determine the stability of the entire system globally for
an operating point. Two main drawbacks noticed when analyzing the stability and inter-
action phenomena based on eigenvalue analysis. The first drawback is that it requires de-
tailed modeling of the entire system for state-space modeling. Secondly, the VSC systems
are modeled based on the average modeling of the converters, which neglects the PWM,
and processing delays resulting in that it cannot identify sustained harmonic oscillations
in the VSC-based HVDC system. To address the limitation in the eigenvalue-based ana-
lysis, it is required to discretize the system, which will require much computational effort
and is not feasible for VSC-based HVDC system.

e The impedance-based method is a measurement-based method and is an alternative to
assess the stability of VSC-based HVDC system directly from field measurements. A
weakness of the impedance method is the limited observability of certain states given its
dependence on the definition of local source-load subsystems, which makes it necessary
to investigate the stability at different subsystems interfaces. To address this limitation in
the impedance-based method, this work discusses critical locations where the application
of the method can reveal the impact of a passive component or a controller gain on the
stability.
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Chapter 5

Impedance-based Stability Analysis of
Offshore Wind Farms and HVDC System

This chapter presents a preliminary exploration of the possible origins of the sub-synchronous

oscillation (SSO) and resonances observed in the interconnected system of wind farms and a
VSC-based HVDC system. Moreover, this chapter proposes a method that enables to identify
critical controllers’ parameters (e.g. critical controller’s bandwidth) in an interconnected sys-
tem from a non-parametric impedance model obtained by measurements. The method suggested
can reveal the internal controllers’ dynamics of the wind farm from the non-parametric imped-
ance frequency responses combined with a general analytical expression of the impedance and
an identified identical transfer function when no information about the controllers is provided
by the vendors due to the confidentiality and industry secrecy.

This chapter is based on the following articles.

[1] M. Amin, M. Molinas and J. Lyu, "Oscillatory Phenomena between Wind Farms and
HVDC Systems: The Impact of Control," in 2015 IEEE 16th Workshop on Control and
Modeling for Power Electronics (COMPEL), Vancouver, BC, 2015, pp. 1-8.

[2] M. Amin and M. Molinas, "Understanding the Origin of Oscillatory Phenomena Ob-
served Between Wind Farms and HVdc Systems," in IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 5, no. 1, pp. 378-392, March 2017.

[3] M. Amin and M. Molinas, "A Grey-box Method for Controller Parameter Estimation in
HVDC-connected Wind Farms based on Non-parametric Impedance", IEEE Transaction
on Industrial Electronics, 2017 (In Review)

5.1 Introduction

The stability of the offshore wind power network connected through a HVDC transmission line
is a critical problem since there is no direct connection at AC collection (ACC) bus to a strong
AC grid. Field experience has shown that SSO and harmonic resonance can occur between
wind farms and HVDC systems [28], [32], [49]. The oscillations can appear in the presence
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of background harmonics and is arguably resulting from the controller interaction of the wind
energy conversion system (WECS) converter controller and HVDC converter controller [49],
[55]. The root cause of these oscillations observed in the field are not entirely understood
and they can be attributed to various sources within the components and controllers of the
interconnected system. In this study, a full-scale type-four WECS is investigated which is
connected to the main AC grid through a VSC-based HVDC system. The system is shown in
Fig. 5.1. It has two wind farms which are connected to the ACC bus through an offshore sea
cable. The power is transferred to the grid through an HVDC transmission system. There is
no rotating machine connected to the ACC bus directly. The operation of the interconnected
system is found to be poor without the closed-loop AC voltage controller at the ACC bus side
HVDC converter. The system performance is improved when a close-loop AC voltage controller
is used; however, an oscillatory phenomenon is observed when the closed loop AC voltage
control is introduced due to the interaction of the controller and the impact of the impedance on
the system dynamics. In order to understand this phenomenon, the impedance of both the wind
farms and the HVDC system from the offshore AC collection point are analytically derived and
the impedance-based stability criterion is adopted to analyze the stability of the interconnected
system. The frequency domain impedance characteristics both for the wind farm and the HVDC
rectifier from the offshore ACC point are presented to identify potential resonance points. The
Nyquist plots of the impedance ratio of the HVDC converter to the wind farm indicate the
potential resonances at low frequency. An active damping scheme is implemented in the current
controller of the offshore HVDC rectifier in an attempt to improve the oscillatory phenomena.
An analysis and time domain simulation results with its respective spectral analysis show that
the implemented active damping is very effective in eliminating the oscillations observed in
the interconnected system. The proposed active damping scheme can significantly reduce the
magnitude of the source (HVDC system) impedance at low frequencies which improve the
stability of the interconnected system.

A discussion of the role of the ratio between the bandwidths of the controllers of the intercon-
nected areas is introduced, and an essential role as the root cause of the instability is proposed
to be taken into account in re-shaping of the impedances to maintain the stability. Moreover,
this work presents a novel technique to reveal and extract the internal control dynamics (crit-
ical controllers bandwidth) of the WECS inverter when the WECS system is assumed to be a
’grey box’ by proposing a non-parametric impedance model based on measurements by using
a system identification technique [76], [77], [101]-[103]. The method has potential immediate
applicability in the wind industry based on the simplicity it offers to black/grey-box types of
systems to guarantee the stability of the interconnection.

The rest of the chapter is organized as follows. Section 5.2 presents the modeling and the con-
trol of the HVDC system. Section 5.3 presents the modeling and the control of the WECS.
Impedance-based stability analysis has been discussed in section 5.4. The SSO mitigation tech-
nique is explained in section 5.5. Impedance-based Stability Analysis based on the *Grey Box’
approach is presented in section 5.6. Extraction of WECS inverter controllers’ parameters is
shown in section 5.7. Impedance-based interaction analysis is discussed in section 5.8. The
interconnected system is stabilized by re-tuning the PLL and AC voltage controller bandwidth
in section 5.9. Finally, the chapter is concluded in section 5.10.
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Figure 5.1: Overview of investigated system structure: VSC-based HVDC system for integration of
offshore wind farm.

5.2 HVDC System Modeling and Control

This section presents the modeling and the control of the VSC-based HVDC system with the
purpose of integrating offshore wind farms.

5.2.1 Investigated HVDC System Configuration

The HVDC system depicted in Fig. 5.1 consists of converter transformers, offshore HVDC
rectifier (OFF-VSC), subsea DC cable and grid side onshore HVDC inverter (GS-VSC). The
VSC-HVDC system has a capacity of 200 MVA equivalent. The OFF-VSC is connected to the
ACC bus through a 145/200 kV, 50 Hz transformer with the same rating as the converter. The
GS-VSC is connected to the main AC grid of 380 kV through a 200/380 kV, 50 Hz, 200 MVA
transformer. The HVDC-link DC voltage is 400 kV and the length of the DC line is 200 km.
The parameters of the HVDC system is given Table 5.1.

5.2.2 Control of the VSC-HVDC

The HVDC system converters have different control objectives depending on their location and
the system modeling. The point-to-point connection HVDC system used with the purpose of
integrating wind farms must have the DC and AC voltage control objectives. The OFF-VSC
behaves as a voltage source to the AC terminal and regulates the offshore AC voltage and the
frequency. It supplies a sinusoidal voltage to the ACC bus. The GS-VSC regulates the HVDC-
link DC voltage and the reactive power. In this work, the focus is to study the interaction
between the WECS inverter (WECS-I) and the OFF-VSC HVDC converter, therefore the details
of modeling, control and impedance model will be presented only for the OFF-VSC HVDC
assuming that the DC voltage controller of the GS-VSC is providing a constant DC voltage
input to the OFF-VSC.

The overview of the control structure of OFF-VSC is shown in Fig. 5.2. An outer-loop PI-
controller is used to obtain the d- and the g-axis current reference of the OFF-VSC. A current-
controller in an SRF is assumed to limit the current during abnormal operation. The reference
currents to current controller, i,y and ¢74 .y can be defined by

Gy(s)

Z'Ld,v"ef _ Hvac(S) 0 Vod,ref o Vod 5.1
)= ) ()L o

and the PI AC voltage controller transfer function is

Hvac(s) = kpvac + kivac/s (52)
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Figure 5.2: Overview of control structure of offshore HVDC converter, OFF-VSC.

Table 5.1: The VSC-HVDC system parameters

Parameter Value Parameter Value

Rated Power, S, 200MVA L. 0.08 pu
Rated AC voltage 200 kV R, 0.003 pu
Rated frequecy 50 Hz Cy 0.074 pu
Trans. inductance  0.15 pu Ve 400 kV
Trans. resistance  0.005pu Ly, 2.615 mH/km
Grid inductance 0.0271 pu  Rgc 0.0011 €%/km
Grid resistance 0.0191 pu  Cyc 4.4 pu

where, Vg ref and voq e are the reference d-axis and g-axis voltage, respectively; kpyac and Kiyqe
are the proportional and integral gain of the PI AC voltage controller. The inner-loop current-
controller depicted in Fig. 5.2 is assumed to be the widely used SRF PI-controller of the VSC
with decoupling term. The modulation index references obtained from the current controllers,
including the feed-forward terms can be given by

[mdﬂf] ~ Geols) [’“’”f } — (Geols) + Zaa) [Zd] " {”"d} . (53)

My,ref LLgref q Voq

The current-controller is tuned based on the symmetrical optimum criteria [94] and is found to
be H..(s) = 0.6366 + 7.5/s in pu and the control-loop bandwidth is 400 Hz with 90 degrees
phase margin. The AC voltage controller proportional gain is kept 0.5 in pu with a time constant
of 12.5 ms for the integral term and the control loop crossover frequency is 185 Hz with 60-
degree phase margin.

5.3 Wind Energy Conversion System Modeling and Control

This section presents the modeling and the control of the wind energy conversion system.
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5.3.1 Wind Farm System Configuration

The investigated system shown in Fig. 5.1 has two wind farms which are connected to the AC
collection point through a 25/145 kV transformer and a 10 km long undersea cable. The wind
turbine generators (WTGs) are assumed to be a full-scale type-four WECS as depicted in Fig.
5.3. Each wind farm is assumed to have 28 turbines with 2 MW rating each. To simplify the
system model, 28 turbines are lumped into one unit of 56 MW generation capacity.
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Generator Grid
Converter Converter

Figure 5.3: Investigated wind turbine generator including full-scale converter and filter

WECS Inverter I Ji

L. R. <;zlcw < 0
o~ vau' Ru\ Lm. IL\r V(,‘.“. 3
.T:'_rvw-\ — | View WECS
| v C,,,de link
Ic.
A
, PLL
PLL 9 |abe
9/'1.1. dq

Figure 5.4: Overview of the control structure of WECS Inverter.

5.3.2 Control of the WECS

A full-scale converter system is utilized to transfer the energy produced by the WECS. In gener-
ator side, a full bridge diode rectifier is used which simplifies the converter control interaction.
It transfers the energy produced by the wind generator to the DC side. A two level VSC con-
verter is used in grid side. In between these two AC-DC converters, a DC-DC converter is used.
The overall control structure of the WECS-I is shown in Fig. 5.4. The controls implemented in
the WECS are in the following.

e The WECS-I regulates the WECS DC-link voltage and the reactive power.
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e The WECS generator side converter is a simple full bridge diode rectifier [104]. The
speed of the generator is controlled by means of controlling the DC link current of the
WECS. A DC-DC converter is used to regulate the DC link current of the WECS which
inner control loop is the DC-link current controller and the outer control-loop is a gener-
ator speed controller of the WTG.

The inner-loop current controller is assumed to be the widely used SRF PI controller of the
VSC with decoupling term. An outer-loop PI-controller is used to regulate the DC-link voltage
of the WECS. The parameters of the WECS-I is given in Table 5.2.

A PLL is used to track the frequency [86]. A second order PLL is assumed as shown in Fig.
5.4. The integral part of the PLL is used to remove the quasi-steady-state phase error and
it appears when synchronous frequency deviates from its nominal value. In steady-state, the
g-axis component of the ACC voltage is zero, hence the proportional term of the PI PLL is
sufficient to keep dwpy . to zero. The bandwidth of the PLL-loop must be sufficiently small to
reject the harmonic resonance [90]. By a rule, it should be 10 times less than the inner current
control-loop bandwidth, .. = ky./L. [105].

Table 5.2: Parameter of ACC side WECS VSC

Parameter Value Parameter Value

Rated Power, S, 56 MW Lew 0.15 pu
Rated AC voltage 575V Rew 0.15/50 pu
Rated DC voltage 1100 V Ciw 0.0344 pu
Trans. inductance  0.04 pu f 50 Hz

Trans. resistance  0.005 pu Claecw 6.16 pu
Leabie 0.2526 mH/km  Rcqpie 0.0843 2/km
Cleable 0.1837 uF/km  Cable length 10 km

5.4 Impedance-based Stability Analysis and Time Domain Simula-
tion
This section presents the impedance-basted stability analysis of wind farms connected via

HVDC system. The frequency domain analysis has been further verified by time domain simu-
lations.

Figure 5.5: Impedance based equivalent model of offshore AC grid system
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5.41 Impedance Model of the Interconnected System of Wind Farm and HVDC

For stability analysis, the equivalent small-signal impedance model of the interconnected sys-
tem is shown in Fig. 5.5 where the HVDC subsystem from the ACC point is modeled by its
Thevenin equivalent consisting of a voltage source, Vg with a series equivalent impedance,
ZSR,DQ acc and the wind farm subsystem is modeled by its Norton equivalent circuit con-
sisting of an ideal current source, I, in parallel with an equivalent impedance, Z%{,{ acc- The
impedances are in the dg-frame and a 2x2 matrix.

5.4.2 Impedance of the HVDC System from AC Collection Bus

The HVDC system impedance, Z%(IVDQ acc in (5.4) is found together with the parallel con-
nection of the HVDC inverter output filter impedance and series connection of transformer
impedance as

Z%qVDC,ACC(S) =Zraq(s) + (Zc;;,OFF—VSC(S) + Z(_J%,dq(s))_1~ 54
where Z qq(s) is the impedance of the HVDC VSC transformer, Zcg aq(s) is the impedance
of the capacitive filter and Zgq orr—vsc(s) is the impedance of the OFF-VSC. In order to
calculate the total impedance from the ACC point, all impedances are converted to dg-domain
using the same system transformation angle.

The analytical impedance model of the OFF-VSC is derived as follows. The dynamic equations
of the OFF-VSC in per unit (pu) can be given by [82], [83]

Zo(s)

|:Uod:| _ |::;Ld:| Vi — {Rc + sLe/wy —wi L ] |:Z:Ld] _ (5.5)

Vog ; wi L, R.+ sL./wy| |iLg

In order to obtain the impedance model of the OFF-VSC in the frequency domain, the modulat-
ing signal, mqgq is expressed as a function of iyqq and voqq in the frequency domain. Applying
linearization on (5.1) and (5.3) and after rearranging, the modulation index of OFF-VSC is
written as

[f?d”f] = (I — Geo(5)Gy(5)) {?Od} — (Gee($) + Zaar) {iﬂ : (5.6)

Mq,ref Voq lLq

Assuming the DC voltage controller performance of GS-VSC is quite satisfactory and providing
a constant DC voltage, therefore for simplification of analysis, it is reasonable to assume a
constant DC voltage input to the OFF-VSC. By doing this, we are ruling out any influence of
background harmonics coming from the on-shore grid. Now after linearizing (5.5) and inserting
(5.6), gives the impedance model of the HVDC rectifier, OFF-VSC in dg-frame and can be given
by

Zaqorr-vsc(s) = — (I — ViGpwm(s)I + VieGpwm(s)Gee(5) Gy (s)) ™
(Zo(5) + VaeGpwm(s) (Gee(s) + Zger)) - (5.7)

5.4.3 The Impedance of the Wind Farms from AC Collection Bus

The impedance of the wind farm from ACC point can be given by

1 -
23 accl®) = — (Zeavteda(s) + Zraa(s) + (Zagw(s) + Zitagls) ) (58)
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where Zcable.dq(s) is the impedance of the offshore AC cable, Z qq(s) is the impedance of
the WECS-I transformer, Zcr aq(s) is the impedance of the capacitive filter, n is the number
of wind farms connected in parallel. The wind farms are identical in structure and control, and
two wind farms are connected to the ACC bus, hence n = 2. The impedances are in dq-frame
and a 2x2 matrix. All the impedances are transformed to dq-frame with the system frequency
transformation angle. The WECS-I regulates the DC-link voltage. The impedance model of the
DC voltage control VSC is derived in chapter 3 and can be given in frequency domain as

Zagw(s) =(1 = Va.G2' (5)GE(5) + GpGrvaGr' (5)GE(5)
(—ZO(S) + VdCGKI(S)GB(S) — GpGy; — GDGVdel (S)GB(S)) . 5.9

If the output power of the wind farms differs from each other, it is necessary to calculate the
impedance of the wind farm separately for individual operating point and the total impedance
of the wind farms can be calculated based on the impedance calculation rule.

5.44 Impedance-Based Stability Analysis

Based on this representation in Fig. 5.5, the response of the ACC bus voltage can be written as

N
Vaccaq = (Vs,dq + Z%O{/DC,ACC(S)IWJi(J (I + (Z%({/DC,ACC@)) (Zé\(},ACC(S)) )
(5.10)

For system stability studies, it is assumed that

1. The AC voltage of OFF-VSC is always stable when unloaded; and

2. The WECS current is stable when it is connected to a stable source.

Therefore, the stability of the interconnected system depends on the second term of right-
hand side of (5.10) and the ACC bus voltage will be stable if and only if the impedance ra-
tio, (Z?{C{,DC’ acc(8)/ (Z%{;" acc(8)) which can be defined as the minor loop gain of feedback
control system as

G(s)H(s) = (Z(Ii{qVDC,ACC(S)) (Z%\(},ACC(S)) (5.11)
meets the Generalized Nyquist Stability Criterion (GNC) [45], [46].

The impedance ratio in dq-domain is a 2x2 matrix, hence multi-variable Nyquist stability cri-
teria need to be applied to determine the stability of the interconnected system. The off-diagonal
elements have an important role on the stability [56], [57]; however, their impact can be neg-
lected in some cases, for example, in the case when the converter operates in unity power factor
mode [52], [54], or when the matrix of the minor loop gain is diagonally dominant [106]. The
diagonal elements of the HVDC rectifier impedance are 10 times higher than the off-diagonal
elements, and are diagonal dominant. The reactive power reference of the wind power in-
verter is zero, which means, the wind power inverter is operating in unity power factor mode.
Moreover, diagonal elements of the wind farm impedance seen from the AC collection bus are
10 dB higher than the off-diagonal elements and are diagonally dominant. Since the matrix is
diagonally dominant over the entire Nyquist path, the stability of the interconnected system can
be determined by the d-axis and g-axis impedance ratios and the off-diagonal elements can be
ignored.
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Figure 5.6: Nyquist plot of minor-loop gain: (a) the HVDC system connected with a CPL and (b) the
wind farms connected with an ideal grid.

5.4.5 Stability of the HVDC System with No-Load and CPL

The first assumption is trivial and minimum requirements for an HVDC transmission system
installed in the purpose of integrating wind farms [49] and it has been verified for two cases,
case 1: with no load condition and case 2: by connecting a CPL. The power of the CPL is
equivalent to the power of the wind farms. Note that the wind farms have been disconnected.
The stability analysis has been performed by checking the Nyquist plot of the impedance ratio
where the CPL load is simulated as Z%‘}_’ acc(s) and the Nyquist plot is shown in Fig. 5.6 (a).
Since the Nyquist plots do not encircle the point (-1, jO) and there is no pole in the RHP, the
HVDC system operates stably which is further confirmed in a time domain simulation. There
is no oscillation in both the AC side and the DC side of the HVDC rectifier. The input DC
voltage of the HVDC rectifier is constant; therefore, for simplification of analytical analysis, it
is reasonable to replace the onshore DC voltage controlled HVDC VSC by a DC voltage source
and the onshore GS-VSC controllers do not affect the analysis. However, if the HVDC system
is unstable (for example oscillatory behaviour in the DC link voltage) before connecting to the
wind farms, then it will be a stability problem of the HVDC system itself and it will not be an
interaction phenomenon of the controllers of the WECS-I and the OFF-VSC.

5.4.6 Stability of the Wind Farm with an Ideal Grid

The wind turbine model has a drive train based on a 2-masse model, a pitch control and a speed
regulator which can introduce oscillation if they are not properly designed. Hence, the second
assumption must be verified. In this paper, this assumption is verified by frequency domain
analysis and also by the numerical simulation. To identify if there is any oscillation coming
from the wind power inverters, the wind farms have been connected to an ideal grid instead
of the HVDC system. Fig. 5.6 (b) shows the Nyquist plot of the minor-loop gain for 10%
and 100% wind power output where the HVDC system impedance is simulated by an ideal
grid. The phase margin of the Nyquist plot of the d-axis impedance ratio is becoming smaller
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Figure 5.7: The PCC voltages and currents of the WECS, the DC link voltage of WECS and the PCC
active power of WECS when it is connected to an ideal AC grid

for the high wind power output meaning that the stability margin is reduced, while the g-axis
impedance remains the same, since the g-axis impedance does not depend on the active power
[50]. Moreover, if the grid strength is reduced by increasing the grid impedance, the phase
margin of the Nyquist plot becomes smaller which decreases the stability margin of the system.
The high output power causes high output current which increases the losses and reactive power
consumption in the system and can provoke the instability.

Fig. 5.7 shows the PCC voltages and currents of the WECS VSC, the WECS DC-link voltage
and the active power at PCC of the WECS inverter. The wind farm system operates stably and
there is no oscillation either in the AC side or in the DC-link of the WECS which has confirmed
that there is no intrinsic oscillation coming from the wind farms. As can be seen in Fig. 5.7, the
wind power output is constant; therefore, the turbine mechanical control system including the
generator and the diode rectifier and the DC-DC converter can be replaced by a constant power
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Figure 5.8: The d-axis and g-axis impedance of the HVDC system and the wind farms seen from ACC
bus. (Left-side figure is the d-axis impedance and the right-side Fig. is the g-axis impedance.)

source in the analytical formulations; hence these assumptions on the generator side converter
and the DC-DC converter do not affect the results of the analysis. However, if the wind farms
become unstable in an ideal grid connected mode, then the cause of the oscillation will not be
an interaction problem of the wind farm inverter and the HVDC rectifier. It will be a stability
problem of the wind farm itself.

5.4.7 Stability of the HVDC System with Wind Farm

Since both the HVDC system and the wind farms are operating stably separately, the wind farms
have now been connected to the HVDC system. Fig. 5.8 shows the diagonal elements of the
impedance of the HVDC system and the wind farms seen from the ACC bus. As can be seen,
both diagonal elements of the HVDC system impedance, Zgv pc,acc,dd ad Zuy pe,Acc,qq are
equal in magnitude and phase, since the OFF-VSC does not have any PLL. The first resonance
point in the HVDC rectifier impedance is resulting from the integral term of the PI inner-loop
current control and the outer loop AC voltage controller and the second resonance is because
of the LC'L-filter. Similarly, Zw acc,qq impedance of the wind farms has a low frequency
resonance point resulting from the cascaded DC voltage and current control; however in the
Zw,Acc,qq impedance, there is no outer-loop control, thus there is no resonant point similar to
the d-axis impedance at low frequency. The next resonance is from the LC L-filter. The wind
power impedances have also some other resonances at high frequencies which are caused by
the offshore AC cable.

Fig. 5.9 shows the Nyquist plot of the minor-loop gain when the wind farms produce 10% and
100% of rated power and there is no pole in the RHP. As can be seen, the Z,, impedance ratio
satisfies the GNC, it doesn’t encircle the point (-1, j0), which means that the interconnected
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Figure 5.9: Nyquist plot of minor-loop gain for 10% and 100% wind power output (Blue-line is for the
d-axis impedance ratio; green-line is for the g-axis impedance ratio and red-line is the unit circle.)

system is stable for the g-axis impedance ratio; however, the Z;; impedance ratio encircles the
point (-1, jO) regardless of the power level. Therefore, the interconnected system is unstable
for the d-axis impedance ratio. As can be seen from the d-axis Nyquist plot as shown in Fig.
5.9, the impedance ratio intersects the unit circle several times. The first intersecting point is at
around 14.5 Hz as shown in the d-axis impedance in Fig. 5.8; therefore the system has one of
the unstable eigenvalues with 14.5 Hz frequency and will have oscillatory behaviour at around
14.5 Hz which is caused by the resonance point introduced by the cascaded control loop of the
HVDC rectifier and the wind power inverter. The g-axis HVDC impedance intersects the wind
power inverter impedance several times as shown in Fig. 5.8; however the system is predicted
to be stable by the GNC plot for the g-axis impedance as shown in Fig. 5.9. As can be seen in
Fig. 5.9, the system is unstable regardless of the power levels and it indicates that the instability
phenomena is caused by the controller interaction and not because of the power (energy) flow.
There is no change in the Nyquist plot of the g-axis impedance, since g-axis impedance does
not depend on the active power flow [50].

At 50 Hz base, the bandwidth of the current control loop of the wind power inverter is assumed
to be less than (0.2x2kHz/50=) 8 pu. Applying modulus optimum criteria [94], the current
controller is tuned at H..(s) = 0.573 + 3.6/s in pu and the control loop bandwidth is 200 Hz
with 90 degree phase margin. Since the current control loop is modeled as a low pass-filter and
the high frequency is removed by the high pass-filter, the frequency around 14.5 Hz predicted
in impedance characteristics has a significant impact on system stability. The PLL PI controller
transfer function is Hppr,(s) = 0.0844+4.6908/s in pu and the control loop bandwidth is 9 Hz.
The system is unstable predicted by GNC even the bandwidth of the PLL of the wind power
inverter is sufficiently low to reject the low frequency.

To validate the small-signal analysis above, a detailed time domain simulation model of the
interconnected system as depicted in Fig. 5.1 has been built with detailed switching model of the
VSC in the MATLAB/Simulink environment associated with the SimPowerSystem Blockset.
Fig. 5.10 (a) shows the resulting 3-phase AC voltages and currents at the ACC bus from the time
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Figure 5.11: Onshore side: The 3-phase instantaneous voltage and current at PCC, FFT of current,
measured active power and FFT of active power at onshore PCC of VSC-B.

domain simulation. The spectrum from FFT of them is also shown in Fig. 5.10 (a). It can be
seen from the FFT, both the voltages and currents at the ACC bus have low frequency oscillation
at around 35 Hz and 65 Hz. As predicted from the d-axis Nyquist plot of the impedance ratio,
there is a low frequency oscillation at 15 Hz which is transformed into abe-frame as +(f — f1)
[48]. The active power measured at the offshore ACC bus, the HVDC link DC voltage and FFT
of them are shown in Fig. 5.10 (b). Both the active power at the ACC bus and the DC-link
voltage of the HVDC system are the DC quantity and have an oscillation at around 15 Hz as
predicted from the impedance-based analysis. This oscillation is noticed both for Hpp1,(s) =
0.0844 +4.6908/s and Hpr1(s) = 0.0844 4 0.0/s and results from the interaction between the
HVDC rectifier controller and the wind power inverter controller.

This oscillation is moving towards the main AC grid through the HVDC link. The 3-phase
instantaneous voltages and currents, FFT of current, the active power and the FFT of the active
power at the onshore PCC of the GS-VSC are shown in Fig. 5.11. No AC voltage oscillation is
noticed at the onshore PCC of the GS-VSC since it is connected to a strong AC grid; however,
the same frequency of oscillation in the current and the power are identified. This oscillation is
propagating from the wind farms and the HVDC system.
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Table 5.3: The source and the load bandwidth, the bandwidth ratio and the stability from the GNC.

Case Source Bandwidth Load Bandwidth Bandwidth Ratio Generalized Nyquist Stability

number (HVDC Rectifier) (WFs inverter) BW/BW, Criterion
BW; BWy,
1 185 Hz 200 Hz 0.925 (<1) Encircles (-1, j 0) [Fig. 14]
2 315 Hz 200 Hz 1.575 (>1) Does not encircle (-1, j 0) [Fig. 17]
3 336 Hz 200 Hz 1.680 (>1) Does not encircle (-1, j 0)
4 185 Hz 100 Hz 1.850 (>1) Does not encircle (-1, j 0)

5.5 SSO Mitigation Technique from HVDC Connected Wind Farm

This section presents the mitigation technique of electrical oscillations observed between wind
farms and the HVDC system.

5.5.1 Reshaping the impedance by Modifying the Control Bandwidth of Convert-
ers

The impedance of both the HVDC system and the wind farms can be reshaped by modifying the
bandwidth of the controllers. Thus, the impact of the control bandwidth of the HVDC rectifier
and the WECS inverter on the stability is discussed below.

5.5.1.1 Impact of the Current Control Loop Bandwidth of the HVDC Rectifier

Fig. 5.12 shows the Nyquist plot of the impedance ratio for a modified bandwidth of the HVDC
rectifier controller as an example case where the current controller is tuned at H.. = 1.2366 +
7.5/s in pu and the control loop bandwidth is 773 Hz with 90-degree phase margin while the
original bandwidth was 400 Hz. For this current control tuning, the bandwidth of the AC
voltage control loop (which is the source) becomes 315 Hz with 65-degree phase margin and
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Figure 5.12: Nyquist plot of impedance ratio for 315 Hz bandwidth of AC voltage control loop of HVDC
rectifier for 10% and 100% wind power output.
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the bandwidth ratio of the source to the load (WECS inverter) becomes greater than 1 (case 2
in Table 5.3) while the original bandwidth ratio was less than 1 case 1 in Table 5.3). As can be
seen in Fig. 5.12, the Nyquist plots do not encircle the point (-1, jO); hence the system is stable
which is further confirmed by numerical simulation.

5.5.1.2 Impact of the AC Voltage Control Loop Bandwidth of the HVDC Rectifier

An example case has been shown for an increased bandwidth of the source (the AC voltage
control loop of the HVDC rectifier) while the current control-loop bandwidth remains the same.
The source bandwidth is increased by increasing the proportional gain of the AC voltage con-
troller to H,,. = 0.75 4+ 40/s. The crossover frequency becomes 336 Hz with 50-degree phase
margin and the bandwidth ratio of the source to the load becomes greater than 1 (case 3 in Table
5.3). The interconnected system operates stably which is confirmed by checking the GNC plot
and by numerical simulation.

5.5.1.3 Impact of the Current Control Loop Bandwidth of the WECS Inverter

Another example case is shown for a decreased bandwidth of the wind power inverter to 100 Hz
with 90-degree phase margin while the source bandwidth remains the same. This is done such
a way that it has sufficient phase margin in the Nyquist plot of the minor-loop gain. For this
tuning, the bandwidth ratio becomes larger than 1 (case 4 in Table 5.3) and the interconnection
becomes stable which is confirmed by the GNC and in the numerical simulation. The WECS
inverters are a very low power level compared to the HVDC rectifier, therefore, it is not possible
to make the current control-loop bandwidth of the WECS inverter lower than the AC-voltage
control-loop of the HVDC rectifier in real world application.
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Figure 5.13: Nyquist plot of impedance ratio for different bandwidths of the wind power inverter’s DC
voltage control loop.
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Figure 5.14: (a) Wind power inverter’s PLL loop gain for different PLL bandwidths and (b) Nyquist plot
of impedance ratio for different bandwidth of the PLL for the controller bandwidth of case 1 of the Table
5.3

5.5.1.4 Impact of the DC Voltage Control Loop Bandwidth of the WFs Inverter

Since the oscillation frequency is around 15 Hz, which is similar to the control loop bandwidth
of the PLL and DC link voltage control, their participation in the oscillation has been invest-
igated. First, the impact of the DC voltage control loop bandwidth on the stability has been
investigated. Initially, the DC voltage controller is tuned with a loop bandwidth of 25 Hz and
160-degree phase margin. Fig. 5.13 shows the Nyquist plots for different bandwidths of the
WECS inverter’s DC voltage control loop. It has been observed that the higher bandwidth of
the DC voltage control loop the more unstable the system becomes, while lower bandwidth
makes the system stable but degrades the system performance significantly which is not desir-
able. The bandwidth of the DC voltage control loop has no impact on the g-axis impedance as
shown in Fig. 5.13. The interconnected system remains unstable for different bandwidths of
the DC voltage control loop of the WECS inverter; thus the observed oscillation is not directly
related to the bandwidth of the DC voltage controller.

5.5.1.5 Impact of the PLL Loop Bandwidth of the WECS Inverter

The interconnected system has now been investigated for different bandwidths of the PLL. The
initial bandwidth of the PLL is 9 Hz with 46-degree phase margin for which 15 Hz oscillation
has been observed. Fig. 5.14 (a) shows the PLL loop gain and Fig. 5.14 (b) shows the Nyquist
plot of the impedance ratio for 0.1 Hz, 9.25 Hz and 15.5 Hz PLL bandwidth for the tuning
of case 1 in Table 5.3. As can be seen in Fig. 5.14 (a), the PLL loop gains are stable with
sufficient phase margin; however the interconnected system is unstable for the d-axis minor
loop gain from Fig. 5.14 (b). The PLL bandwidth has an impact only on the g-axis impedance
[50]; therefore the phase margin of the g-axis Nyquist plot is reducing for higher bandwidths
of the PLL. On the other hand, the d-axis impedance remains the same for a change of the PLL
bandwidth. Thus, the PLL is not participating in the observed oscillation, since the system is
predicted to be unstable only for the d-axis Nyquist plot.

Table 5.3 shows the source and the load bandwidth, the bandwidth ratio and the stability from
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Figure 5.15: Implemented active damping scheme

the bandwidth ratio of the interconnected system. From the above test, it is found that the
interconnected system operates stably as long as the loop bandwidth ratio of the source to the
load becomes larger than 1. The ratio between the bandwidths of the interconnected areas has an
essential role in the root cause of instability and is a strong factor to be taken into account in the
shaping of the impedances to maintain the stability. The control-loop bandwidth is limited by
the switching frequency of the VSC; therefore it is not reasonable to increase the bandwidth of
the control-loop, and on the other hand the slower bandwidth decreases the system performance.
Alternately, an active damping scheme in the current compensator of the HVDC rectifier can be
used to remove the SSO. The detailed modeling and analysis of the proposed active damping
scheme are described below.

5.5.2 Reshaping the impedance of the HVDC system by Implementing an Active
Damping Scheme on the HVDC Rectifier

The phase voltage at ACC bus including the oscillatory components at different frequency in
time domain can be written as

Vape(t) = V cos(2m f1t + 0) + Z Vicos(2m ft + ¢y) (5.12)

where V' corresponds to the magnitude of the fundamental voltage at frequency f;; 6 is phase
angle of 3 phase voltage (0, 27/3, 47/3) and V; corresponds to the magnitude of voltages
at different frequency, f; with phase ¢;. In frequency domain, it can be written by (5.13)
where V; = (V/2)e*7% and others follow the similar notation and in the dg-domain, it can be
represented by (5.14) [48].

Valf] —{ gvf }c:ﬂ; (5.13)
[ Veos(9) DC Component
valtl={ 'S S (5:14)
Volf1 =D _FiVilfl  f==%(fr— f) (5.14b)

The active damping is designed to suppress the oscillating term from (5.14). The active damp-
ing is, based on injecting a voltage component of counter-phase with detected oscillation in
order to produce a cancellation effect, done with the OFF-VSC adding the modulating signal
to the reference voltage in (5.3). The oscillation is first isolated by high pass filtering and is
then multiplied by a gain k,,. The high pass filter function is implemented by subtracting from
the measured voltage signals a low pass filtered version of the same voltages as shown in Fig.
5.15. The damping voltage reference is given by (5.15) where w,p is the cut-off frequency of
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the applied low-pass filter.

paD(8)
WaD Kaas
Vo,dq,AD = kad(—HTUo,dq + Uo,dq) = S-FT Vo,dq (5.15)
AD AD

Including the active damping term, the modulation index references of (5.3) from the current
controller can be written as

|:md.ref:| — Grw(5)Gee(s) [iL‘“ef } — Gpwm(8)(Gee(s) + Zger) EM}

Mg,ref LLgref Lq

+ Gpwm(s)Gan(s) [zOd] (5.16)

oq
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Figure 5.16: Comparison of output impedance of HVDC rectifier, OFF-VSC with (k.4 = 0.5) and
without (k,q = 0.0) active damping. (Solid line is analytical model and the circles are from numerical
simulation)
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The impedance-based stability analysis is adopted again to analyze the stability of the system
with the proposed damping scheme. The impedance model derived in (5.7) for the HVDC
converter OFF-VSC is modified to include the damping term and is given by

Zotr_vsc(s) = — (I — VaGpwm(s)Gap(s) + VaeGpwm(5)Gee(s)Gy(s)) !
(ZO(S) + VchPWM(S) (Gcc(s) + Zdel)) . (517)

The impedance model derived analytically is verified by numerical simulation and the result
is compared with impedance model derived in (5.7) for the case without the damping term.
Fig. 5.16 shows the impedance model verification of the HVDC rectifier where k,; = 0 means
that the active damping term is disabled and k,; = 0.5 means that the active damping term is
enabled with a damping gain of 0.5. The cut-off frequency of the low-pass filter is set to 3.18
Hz. As can be seen, the proposed active damping can significantly reduce the magnitude of
the input impedance of the HVDC rectifier at low frequencies which means that it reduces the
source impedance in (5.10) and extends the stability margin by increasing both phase-margin
and gain-margin in the GNC of the interconnected system.

Fig. 5.17 shows the diagonal elements of the HVDC system and the wind farm’s impedance
seen from ACC bus including the active damping term. By comparing the case without damping
term as shown in Fig. 5.8, the resonance point at low frequency in the HVDC system can be
effectively removed by reshaping the impedance and the HVDC system impedances do not
intersect the impedance of the wind famr at any frequency lower than 100 Hz. The remaining
resonance point in the HVDC system is resulting from the LC L-filter.

Fig. 5.18 shows the Nyquist plot of the minor-loop gain of the interconnected system. As can be
seen, neither the d-axis nor the g-axis input impedance ratio of the HVDC system and the wind
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Figure 5.17: The d-axis and g-axis impedance of HVDC converter, Zyv pc,Acc,dq and wind power
inverter, Zw, aAcc,dq seen from ACC bus including active damping term
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Figure 5.19: Nyquist plot of impedance ratio with active damping gain of 0.5 for different wind power
loading

farm encircle the point (-1, jO) and there is no pole in the RHP which predicts that the intercon-
nected system will be stable. The stability analysis discussed is performed for an equilibrium
point with 100% wind power output. However, it might not be valid for other operating points;
therefore, it is necessary to perform the stability analysis for all possible operating points. In
this analysis, the stability analysis is performed for various operating points from 10%-100%
wind power output power. Fig. 5.19 shows the Nyquist plot of the minor-loop gain for two
operating points at 40% and 100% wind power output with the active damping term for a case
of comparison and the interconnected system is predicted to be stable for both power levels.
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Figure 5.20: Simulation results with active damping: (a) The 3-phase AC voltage and current at ACC
bus and (b) the active and reactive power at ACC of HVDC rectifier, VSC A and DC link voltage of
HVDC system.

To verify the theoretical analysis, a detailed simulation model of the interconnected system
including the damping scheme in controller of the HVDC rectifier has been built. The control
structure including the damping scheme is shown in Fig. 5.2. The cut-off frequency of the
low-pass filter of the active damping is kept such that the output of the filter is only the DC
component of the offshore ACC voltage. The active damping gain can be kept from O to 1.
The system is investigated with the active damping for a damping gain of 0.5 and the cut-off
frequency of 3.18 Hz. The time domain simulations have been carried out for different operating
points and the system is found to be stable for all operating points. The 3-phase instantaneous
AC voltages and currents at ACC bus from the time domain simulation are shown in Fig. 5.20
(a) and the active and reactive power at the ACC bus and the DC link voltage of the HVDC
system are shown in Fig. 5.20 (b). From the time domain simulation it is clear that the system
is stable as predicted by the theoretical analysis.

5.6 Impedance-based Stability Analysis based on the ‘Black/Grey
Box’ approach

This section presents the stability analysis of the wind farms connected via HVDC system when
the WECS is assumed to be a ’black-box’.

5.6.1 System Parameters and Numerical Simulation

The interconnected system under study is depicted in Fig. 5.1. The parameters of the HVDC
system and the wind farms are chosen to be different then the system studied in the previous
section. The electrical circuit parameters of the HVDC system are given in Table 5.4. The
current-controller of the HVDC rectifier is tuned at H..(s) = 0.6366 + 14.25/s in pu with
90-degrees phase margin at 400 Hz crossover frequency. The AC voltage control-loop is tuned
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Table 5.4: The VSC-HVDC system parameters

Parameter Value Parameter  Value
Rated Power, S, 500 MVA L. 0.08 pu
Rated AC voltage 220 kV R. 0.00285 pu
Trans. inductance 0.1 pu Cy 0.074 pu
Trans. resistance  0.01 pu Ve 360 kV

Table 5.5: Parameters of the each WECS VSC

Parameter Value Parameter Value
Rated Power, S, IS0MW L,y 0.12 pu
Rated AC voltage 575V Ry 0.00285 pu
Rated DC voltage 1100 V Cuwp 0.074 pu
Trans. inductance 0.04pu 50 Hz
Trans. resistance  0.005pu  Cly. 4 pu
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Figure 5.21: Unstable: Three phase voltages and currents at ACC bus.

at Hyq.(s) = 0.09 + 40/s with 40-degree phase margin at 80 Hz crossover frequency. The
switching frequency of HVDC VSCis 2 kHz. The AC voltage control-loop bandwidth is around
5 times less than the inner-loop current controller and that satisfies the standard bandwidth ratio
[91]. Therefore, the HVDC system is expected to operate stably.

The electrical circuit parameters of WECS are given in Table 5.5. The WECS is assumed a
’black/grey box’ and no information about the internal control parameter is available. It is
assumed that the control-loops of the WECS have been tuned with sufficient phase margin to
ensure the stable operation. A time domain simulation has been carried out and the resulting
time domain responses are shown in Fig. 5.21. The system is unstable in the time domain
simulation even all the parameters and controller satisfies the standard modeling and tuning. As
can be seen in Fig. 5.21, the voltages and currents have an oscillation with a frequency around
8.5 Hz and are increasing exponentially. One can assume that the instability is resulting due to
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o the imperfect control tuning and modeling of the HVDC system and wind farms or

o the interaction between the controls of wind farms and HVDC system.

The first assumption can be checked by disconnecting the wind farms from the HVDC system
and simulation can be carried out separately by connecting a simple R — L load or a CPL with
the HVDC system and an AC grid with the wind farms as discussed in subsections 5.4.5 and
5.4.6. Thus, a CPL with the same rated power of the wind farm has been connected to the HVDC
system and a time domain simulation has been carried out. The system is found to be stable
from the time domain simulation; therefore, the HVDC system is stable itself for this tuning.
Now the wind farm has been connected to a strong AC grid and the time domain simulation
confirms that the wind farms operate stably without the HVDC system. Thus, the instability is
resulting from the control interaction of the HVDC rectifier and the WECS inverter.

5.6.2 Identification of Inpedance Model of the WECS Inverter

The following steps are taken to obtain the transfer function of the aggregated non-parametric
impedance model of the wind farms. A single WTG has been connected to the main AC grid
without the HVDC transmission line and the impedance frequency responses have been meas-
ured from 1 Hz to 5 kHz with 75 measurement points in the dq-frame [92], [93], [107]. The
measurement set-up is shown in Fig. 5.22. The measurement point has been selected randomly
in logarithmic scale. More measurement point will give a better approximation of the imped-
ance model. A system identification technique (SIT) [76], [77], [101]-[103] has been used to
estimate the transfer function for each element of the non-parametric dq-domain impedance
matrix as

dg (s) = b S™ + b1 8™+ L+ b,
WECS—1-SI1T\"/ — anSnJran_lsn—lerJrao

(5.18)

where b,,,, b,,—1,...b0, Ay, Gn_1,...a, are constant coefficients and m and n are the order of the
zero and pole of the impedance model. The order of the transfer function will be the same
for different control strategies. If we increase the order of the transfer function it will increase
the computational complexity and on the other hand, if we reduce the order, the accuracy of
the estimated transfer function will be compromised. It is is a trade-off between computational
complexity and accuracy of the transfer function estimation. The order of the transfer function
does not depend on the control strategy of the WECS inverter. The order of the transfer function
is selected (5 in this case) such that the error between the measurement impedance responses

Current injection

Figure 5.22: Impedance measurement set up from the wind turbine generator.
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Figure 5.23: Impedance frequency responses of the WECS (Solid line is model identification and the
dots are from measurement).

and the responses from the non-parametric model becomes less than 0.10% up to the measured
frequency range. Fig. 5.23 shows the non-parametric impedance frequency responses from
the model identification with the measured impedance by point-by-point simulation. As can be
seen, the obtained transfer function of the non-parametric impedance model has a very good
agreement with the measured impedance frequency responses both magnitude and phase.

5.6.3 Stability Analysis

As discussed, the stability of the interconnected system can be predicted by checking the GNC
of (5.11). The RLC parameter of the capacitive filter of the WECS, the WECS transformer and
sub-sea cable of the interconnected system are assumed to be known. Hence, the stability of
the entire system can be effectively determined based on the impedance-based approach before
connecting to the main AC grid since all the parameters are now available for stability analysis.
Fig. 5.24 shows the frequency domain stability analysis results for the simulation result presen-
ted in the previous section. As can be seen, the Z,, impedance dominated characteristics loci
plot encircles the point (-1, jO) at frequency 8.5 Hz, the system becomes unstable.

The proposed stability analysis method based on the aggregated non-parametric impedance
model predicts the stability of the interconnected system of the wind farms and the HVDC sys-
tem even though no information of the WECS control system is known. The impedance-based
stability is a small-signal stability analysis and is valid only for a small-range of operating point;
however, the wind turbines operate at various wind speeds and provide variable output power,
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Figure 5.24: Characteristics loci of the minor-loop gain (Red-line is the unit circle).

therefore, the stability analysis needs to be carried out at all the operating condition by obtaining
a non-parametric impedance model for various operating points and checking the GNC. Though
the interconnected system is unstable, it is not clear yet which controller is participating in the
observed oscillation.

5.7 Extraction of WECS Inverter Controllers’ Parameters

This Section presents a method to reveal the internal dynamics of WECS inverter from the
non-parametric impedance model while the WTGs are considered to be a grey/black box.

The measured diagonal elements of the WECS inverter impedance can be represented by a
transfer function from the SIT as

Zipos_1-sir(s) = bass” + bd48% et B
- agast + agzs® + ... + agq,

(5.19a)

byss® + boust + ...+
A 5) = L 4 . 5.19b
weos—1-sir(s) 015" T 135 1 T g ( )

The analytical impedance model of the WECS inverter in (5.9) is in dq-frame and a 2x2 matrix.
The diagonal elements of (5.9) can be expressed as a function of control-loop transfer function
as

2(5) + 2D+ (Voo = Be1,) 2ot

2 (= (5.20a)
1= (Voe — Bt 1) Pt
D2
i (5) = Ze(s) + s + Geeot(5)Ze(s) (5.20b)
WECS-I 1= VpcHpwun(s) — Gpro(s)bpri(s) |
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Figure 5.25: Illustration of controller gain extraction method from measured impedance.

where

Un(8) = (DaGrac—o1(8) (1 + Geemoi(8)) + Gec—or(8))

Va(s) = 1+ 14Z:(5)Goac—ot(8)(1 + Gee—al(8))

VYpri(s) = Gee—ol(8)Ze(5)1g — Ve Hpwa (5)Va + Vpe Dy.
Gee—ol = Hpwm (Kpe + kic/s) [ Zo

Geemct = Gee—ot/(1 + Gee—at)

Grdc—ol = (kpvde + kivde/5) Gee—c/(5Cac)

and G._o(s) and Gy (s) are the open-loop transfer function of the current and the DC
voltage control-loop, respectively, and Z.(s) = Rew + SLew-

The analytical impedance model of (5.20) is replaced by the measured impedance model of
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Figure 5.26: Control-loop gain of the PLL and the g-axis impedance of the WECS inverter (Solid line
is model identification and the dots are from simulation).

(5.19) as
Ze(s) + ](Dwd Dy + (VDC - gd ]d) Zetn(s)
c sCqec sCo Da(s)
Z%EC&LSIT(S) = 4 — H:WM(S) ” (5.212)
L= <VDC T Cu Id) rom

2
Dq

Z%gECS*IfS[T(S) _ ZC(S) + 5Cun + GCC—OZ(S)ZC(S) |
1 — VpeHpw(8) — Gprr(s)¥prr(s)

(5.21b)

In (5.21), all the elements are known from the measurement data except the proportional and
integral gain of the current controller, DC voltage controller and the PLL. Two equations are
obtained with six unknown variables. In order to solve these equations, (5.21) is represented in
jw-domain and the required number of equations can be obtained at different frequencies from
the measurement data and by separating them in real and imaginary part. Now solving those
equations by iteration, the controller gains are obtained. The controller bandwidth extraction
method is presented through a flow chart as shown in Fig. 5.25.

The bandwidth information of the PLL is extracted from the Z,, impedance, since the PLL has
the most dominant impact on the Z,, impedance. Fig. 5.26 shows the frequency response of
the control-loop gain of the PLL where the PLL open-loop gain has a phase margin 47-degree
at 5.78 Hz and the close-loop has a bandwidth around 8.5 Hz. Moreover, Fig. 5.26 shows
the Z,, impedance of the wind farm inverter from the SIT and the numerical simulation. As
can be seen, the impedance has a resonance at a low frequency around 5 Hz which indicates
crossover frequency of the PLL open-loop gain. The bandwidth is calculated at -3dB magnitude,
therefore if we move forward 3 dB more, the frequency is found 8.5 Hz which is the close-
loop bandwidth of the PLL. This extraction method gives the system designer a view of the
control bandwidth range which is useful for the design of the entire system to avoid the control
interaction phenomena.
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The method is presented for the decoupled d-q control of a WECS VSC as an example of con-
troller bandwidth estimation, however, this procedure can be applied to other type of controllers
of the VSC to extract the controller dynamics. In a real world application, we will not know
which control method is implemented in the VSC, however, the impedance frequency response
would be different based on the implemented control. An example of the impedance frequency
responses of the WECS system for two different control strategies has been shown in [81]. One
is based on the dg-frame control and the other is the synchronverter control [81], [108]. As
can be seen in [81], the impedance frequency responses are different for the different control
strategies which enable the method estimating the controller dynamics even when the control
strategy is unknown. In order to identify controller dynamics for other type of converter control
and to generalize the extraction method, first it is necessary to derive the analytical expression
of the impedance model of the VSC for different control methods and then the analytical imped-
ance model and the measured impedance are equalized and the equations are solved to estimate
the control dynamics as illustrated in Fig. 5.25.

5.8 Impedance-based Interaction Analysis

In order identify which controller is participating in this oscillation, the diagonal elements of
the HVDC rectifier and WECS inverter impedance model has been studied since the diagonal
elements are dominating along the entire Nyquist path. The diagonal elements of the HVDC
rectifier impedance from (5.7) can be written by

dd ‘/chpWM(S)HCC(S) + RC + SLC

Zopp— s)=Z& . s) = . (5.22)
OFF VSC( ) OFF VSC( ) 1 _ HPW]\[(S) + ‘/chPWM(<9)HCC(5)H1;aC(S>
which can be written as a function of current control-loop as
de D\ 799 2\ — 1
orr-vsc(s) = Z5pp_vsc(s) = a (5.23)

cc—cl,OFF-VSC (S)Hvac(s)

where G.._q.0rr—vsc(s) is the close-loop transfer function of the current control-loop and can
be written as

VdCHPW]\,j(S)HCC(S)/ (RC + SLC)
ce—ct,0FF-vso(s) = . 24
Gee—c,0rr-vsc(s) L+ Vi HpoarHeof (R + 5L0) (5.24)

Including the filter capacitor, the diagonal elements of the HVDC system can be given by

Zaigorr-vsc(s)

Zypo.ace(s) = Zitvpe,ace(s) = 14 5C; Zagorr—vso(s) (5.25)
which can be expressed as a function of AC voltage control-loop as
Zitypeace(8) = Ziypoace(s) = ! (5.26)
' ’ SCp(Gpac—or(s) + 1)

where G u.—0($) is the open-loop transfer function of the AC voltage control-loop and can be

given by
1
sC f '

Gvac—ol(s) = Hvac(s)GCC—cl(S) (527)
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From (5.26), it is concluded that the HVDC rectifier impedance depends on the open-loop
transfer function of the AC voltage controller. The higher control bandwidth of the AC voltage
control-loop is meaning the lower impedance magnitude of the HVDC system. Moreover, the
Zq4q and Z,, impedances are equal in magnitude and do not depend on the operating point.

The diagonal elements of the WECS inverter impedance in (5.20) indicate that the Z,;; imped-
ance of the WECS inverter depends on the outer-loop DC voltage controller, inner-loop current
controller and operating point, and the Z,, impedance depends on the close-loop PLL band-
width, inner-loop current controller and the operating point.

The passive components such as inductor, capacitor and resistor have an equal impact on both
the Z4q and Z,, impedance; however, the controllers in the wind farm inverters are different
since the d-axis has outer-loop DC voltage control while the g-axis has PLL synchronization
loop. As can be seen in Fig. 5.24, the d-axis impedance dominated Nyquist plot has sufficient
phase margin and is far from the stability marginal point while the characteristic loci of the
g-axis dominated impedance encircles the point (-1, jO). Thus the controllers in the g-axis are
interacting resulting in instability in the interconnected areas. The source HVDC rectifier’s most
outer control in the g-axis is the AC voltage control and the wind farms inverter’s most outer
controller in the g-axis is the PLL. The controllers in the HVDC rectifier and WECS inverter
with the slowest bandwidth are dominating part in the impedance magnitude at low frequencies,
therefore the AC voltage controller of the HVDC rectifier and the PLL of the WECS inverter
are interacting resulting in the instability.

To confirm the instability resulting in the interaction of the AC voltage controller of the HVDC
rectifier and the WECS inverter, a state-space model has been derived for the system and the
participation factor analysis has been carried out for the unstable eigenvalues to identify the
contribution of the states. Fig. 5.27 shows the trajectory of the eigenvalues for a change of
proportional gain of the AC voltage controller. The system has an unstable complex conjugate
eigenvalue at 1.9 £ j278.5 with a oscillation frequency of 8.5 Hz for k... = 0.09. This is
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Figure 5.27: Trajectory of eigenvalue for a change of proportional gain of AC voltage controller.
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the unstable case that is observed in the time domain simulation shown in Fig. 5.21 and the
frequency domain analysis are shown in Fig. 5.24. From the participation factor analysis, it
is found that the PLL and the AC voltage controller are the most contributing states to this
unstable eigenvalue. The participation factor analysis proves that the instability is resulting in
the interaction of the AC voltage controller and the PLL which gives the same conclusion as the
presented impedance-based method from the impedance-based method.
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Figure 5.28: Impedance frequency responses of the wind farms and the HVDC system from AC collec-
tion point for two cases of AC voltage controller tuning (Dash-dot line is for the wind farms, solid lines
are for the HVDC system for two control tuning of the AC voltage control).

5.9 Stabilization Method by Re-tuning the PLL and AC Voltage Con-
troller

Fig. 5.28 shows the impedance frequency responses of the wind farm and the HVDC system
from the AC collection point. The HVDC rectifier impedances are shown for two cases with
proportional gain 0.09 and 0.2 of the AC voltage controller. Since the system becomes unstable
only for the Z,, impedance, the Z,, impedance is of the most interest. The Z,, impedance of
the HVDC rectifier behaves as an inductive up to a frequency around 40 Hz and it becomes a
bandpass filter at a frequency of the AC voltage control-loop bandwidth. However, the Z,, im-
pedance of the wind farm behaves capacitive up to the crossover frequency of the PLL-loop and
shows the characteristics of a band reject filter. As can be seen in Fig. 5.28, the Z,, impedance
of the wind farm intersects the HVDC impedance at 8.5 Hz for the AC voltage-controller pro-
portional gain 0.09. From the close-loop transfer function of the PLL, the bandwidth is found
8.5 Hz. The system becomes unstable if the Z,, impedance magnitude of the HVDC system
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Figure 5.30: Stable: Three phase voltages and currents at ACC bus.

becomes larger than Z,, impedance magnitude of the wind farms at a frequency below the band-
width of the PLL. In order to avoid interaction phenomena between the AC voltage controller
of the HVDC rectifier and the PLL of the WECS inverter, the controls of the both VSCs need to
be re-tuned in such a way that the Z,, impedance magnitude of the HVDC system is kept lower
than the Z,, impedance magnitude of the wind farm at the frequency of the PLL bandwidth.

Based on (5.26), the higher bandwidth of the AC voltage controller of the HVDC OFF-VSC
reduces impedance magnitude of the HVDC system. Initially, the AC voltage controller band-
width of OFF-VSC was five times lower than the inner-loop current controller bandwidth. A
standard practice for the converter designer is that the outer-loop bandwidth should be three
to ten times smaller than the inner control loop [105]. Therefore, in a first attempt, the band-
width of the AC voltage control loop has been increased. The ac voltage controller proportional
gain is increased to 0.2 and the control-loop phase margin is 58 degrees with 132 Hz crossover
frequency while previously the crossover frequency was 80 Hz. Hence, the bandwidth of the
AC voltage controller becomes three times smaller than the inner current control-loop. The
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Figure 5.31: Impedance frequency responses of the wind farms and the HVDC system from AC collec-
tion point for re-tuning the PLL (Solid line is the HVDC and dash line is for the wind farms).

impedance frequency responses is shown in Fig. Fig. 5.28 for this AC voltage tuning. As can
be seen in Fig. 5.28, the Z,, impedance of the wind farm intersects the HVDC impedance at
around 9 Hz for the new tuning of the AC voltage-controller. The Z,, impedance magnitude of
the HVDC system becomes smaller than the impedance magnitude of the wind farm at the fre-
quency below the bandwidth of the WECS-I PLL. Frequency domain stability analysis has been
carried out for this new tuning of the AC voltage control of the HVDC OFF-VSC. Fig. 5.29
shows the frequency domain stability analysis results for this tuning. As can be seen, the loci
plots do not encircle the point (-1, jO), hence the system will operate stably. To further verify
the theoretical analysis, a time domain simulation has been carried out for the new control tun-
ing of the AC voltage control loop while other control-loops bandwidth remain the same. Fig.
5.30 shows the time domain responses from the simulation. The system operates stably for this
tuning.

A general rule is observed that if the PLL open-loop phase margin is more than 40-degree
and the close-loop bandwidth is 10 times smaller than the open-loop crossover frequency of
the AC voltage controller, the system operates stably. Another example is shown to prove this
observation by re-tuning the PLL loop-gain at 3.17 Hz crossover frequency with 42-degree
phase margin and the PLL close-loop control bandwidth is 4.72 Hz for the unstable case of Fig.
5.24. Fig. 5.31 shows the impedance frequency responses of wind farms from the AC collection
point together with the HVDC impedance for new tuning of the PLL. As can be seen, the Z,,
impedance magnitude of the wind farms does not intersect the HVDC impedance at frequency
below the cutoff frequency of the PLL-loop. Fig. 5.32 shows the characteristics loci plots of
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Figure 5.32: Stable case: Nyquist plots of minor-loop gain for retuning of the PLL.

the minor-loop gain. As can be seen, the loci plots do not encircle the point (-1, jO), the system
operates stably which has been confirmed by time domain simulation. The mitigation method
presented for re-tuning the PLL is applicable for any grid tied inverter for example, the wind
and solar power application. The g-axis impedance of the grid must not intersect the grid tied
inverter impedance below the bandwidth of the PLL.

5.10 Conclusion

This chapter presents a preliminary exploration of the possible origins of the SSO and reson-
ances observed in the interconnected system of wind farms and a VSC based HVDC system.
The SSO and sub-harmonic resonance phenomena at low frequency are observed depending on
the control implementation and components of the wind farm and the HVDC system. Analytical
derivations of the impedance frequency responses for both the wind farm and the HVDC are
derived and the potential resonance points are identified from the Nyquist plot of the impedance
ratio. These resonance points are also observed in the form of oscillations in the time domain
simulations of the wind farm and the HVDC system. A closer and step by step analysis of each
component and controller of the wind farms and the HVDC system indicate the possible sources
for these oscillations. The SSO originated in the AC collection bus is arguably originated by
the interaction between the WECS inverter controller and the HVDC rectifier. For testing the
impact of the controllers in mitigating the observed oscillations, an active damping scheme in
the current compensator of the HVDC rectifier is proposed to improve such oscillation phe-
nomena. The detailed analytical modeling of the damping scheme has been presented and the
performance of the active damping scheme has been verified by time domain simulation. The
oscillations are effectively eliminated with the active damping scheme. A discussion of the role
of the ratio between the bandwidths of the controllers of the interconnected areas is introduced,
and an essential role as the root cause of the instability is proposed to be taken into account in
the re-shaping of the impedances to maintain the stability.

Moreover, this work presents a novel technique to reveal and extract the internal control dynam-
ics (critical controllers bandwidth) of the WECS inverter when the WECS system is assumed to
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be a “black/grey box’ by proposing a non-parametric impedance model based on measurements
by using a system identification technique. The method has potential immediate applicability in
the wind industry based on the simplicity it offers to black/grey-box types of systems to guar-
antee the stability of the interconnection. An application of this method is: an electric power
company (EPC) will install an HVDC connected wind farms. The EPC will get the WTG model
from the WECS company and HVDC system from the HVDC company. Before installation,
the EPC will have access the simulation model (both WECS and HVDC converter) and can
study the system. Simulation models are still a grey-box model and the control structures are
unknown. If the EPC finds the interconnected system unstable, using the method presented in
this chapter, they can identify which part of the control provokes the instability and based on
this knowledge, the EPC can ask the WECS company or the HVDC company to re-design the
control system that guarantees the system operates stably.






Chapter 6

Impact of Self-synchronisation WECS on
the MMC-HVDC Connected Wind farm:
Impedance-based Analysis

This chapter presents a controller for the WECS inverter based on the synchronverter concept.

The design of the synchronverter is embedded in the VSC to mimic the way synchronous gen-
erator synchronize. The detailed analysis and the results presented show the benefits of this
controller and its potential for stability. The results highlight the synchronverter’s ability in
keeping better performance in point of stability and control in integrating offshore wind farm
through MM C-based HVDC system.

This chapter is based on the following articles.

[1] M. Amin and M. Molinas, "Self-synchronisation of wind farm in MMC-based HVDC
system," in 2016 IEEE Electrical Power and Energy Conference (EPEC), Ottawa, Canada,
2016

[2] M. Amin, A. Rygg and M. Molinas, "Self-synchronisation of wind farm in MMC-based
HVDC system: Stability Investigation," IEEE Transaction on Energy Conversion, vol.
32, no. 2, pp. 458-470, June 2017.

6.1 Introduction

The WECS is connected to the grid through power electronics converters which require a ded-
icated synchronization unit such as a PLL to synchronize with the AC grid. A slow synchron-
ization unit could directly affect the control performance and degrade the system stability but a
complex synchronization unit, on the other hand, adds significant computational burden to the
controller [88], [105]. Moreover, the offshore wind farms are far from the shore and connected
to the grid through the HVDC transmission system. As a result, the wind power inverters see a
very weak grid due to the long transmission line and introduce a instability problem. The wind
power inverter-controller and the wind farm side HVDC converter-controller interact each other
which result in a electrical oscillation [49], [55].
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This work proposes a control scheme for the WECS inverter based on the synchronverter
concept [109]. The interconnected system under this study includes a WECS employing full
scale converter connected to the main AC grid through a MMC-based HVDC system. A type-IV
full-scale WECS is considered for this investigation. A self-synchronization control technique
is implemented to the ACC bus side WECS inverter which does not require a PLL. This con-
verter mimics the synchronous generator (SG) and can automatically synchronize itself before
connecting to the grid and can track the ACC bus frequency after connection [109].

Synchronverter based inverters can relatively easy integrate distributed generation; however,
determining the stability of synchronverter is not easy due to the non-linearities of the control-
ler. Examples of non-linearities are calculation of the real and reactive power, the coupling
between the frequency and the field excitation current loops, initial self-synchronization fre-
quency loops. Continuous efforts have been made to investigate the stability of such system by
different approaches. The impedance-based stability analysis approach is the simple method
for analyzing the stability of such interconnected system of the wind farms and MMC-HVDC
system. Therefore, the impedance-based stability method is adopted to determine the stability
of the interconnected system. Once the source and load impedances are obtained, the Nyquist
Stability Criterion is applied to predict the stability of the interconnected system.

The rest of the chapter is organized as follows. Section 6.2 describes the synchronverter-based
modeling and control of the WECS. Section 6.3 presents the modeling and control of the MMC-
based HVDC system for the purpose of integrating offshore wind farms. Section 6.4 presents the
analytical impedance modeling of the synchronverter-based WECS and the MMC-based HVDC
system. An impedance-based stability analysis has also been performed in this section. Detailed
time domain simulation has been explained in section 6.5. Finally, Section 6.6 concludes this
chapter.

6.2 Synchronverter-based WECS control

The wind farm consists of WTGs based on the two-level full power back-to-back converter. The
grid side VSC of the WECS is decoupled with generator side VSC by the DC-link capacitor,
thus the generator side VSC does not interact with the AC grid. Any simple control structure
can be implemented in the generator side VSC. In this study Field Oriented Control scheme has
been implemented on the generator side VSC and will not be discussed in detailed. The control
scheme of the grid side VSC is based on the synchronverter concept. The detailed has been
described below.

6.2.1 Overview of the Synchronverter Technology

Control system that enables self-synchronization of grid-connected converters is a research
topic of high interest. Several researches have been conducted to develop the control for power
electronics converters having no dedicated synchronization unit and at the same time emulate
the inertia and damping as a synchronous machine [108], [110], [111]. One of the first imple-
mentations called Virtual Synchronous Machine (VSM) was presented in [112]. In [111] it was
shown that the VSM-concept is equivalent to droop controllers in converter-based micro grids.
Another implementation called Synchronverter was proposed in[108]. Other similar concepts
can be found in [113]-[115]. The main difference between implementations lies in the control
system details, for example the presence of current controller and fault-ride-through capability.
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Figure 6.1: Structure of three-phase round-rotor SG

Another important function is the initial synchronization method, i.e. the ability to connect to an
existing grid without any harmful transient or over current. One approach of controlling VSC is
known as synchronverter [108]. The synchronverter is an inverter without PLL that mimics the
synchronisation mechanism inherent to the SG. At the initial development of synchronverter, it
requires a PLL for initial synchronization and later a self-synchronized synchronverter has been
developed where the inverter can synchronize with the grid without a dedicated synchroniza-
tion unit [109], [116]. Synchronverter based control becomes a promising technique in various
applications, such as integrating distributed generation [117], HVDC transmission [118], [119],
MMC [120]. Since most of the power plants are connected to the AC grid through SG, syn-
chronverter provides better flexibility and control in integrating offshore wind farm through
HVDC transmission system due to its implementation which is based on the SG theory.

For the purpose of implementing the synchronverter control strategy, we recall the structure
of an idealized three-phase round rotor SG as shown in Fig. 6.1 [121]. The stator winding is
assumed to be a concentrated coil having self-inductance L and mutual-inductance M with a
typical value of 1/2L,. The field winding is assumed to be a concentrated coil having self-
inductance L. The phase terminal voltage, Vabe = [V, b UC}T can be written as

. diap
Vabe = _Rslabc - Ls ;t : + €abc (61)
where, iape = [l 7 ic}T is the stator phase currents vector; Rs and L, = L + M are the
stator winding resistance and inductance, respectively and e.pe = [e, € eC]T is the back
electromotive force (EMF) due to the rotor movement and can be given by
€abe = M, 0,50, (6.2)

where M, is the flux field; 6, is the rotor angle and

— ) 9
sinflg = [sinf, sin(f, — ?ﬁ) sin(0, + g)]
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Figure 6.2: Synchronverter (Grid-side WECS VSC) including both the electrical circuit part and elec-
tronic part.

The mechanical part of the machine can be written by
Jb, = T,, — T. — D,0, (6.3)

where J is the moment of inertia of all the parts rotating with the rotor; 7}, is the mechanical
torque; 7 is the electromagnetic torque and D, is a damping factor. The electromagnetic torque,
T, can be found from the energy stored in the magnetic field of the machine and can be given
by

T. = Mq <iabca S/I\I/leg> (64)

where < ... > denotes the conventional inner product in R3, The real power, P and reactive
power, () generated by SG can be given by, respectively

P = Myf), (iane, sind ) 6.5)
Q = M0, (iabe, cOS0g) . (6.6)

6.2.2 Synchronverter-based Control of the WECS Inverter

In this work, a control strategy based on synchronverter is adopted for the WECS where the
grid-side VSCs of the WECS run as a synchronous machine. The synchronverter concept is
developed based on the SG model (6.1)-(6.6). The electrical circuit of the synchronverter in-
cluding the controller part is given in Fig. 6.2. The electrical circuit part consists of power
switches, LC filter and step-up transformer. The lower part of the Fig. 6.2 can be called elec-
tronic part of the synchronverter which controls the switches of the power part. Such a control
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structure is assumed to be equivalent to an SG with a capacitor bank connected in parallel with
the stator terminal [108].

The voltage in (6.2) corresponds to the back EMF of a virtual rotor. The inverter switches are
operated such that over a switching period, the converter outputs are to be equal to e, as given
in (6.2) and it is achieved by a PWM technique.

The swing equation for the synchronverter can be given by

.. 1 .

0, = j<Tm —T.—D,0,) 6.7)
where the mechanical torque, 7, is a control input and electrical torque, 7, depends on iapc
and 6, according to (6.4).

To have similar behaviour as SG, the following frequency droop control loop is proposed

T = Tones + Dylwy — ) (6.8)

where T, .. is the mechanical torque applied to the rotor. The synchronverter regulates the
WECS DC-link voltage and reactive power. The WECS DC-link voltage is controlled by con-
trolling the mechanical torque and it is generated by a PI-controller as shown in Fig. 6.2 and
can be given by

kivdc

T;n,ref = (kpvdc + )(Udc - Udc,ref) (69)

where kyyq. and k;,qc are the proportional and integral gain of the WECS DC-link voltage-
controller, respectively.

In order to regulate the field excitation, M, the reactive power is controlled by a voltage-droop
control-loop using voltage droop coefficient, D,. The control of reactive power is shown in the
lower part of Fig. 6.2 where the inner-loop is the voltage (amplitude) loop and the outer-loop
is the reactive power loop. The time constant, 7, of voltage loop can be estimated by 7, ~ ﬁ
as variation 6 is very small where K follows if 7, and D, have been chosen. Magnetic field
excitation, M, and reactive power reference, (), s can be given by

1
M, = E(Qg,re.f - Q) (6.10)

Qm,ref = Qref + Dq(vg,ref - Ug) (61])

where v, is the output voltage magnitude. The output voltage magnitude is calculated using
Clarke transformation as
Vo + jvﬂ = Voa + Vob + Voc

vy = 4/ V2 + 3.

The structure of classical generators for which controls are well-known can be adopted with the
synchronverter. Initially, the frequency droop coefficient, D, is chosen such that a frequency
drop of 0.5% causes the torque to increase by 100% from its nominal value and the voltage
droop coefficient, D, is chosen such that a drop of 5% voltage causes the reactive power to
increase by 100%. However, these parameters can not be directly used in a synchronverter based
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WECS. A specific tuning method based on the eigenvalues and participation factor analysis
of individual states is presented in [118]. The optimized parameters used in this work are
D, =102 and D, = 52696. The time response for the frequency droop and voltage droop are
kept 1 ms and 80 ms, respectively. The voltage controller proportional gain is set to 5 and the
response time is 100 ms.

6.3 MMC-HVDC System Modeling and Control

This section presents the modeling and control of the MMC-based HVDC system with purpose
of integrating offshore wind farms.

6.3.1 MMC-HVDC System configuration

The MMC-based HVDC system comprises converter transformer, wind farm side MMC (WF-
MMC), sub-sea DC cable and the grid side MMC (GS-MMC). The GS-MMC converter regu-
lates the HVDC-link DC voltage. An energy based DC voltage control has been implemented
on the GS-MMC. The energy based control implementation for MMC has been discussed in
[73]. Assuming the DC voltage controller performance is satisfactory and provides a constant
DC voltage at the WF-MMC converter DC side, the GS-MMC-HVDC converter can be replaced
by a constant DC voltage source in the analytical impedance model derivation of the WE-MMC
[49]. The WE-MMC behaves a voltage source at AC terminal for the wind farms and provides
a sinusoidal voltage to the offshore ACC bus.

6.3.2 Modeling and the Control of the WF-MMC HVDC

Many researches have been focused on modeling [122]-[125] and controlling the MMC for
example, model predictive control [15], [126], energy based control [73], proportional and res-
onance (PR) regulator in a stationary frame [65], PI controller in a synchronous rotating frame
[127], [128]. The PR regulator in the stationary abc-frame and the PI controller in the syn-
chronous rotating (dg-) frame are simple methods and easy to implement compared to other
methods. In theory, the PR regulator in stationary frame is equivalent to the PI regulator in the
synchronous rotating frame [129]; hence the PR parameters are the same as the PI parameters.
The advantage of the PR regulator over Pl-regulator is that the need for the synchronous dq
transformation in three-phase system can be avoided. Moreover, the PR regulator can be imple-
mented for selective harmonic compensation without requiring excessive computation resources
[130]. For example, it can be used to eliminate second harmonic circulating current.

ACC WEMMC

s,abc a
_] I Ve

Figure 6.3: Control of the WF-MMC HVDC: PR-based AC voltage control.

An AC voltage controller as shown in Fig. 6.3 is adopted in the WF-MMC to provide an AC
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Table 6.1: Parameters of the MMC-HVDC system

Parameter Value

Rated Power 50 MVA

Rated AC voltage 110 kV

Rated DC voltage 220 kV

Arm inductance, L, 0.0616 H (0.08 pu)
Arm resistance, R, 1.21 © (0.005 pu)
Submodule capacitance, C'gps 1 mF

System fequency, f 50 Hz

AC voltage controller gain, k,, k, 0.1,20
CCSC gain, ky, k,. 20,0

voltage source for the wind farm. The controller is implemented in the abc-reference frame and
a PR-controller is used to achieve the zero steady state error for sinusoidal quantities [65]. The
modulation voltage reference in the stationary abc-frame can be given by

0 = Hyge () X (U — Vabe) + K fUae (6.12)
where v, is the reference AC voltage in abc-domain; k; is the feed forward gain of the AC
voltage and H,,. is the PR-controller transfer function as

kr,vacs

Hvac = kp,vac + m

(6.13)

where £y, ,qc and k. ,q are the proportional and resonance coefficient of the AC voltage control-
ler, respectively.

A CCSC is also implemented to limit the circulating current through the switches. The circulat-
ing current flowing in each phase consists of a DC component and low-order harmonic compon-
ents, mainly the negative sequence component with the frequency twice the fundamental [131]—
[133]. Therefore, in order to restrain the second order harmonic current, a CCSC is adopted in
the abc-reference. The reference voltage generated by the CCSC can be expressed as

0" = Hoo(s) (i —i.) + Ryit! (6.14)

where H,.(s) is a PR-controller with resonance frequency 2xw; s; i7¢ is the circulating current
reference and R,i"¢/ is introduced to compensate the voltage drop on the parasitic resistance in
the steady-state.

Many researches have been conducted on the design and the parameters selection for MMC
[122], [123], [125]. In this work, the arm resistance has been calculated based on the standard
parameters used in [73] where the arm resistance and inductance are 0.005 pu and 0.08 pu,
respectively. A detailed method has been presented in [122] on how to determine the sub-
module capacitance which has been adopted in this work to select the value of the sub-module
capacitance. The parameters of the MMC-HVDC are given in Table 6.1.
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6.4 Impedance-based Stability Analysis of Interconnected System
of MMC-HVDC and Wind Farm

The impedance-based stability analysis method is adopted to determine the stability of the in-
terconnected system of Wind farms and MMC HVDC system. In order to apply the impedance-
based stability analysis, deriving the impedance model is a prerequisite, therefore, first imped-
ance models of the synchronverter and the MMC-HVDC system have been derived in sequence
domain.

6.4.1 Impedance Model of the Synchronverter

The AC impedance model of the synchronverter can be obtained from (6.1) by dividing the
phase voltage by current, therefore e, needs to be presented in term of phase voltage and
current.

It is assumed that both the reactive power generation and reference are zero. Applying lineariz-
ation on (6.7)-(6.11), a small-signal model of 99 can be written as

97 Hyae(s) D,lysinBy 7]\/Igosim‘)gg~,

9T s+ D) T Ks(Is+ D) (Js+D,)"

(6.15)

where Hvdc(s) = Rpude + kiydc/S and ]0 = ([a0/2)6_j99.

For a steady-state operating point of the wind farm, the output wind power characteristics is
similar to the behaviour of a CPL and it can be represented by a negative impedance, R in
steady-state. For the single-phase system, the power balance between the AC and DC side can
be written as

Vge .
Pph = é = Uqlq (616)

which can be written small-signal form by

2Vch

Tae = (Voia + LaoTa)- (6.17)
The reactive power of the synchronverter is assumed to be zero which gives cosfl,o = 0 and
sinfy = 1. Hence, linearizing (6.2) at sinf,p = 1 and inserting (6.15) and (6.17), e, can be
obtained

Gy G
e, = | — Dqé!lo 3RHde]V[gOIO ]\/IgquI() : 3RHvch/[gOVYO B (A/jgo)Q ;
h Ks " 2Vao (Js+Dp) " Ks(Js+Dyp) ) " \2Vaw (Js + Dp) ~ (Js+Dy) )

(6.18)

This converter does not have any PLL and it is assumed that there is no coupling term. There-
fore, the positive and negative sequence impedance is assumed to be equal. Linearizing (6.1)
and inserting (6.18), the impedance model of the synchronverter can be obtained as

’l~)a Rs + SLS - Gl

A = =———— 6.19
SYNC . e (6.19)
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Including the filter capacitor C't,, and transformer impedance, Z7 w gcs, the total impedance of
Synchronverter is given by

ZsyNc

2;T()TU4L = T 5 =
1+ SOwaSYNC

+ ZrwEcs- (6.20)

The impedance model derived analytically is verified by numerical simulation in MATLAB
Simulink. A perturbation current (5% of steady-state current) in abc-domain at different fre-
quencies from 1 Hz to 5 kHz is injected in shunt and the voltage is measured. FFT tool is
used to analyze the different harmonic voltages and currents. The impedance is calculated by
dividing the voltage by current at each frequency. The impedance frequency response of the
synchronverter is shown in Fig. 6.4. The analytical model has a good agreement both the mag-
nitude and phase with the impedance frequency responses obtained by numerical simulation
which validates the correctness of derived impedance model.

Magnitude [Q]

T

-100

10° 10'

3

10
Frequency [Hz]

Figure 6.4: Impedance model verification of Syncronverter (Solid line is model prediction and point-line
is from numerical simulation).

As can be seen from the impedance in Fig. 6.4, the impedance characteristics of synchronverter
alone is similar to the behaviour of simple RL circuit. It is due to having similar control struc-
ture as an SG. In comparison with decoupled dg-domain control structure, it has less cascaded
control structure which reduces the interaction between controllers and as a consequence, the
impedance behaviour becomes similar to a simple RL circuit instead of being a higher order
system. Including the filter capacitance and transformer inductance, it becomes a LC'L circuit
and resonance peak depends on the circuit passive components.

The dq frame control is also implemented on the WECS inverter to have a view of a comparison
of the performance with the proposed technique. The electrical circuit parameters and rated
power remain the same for both the synchronverter control and the dg-based control. The inner-
loop current control is assumed and in the outer-loop, a DC voltage control is implemented in
the dq frame control. The current controller is tuned based on the modulus optimum criteria and
the outer-loop DC voltage controller is tuned based on the symmetrical optimum tuning criteria
[94]. The detailed control structure of the dq frame control is given in chapter 5.
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Figure 6.5: Comparison of Impedance frequency response between Synchronverter control mode and
dq-domain control mode with PLL obtained from numerical simulation.

Fig. 6.5 shows a comparison of the impedance frequency responses between synchronverter
control mode and the PLL based synchronization in the dg-domain control mode. Both positive
and negative sequence impedances are presented for the dg-domain control. As can be seen from
the impedance of dg-domain control, at frequency higher than 2 kHz, it is inductive; however,
below 2 kHz the impedance curves are composite and consist of different resonance points. In
addition, the magnitudes of the impedances are significantly higher than synchronverter imped-
ance. With different resonance points in the impedance characteristics of dq-domain control,
the system is more prone to oscillatory behaviour and the high impedance magnitude could
result in voltage instability problems.

6.4.2 Analytical Impedance model of the WF-MMC HVDC

In this subsection, an impedance model of the MMC-HVDC has been derived in sequence
domain including the dynamics of the close-loop AC voltage control and the CCSC. Internal
dynamics of MMC can be described as a third order system and are given by [134]

C dvcz vrefg ouref
e I8 s 1-— =< e 6.21
N dt Va + ( Va ) ! ( )
Cd A 2 ref .s 92 ref .c
R T R B (6.22)
N dt Vg 2 Vg
di. vy vcz vref UCZ vrelpd .
—= c 5S¢ Ry 6.23
dt 2 4 + 21}d + 2?}d ! ( )

Combining (6.12), (6.14), (6.21) and (6.22) and applying linearization and laplace transforma-
tion, and rearranging, it can be obtained [65]

Gyt + Gisls +1Gie = 0 (6.24)



6.4. Impedance-based Stability Analysis of Interconnected System of MMC-HVDC and Wind Farm 153

where,
2Nig(kf — H,) (1 Ryite! ke Nm(ky — Hy)iso
G, =2— - — —= —2(ky — H,
g SO”Ud 2 Va ( f )+ 250”0(1
N (1 Ra\* | kNm?
Gis = La Ra —z—- ===
Sha t fta sC <2 Vg ) * 4sC
N (1 R\ (Heig kyNm 2(H,. — Ry)ico
ice=——7= |2 — = — —k — 1 .
¢ sC (2 Vd > ( Vg fm) 2sC * Vg

The circulating current suppression depends on the proper selection of the CCSC gain, therefore
the controller-coefficients have a significant impact on the impedance of the MMC. Even the
CCSC suppresses the 2nd-harmonic component of circulating current, in steady-state, the cir-
culating current can have some ripples that need to be considered. Hence, it is necessary to find
an expression of the circulating current in terms of the phase voltage and current. Combining
(6.12), (6.14) and (6.23) and applying linearization in the frequency domain, and rearranging,
it can be obtained

~ GB ~ GC”
=5 6.25
o=, 0 GA (6.25)
where
N Ryl 1 2i0(Ra — Hee) ktNmRyiso — kyNm?
Ga=sL,+ R, —_— = 1— - — - H,.
ARt sC < 2vq 4) < Vg > 45Cvq 4sC *
e NZSQ( - ]ff) Raizﬁf _ 1 k‘fNTﬂZco( - kf)
B sCvy 204 4 25Cvq
G ks Nm Rgire! 1 n kyNm B kamRaizef
¢ 2sC 204 4 8sC 4sCvy

Now combining (6.24), (6.25), it can be obtained the impedance model of the WF-MMC as

o GG GG\~
Znine = —2% = (G7g+ G C) <GU+ & B) . (6.26)
A A

Including the transformer impedance, the impedance of the MMC-HVDC system from the ACC
point can be obtained

Zwrmmc = Zymc + Lrransr - (6.27)

The MMC does not have any PLL, therefore both positive and negative sequence impedances
are equal in magnitude and the phase. The impedance model derived analytically is verified
by comparing the frequency response of the analytical model with the impedance obtained
by numerical simulation. Fig. 6.6 shows the comparison between the impedance frequency
responses of the analytical model and measured from the numerical simulation, which indicates
that the analytical model has a good agreement with the measured impedance both magnitude
and phase.
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Figure 6.6: Frequency response of the WF-MMC HVDC impedance model. (Solid-line is the analytical
model and the points are from numerical simulation).

The impedance characteristics of the WF-MMC can be divided into two parts. The first part
is the low-frequency part which has capacitive characteristics and the impedance behaviour is
inductive for high frequencies. The resonance peak depends on both the internal dynamics of
the MMC and the control parameter, for example, the arm inductance, SM capacitance, number
of SM, AC voltage controller coefficient, and the CCSC gain.
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Figure 6.7: Simplified configuration of interconnected system of wind farms and MMC-based HVDC

transmission system.
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Figure 6.8: Equivalent small signal impedance model of interconnected system of wind farms and

MMC-based HVDC transmission system.
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6.4.3 Impedance-based Stability Analysis of the Interconnected System

Fig. 6.7 shows the investigated interconnected system of the wind farms and HVDC system
and Fig. 6.8 shows the small-signal equivalent impedance model of the interconnected system.
The MMC-HVDC system is modeled by its Thevenin equivalent circuit in the form of an ideal
voltage source, (V;) in series with the MMC-HVDC impedance, Z gy pc_acc while the aggreg-
ated wind farms is modeled by its Norton equivalent circuit consisting of an ideal current source
(Iw) in parallel with the wind farm impedance, Zw acc. Zuvpe,acc is the impedance of the
MMC-HVDC system defined in (6.27) including transformer leakage inductance and

The impedance of the wind farm can be obtained by
ZW,n = ZTOTAL + Zac,cable (628)

where n=1,2,3,... is the number of wind farms and Z,. .. is the AC cable impedance and
Zrorayr is defined in (6.20). The investigated system under this study has two wind farms,
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Figure 6.9: (a) Nyquist plot of minor loop gain (impedance ratio); (b) Nyquist plot of minor loop gain
for high value of wind power inverter inductor and (c) zoom view of (b) (blue line is minor loop gian and
red line is unit circle).
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hence the total impedance of the wind farm can be given by

1 1
Z =1 . 2
ace / <ZWP1 * ZWP2> (6:29)

Based on the representation of Fig. 6.8, the minor-loop gain can be defined by

G(s)H(s) = (Zuvpc,acc(s)) | (Zw,acc(s)) (6.30)

and the stability of the interconnected system can be determined by checking the Nyquist Sta-
bility Criterion on (6.30). The impedance of the MMC-based HVDC system and the wind farms
are calculated for full power loading and Fig. 6.9 (a) shows the Nyquist plot of the minor-loop
gain. As can be seen from the Nyquist plot, the minor loop gain does not encircle the point (-1,
j0) and there is no pole in the RHP, therefore the system is predicted to operate stably.

An example case is presented to show that it can predict the instability of the interconnected
system. The filter inductor of the WECS inverter is purposely increased to 0.5 mH while it is
0.05 mH initially. By increasing this inductor we are reducing the power rating of the wind
power inverter. However, the impedance is calculated for the base power condition with 5 MW
wind power output and resulting Nyquist plot of the minor-loop gain is shown 6.9 (b). As can
be seen from the zoom view of the Nyquist plot ( Fig. 6.9 (b)) in 6.9 (c), the minor-loop gain
encircles the point (-1, j0), the interconnected system is predicted to be unstable. The minor
loop gain crosses the unit circle at three different frequencies, however, the crossing point at a
frequency around 801 Hz is the closest point to (-1, jO).

6.5 Time domain Simulation of Interconnected System of MMC-
HVDC and Wind Farm

The interconnected system is shown in Fig. 6.7. The wind farms are connected to the ACC
bus through a 0.575/110 kV transformer. Each wind farm is assumed to have 5 turbines with
1 MW rating each. To simplify the system model, 5 turbines are lumped into one unit of 5
MW generation capacity. The generator side VSC is supplying the full power to the ACC bus
through grid side WECS VSC and it is necessary to regulate the DC-link voltage of the WECS.
The control topology of the synchronverter is implemented in grid side WECS VSC. It, mimics
the SG, regulates the DC-link voltage of the WECS and the reactive power. In addition, it has
a frequency droop and AC voltage droop as like as a conventional SG. The parameters of the
WECS are given in Table 6.2. These wind farms are integrated to the main AC grid through an

Table 6.2: Parameter of the synchronverter (ACC bus side VSC of WECS)

Parameter Value Parameter  Value
Rated Power, S, 5 MW Lyf 0.05 mH
Rated AC voltage 575V Ry f 0.01 Q
Rated DC voltage 1100 V Cuwy 1 mF
frequency droop, D,  102.3344 kyde 5

Voltage droop, D, 5.2696e4 pu ki 5/100e-3
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MMC-based HVDC transmission system. The MMC-HVDC system has a capacity of 50 MVA
equivalent. The MMC converter transformer is 110/135 kV, 50 Hz and same rating as the MMC
converters. The HVDC link DC voltage is 220 kV.

In order to validate the above theoretical analysis, the interconnected system as shown in Fig.
6.7 has been built in MATLAB/Simulink environment association with the SimPowerSystem
Block-set with the detailed switching model of the WECS VSC and the MMC with 24 SMs per
leg. The SMs are based on the half-bridge module. A balancing algorithm is used to balance
the SMs capacitor voltage. A MATLAB code has been implemented to generate the PWM
signal for the switches. The simulation parameters are the same as the analysis done in the
frequency domain using Nyquist stability criteria and the parameters of MMC-HVDC system
and the synchronverter-based WECS are given in Table 6.1 and Table 6.2.

To validate the proposed synchronverter control, case studies to show the initial self-synchronisation
property of the system have been included. The detailed self-synchronization of the synchron-
verter in power control mode including the droop control has been discussed [109]. The syn-
chronverter based WECS inverter regulates the DC-link voltage instead of the active power
which requires one additional switch, St for initial self-synchronization as shown in Fig. 6.2.
The controls has four switches which are Sp, Sf, Sg and S;. The switch Sy is turned on with
circuit breaker. The function of switches Sy, Sg and S; has been described in [109], there-
fore it has not been discussed in detailed. Fig. 6.10 (a) shows the phase-A grid voltage and
the voltage at the PCC of the WECS inverter at initial self-synchronization when the circuit
breaker has been turned on at 2 s to connect synchronverter-based WECS. As can be seen, the
synchronverter-based WECS can successfully synchronize with the AC collection bus. Fig.
6.10 (b) shows the DC link voltage, active and reactive power and the frequency of the WECS
inverter during the initial synchronization and the steady-state operation. Simulation is started
at t=0 s. The DC-link capacitor of the WECS has been charged through a diode bridge rectifier.
The synchronverter control estimates the grid frequency from the virtual current. The circuit
breaker is turned on at t=2 s and at the same time, the switch St is turned on which is providing
the torque reference to regulate the DC-link voltage. At t=5 s, the WECS is exporting active
power to the grid with a ramp rate 20%/s. The interconnected system operates stably in the
time domain simulation as predicted by the frequency domain stability analysis in the previous
subsection (Fig. 6.9 (a)). More simulations have been carried out to investigate the controller
performance and to prove the feasibility of this control method. The simulation results have
been discussed in the following.

The first simulation has been carried out to investigate the performance of PR-controller based
WE-MMC HVDC system. Fig. 6.11 shows the MMC arm voltages, currents, circulating cur-
rents and cell voltages for the WF-MMC in a steady-state condition. Two small-signal disturb-
ances are applied. At 0.5 s the wind output power has been reduced due to a low wind speed
which reduces the arm currents, circulating currents and cell voltages. The arm voltages remain
the same. The time domain responses show that a small-signal variation of the wind power does
not have any impact on the stability. As discussed in [65], without the CCSC, the system can
have low frequency oscillation. Therefore, in order to study the performance of the CCSC, the
CCSC has been turned off for 0.5 s from 1 s to 1.5 s. As can be seen, when the CCSC has been
turned off, the circulating currents has been increased which has increased the SMs capacitor
voltages, however, there is no instability or electrical oscillation in the system similar to the
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Figure 6.10: Initial self-synchronization: (a) phase-A grid voltage and voltage at point of common
coupling and (b) DC link voltage, active power, reactive power and frequency.

phenomena noticed in [65] without CCSC and the interconnected system of wind farms and
HVDC operates stably.

The second time domain simulation has been carried out to show the performance of the WECS
DC-link voltage controller and the resulting time domain responses are presented in Figures
6.12 and 6.13. As can be seen from the time domain response, the system operates stably as
predicted by the Nyquist plot in the previous subsection.
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Figure 6.11: Wind farm side MMC arm voltages, arm currents, circulating currents and cell voltages for
WFMMC.

Moreover, two transient events are introduced to show the performance of the control designed
for the synchronverter-based WECS. At 1 s, a step increase of 0.04 pu DC voltage reference
to the synchronverter is applied and at 2.5 s, a step reduction of 0.07 pu active power has been
applied. The DC-link voltage of the WECS is shown in Fig. 6.12. The performance of the
DC voltage controller is satisfactory, it follows the reference voltage. When the DC voltage
reference is step-up 0.04 pu at 1 s, the voltage-controller tracks the reference, the delay to
follow the reference depends on the DC voltage PI-controller time response. The output power
step reduction is applied at 2.5 s which reduces the WECS DC-link current and follows the
DC voltage reduction; however the synchronverter DC-link voltage control function recovers
the DC voltage and follows the reference value in the steady-state. The active and reactive
power of the wind farm is shown in Fig. 6.13. The wind farm active power has no oscillatory
component. The reactive power has good response during the transient events, since the voltage
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of AC collection bus is supported by the synchronverter by means of controlling the reactive
power. As can be seen, the behaviour of the wind power inverter is a kind of first order system
and is similar to an SG. It does not have any oscillatory behaviour.
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Figure 6.15: (a) Three-phase AC voltages and currents at ACC bus for high value of filter inductor of
WECS and (b) FFT of AC voltage.

The wind power is varying continuously due to the variation of the wind speed, therefore a vari-
able wind profile has been used to study the performance of the synchronverter-based WECS.
Fig. 6.14 shows the applied variable wind power and the responses of the DC-link voltage of
the WECS for the variable wind power. Since the wind power is varying, the DC-link voltage
is also varying accordingly and remains in the operating range (0.95-1.05 pu). The variation of
wind power does not have any impact on the stability of the system. Since the stability analysis
has been performed for the small-signal, the system remains stable for the small-signal range.
To ensure the stability of the system, the stability analysis has been performed for the entire
operating range.

A time domain simulation has been carried out for the higher value of the WECS inverter
filter inductor. This inductor is purposely increased to 0.5 mH as described in the previous
section while the wind farm output remains the same at the rated value. Fig.6.15 shows the
three-phase AC voltages and currents at the ACC bus and FFT of the voltage. As can be seen,
the system is unstable for this condition. The system operates few ms to s depending on the
interconnected system parameters in the simulation, however, in the real world, the system is
equipped with many switchgear and protection system which prevent the system operation. An
FFT is performed to check the frequency of the oscillation and the most dominant frequency
is found around 800 Hz in an unstable condition which is predicted in the frequency domain
analysis in the previous subsection.

6.6 Conclusion

This work proposes a controller for WECS inverter based on the synchronverter concept. A
synchronverter is introduced on the grid side of WECS VSC where the wind farms are connec-
ted to the AC network through a MMC-based HVDC transmission system. The design of the
synchronverter is embedded in the VSC to mimic the way SG synchronise. The control strategy
supports the ACC bus voltage that helps to achieve a stable system. The observed results show
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that this controller minimizes the control interactions compared to the decoupled dg-frame,
since the synchronverter control does not require a dedicated synchronization unit and it results
in less cascaded control blocks. In order to determine the stability of the interconnected system,
an impedance based stability method is adopted. The impedances of both the wind power in-
verter and MMC-HVDC converter are analytically derived and the analytical model is verified
by comparing the frequency responses obtained from the numerical simulation. The detailed
analysis and the results presented show the benefits of this controller and its potential for stabil-
ity. The results highlight the synchronverter’s ability in keeping better performance in point of
stability and control in integrating offshore wind farm through MMC-based HVDC system.



Chapter 7

Conclusion

This chapter presents the concluding remarks of the thesis and discusses some recommenda-
tions for the future investigation.

7.1 Concluding Remarks
7.1.1 Stability and Interaction Analysis of VSC-HVDC Systems

VSC-based HVDC systems have received considerable attention in transmitting power to long
distances and also integrating offshore wind farms due to having superior advantages compared
to the traditional AC transmission system. It is expected that two AC power systems will be
connected via HVDC link which will gradually be expanded to MT-HVDC systems. Due to the
complexity of the VSC based interconnections and many components with nonlinear nature,
different stability and interaction phenomena will be observed. Therefore, it is necessary to pre-
assess their impact that each additional terminal will have on the stability before connecting to
the main AC grids. Continuous efforts have been made to investigate the stability and interaction
analysis of such systems by different approaches in time and frequency domains. Different
instability and interaction phenomena such as interaction of the converters controllers and the
grid have not been thoroughly studied so as to identify every potential system malfunction.

This Thesis has focused on the small-signal stability and interaction analysis of such systems.
In order to characterize interaction phenomena, the small-signal stability methods in frequency
domain were employed. Green colors as shown in Fig. 1.5 indicate the methods treated in this
thesis.

One of the established methods used for the stability and interaction analysis in frequency do-
main is based on the state-space small-signal modeling and the eigenvalue analysis. The method
can be used to study the large-scale MT-HVDC system. In order to use this method, the system
needs to be represented by a small-signal state-space form. Deriving the state-space model for
a large system require much computational effort and it is difficult to model large-system ana-
Iytically in a state-space form. Traditional power system analyzing tools like DigSilent PF use
RMS/phasor based modeling to study such large scale systems where the dynamics of the net-
work components are neglected. Therefore, it is an important to understand what simplification
is reasonable when studying the VSC-based HVDC system. This Thesis first studied the im-
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pact of the state-space modeling fidelity on the small-signal stability assessments of VSC-based
HVDC systems. From this study, the following points are noted as a basis towards general
guidelines on assessing the results obtained from the traditional power system stability tools
used RMS/phasor modeling, containing VSC-based transmission scheme. The RMS/phasor
model ignores states corresponding to network dynamics. This simplification is justifiable in
limited cases when the poles related to the network dynamics do not have a significant impact
on the system stability. Moreover, the results obtained from RMS/Phasor model does not reflect
the actual system stability. Underestimation or overestimation of the system stability can be
observed. To estimate the actual system stability, all the states need to be considered in system
modeling when assessing the stability of the VSC-based HVDC system.

The small-signal stability and interaction analysis based on the system eigenvalue analysis have
been used to illustrate the particular challenges that can occur during a step-wise construction
of a large-scale MT-HVDC transmission system, assuming that the network dynamics are de-
signed in such a way that they do not have a significant impact on the stability. During step
wise construction of large-scale MT-HVDC systems, it is observed that the critical poles move
towards the imaginary axis, which provokes the system to lose the stability and introduce the
interaction phenomena. Some of the negative real poles in a point-to-point connection HVDC
system become oscillatory in MT-HVDC systems which indicate that adding more converters,
the system becomes more prone to voltage instability. The stability has been improved by re-
tuning the controller properly and by ensuring the optimized value of the network dynamics for
MT-HVDC systems.

Two main drawbacks are noticed when analyzing the stability and interaction phenomena based
on eigenvalue analysis. The first drawback is that it requires detailed modeling of the entire
MT-HVDC system for state-space modeling. Secondly, the VSC systems are modeled based on
the average modeling of the converters which neglects the modulation (PWM) and processing
delays resulting in that it cannot identify sustained harmonic oscillations in the VSC-based
HVDC system. Therefore, an alternative approach has been used in this Thesis to overcome
these drawbacks when studying the VSC-based large-scale MT-HVDC system.

This alternative approach, the impedance-based analysis method does not require the detailed
modeling of the entire system, except for validation of components impedances. In order to ap-
ply the impedance-based approach, obtaining the impedance model is the prerequisite. There-
fore, the impedance models for the HVDC VSCs and MMC with different control objectives
such as the current control, power control, DC voltage control, the AC voltage control, and
synchronverter-based control are analytically derived. In some cases, the detailed informa-
tion of the model of the VSCs is not available due to confidentiality and industry secrecy. A
method based on the impedance measurement combined with a model identification technique
has been developed to obtain the non-parametric impedance model which is used to analyze
the stability and interaction phenomena. Once the source and load impedances are identified,
the impedance-based stability analysis is applied to determine the stability of the VSC-HVDC
system. The systems remain stable as long as the minor-loop gain of the negative feedback
control system, that is the impedance ratio of the source (grid) - HVDC VSCs (load) subsys-
tem, satisfies the Nyquist stability criterion. The critical locations where the application of the
impedance-based method can reveal the impact of a passive component and the controller gains
of the VSC-based HVDC system on the stability has been presented.
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A weakness of the impedance method is the limited observability of certain states given its
dependence on the definition of local source-load subsystems which makes it necessary to in-
vestigate the stability at different subsystems. The state-space modeling and the eigenvalue
analysis can determine the stability of the entire system regardless of the location of the origin
of instability; however, it cannot determine the sustained harmonic oscillation since the VSC
is assumed to be an average model and PWM delays are neglected. This can be overcome
using the discrete time modeling; however, too complex computation efforts will be required
in a discrete time modeling implementation, which makes it unfeasible for application to large
scale HVDC systems. On the hand, the impedance-based analysis can overcome this limitation;
however, it requires studying the stability at every possible interfacing point. Therefore, in or-
der to ensure the overall system stability in a large scale MT-HVDC system, the results of this
research recommend using both approaches; the eigenvalue based analysis for global stability
and the impedance-based analysis at local AC-DC interfacing point to avoid sustained harmonic
oscillation.

7.1.2 Interaction Analysis between HVDC and Wind Farms

The offshore wind farms are far from the shore and the HVDC transmission line is one feasible
way to integrate the offshore wind farms to the AC grid. The stability of the offshore wind
power network connected through HVDC transmission line is a critical problem since the off-
shore AC collection bus is not connected to a strong AC grid. Moreover, no rotating machine
is connected directly to the AC collection bus since the wind turbine generators are connected
to the AC collection point through AC-DC-AC converters due to their variable speed operation.
This work investigated the potential causes of electrical oscillations observed between the wind
farms and the HVDC system by investigating the impact of the controllers and the components
in the wind farm inverter and in the VSC-HVDC transmission system. A discussion of the role
of the ratio between the bandwidths of the controllers of the interconnected areas is introduced,
and their significant role as the root cause of the instability is presented. This is then taken into
account in the re-shaping of the impedances by re-tuning the controller gains to maintain stabil-
ity. This Thesis presents a novel technique to reveal and extract the internal control dynamics
(critical controllers bandwidth) of the WECS inverter when the WECS system is assumed to be
a ’Black/Grey Box’ by identifying a non-parametric impedance model based on measurements
by using a system identification technique. The method has potential immediate applicability
in the wind industry based on the simplicity it offers to black/grey-box types of systems to
guarantee the stability of the interconnection.

The stability properties of a WECS inverter controller based on the emulation of some properties
of the synchronous machine, the synchronverter, are investigated. The impedance model of
the synchronverter has been derived to understand the properties of the synchronverter control
scheme. The detailed analysis and the results presented show the benefits of this controller
and its potential for stability. The synchronverter has better stability properties compared to
the PLL based dg-domain control in point of stability and control in integrating offshore wind
farm through MMC-based HVDC system, since the impedance of the synchronverter reflects a
simple resistive-inductive (R-L) characteristic.
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7.2 Future Work

Interconnected power systems like the ones treated in this thesis, exhibit - aside from the com-
plex network topology and rich dynamic behaviour of the individual network components - a
highly nonlinear network coupling among different components. These interconnected power
systems are pervasive in control dynamics, which as shown in this Thesis, are at the core of
some of the observed interaction phenomena. Despite their omnipresence, these complex net-
work interactions with coupled control dynamics are still poorly understood. In this research,
we revealed some partial insights by means of small signal stability analysis, which resolved
some of the control and dynamic problems. These insights however only partially explain the
observed phenomena and, by the methods used in this research, are obviously limited to small
signal phenomena. In future work, it will be essential to fully understand the complex and non-
linear coupling strongly influenced by the control dynamics, to provide precise conditions and
control design guidelines for guaranteeing stability and controllability of these complex and
non-linearly-coupled network dynamics.



Appendices

167






Appendix A

B-Matrix for PQ control converter
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Table A.1: The investigated two-terminal DC system parameters

Parameter Value
Rated Power, S, 150 kVA
Rated AC voltage 280 V
Rated frequecy 50 Hz
Rated DC voltage 500 V
Trans. inductance 0.04 pu
Trans. resistance 0.005 pu
Grid inductance 0.16 pu
X/R ratio 7

Series inductance and resistance of VSC-A

1.55 mH, 0.01 ©

Filter Capacitance of P-VSC

50 uF (A — Connection)

DC link capacitance of P-VSC

3 mF

Series inductance and resistance of VSC-B

2.1 mH, 0.01 2

Filter Capacitance of Vdc-VSC

75 uF (A — Connection)

DC link capacitance of Vdc-VSC

3 mF

DC line inductance and resistance

1.66 mH and 0.2Q2
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