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Abstract

Modular multilevel converter type voltage source converter (MMC-VSC) is a po-
tential candidate for present and future HVdc projects. The d-q decoupled control
system is widely used to control MMC-VSC systems. Selection of Pl-controller pa-
rameters for MMC-VSC systems is a challenging task as control loops are not com-
pletely decoupled. Since there is no widely accepted method to tune these control
loops, the industry practice is to use the trial and error approach that requires a great
amount of time. Therefore, it is required to develop a systematic procedure to tune
PI-controllers considering necessary system dynamics and also to propose guidelines
for control system design.

This thesis introduces a systematic procedure to determine Pl-controller param-
eters for the d-q decoupled control system. A linearized state-space model of an
MMC-VSC system is developed to calculate the frequency-domain attributes. The
controller tuning problem is formulated as an optimization problem which is general
and any meta-heuristic method can be used to solve the problem. In this thesis,
the simulated annealing is applied to solve the problem. The efficacy of the tuned
parameters is tested on the electromagnetic transient model of the test system on
the real-time digital simulators (RTDS). In addition, it is shown that the proposed
method is suitable to tune PI-controller parameters for MMC-VSC systems connected
to strong as well as weak ac networks.

Further, this thesis investigates the effects of d-q decoupled controller parameters,
phase-locked loop (PLL) gains, and measuring delays on the stability and performance
of the MMC-VSC test system. It is shown that the converter controllers have greater
influence on the system stability and the impact of PLL gains is negligible unless

very high PLL gains are used. In addition, the negative impact of measuring de-
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lays in instantaneous currents and voltages is also analysed by performing eigenvalue
and sensitivity analysis. Finally, a set of guidelines for control design of MMC-VSC
systems is summarized.

In general, the proposed controller tuning procedure would be useful for the in-
dustry to tune Pl-controllers of MMC-VSC systems. Furthermore, the proposed
methodology is generic and can be adapted to tune of any dynamic device in power

systems.
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Chapter 1

Introduction

1.1 Background

Present power systems have already accepted plenty of renewable energy generation
such as wind and solar in order to cater for the rapid increase in electrical energy
demand. As a result, the existing transmission systems are heavily loaded and expe-
rience additional stress [1]. To supply the increase in electricity demand, the existing
transmission system has to be upgraded with new transmission lines. In addition, the
intermittent nature of renewable energy sources can cause undesirable oscillations in
transmitted power. Therefore, additional power electronic devices known as the flexi-
ble ac transmission system (FACTS) devices are needed to control the power through
those ac transmission lines [2]. Moreover, a relatively large corridor is required to
build an ac transmission line. Considering the aforementioned challenges and to fa-
cilitate the integration of renewable energy generation, dc transmission systems that
are capable of transmitting bulk power and able to provide better control of power are
being built to strengthen the transmission system [3]. High-voltage dc (HVdc) trans-

mission technology developments have taken place over the past half century and, at
1



Chapter 1: Introduction

present, it is the best technology available for long-distance bulk power transmission.
With the advancement of technology, dc transmission is preferred for a handful of

reasons [4, 5, 6, 7]:

e Economical for long-distance power transmission as it has less losses compared

to an equivalent ac line and no reactive power compensation is required.

e Connection of asynchronous ac power systems to facilitate power trade and

stability enhancement.

e Environmentally friendly as it requires a lower number of conductors (less
space), it causes no ionic motion in cables, and it does not induce currents

in sheaths of the conductor.

e Relaxed protection requirements as it produces less stress for the same voltage

level of the ac transmission system.

e Improved stability and power quality to the power system as the power flow can
be controlled to (a) improve the damping of poorly damped oscillations and (b)

provide emergency power support for rotor angle stability enhancement.

The ac-dc converter technology has seen evolutions such as mercury arc valve
based current sourced converter (CSC), thyristor based CSC, conventional (2-level
and 3-level) voltage sourced converter (VSC), multi-level converter (MLC), and mod-
ular multi-level converter (MMC). Control methods, switching techniques, and pro-
tection schemes have also evolved to support this technology [8]. At present, the
MMC-VSC technology is considered as a viable option for dc transmission systems
below 2000 MW rating and the thyristor based CSC systems are still being used for

bulk power transmission above 2000 MW rating [9, 10].
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1.1.1 History of DC Transmission

The direct current (dc) was the first commercial form of electricity generation (in
1879) by the famous inventor Thomas Alva Edison. Then, inventions such as ac
machines and ac transformers dominated the developments of dc and led the power
industries to favour ac transmission. However, the slow and steady improvements in
dc transmission technology over a period of 50 years (1879-1930) created opportunities
to consider the use of dc power for transmission across long distances [11].

Research on HVdc dates back to 1930s and numerous contributions were made by
researchers from Germany, Sweden, Switzerland, France and United States. However,
it required about 20 years of research and development to step on the ground and
build the first HVdc system. The world’s first commercial HVdc transmission system
was the Gotland-1 point-to-point HVdc link commissioned in 1954. The contributions
made by Dr. August Uno Lamm to the Gotland-1 project and the HVdc developments
around the world were immense. Due to his interests and involvements, Dr. Lamm is
known as the father of HVdc transmission [12]. The Gotland-1 HVdc was an undersea
transmission system to transfer 20 MW of power from Vastervik on the mainland to
Ygne on the island of Gotland at 100 kV dc. The initial converters were made using
mercury arc valves and were upgraded with thyristor valves in 1970. However, after
commissioning of Gotland-2 (in 1983) and Gotland-3 (in 1985), the Gotland-1 HVdc
link was decommissioned in 1986 [13]. The successful operation of Gotland-1 HVdc

system gave confidence to build HVdc systems around the world.

1.1.2 Voltage Source Converter Technology

Voltage source converters (VSCs) were popular for many years in motor drive applica-

tions as the insulated-gate bi-polar transistor (IGBT) technology was well established.

3
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The invention of high power IGBTs created opportunities to build VSCs that are ca-
pable for power system applications such as static compensator (STATCOM) and
active power filters (APF). Later, the advantages of VSC technology over the LCC
technology led the power industries to consider VSCs for HVdc applications [14].
VSC based HVdc transmission was a research topic for many years. The practical
implementation of VSC-HVdc took place in 1997 with the test transmission system
built in Hellsjon, Sweden with the rating of 3 MW [15]. Then, within two decades
after the first practical implementation, many VSC-HVdc systems have been imple-
mented around the world. Lists of VSC-HVdc systems that are either commissioned
or in the planning stage can be found in [14, 16].

An overview of VSC-HVdc transmission systems is presented in [17] and it dis-
cusses about the fundamentals of VSC technology, VSC topologies, modelling and
control of VSCs, HVdc circuit breakers, and finally the practical implementations of
VSC-HVdc systems. Advantages of VSC are compared against the LCC in Table 1.1.
Unlike in LCC, the power transmitted by a VSC can be reversed by reversing the
direction of the current (i.e: without changing the voltage polarity). This facility has
motivated researchers to think about multi-terminal dc (MTdc) systems.

Modular multilevel converter (MMC) is a specially designed VSC to support high
voltage applications. In addition to the advantages offered by VSCs, there are unique

advantages associated with MMCs and a few are listed below [18, 19],
e Scalable to support very high voltages due to its modular structure.

e Good harmonic performance so that no filtering is needed.

e Improved switching losses as each IGBT in sub-modules is switched at a rate

close to the ac fundamental frequency.
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Table 1.1: Comparison between VSC and LCC

Voltage source converter (VSC)

Line commutated converter (LCC)

Constructed using IGBT valves

Constricted using Thyristor valves

Avoids commutation failure

Can result in commutation failures due
to disturbances in the ac voltage

Provides independent control of active
and reactive powers

Independent control of active and reac-
tive powers is not possible

Does not require reactive power com-
pensation

Requires reactive power compensation
(around 60 % of the rated power)

Power can be reversed by current rever-

Current reversal is not possible and the

sal power reversal is done by reversing the

dc voltage

Difficult to connect to the weak ac con-
nections

Can connect to weak or dead ac net-
works

The interest on MMC-VSC technology for HVdc implementations has led many
researchers to perform simulation studies of such systems. This include, studies
of MMC-VSC systems with different types of sub-modules, converter topologies,
grounding schemes, protection techniques, and control methods. However, a rela-
tively greater effort is being spent on control development as it is the heart of HVdc
transmission. The vector control method developed based on the d-q reference frame
quantities is widely used in MMC-VSC applications as it provides decoupling between
active and reactive powers [20, 21]. In addition to the vector control, different supple-
mentary controls, such as the voltage margin control, voltage droop control, frequency
droop control, negative sequence current control, power oscillation damping control,
and circulation current control are used to enhance the performance of MMC-VSC

systems [22, 23]. Moreover, manufacturers use complicated techniques to control and

balance the voltages among the sub-module capacitors [24].
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1.1.3 Review of Previous Works on Control System Mod-

elling and Tuning

The control system with primary controls of an MMC is shown in Figure 1.1. The
control variables (V, P, ()) are measured at the terminal bus and the terminal voltage
phase angle is tracked using a suitable phase-locked loop (PLL). Typically, MMC-VSC
systems are controlled using the d-q decoupled control system. Then, the controller
output voltage orders are sent to the firing pulse generator that will generate the

required firing signals for IGBT switches in the converter.

Terminal bus Internal bus

AC SYSTEM Converter
Y transformer -
V > l _l_ —_— ——
P,Q ‘
* |
Measurement & Vgpe PLL Firing pulse
Per-unitization generator
Vabe(m) Jabe(n) O " M Vabeto)
abc/d-q  Vdq| d-q decoupled Ve  d-g/abc
transform | laq control V4 transform
i) T 4
P’Q Vde(r)s V(r), CONTROL
Py, Qw SYSTEM

Figure 1.1: Control block diagram of an MMC (r-reference, m-measured, and o-order)

The d-q decoupled control system was first proposed in [25] and it consists of
double closed loop Pl-controllers as shown by Figure 1.2. In the outer-loop, the dc

voltage (vg.) or the active power (P) is chosen as the controlled parameter to produce
6
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the d-axis current reference (iq(;)). Similarly, either the ac voltage (V') or the reactive
power (@) is chosen to generate the g-axis current reference (iq(). The inner-loop
current controllers regulate d-axis and g-axis currents to meet the reference currents.
Then, the output of the inner-loop controllers are combined with the decoupling
terms and measured voltages to produce the voltage orders that are used to generate

switching signals for the converter [8, 25].
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Figure 1.2: d-q decoupled control system (r-reference, m-measured, and o-order)

Although the d-q decoupled control system uses simple PI-controllers, determining
control parameters is a challenging task. This is because the control system at each
converter station consists of at least five PI-controllers including the one used in the
PLL. In addition, the gain tuning problem will become more complicated when the
number of converters increases. There are few technical publications available on
determining controller parameters for specific VSC systems. The methods reported
in literature to tune the d-q decoupled control loops can be categorized into three

groups as described below.
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Trial and Error Approach

The first step in this method is to develop a non-linear EMT simulation model of
the test system. Then, disturbances such as step changes are applied to the reference
settings of the EMT model one at a time. Based on the step responses, the PI-
controller parameters are selected by trial and error [26]. Although this method of
tuning is done by engineering experts who have many years of experience in this
field, the tuned gains cannot guarantee the optimum performance. In addition, it is

a tedious and time consuming task.

Transfer Function Approach

This method deduces equivalent transfer functions based on assumptions such as the
inner-loop controllers are faster than its outer-loop controllers, converters are fully
decoupled, and the dc voltage is always a constant. Then, a linear control technique
such as Bode method, root-locus, or Nyquist technique is used to tune PI-controller
parameters. It is well known that the above design tools can only be used to tune
Pl-controllers one at a time. Therefore, in research articles based on transfer function
approach, it is assumed that the converters in a VSC system do not interact with each
other. This assumption localizes the controller tuning problem of VSC system to a
single VSC. The inner-loop controllers are tuned in the first step by ignoring the outer-
loop controllers assuming that the inner-loop is faster than its outer-loop. After the
tuned values are applied to the inner-loop controllers, the outer-loop controllers are
tuned [23, 27, 28]. In [29], the bacterial forging algorithm is applied to the simplified
transfer functions of VSC system to tune controllers. In short, because of assumptions
and simplifications used in the transfer function approach, the performance under all

possible operating conditions cannot be guaranteed.

8
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Optimization of Time-domain Objective Functions

The optimization method of controller tuning has become popular in recent years as
the researchers have understood that the control loops are not fully decoupled and
also the converters interact through the dc system. In this method, the gain tuning
problem is formulated as a time-domain optimization problem and solved using a
suitable optimization algorithm. The optimization-enabled EMT (OEMT) simula-
tion to tune the controllers of an LCC-HVdc system is presented in [30]. The same
technique is used in [22, 31, 32| to tune VSC control loops. In [22], it is stated that
this method is computationally intensive even with the use of average models of con-
verters. In addition, the authors of [30] have recommended the simplex method of
optimization when the number of variables to be tuned is less than 10. Due to the
requirement of high computational effort and the limitation of number of variables
that can be optimized using simplex method, the application of OEMT method based
on simplex to simultaneously tune converters in a dc grid is challenging. As a solution
to the above two problems, a recent literature [33] proposes a parallel multi-model
optimization algorithm to tune VSC controllers. However, still it is computationally
intensive as it uses a specially designed computer with 60-core processor. The objec-
tive functions used in the OEMT methods in literature [22, 31, 32, 33| consider only
the outer-loop controllers and the the inner-loop current controllers are not optimized
to save the computational time. A method to tune the Pl-controller parameters for
VSC systems using the particle swarm optimization (PSO) is presented in [34]. This
method assumes complete decoupling between control loops even during transients
and also assumes no interactions between converters. In [35], a VSC controller tuning
method based on the standard infinite time quadratic performance index is explained

and solved using the ‘fmincon’ function available in MATLAB software. The same
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method is also used in [36], where the time-domain objective function is minimized
using genetic algorithm. However, the performance evaluation presented are not
adequate to show the advantages of this method. In addition, the development of
soft-computing techniques are also being applied to tune the VSC control loops. A
fuzzy supervised variable gain Pl-controllers for VSC-HVdc systems are studied in
[37] and [38]. However, from the industry’s point of view, a variable gain PI-controller
is not an attractive solution.

In addition to the above three categories, linear control techniques are applied to
tune power system controllers such as power system stabilizers (PSS) [39, 40, 41] and
thyristor controlled series capacitors (TCSC) [42, 43]. However, there is not much
published literature available on the application of linear control methods to tune the
control loops of VSC systems. To make use of the available linear control theories to
tune the VSC control loops, it is required to develop the linearized model of the power
system including VSC systems. However, small-signal stability programs that can be
used to model power systems consisting of VSC systems are not readily available
to researchers. Therefore, researchers have to develop their own linearized models
to apply linear control techniques. In addition, the amount of details included in
the linearized model depends on the researcher. Moreover, the efficacy of the linear
analysis depends on the accuracy of the model. The linearized model of VSC systems
reported in literature lack in modelling one or more of the important dynamics such
as ac system, dc system, converters, converter transformers, converter losses, arm
inductors, control loops, PLL, and measuring delays [23, 44, 45]. Generally, the
linearized model of a power system is developed by linearizing the non-linear dynamic
equation around an operating point [46]. Therefore, it is essential to validate the

linearized model against a non-linear simulation model of the same system. The usual
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practice in power system studies is to validate the linearized model against a non-
linear model developed using an EMT simulation program. However, most linearized
models reported in the literature are used for small-signal stability assessment without
proper validations [45, 47, 48]. The ac power system configuration is not fixed and
the system strength of the ac system connected to the VSC can change. The analysis
presented in [22] shows that the ac system will influence the stability of a VSC system.
Therefore, it is essential to have a method to estimate the ac system strength. Then,

that information can be incorporated to the controller tuning technique.

1.1.4 Sensitivities of VSC System Stability

It is reported in literature that the performance of VSC systems depend on PLL gains,
PI-controller parameters, ac system strength, and dc system dynamics [44, 22, 49, 47,
50, 51, 52]. The influence of ac system strength on the stability of VSC systems is
studied in [22, 49] and it is showed that the control of VSC system is challenging
when the ac system becomes weak. In [44], it is stated that the stability of VSC
systems connected to weak ac systems is guaranteed only if very low PLL gains are
used. The stability of dc system is investigated in [50] and it is showed that the dc
system resonance can cause instabilities. In addition, it is also showed that converters
interact through the dc system [53, 47].

Review of previous work indicated that the stability of VSC systems depend on
various parameters including ac system strength, dc system dynamics, and controller
parameters. As previously mentioned, the control loops of a VSC are not completely
decoupled and converters in a dc grid interact through the dc system. Therefore, it
is required to simultaneously tune the Pl-controller parameters by considering the

entire VSC system including all important dynamics of the system. When a point-

11



Chapter 1: Introduction

to-point MMC-VSC system is considered there are 10 PI-controllers to be tuned and
these controllers need to be tuned simultaneously as they interact through the dc
transmission system. Therefore, for a point-to-point system there are 20 parameters

to be tuned and this number will increase by 10 when each time a converter is added

to the MMC-VSC system.

1.2 Research Objectives

Unavailability of a widely accepted controller tuning procedure for VSC systems and
the availability of numerous linear and non-linear control techniques are the mo-
tivations behind selecting this as the research area to be explored. The principal
objective of this research is to develop a systematic procedure to simultaneously tune
Pl-controller parameters for MMC-VSC systems. This research utilizes the linear
control techniques, optimization methods, and EMT simulations. It is necessary to
use a generic test system to produce general conclusions that are applicable to any
given MMC-VSC system while minimizing the number of modelling assumptions.

The main objective of this thesis led to a list of additional objectives as given below:

1. To develop a detailed non-linear EMT simulation model of a point-to-point
MMC-VSC system with generic controllers to use as the base case for the re-

search.

2. To model a small-signal stability model (linearized model) of the test system and
validate it against the EMT simulation model in order to use it for small-signal

stability assessment.

3. To develop a systematic procedure to simultaneously tune all PI-controllers of

a given MMC-VSC system.
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4. To evaluate the performance of the controller tuning procedure by applying the

tuned Pl-controller parameters to the EMT simulation model.

5. To analyze the effects of power network and control system parameters to the

controller tuning and to the stability of the system.

6. To propose a list of key points that need to be considered with care when

planning, modelling, and assessing the stability of a given MMC-VSC system.

1.3 Thesis Outline

This thesis introduces a systematic procedure to simultaneously tune PI-controllers
in a given MMC-VSC system. The controller tuning problem is formulated as a
frequency-domain optimization problem. The frequency domain stability related at-
tributes are calculated using the small-signal model of an MMC-VSC system devel-
oped in this research. The remainder of the thesis is organized as follows,

The modelling details of a generic point-to-point MMC-VSC system is presented
in Chapter 2. Initially, the development of the EMT model of the test system is
briefly discussed. Then, the development of linearized models are explained. After
that, the aggregation of developed linearized models to form the complete state-space
model of the test system is explained. Finally, the validation results of the small-signal
model against the non-linear EMT simulation model of the test are presented.

Chapter 3 presents the small-signal stability assessment of the system. The
sensitivity analysis of the control system parameters to the overall stability of the test
system is presented. To investigate the effects of measuring delays in instantaneous
quantities, the linerized model developed in Chapter 2 is extended to cover the
dynamics of measuring delays. Then, a small-signal stability assessment is performed

using the upgraded linearized model.
13
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Chapter 4 is dedicated to present the development of the systematic procedure
to simultaneously tune the PI-controllers of a given MMC-VSC system. Initially, the
gain tuning problem is formulated as a frequency-domain optimization problem that
can be solved using any suitable optimization technique. Then, followed by a brief
introduction to the simulated annealing optimization technique, the steps to solve
the gain tuning problem using simulated annealing is presented. The performance of
proposed systematic controller tuning procedure is verified using the EMT simulation
model of the test system. To show the robustness of the tuned controller gains,
simulation results for a wide range of disturbances are presented.

Chapter 5 investigates the effect of proposed controller tuning method for dif-
ferent ac system strengths and measuring delays. Initially, a stability evaluation
of the test system for changes in short circuit ratio (SCR) is presented. Then, a
method to estimate the SCR is presented. After that, the optimized controller gains
for the MMC-VSC test system with different ac systems ranging from weak ac grid
(SCR=1.5) to very strong ac grid (SCR=20.0) are discussed. Later, the performance
evaluation of tuned controller gains is done by means of EMT simulations for different
disturbances to claim the efficacy and robustness of the tuning method. In addition,
tuning of controllers considering measuring delays in instantaneous quantities is also
presented. Finally, based on the findings of this research, a list of key points that
need to be considered with care when modelling and performing stability analysis of
MMC-VSC systems is presented.

The conclusions, contributions, and suggestions for future work are presented in

Chapter 6.
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Chapter 2

Modelling of a Point-to-Point

MMC-VSC System

Electro-magnetic transient (EMT) simulations are widely used to analyze the power
system transients because of the accuracy in modelling and the use of very small
integration time-steps. A detailed analysis including the effect of non-linearities can
be performed in the time-domain using EMT simulation tools. The small-signal
analysis produces frequency domain stability attributes that are very important for
stability studies and control design. This thesis utilizes both the real-time EMT
simulation method and the small-signal stability assessment method for simulation
studies. This chapter provides details about developing EMT and small-signal models

of the test system. The validation of linearized models is also presented.

2.1 Electromagnetic Transient Modelling of Test System

A point-to-point MMC-VSC system shown in Figure 2.1 is used as the test system

and parameters of the system are given in Table 2.1.
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Table 2.1: Parameters of the Test System

Parameter Value
HVdc system type Symmetrical mono-pole MMC-VSC
Rated power 500 MW
Rated dc voltage 500 kV
Rated ac voltage 230 kV (L-L RMS) at 60 Hz on both sides
AC system strength SCR range: 1.5 to 20 at 84°
Converter transformer ratio 230 kV:250 kV
Converter transformer impedance 0.18 p.u. on 575 MVA
Sub-module type 250 half-bridge sub-modules per arm
Sub-module capacitor 10000 puF
Arm inductor 50 mH
DC transmission system 400 km overhead transmission line
DC line parameters 717 Q,0.74 H, 5 uF
T e | M E < N
Qu t t Qu
CONTROL CONTROL
UNIT, UNIT,

Figure 2.1: Point-to-point MMC-VSC test system

The real-time digital simulator (RTDS) is selected as the EMT simulation plat-
form for this study and a brief introduction to the RTDS simulator is given in the
Appendix A.2. Standard library models and user defined control components are
utilized to model the test system. The real-time simulation of the test system re-
quires four advanced type (GPC or PB5) processor cards on an RTDS rack. The
RTDS simulators are capable of simulating power systems in two different integration

time-steps to keep the accuracy at a high-level. In this thesis, the MMCs and the dc
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transmission system are simulated using small integration time-step (~ 2 us) and the
ac systems and control components are simulated using larger integration time-step

(50 ps). The control system is modelled in per-unit.

2.2 Development of Linearized Model

Small-signal stability of a power system is defined as “the ability of the power system
to maintain synchronism when subjected to small disturbances”. A disturbance is
considered as small, if linearized equations are valid to analyze the stability of the
system for that disturbance [46].

A dynamic system can be defined by a set of first order non-linear differential
equations. Equation (2.1) shows the general state-space representation of a system

with n number of state variables and » number of inputs.

X = f(X,U) (2.1)
Where,
X = (X1, X,..., X" U=[U,U,,...,U]" f=1fifor o falF

At an equilibrium point (i.e: at a steady state operating condition), Equation

(2.1) can be written as shown in Equation (2.2).

Xy = f(Xo,Up) = 0 (2.2)

Consider disturbing the system given in Equation (2.1), by a small amount from
the above mentioned steady state operating point. Substituting X = Xy + AX and
U = Uy + AU in Equation (2.1) results in Equation (2.3).

17
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X = f[(Xo + AX), (Uy + AU)] (2.3)

Consider the ith non-linear equation shown in (2.4),

X; = fi[(Xo + AX), (U + AU)] (2.4)

The linearization of the non-linear Equation (2.4) can be obtained using the Taylor
series expansion and neglecting 2nd and higher order terms of AX and AU as shown

in Equation (2.5).

S af; afi ofi dfi
X; = fi(Xo,Up) + (8X1AX1+”'+ 8XnAXn) + (3U1AU1 + .. 8UTAU>

(2.5)
Since f;(Xo, Up) = 0 and X; = AX;, Equation (2.5) can be simplified as given in

Equation (2.6) and can be written in a compact form shown by Equation (2.7)

. (0f L O of; of,
st (Y o)+ (Leai o 2an) o

AX; = af’ AX + Z af’ (2.7)

Similarly, all linearized equations can be combined to form the state-space model
of the system given Equation (2.8). The partial derivatives are evaluated at the steady

state equilibrium point.

AX = AAX + BAU (2.8)
18
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Where,

AX = [AX, AX,, ..., AX,]"

AU = [AU, AU, ..., AU,]"

of1 af1
0X1 090Xy
A =
Ofn Ofn
| oxi T 9X,
of 9f1
ou, - 90U,
B =
Ofn Ofn
| oo, 0 o,

The above linearization technique is used to obtain the small-signal model of the
MMC-VSC test system and the important steps of the linearization process are given

in Sections 2.2.1 to 2.2.8.

2.2.1 AC Network Model

The ac network connected to MMC terminal is represented using the Thévenin equiv-
alent model, that comprises a voltage source and an RRL type impedance as shown in
Figure 2.2. The ac side of the converter model consists of the converter transformer
and the arm inductor. Dynamic phasors are used to write the analytical equations of
the ac system to maintain the modelling accuracy at a high-level [54]. By applying
Kirchoft’s voltage law to the circuit shown in Figure 2.2, the dynamic equations for

the ac system can be written as shown in Equations (2.9) to (2.11).
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AC SYSTEM THEVENIN AC SIDE OF THE

EQUIVALENT CONVERTER
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(Terminal voltage) (Internal module
voltage)

Figure 2.2: Circuit diagram of the ac network

dig . . .

Lsd_lt = _]WLSZS + =Tty + Vs — Uy (29)
di

Leqﬁ = _jWLeqit - reqit + Uy — (21())
dig _ . .

LSE = _]WLSZS + Tp (Zt - Zs) (211)

The state-space model of the ac system given by Equation (2.12) can be obtained
by combining Equations (2.9)-(2.11) and by substituting with the R-I reference frame
quantities for voltages and currents. Let I,z and I;; be real and imaginary components
of current i5. Therefore, current 75 can be written as I,=I,zg+jls; in phasor domain.

Similarly, It:ItR—i-ng[, Vs:VsR—i—j‘/S[, and %:%R—i_j‘/il'
AXye = AgeAX e + Bo AU, + E AV (2.12)

Where, T
A)iac - [A]sRv A]SI7 AItRa A]tl]

AU, = [AVig, AVy]"

AV, = [AVig, AVy]"
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—kerp,  wo kgry 0
A, — —wy  —ksmp 0 kst
keqrp 0 —keq(Tp + 15+ Teq) wo
I 0 keqryp —Wp —keq(rp + 75+ Teq) |
0 0
0 0
Bac =
ke O
0 ke
0 0
0 0
Eac =
ke O
0 keq
with,
arm Lm‘m
Feg = Tp+ 0 L= Lo+ —am =20 g, = 0 (2.13)
2 LS eq

2.2.2 DC Network Model

The dc network consists of the dc transmission system and the equivalent sub-module
capacitances seen from the dc side. The dc network is represented using a II-model
as shown in Figure 2.3. The capacitors (Cye; and Cyo) are modelled to reflect the
combined effects of the equivalent sub-module capacitance and the transmission line

shunt capacitances.
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Figure 2.3: DC system representation

The dynamics of capacitors are modelled by writing the power balance as shown in
Equations (2.14) and (2.15). The dynamic equation of the dc line inductor is written

as given in Equation (2.16).

Cdcl— = Pil - Pdcl - Plossl (214)
dt
dvch
Odc?? - -Pi? + Pdc? - Ploss? (215)
dige )
de_d = —Tdclde + Vdel — Vde2 (216>
dt
Where,
ige\ i\
P = Viktk,  Pack = Vdcklde,  Plossk = Tek (f) + Tek (%)
C Cac
Tegh = Nirsmk, Cegh =3 SME  Cuer = Ceqr + ;k, k=1,2

N

The state-space model of the dc network can be written as shown in Equation
(2.17) by linearizing Equations (2.14)-(2.16) and then by substituting with the real

and imaginary components of the voltage and currents..

AXdc = Ay AX e + A3 AX o1z + Egc AV (2.17)
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Where,
AXye [Avger, Avges, Aidc]T
AX ger2 [Alyg, ALy, Alpg, ALy "
AV [AViig, AViz, AViag, AVig]"
—1dco 0 —kae1 (aeo + 2718 a00)
Age 0 FKawtaco K2 (940 + 272l aco)
kch - kdc3 - kdc?) Tde
aj, ajs O 0
A% g 0 0 ab a3
0 0 0 0
kac1Selirio  Kae1Svliiro 0 0
Eqc 0 0 kac2Splir20  Kac2Seli210
0 0 0
with,
a41<1 = Sbkdcl (VilRo - Teqlftho) ) @9{2 = Sbkdcl (Villo - Teq1[t1[0> )
22{, 2Zb
ay; = Spkdce (Vz‘zRo L It?RO) ) ayy = Spkdea (Vmo — Lea? It2]0> ;
2Zb 2Zb
1 1
kg = ———, kaea = ; kaes =
det 9C 41 Vdcr0 dez 9C 4e2Vdc20 Y L
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Figure 2.4: PLL block diagram (a) R-I voltages and (b) SRF-PLL

2.2.3 Phase-Locked Loop Model

Phase-locked loops (PLLs) are used in power system devices to measure the phase
angle of the control bus voltage. The synchronous reference frame (SRF) PLL is
commonly used in power system applications for control system design purposes and
the same model is used in this thesis. The control block diagram of an SRF-PLL is
shown in Figure 2.4. Per-unitized real and imaginary components (V;z and V;;) of the
terminal voltage (V;) are given as inputs to the PLL to produce the reference voltage
phase angle (9,,) that is used in the control system. The PLL dynamic equations are

given by Equations (2.18) and (2.19).

XPLL = szn(é—ém) (218)

(.Sm = Kp(pLL)Sin(5—5m)+K[(PLL)XPLL (2.19)

The state-space model of the PLL given by Equation (2.20) can be obtained by

linearizing the dynamic Equations (2.18) and (2.19).
AXpy = ApAXp + B AV, (2.20)
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Where,
0 -1
Apll =
Kiprry —Kpprr)
- zu‘/;flo kgll%RO
Epll =
_k]%llKP(PLL)VtIO kgllKP(PLL)VtRO
With,

Typically, VSC systems are controlled using the d-q¢ decoupled control that is
based on synchronous (d-q) reference frame. The main advantage of using d-q control
technique is that the time varying ac quantities in abc reference frame will become dc
quantities in d-g reference frame. Therefore, these quantities can be easily controlled
using Pl-controllers. In state-space modelling, the ac systems are modelled on R-1
reference frame and the converter controls are modelled on d-q reference frame. The

relationship between R-I and d-q reference frame is presented in Section 2.2.7.

2.2.4 Converter Model

The block diagram of the converter is shown in Figure 2.5 and the basic ac-dc voltage
relation of a VSC is given by Equation (2.21). This relationship is used to relate
the voltage orders (v,) from control system to the converter internal ac voltage (v;)
as given by Equations (2.22) and (2.23). It was observed through EMT simulations
that the MMC does not introduce any noticeable delay in producing ac voltages.

Therefore, the converter is modelled by assuming no delay.
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m

@i(l—g) = 5vdc(p_p) (2.21)
where m is the modulation index.
Vi=Vig+]Vig
MMC Tvdc
Firing
circuit

Vo:Vod+j Voq

Figure 2.5: Generation of ac voltage using MMC

Vig = % ({?;%d> Vde (2.22)
Vig = % (@ﬂ Ve (2.23)

The algebraic model of the MMC given in Equation (2.24) can be obtained by

combining Equations (2.22) and (2.23).

AV = C,, Avg. + D,,AV# (2.24)
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Where,
AV = [Avig, Avy|"
AVY = [Avod,Aqu]T
Cm _ kmvodo
kmvoq()
Dm _ kmvch 0
0 kmvdco
With,

V3
=0

Note that the dynamics of the sub-module capacitances have already been con-

sidered in modelling of the dc transmission system.

2.2.5 Control System Model

The commonly used d-q decoupled control scheme is adopted in this thesis to control
each MMC converter. The functional block diagram of the MMC is shown in Figure
2.6. This control scheme consists of cascaded PI-control loops referred to as outer-loop
(power-loop) controllers and inner-loop (current-loop) controllers. The outer-loop
controllers are responsible to produce the reference values for the d-q frame currents
that are controlled at the inner-loop. In the outer-loop, either the dc voltage or the

active power is selected as the control variable to produce d-axis current reference.
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INNER-LOOP CONTROLLERS

OUTER-LOOP CONTROLLERS Vig
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Vc(r) O |td(r) ltd(r O 0 Vi
Vdc(m) _
ltq
CURRENT
LIMITER DECOUPLING
Vim)
Voo &y [Pr}
g

Figure 2.6: Block diagram of the d-q decoupled control system (r-reference, m-
measurement, and o-order)

Similarly, either ac voltage or reactive power is selected as the g-axis control variable.
Then, at the inner-loop, the measured d-q currents are regulated to meet the reference
currents.

To make it general, the control system in both EMT and small-signal models are
modelled using per-unit quantities. The current limiter in the above control system
can be modelled in different ways depending on the application of the converter
[8, 55, 56]. However, the typical way of modelling is to limit the magnitude while
preserving its phase angle [8]. This typical current limiter model is used in the
EMT model of the test system and the functional block diagram is shown in Figure
2.7. Initially, the d-q reference currents generated by the outer-loop controllers are
converted into magnitude and angle. Then, the magnitude is limited to a pre-defined
maximum (/,,4;). The resultant current magnitude is then converted back to d-q
quantities using the original phase angle (#). The value of I,,,, is selected such that
the ratings of devices such as converter transformer and converter are not exceeded.

Typically, the small-signal models are used to assess the stability around a steady
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itd(r)*4’ Re-Im b > |r[£0 Hitd(r)
to " Tmax to
itq(r)*4’ |r|£0 Re-Im Hltq(r)
0

Figure 2.7: Functional block diagram of the current limiter

PI-CONTROLLER

X, K
Y, o(r) 4>KPa + S[a

>7

Y o(m)

Figure 2.8: Block diagram of the PI-controller

state operating condition. Therefore, the current limiters are not included in the
small-signal model.

The dynamic equations of each Pl-controller of the above control scheme are
written for the model shown in Figure 2.8. The error between desired value (Y, ()
and measured value (Y, ) is regulated through the PI-controller. The dynamic and

linear equations of the Pl-controller are given by Equations (2.25) and (2.26).

Xo = (Yap) — Yam) (2.25)

7 = Kp, (Ya(r) — Ya(m)> + Ko X (2.26)

The dynamic equations for outer-loop controllers on both sides are obtained by
substituting Y,, in Equation (2.25) with v4.1, P2, Vi1, and Vis. The resulting dynamic

equations are given by Equations (2.27)-(2.30).

decl = (Udcl(r) - Udc1(m)) (2.27)
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Xpy = (Pa@) — Pim) (2.28)
Xvi = (Vae) = Viagm) (2:29)
Xvi, = (Viery — Viz(m)) (2.30)

The outputs of outer-loop controller are the reference currents for the inner-loop
current controllers. The output equations are written by substituting the parameter Z
in Equation (2.26) with is14(r), ¢2d(r), tt1q(r), a0d 7424(-) and the corresponding equations

are given below.

11d(r) = KP(oge) (Udcl(r) - Udcl(m)) + K1(vger) Xvger (2.31)
iaer) = Kppa) (Pagy — Paem)) + Kiipo) X e (2.32)
ingry = Kpw) (Ve — Varm)) + Kii) Xvi, (2.33)
in2q(r) = Kpvia) (Vi) — Viam)) + Kr(via) Xvia (2.34)

The inner-loop controller equations are written by assuming no measurement de-
lays. The state equations corresponding to inner-loop controllers on both sides of

MMCs are given by Equations (2.35)-(2.38)
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Xina = (intae) — in1a) (2.35)
Xipa = (ia(r) — it2a) (2.36)
Xin, = (i1gr) — i119) (2.37)
X, = (le2q0r) — 1129) (2.38)

The linear equations from outer-loop controllers are used to replace the reference
currents of the above equations to obtain the final dynamic equations. The state-
space models of control system can be obtained by linearizing the controller dynamic
equations and by combining them into the state-space form as shown in Equation
(2.39).

For terminall,
AX, = AgAXy + A AX g1 + Ba AU + B ALY (2.39)
Where,

AXy,, AX; ,, AX

Vde1 i41d9 itlq

AX, = [AX 1"
AIY = [Aiyg, Aith]T
AXml = [Avdcl(m)a AV;l(m)] !

AUrl = [Avdcl(r)v A‘/;l(r)} !
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0 0 0 0
0 0 0 0
Acl -
Krwgery 0 00
0 Ky 00
-1 0
0 —1
A*cl -
_KP(Udcl) 0
0 —Kpwy
1 0
0 1
Bcl -
KP(”dcl) 0
|0 Kpwy
0 0
0 0
Ecl =
-1 0
0 -1

For terminal2,
AXCQ = AC2AXC2 + A*CQAXmSQ + BCQAUC2 + EC2AI?2q

Where, AXy = [AXpy, AX,, AX,

vt2 t2d )

AX, "

ATH = [Aiyg, Nigg)"
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AX(my2 = [APtQ(m%A‘/tQ(m)]T

AU, = [APQ(T)’A‘/Q(T)}T

0 0 0 0
0 0 0 0
Ac2 -
Ki(p,) 0 0 0
0 KI(VtQ) 00
-1 0
0 —1
A*62 -
—Kpp,) 0
0 K
1 0
0 1
B02 =
Kp(p,) 0
0 Kp |
0 0
0 0
EcZ =
-1 0
0 -1

The output signals of the inner-loop controllers are combined with terminal voltage
measurements and decoupling terms to produce the voltage orders (v,) as shown in
Figure 2.1. The voltage order equations for terminall and terminal2 are given by

Equations (2.41) and (2.42) respectively.
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For terminall,

Avgg = COlAXCl + C*OIAXmsl + DolAUcl + KolAfo + LolAI?{J

Where,

AVY
AX
AX 1
AU,
AV

AI%

Col

*
Col

AX

Vdcl)

AUdcl (r)s A‘flﬁl(r)} g
[Avtlda Avﬂq]T
[Aipg, Niggg)"

—Kping) K1

it1d) Vdc1)

0

KP(U(icl ) KP(

it1d)

0

K p(wa) Kp(

Vdel) it1d)

0

AXy, ,AX,;

[
[
[Avaetmy, AViamy]
[

(2.41)

AX, ]!

tld?

0 ~ Ky

it1d)

_KP(ith)KI(th) 0 _KI(z'th)

0
KP(th)KP(ith)
0

_KP(th)KP(ith)
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For terminal2,

AV — C,AX y + C* 1 AX gy + Dp AU 4+ Ky AV 4 L, AT

Where,

AV
AXeo
AX s
AU,y
AV

AI%

COZ

*
COQ

[Avtzcb Athq]T
[Aioa, Nigg]”

_Kp(ith)KI(PtQ)
0

KP(Pzz)KP(itzd)
0

_KP(Pt2)KP(it2d)
0

AXp,, AXy,,, AX;

(2.42)

AX,, ]

t2d 7

0 — Ky

it2d)

—Kpn) K1oze) 0 — K

it2q)

0

Kpia) K P(isag)

0

—Kpvia) K P(iraq)
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FILTER
Y 1 .
Yo 1+sT, | | Lo

Figure 2.9: Block diagram of the single-pole measurement filter

2.2.6 Measurement Filter Model

Typically, the outer-loop control variables are filtered using measurement filters to
remove the noise. It is reported in literature [22] that measurement filters have
considerable effect on the stability of VSC systems. Therefore, it is very important
to model the dynamics of these filters. A first order measurement filter model shown
in Figure 2.9 is used to filter the outer-loop controller parameters. The dynamic

equation of the filter model is given by Equation (2.43).

. 1
Ya(m) = T (Yo = Yagm) (2.43)

The equations representing measurement dynamics of four outer-loop quantities

are given by Equations (2.44)-(2.47).

Vdel (m) = Tvldd (Vaer — Vaer(m)) (2.44)
Prigmy = T;laﬂ (Pa — Piigm) (2.45)
Vit = 7 (Vi = Vi) (2.46)
Viaim) = T}/ﬁ (Viz = Viagm)) (2.47)
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By substituting P;s, V;1, and V,s in-terms of the R — I frame quantities of voltages

and currents and by linearizing the equations, the state-space models of measurement

delays are obtained as given by Equations (2.48) and (2.49).

For terminall,

Ajimsl - AmslAXmsl + A*mslAUdcl + FmslAItl

Where,
A}Cmsl = [Avdcl(m)aA‘/tl(m)}T
AVy = [AVig, AVl
—Kns 0
Amsl = '
0 _km52
A*msl = kmsl
0 0
Fmsl =
kms2dl‘/;51RO kms2d1‘/tlIO
with

1 1 1
dy =

kmsl - k -
) ms2 5
2 2
Toger Tv, V' Viiro + Viino
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Similarly, for terminal2,

A}‘(17182 = AmsZAXmSQ + A*ms2AIt2 + EmsQAVt2

Where,

AXmsZ
Al

AV

AmsQ

*
A ms2

Ems2

with,

1
TPt2 7

kmsB

[APis(my, AVia(m)] g
[AlLog, Aliar]"

[AViar, AVigr]"

- kms?) 0
0 _kms4

kms?; ‘/tZRO kmsB ‘/22[0

0 0

kmsB [tQRO kmsSItQIO

kmsadaViigo  EmsadaViiro

1 1
msd T_’ d2 = 5 5
Via V'Viaro + Vi

2.2.7 Axis Transformation

(2.49)

The d-q decoupled control uses synchronous reference (d-¢q) frame currents and volt-

ages. However, the ac side is modelled using real-imaginary (R-I) frame quantities.
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Imaginary-axis ()
quadrature-axis (¢)

direct-axis (/)
Vid=V¢

»  Real-axis ()
ViR

Figure 2.10: R-I to d-q transformation

Therefore, to combine the control system equations and power network equations, the
d-q to R-I transformation shown in Figure 2.10 is used. The angle §,, is the phase
angle of the terminal voltage (v;) and it is obtained using the PLL as shown in Figure
24.

The d-q to R-I transformation and inverse transformation matrices for a vector

X are given by Equations (2.50) and (2.51) respectively.

X cos (O, sin (0,, X

o | s st | | X 250,
X, —sin (0,,)  €os (0,) X7
X cos (0,,) —sin (4, X

B - () () ! (2.51)
X sin (0,,)  cos (0p) X,

The linearized equation for transformation and inverse transformation of voltages

and currents can be written as given by Equations (2.52) to (2.54).

AV = K, AV, + M,A6,, (2.52)

A% = K;AL + M;AS,, (2.53)
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Where,

AV
AV,
AV
AV,
AT

Al

[A’Utd, Avtq]T

[AVig, AV,]"

[Avid> Aviq]T

[AVig, AV;]"

[Aigg, Nigg)"
(AL, AL]"
oS (Omo)
=511 (Omo)
c0s (Omo)

=511 (Omo)

oS (dmo)

sin (8mo)
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$in (Gmo)

08 (Omo)

$in (Omo)
08 (Omo)
=511 (Omo)

oS (Omo)

AV, = J,AV# £ N,AS,,

—Virosin (6mo) + Virocos (dmo)

—Virocos (0m0) — Virosin (9mo)

—LiroSIN (Om0) + 1110€0S (O1m0)
—]tR()COS (5m0) — ]Hosm (5m0)

—Vid0 511 (Omo) — Vigo€0s (Omo)

Vid0€0S (0m0) — VigoSin (Omo)

(2.54)
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2.2.8 Overall State-Space Model

The complete state-space model given in Equation (2.55) is obtained by combining

linearized equations of ac system, dc system, control system, PLL and measurement

filters. The matrix combination was computed using MATLAB software. The signal

flows between sub-systems are shown in Figure 2.11. This system consists of 27 state

variables and 8 control inputs in total as shown in Tables 2.2 and 2.3 respectively.

AX = AAX + BAU

(2.55)

Table 2.2: State variables of the system

System State variables
MMC1 MMC2
AC system Alggr, Algr, Alygr, Alyy Algpr, Algr, Aljor, Alip
Avge Avges
DC system
Aige
Control system | AX(,, ), AXy,, AX;, ,, AX,,,, | AXp,, AXy,, AX;,,, AX;,,
PLL Xprri, Adm AXprro, Adme

Measurements Avger(my, AViim) APy, AVigm)

Table 2.3: Control inputs of the system

System State variables
MMC1 MMC2
AC system AVir, AVar AVior, AVeor
Control system | Avgeir), AViy | APy, AViar
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The overall state-space model given by Equation (2.55) can be excited by applying
signals to the control inputs. The outputs of the system can be written as linear

combinations of states and control inputs as given by Equation (2.56).

AY = CAX + DAU (2.56)

where C and D are user defined matrices to generate required outputs.

2.3 Validation of Linearized Model

Small-signal models of power systems are obtained by linearizing the non-linear equa-
tions of power systems. Therefore, it is recommended to validate the small-signal
model against a non-linear simulation model before using it for stability assessment.

In this thesis, the model validation is performed in two steps as described below.

2.3.1 Validation of AC System and PLL Models

As the first step, the linearized models of ac network and PLL are validated. This
validation is performed for the test network shown in Figure 2.12a. The ac net-
work is connected to a series R-L load and the terminal voltage phase angle and
the angular frequency are tracked using the SRF-PLL shown in Figure 2.12b. The
system parameters are given in Table 2.4. The small-signal model is represented as
AX = AAX + BAU and the state variables and control inputs are given in Table.

2.5.
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Vi
AC SYSTEM i LOAD
[
| PjO,
r
Ve L

(a) Simple power system

ViR—p — ()
PLL
Vi—» >4,

(b) Phase-locked loop

Figure 2.12: Test system used to validate the ac network and PLL models

Table 2.4: Parameters of the simple power system

Parameter Notation Numerical Value
Thévenin voltage Vs 288/23° kV
Terminal voltage Uy 230£0° kV

Load power P +7Q; | 500 MW + j100 MVAr

Ts 3.691 Q
Source Impedance L, 0.1379 H
Tp 1507 Q
T 20.346 2
Load impedance
L 0.269 H

Table 2.5: State variables and control inputs of the simple power system

State Variables

Control Inputs

AIsRa AIS[? AItRa AItIa XPLL) A5m AVSR) A‘/SI
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Figure 2.13: Disturbance applied to the Thévenin voltage magnitude

At first, the Thévenin voltage magnitude of the EMT model was changed by
a sinusoidal disturbance (Av,) as shown in Figure 2.13. Then, the corresponding
disturbances (AV;g, AV,) were applied to the small-signal model to obtain responses
for the same disturbance. The frequencies of the sinusoidal disturbances were selected
as 20 Hz and 200 Hz to validate the model for a wide range of frequencies. The results
obtained using EMT and small-signal (SS) models are compared in Figs. 2.14a and
2.14b.

Then, the phase angle of the Thévenin voltage was changed by a sinusoidal dis-
turbance (Avy), as shown in Figure 2.15. The corresponding changes, AV;r and AV,;
were also applied to the small-signal model. Simulation results from both EMT and
SS models are compared in Figs. 2.16a and 2.16b.

It can be observed from the validation results shown in Figures 2.14 and 2.16
that the small-signal models of ac system and PLL are accurate and valid up to a

frequency of 200 Hz.
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Figure 2.14: Simulation results comparison for a sinusoidal disturbance with (a) 20
Hz and (b) 200 Hz applied to the Thévenin voltage magnitude

AV DR

t /) N

R/

Figure 2.15: Disturbance applied to the Thévenin voltage phase angle
2.3.2 Validation of Complete Linearized Model of VSC Sys-

tem

The complete linearized model of the point-to-point MMC-VSC system is validated
against the non-linear EMT simulation. For this validation, the SCR values are

selected as 2.0 and the PI-controller parameters are given in Table 2.6. The model
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Figure 2.16: Simulation results comparison for a sinusoidal disturbance with (a) 20
Hz and (b) 200 Hz applied to the Thévenin voltage phase angle

Table 2.6: PI-controller gains

Terminall | Terminal2

Kr| K; [ Kp| K;
PLL 50 | 250 | 50 | 250

DC voltage 2 20 — —

Controller

Active Power — 1 20

AC voltage 1 20 1 20
d-axis current | 1 100 1 100
g-axis current | 1 100 1 100

validation is performed by changing all four reference settings (vici(r), Piar), Vii(r)s
and Vig()) of the test system one at a time. A small-pulse with a magnitude of 0.03
p.u. and a duration of 100 ms is used as the disturbance to each of the reference

settings.
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Figure 2.17: Changes in variables for a small pulse applied at 0.2 s to (a) the dc
voltage reference of terminall and (b) the power reference of terminal2

Disturbance to DC Voltage Reference

The dc voltage reference of terminall was disturbed by applying a small pulse (0.03
p.u. and 100 ms). The simulation results from EMT and small-signal (SS) models

are compared in Figure 2.17a.

Disturbance to Power Reference

The active power order of terminal2 was disturbed by applying a small pulse (0.03
p.u. and 100 ms). The simulation results from EMT and small-signal (SS) models

are compared in Figure 2.17b.
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Figure 2.18: Changes in variables for a small pulse applied at 0.2 s to the ac voltage
reference of (a) terminall and (b) terminal2

Disturbance to AC Voltage References

The ac voltage references of terminall and terminal2 were changed one at a time by
applying a small pulse (0.03 p.u. and 100 ms). The simulation results from EMT and
small-signal (SS) models are compared in Figs. 2.18a and 2.18b.

The validation results shown in Figures 2.17 and 2.18 confirm that the dynamics of
the test system is accurately represented by the small-signal model. The accuracy ob-
served in PLL angle confirms that the PLL model is correctly represented to capture
the transients in terminal voltage phase angle. The small-signal model which is devel-
oped and validated is used in this thesis to perform small-signal stability assessment

and controller tuning.
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2.4 Chapter Summary

This chapter explained the development of simulation models of the test system in-
corporating all important dynamics. The Taylor series expansion is used to linearize
the non-linear equations of the test system. The ac system is modelled using dynamic
phasors and the validation results presented in this chapter showed that the model
is capable of capturing frequencies up to 200 Hz. The validation of the overall state-
space model showed a good agreement with the non-linear EMT simulation model of

the test system.
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Chapter 3

Small-Signal Stability Assessment
of MMC-VSC System

Stability of linear continuous-time systems can be analyzed using different methods
such as state-space analysis, root-locus, Bode diagram, and Nyquist stability theory.
Among those methods, the eigenvalue analysis is powerful and popular in control
system studies. It can produce stability related frequency domain attributes such as
eigenvalues, modes (frequency and damping), eigenvectors, and participations factors.
Therefore, it is more commonly used to assess the stability compared to other linear
stability analysis techniques. In addition, the state-space analysis is also commonly
used to assess the small-signal stability of non-linear systems such as power systems
[57,46]. In order to perform small-signal assessment, an accurate linarized state-space
model of the non-linear system must be used. In this chapter, the small-signal model
of the test system that was derived and validated in Chapter 2 is utilized to perform

the stability assessment.
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3.1 Small-Signal Stability Assessment

A linearized power system can be represented by Equation (3.1).

AX = AAX + BAU (3.1)

Where, AX is the vector of change in state variables, AU is the vector of change in
control inputs, A is the system matrix, and B is the input matrix. The representation
in Equation (3.1) allows the user to compute different stability attributes of the system

as explained below.

3.1.1 Eigenvalues and System Stability

The eigenvalues of the system matrix can be computed by solving Equation (3.2).

det (A — AI) = 0 (3.2)

Where, A denotes the eigenvalues of the system.

If the system has n number of states, the solutions to Equation (3.2) will be n
identical eigenvalues (i.e: A = A, Ag, ..., \,). The eigenvalues are used to assess the
stability of the system around the operating point (“stability in small”) at which the
system is linearized. The stability criteria explained in [46] is given below and it is

based on the Lyapunov’s first method [58].
1. “When the eigenvalues have negative real parts, the original system is asymp-
totically stable.”

2. “When at least one of the eigenvalues has a positive real part, the original

system is unstable.”
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3. “When the eigenvalues have real parts equal to zero, it is not possible on the

basis of the first approximation to say anything in general.”

The “stability in the large”can be assessed using Lyapunav’s second method or
the direct method [58]. However, such stability studies are out of the scope of this

thesis.

3.1.2 Modes

Modes of the system are computed from the eigenvalues of the system. Then, the
oscillatory and non-oscillatory modes and their stability properties are identified as

explained below.

e “A real eigenvalue corresponds to a non-oscillatory (aperiodic) mode. A neg-
ative real eigenvalue represents an aperiodic mode. The larger its magnitude,

the faster the decay. A positive real eigenvalue represents aperiodic instability.”

e “Complex eigenvalues occur in conjugate pairs and each pair corresponds to an
oscillatory mode. A negative real part represents a damped oscillation whereas

a positive real part represents oscillation of increasing amplitude.”

If the conjugate eigenvalues are o + jw, the frequency of oscillation is given by

Equation (3.3) and the corresponding damping ratio is given by Equation (3.4).

f=5 (3.3)
(= (3.4)
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3.1.3 Eigenvectors

Each eigenvalue ()\;) of the system is associated with a column vector (®;) that
satisfies the relationship given in Equation (3.5). This vector ®; is known as the

right eigenvector of A associated with ;.

AD; = )\ P (3.5)

Where,

D = [bu, Doy - 7¢m']T

1 = 1,2,....n

Similarly the row vector (¥;) that satisfies Equation (3.6) is known as the left

eigenvector of A associated with \;.

VA =\, (3.6)

Where,

W = [V, Yo s Unil

i = 1,2,...,n

Therefore, the right and left eigenvector matrices corresponding to the system

matrix (A) can be written as given by Equations (3.7) and (3.8) respectively.
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= (B, @y ... D (3.7)

v = [O] vy ... U] (3.8)

3.1.4 Participation Factors

Participation factors form a relationship between the modes and state variables of
the system. The participation matrix given in Equation (3.9) combines the right and

left eigenvectors [46].

P=[P, P, P, (3.9)
Where,
- Py - - P,V -
P, — Py _ o Win
I P | I D,V |

The participation factors are used to study the influence of state variables on
modes of the system. In addition, the participation factors are also used to classify
system modes into different groups in interaction studies. In ac power systems, partic-
ipations factor analysis is widely used to identify intra-area and inter-area oscillations

and sub-synchronous resonance [46].
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Table 3.1: PI-controller gains

Terminal Controller SCR=5.0 | SCR=2.0 | SCR=1.5
Kr| K; [ Kp| K; [ Kp| K;
PLL 50 | 250 | 50 | 250 | 50 | 250
DC voltage 2 20 2 20 2 20
Terminall | AC voltage 1 20 1 20 1 20
d-axis current | 1 100 1 100 | 0.5 50
g-axis current | 1 100 1 100 | 0.5 50
PLL 50 | 250 | 50 | 250 | 50 | 250
Active Power | 1 20 1 20 1 20
Terminal2 | AC voltage 1 20 1 20 1 20
d-axis current | 1 100 1 100 | 0.5 50
g-axis current | 1 100 1 100 | 0.5 50

3.2 Eigenvalue Analysis of Test System

The point-to-point MMC-VSC system is connected to ac systems with different SCR
values. For this stability evaluation, strong ac system (SCR=5.0), moderately strong
ac system (SCR=2.0), and weak ac system (SCR=1.5) connections are considered.
The controller parameters used for the small-signal stability assessment are given in
Table 3.1 and these parameters are obtained by trial and error method. In addition, it
must be noted that to achieve a stable system, the inner current controller gains were
reduced for the case with SCR=1.5. The oscillatory modes of the system at the rated
operating conditions are given in Table 3.2. It can be observed that there are two
modes (Mode 5 and 8) with low damping. In addition, it can also be observed that
when the ac system strength decreases, the damping of all modes decreases. Moreover,

the decrease in damping of mode 8 is significant when the ac system strength becomes

low (i.e: SCR=1.5).

o6



Chapter 3: Small-Signal Stability Assessment of MMC-VSC' System

Table 3.2: Frequency and damping of system modes for different SCR values

SCR=5.0 | SCR=2.0 | SCR=L.5
f(Hz) | ¢ (%) | £(Hz) | ¢ (%) | £ (Hz) | ¢ (%)
Mode 1 | 106.09 | 99.7 | 474.44 | 83.0 | 617.17 | 66.6

Mode

Mode 2 | 60.30 | 99.0 | 431.04 | 75.1 | 574.69 | 53.9

Mode 3 | 75.08 | 99.9 | 111.46 | 99.6 | 154.58 | 99.0

Mode 4 | 21.78 | 99.8 | 57.06 | 98.7 | 99.80 | 97.3

Mode 5 | 15.52 | 10.1 | 15.57 9.5 15.58 9.0

Mode 6 | 3.06 98.8 3.91 974 4.98 95.8

Mode 7 | 0.67 99.9 3.19 98.6 3.95 98.0

Mode 8 | 1.27 39.4 1.31 28.6 1.34 214

Mode 9 - - 0.62 92.3 0.97 85.4

3.3 Participation Factor Analysis of Test System

The participation factors are used to track and classify system modes into network
and controller modes. For the purpose of explanation, the test system connected to
ac systems with SCR of 2.0 are considered. The participation factors corresponding
to low damped mode (Mode 5) are shown in Figure 3.1 and the system state numbers
are given in Table 3.3.

Although most states of the system show non zero participations in this mode,
the major participations are from the dc system states. Therefore, this mode can
be identified as the dc network mode. The dc system oscillation are typically the
resonance between the transmission line inductor and the equivalent sub-module ca-

pacitors. Therefore, mode 5 can be specifically identified as the dc resonance. The
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Figure 3.1: Participation factors associated with Mode 5

Table 3.3: System state numbers of the 27th order model

System State Numbers
MMC1 | MMC2
AC system 1-4 16-19
d-q control system 5-8 20-23
Measurement 9-10 24-25
PLL 11-12 26-27
DC voltage 13 15
DC current 14

participation factors associated with the ac network modes (Modes 1-4) are shown
in Figure 3.2. Similarly, the participation factors of control modes (Modes 6-9) are
shown in Figure 3.3. The mode classification is given in Table 3.4. It can be seen from
Figure 3.3 that modes corresponding to controllers in one converter are influenced by

the states of the other converter. This observation verifies the interaction between

converters.
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Figure 3.2: Participation factors associated with the ac network modes (State num-
bers are given in Table 3.3)

Table 3.4: Classification of modes

Modes | f (Hz) | ¢ (%) Classification
1 474.44 | 83.0 MMC1 ac current
2 431.04 | 75.1 MMC2 ac current
3 111.46 | 99.6 MMC1 ac current network modes
4 57.06 98.7 MMC2 ac current
5) 15.57 9.5 dc resonance
6 3.91 97.4 MMCT1 current controller
7 3.19 98.6 MMC2 current controller controller modes
8 1.31 28.6 | MMC1 dc voltage controller
9 0.62 92.3 MMC2 power controller
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Figure 3.3: Participation factors associated with the controller modes (State numbers
are given in Table 3.3)

3.4 Sensitivity Analysis

In this section, the sensitivities of system parameters such as ac system strength,
dc line length, sub-module capacitor, PLL gains, and measurement delays to the
system stability are investigated by means of the eigenvalue analysis. The effect of
PlI-controller gains are not investigated one by one as they all impact the stability of

the system together. The combined effect is analysed in Chapter 5 of this thesis.

3.4.1 Effect of AC System Strength

It is reported in literature that the ac system strength is a key factor that affects the
stability of VSC systems [22, 44, 49]. To investigate the influence of the ac system

strength using the frequency-domain approach, the SCR values of ac systems on both
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Figure 3.4: Loci of critical modes for the change in ac system strength

ends of the MMC-VSC test system were changed from 1.5 to 5.0 in steps of 0.25
and the system eigenvalue trajectories were observed. The range of SCR values were
selected to cover ac systems strength from weak to strong. The loci of low damped
modes are shown in Figure 3.4.

It was noted that all eigenvalues moved to more stable region of the complex plane
when the SCR was increased. It is clear that for the selected practical range of SCR

values, the system becomes more stable when the ac system strength increases.

3.4.2 Effects of PLL Gains

In MMC-VSC systems, the PLL is used to track the terminal ac voltage phase angle
for control purposes. To investigate the influence of PLL gains on the small-signal
stability of the test system, the MMC-VSC system was connected to weak ac grids
(SCR=1.5) on both sides. The PLL gains of each MMC converter is changed one at a

time and the eigenvalue trajectories are used to evaluate the stability of the system.
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Figure 3.5: Loci of critical modes for a change in MMC1 (dc voltage controlling) PLL
gains

Typically, for a PLL, the integral gain is selected to have a value higher than the
proportional gain. In this study, the integral gain of the PLL (K;(prz)) is chosen as
five times of the proportional gain (Kpprr)).

Initially, the MMC1 (dc voltage controlling side) PLL proportional gain was
changed from 10 to 200 in steps of 10 (integral gain from 50 to 1000 in steps of
50) and the loci of critical modes are shown in Figure 3.5. It can be noted that
the system eigenvalues move towards more stable region when the PLL gains are
increased.

Then, the MMC2 (power controlling side) PLL proportional gain was changed
from 10 to 200 in steps of 10 (integral gain from 50 to 1000 in steps of 50) and the loci
of critical modes are shown in Figure 3.6. A similar observation is made as eigenvalues
move towards the more stable region with the increase of PLL gains. Therefore, it

can be said that the small-signal performance of the MMC-VSC system is improved
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Figure 3.6: Loci of critical modes for a change in MMC2 (power controlling) PLL
gains

by high PLL gains. However, the use of high PLL gains can cause instability when
the measuring delays in instantaneous quantities are considered in system modelling

as described in the following section.

3.4.3 Effects of Measuring Delays

In practical systems, the measurement transducers are used to measure instantaneous
voltages and currents. The use of measurement transducers introduce certain delays
in measured quantities. These measurement delays are ignored in simulation models
available in literature [59, 60, 61, 62]. However, the measurement delays in instanta-
neous quantities such as voltages and currents can result in serious stability issues as
explained in this section.

The small-signal model used so far in this thesis considered the effects of mea-
surement filter models for the outer-loop control variables such as RMS voltages and

powers. However, it did not consider the effects of measuring delays in instantaneous
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Figure 3.7: Inner-loop of d-q decoupled controller with measuring delay models

voltages and currents. Therefore, the small-signal model of the MMC-VSC system
developed in Chapter 3 is added with the dynamics of measuring delays of d-q volt-
ages and currents. The modified d-q decoupled control system with delay models is
shown in Figure 3.7 and the same delay models are incorporated to the EMT model
of the test system.

The small-signal model of the test system was added with the first order delay
model shown in in Figure 3.9 and the filter dynamic equation is given in Equation
(3.10). The parameter « is replaced with is14, it14, %24, 412, t0 Obtain dynamic equa-
tions of current measurements and with v414, Vpq, Vi2d, Vi2q to obtain the dynamic
equations of voltage measurements. The addition of 8 dynamic equations increased
the order of the small-signal model to 35. The overall small-signal model with sig-
nal flow paths is shown in Figure 3.8. The state variables of the system with the

corresponding state numbers are given in Table 3.5.
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DELAY MODEL

1

Y™ 1+sT, > Yo

Figure 3.9: Block diagram of the measuring delay model

Table 3.5: System state numbers of the 35th order model

State Numbers

System
MMC1 | MMC2
AC system 1-4 20-23
d-q control system 5-8 24-27
dc voltage measurement 9 -
power measurement - 28
RMS ac voltage measurement 10 29

d-q current measurement delay | 11-12 30-31

d-q voltage measurement delay | 13-14 32-33

PLL 15-16 34-35
DC voltage 17 19
DC current 18
. 1
Ya(m) = 7 (Yo = Yagm) (3.10)

In actual systems, measurement filters are used to remove the unwanted signals
(noise) for control purposes. Typically, a time-constant around one cycle (15-20 ms)
is used for slow varying signals such as average powers and RMS voltages. However,
the fast varying signals such as instantaneous currents and voltages are measured
with fast acting transducers. Therefore, a very small time-constant, such as a quarter
cycle, may be used. In addition, the current measurement transducers are faster

compared to the voltage transducers. The measuring time-constants used for this
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Table 3.6: Measurement filter time-constants

Control-loop Filter Time-constant
DC voltage 0.5 ms
outer-loop Average power 20 ms
RMS ac voltage 20 ms
. d-q frame currents 1.5 ms
inner-loop
d-q frame voltages 5 ms

Table 3.7: Interested oscillatory modes after the inclusion of measuring delays

Mode No | Frequency | Damping Classification
Mode 2 112.79 Hz 24 % MMC1 ac current
Mode 4 107.71 Hz 23 % MMC2 ac current
Mode 10 50.77 Hz 3% MMCI1 voltage delay
Mode 11 44.17 Hz 6 % MMC2 voltage delay
Mode 12 14.12 Hz 98 % MMC?2 current delay
Mode 13 12.68 Hz 98 % MMCI1 current delay

investigation are given in Table 3.6. The ac system strength of both sides of the ac
systems are set to 1.5 to reflect weak ac networks and oscillatory modes of interest
are given in Table 3.7.

It can be noted that the modelling of delays in instantaneous d-q quantities has
decreased both frequency and damping of modes 2 and 4. In addition, the modelling
of delay also introduced four additional modes and out of which two (modes 10 and
11) are critical as shown in Table 3.7. The damping of other modes (Mode 1, 3, 6, 7,
and 9) were adequate.

The participation of system states to the low damped modes (Modes 10 and 11)
are shown in Figure 3.10. It can be seen that major participations to these modes are

the measured d-q voltages and currents. However, a considerable high participation
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Figure 3.10: Participation factors of states to measurement delay modes (state num-
bers are given in Table 3.5)

from PLL (states 15, 16) can also be observed. This observation indicates that these
measurement delay modes are influenced by PLL gains.

The influence of PLL gains is further investigated using sensitivity analysis by
changing PLL gains of both sides one at a time. The PLL proportional gain Kpprr)
was changed from 10 to 200 in steps of 10 and the corresponding Kyprr) value was
changed from 50 to 1000 in steps of 50). The loci of interested modes for the change in
PLL gains of dc voltage controlling side (MMC1) and power controlling side (MMC2)
are plotted in Figures 3.11 and 3.12 respectively. It can be observed that when the
MMCI1 side PLL gains are increased, the critical mode (mode 10) moves towards more
stable region of the complex plane. In contrast, when the MMC2 side PLL gains are
increased, the critical mode (mode 11) moves in the undesirable direction and causes

instability for high PLL gains (Kpprr)>100 and Kjprr)>500). It was noted that
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Figure 3.11: Loci of critical modes for a change in rectifier (dc voltage controlling)
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Figure 3.12: Loci of critical modes for a change in inverter (power controlling) side
PLL gains
the loci of all other modes reported in Table 3.2 lie in stable region for the above

changes in PLL gains.
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The frequency of the unstable mode (mode 11) seen in Figure 3.12, has a frequency
of is 43.45 Hz. This instability was further verified using EMT simulations on RTDS.
At steady state, the proportional gain of inverter side PLL was changed from 50 to
150 and the EMT simulation result is shown in Figure 3.13. It can be seen that the
growing oscillations in the inverter side dc voltage shows a frequency of 43 Hz, which

is close to the unstable mode observed by small-signal stability assessment.

3.5 Chapter Summary

A comprehensive analysis of small-signal stability of the MMC-VSC system has been
presented in this chapter. The influence of network and controller parameters to the
stability of the system is analysed by means of small-signal stability assessment. It
is demonstrated that the change in ac system strength can significantly influence the
MMC-VSC system stability. The importance of modelling the delays introduced by
measurement transducers is discussed. In addition, it has been shown that the use of
very high PLL gains for the MMC that controls the active power can lead the system

to instabilities.
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Chapter 4

Generalized Frequency-Domain

Controller Tuning Procedure

The key contribution of this thesis is the development of a generalized frequency-
domain controller tuning procedure to tune d-q decoupled controllers used in MMC-
VSC systems. The Pl-controller tuning problem is formulated as an optimization
problem. The objective function is written by incorporating frequency-domain sta-
bility attributes. The steps to solve the optimization problem using the simulated
annealing optimization technique is described in detail in this chapter. The main
advantage of the proposed controller tuning technique is the simultaneous tuning of
all PI-controllers in the d-q decoupled control system. In addition, any number of
converters in a dc grid can be simultaneously tuned using this technique. The ob-
jective function developed for the proposed method is general so that any suitable

optimization technique can be used.

71



Chapter 4: Generalized Frequency-Domain Controller Tuning Procedure

4.1 Application of Linear Control Techniques

In general, the linearized state-space model of a non-linear system can be expressed

by Equation (4.1).

AX = AAX + BAU (4.1)

Where AX is the state vector that consists of changes in state variables and AU
is the input vector that consists of changes in inputs to the system. Matrices A and
B are named as system matrix and input matrix respectively. The stability of the
test system around a particular operating point is determined by the eigenvalues of
the system matrix A. The system is stable only if all eigenvalues lie on the left-half
plane of the complex coordinate system [63]. Matrices A and B mainly depend on the
operating point at which the small-signal model of the non-linear system is obtained.
By considering a possible range of operating conditions, it is possible to investigate
the impact of controller gains on the overall stability of the system.

The performance of a system during a large disturbance, such as faults, is usually
governed by non-linearities such as limits and non-linear gains. However, the recovery
of the system after a large disturbance is determined by the modes of the system. A
better dynamic performance can be achieved if the oscillatory modes are adequately
damped and if the aperiodic modes have adequate large negative values (i.e.: fast
decaying time-constants). It was observed through simulations [49] and also reported
in literature [47] that converters interact through the dc system. In addition, the
system stability is influenced by the ac system strength [22, 49]. When a particular
operating point is considered, the controller gains decide positions of eigenvalues.
Therefore, the controller tuning method for such systems must consider the dynamics

of the entire system including the ac system, dc system, and control system.
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4.2 Development of Generalized Frequency Domain Controller

Tuning Procedure

In this research, the PI-controller gains of the entire MMC-VSC test system are tuned
by considering different operating conditions and ac system strengths. Damping
of oscillatory modes will decide the settling speeds of oscillations present after a
disturbance. The aperiodic modes or the real eigenvalues will determine the settling
times of dc offsets after a disturbance. Based on the understanding of the stability and
the dynamic performance of the linearized model of the test system, the objectives

of the optimization problem are defined:

e To improve the damping of low damped oscillatory modes while maintaining
the damping of well damped oscillatory modes for all considered operating con-

ditions.

e To move all aperiodic modes towards the left side of the negative real axis for

all considered operating conditions.

The gain tuning problem is formulated as a constrained optimization problem.
The constraints are the minimum and maximum values of the Pl-controller gains.
Available literature on tuning of d-q decoupled controllers does not provide the range
for the Pl-controller gains. Therefore, a minimum of a very small value and a max-
imum of very large value are selected as constraints to cover a wide search space.
In order to achieve the aforementioned objectives, an objective function based on
frequency-domain attributes of the system is developed as given by Equation (4.2).
I

-3,

=1

J
{ (aPAo(i,j) + ﬁpkr(@j)) } (4.2)
i=1

J
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where,

I is the number of operating conditions
J  is the number of eigenvalues of the system
¢ denotes the ith operating condition
j  denotes the jth eigenvalue
P*  penalty function corresponding to oscillatory modes
P penalty function corresponding to aperiodic modes
«  is the weight of the penalty function for oscillatory modes

B is the weight of the penalty function for aperiodic modes

It must be noted that the weights o and [ for the penalty functions affects the
rate of convergence of the optimization problem. However, the values of a and (8
will not influence the required stability performance. It is because, at the end upon
convergence, the optimized controller parameters will result a objective function value

that satisfies the convergence criteria.

4.2.1 Penalty Functions

It is desired to have adequate damping for oscillatory modes and adequately large
negative values for aperiodic modes. Therefore, penalty functions with positive values
are assigned for each oscillatory mode and aperiodic mode that does not satisfy the
performance criteria. The penalty function values for oscillatory modes and aperiodic
modes are calculated as shown by Equation (4.3) and (4.4) respectively. It can be

seen from the expressions for penalty functions that if the considered mode satisfies
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the performance requirement, then the corresponding penalty function is set to zero
and if not a positive value is assigned. The ultimate goal of the optimization problem
is to minimize the objective function (O), so that all the penalty functions reach zero

ensuring that stability performance criteria is met.

P/\o(i,j) _ 0 if C(Zvj) Z Cd? (43)
Ca—C(i,7) else

where,

C(i,7)  is the damping of jth (oscillatory) mode at ith operating condition

(4 1is the desired damping for that oscillatory mode

. 0 if 0—(27]) < 0y,
PAT(ZJ) — (44)

o(i,j) —oq else

o(i,j) s the value of jth (aperiodic) mode at ith operating condition

o4 s the desired value for that aperiodic mode

It was observed and reported in Chapter 3 and in [53] that MMC-VSC systems
consists of two sets of oscillatory modes. They are network modes (electrical reso-

nances) that highly depend on the network parameters, and controller modes that
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highly depend on controller gains and time-constants. It was observed that the damp-
ing improvement of dc resonance through controller gains is limited. In addition, it
was noted that any attempt to improve the damping of these modes could adversely
affect the performance of the other controller modes. This problem was specifically
noticed when the ac grid is weak (SCR=1.5). Therefore, it is very important to iden-
tify these electrical resonances before starting to tune the controllers and also it is
important to set the required damping of these electrical resonances accordingly.
The objective function in Equation (4.2) is general and any suitable optimization
technique can be used to solve for controller gains that give required performance
criteria. However, a meta-heuristic optimization technique is desired as they are very
powerful compared to other optimization techniques. In this thesis, the simulated
annealing optimization technique is successfully applied to solve the optimization

problem.

4.3 Simulated Annealing

Simulated annealing is an effective global optimization technique that has been widely
applied to find optimal solutions for large combinatorial optimization problems. This
optimization technique is developed by using the analogy of the physical annealing
process of a substance. There are a number of advantages associated with this opti-
mization technique including the following smart features that are relevant to solve

the optimization problem developed in this thesis.

e Flexibility of dealing with a large number of variables.
e Simplicity of constrain handling.

e Ensuring the global optimum solution.
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4.3.1 Physical Annealing Process

In thermal physics, the annealing is defined as the process to achieve the minimum
energy state of a substance. In this process, a solid is heated to a very high temper-
ature at which it melts into its liquid state and all molecules in that liquid randomly
move and arrange in arbitrary positions. Then, the temperature of that substance is
slowly reduced until it reaches the thermal equilibrium in the solid state. Slow and
steady cooling will ensure that at each temperature, the molecules in the substance
achieve the minimum energy state. To ensure this thermal equilibrium, the molecules
must be allowed sufficient time at temperatures in the vicinity of the freezing point
(64, 65]. If the cooling is not slow enough, then the solid may escape from thermal
equilibrium and result in a crystal structure and that process is known as quenching.
The thermal equilibrium at a single temperature of a substance that is in the
cooling process can be explained using the Metropolis criteria. At a fixed temperature,
the state of a substance is defined by the position of its molecules and it is quantified
in terms of the total energy of the substance (F). When a randomly generated small
perturbation is applied to a particle, the state of the substance will change and achieve
a new state at which the total energy can be different from the pre-disturbance value.
Metropolis [66] has defined a criterion for accepting the new state as stated below.

Metropolis Criterion

e [f the new state contains lower total energy compared to the previous state,

then the new state is accepted.

e [lse, the new state is accepted with the probability given by Equation (4.5).

p(AE) = e (%557) (4.5)
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where,

AE s the change occurred in the total energy of the solid due to the perturbation
Kp is the Boltzmann’s constant

T is the temperature of the substance

The Metropolis criteria explains the possibility of achieving the minimum energy

state at a given temperature.

4.3.2 Simulated Annealing Optimization Technique

Simulated annealing is inspired by the physical annealing process. Analogies used in
this optimization method to mimic the physical annealing process is given in Table
4.1. The parameter known as temperature is set to a very high value at the beginning
of the optimization problem to mimic the physical annealing that begins at a heated
liquid state. The incorporation of Metropolis criterion will ensure that the objective
function escapes from local minima when solving optimization problems. It can also
be shown that when temperature becomes low (i.e: when reaching freezing point)
the probability of accepting higher energy states becomes less, which guarantees the

achievement of global minimum.

4.4 Application of the Simulated Annealing Optimization

Method to Solve the Optimization Problem

The simulated annealing optimization method used in this thesis is explained using

a flow chart shown in Figure 4.1. There are two loops used in this optimization. The
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Table 4.1: Analogy between physical annealing and simulated annealing optimization

Actual Analogy
Thermodynamic system | Optimization problem
Molecules Variables

Energy Objective function
Frozen state Optimal solution

outer loop runs until the objective function becomes less than a threshold value or
until the iteration count reaches a maximum (ite'r’l( MA X)). The inner loop runs until
the optimum solution at each value of temperature (C) is found.

The outer loop is evaluated once at each value of temperature (C') and the inner
loop is evaluated based on the Metropolis criterion to find the optimum solution
at each value of temperature. At the beginning, the values for maximum iteration
counts (iteriarax), iteraaax)) for each loop, minimum (Kpany, Kiurny) and
maximum (Kpax), Kiax)) values of gains are chosen. Then, variables such
as temperature and Pl-controller gains are initialized. Using the initial gains, the
value of the objective function is evaluated and stored as the best solution for the
first iteration. Then, the temperature is reduced based on the relationship given by
Equation (4.6) in which the constant K, is selected to have a value close to and less

than 1 to mimic the physical annealing which is a slow process.

C(itery) = K. x C(iter; — 1) (4.6)

The inner loop uses the Monte Carlo method to simulate the Metropolis crite-
rion at a fixed value of temperature (C'). The inner loop iteration count maximum
(itera(amraxy) is chosen according to the Equation (4.7), where My > M, and Cegyq is

the temperature when the objective function is close to the specified threshold value.
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Initialize parameters (gains,
temperature, iteryax), itervax))
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> iter, = iter, + 1
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Figure 4.1: Flow chart to explain the simulated annealing algorithm
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) Ml it C S C’colda
itera(vrax) = (4.7)
My else

In the Monte Carlo simulation, if the objective function has reduced, then the
new solution is accepted. On the other hand, if the objective function has increased,
then the acceptance of the new solution is based on the Metropolis criteria, which is

given in Equation (4.8).

accept  if e AO/KC > rand(),
Newsolution = (4.8)

discard else

where AQO is the change in objective function, K} is the Boltzmann constant, C'
is the temperature, and rand() is a random number between 0 and 1. In simulated
annealing optimization, the Metropolis criteria creates opportunities to escape from
local minimum points while solving the optimization problem.

At each iteration of the Monte Carlo simulation, values of the variables (in this
case, the Pl-controller gains) are changed by a small amount, which is random and

calculated as shown by Equation (4.9).

Kp(itery) = Kp(itery — 1) + fracp * (rand() — 0.5)

Kj(itery) = Kj(itery — 1) + fracy * (rand() — 0.5) (4.9)

where rand() is a random number between 0 and 1, fracp and fracy are defined
to scale the change applied to proportional and integral gains of PI-controllers. Upon
convergence, the algorithm returns the best gains for the Pl-controllers that meet

specified performance requirements defined by the user.
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4.5 Application of the Proposed Controller Tuning Proce-

dure to the Test System

The application of proposed controller tuning procedure to the MMC-VSC test sys-
tem is discussed below in detail. The performance of the tuned controller gains are
evaluated by applying them to the EMT model of the test system. The strengths of
ac systems connected to MMC-VSC test system are set to reflect moderately strong

ac connections (SCR=2.0).

4.5.1 Performance Criteria to Solve the Optimization Prob-

lem

The MMC-VSC system consists of two sets of oscillatory modes: electrical resonances
and controller modes. The damping improvement of electrical resonances through
controller gains is limited. Therefore, the required damping for electrical resonances
is set to 20 %. The damping requirements for controller modes are set to 80 %. In
addition, the requirement for aperiodic modes is set to -5. The other parameters used
for the optimization problem are given in Table 4.2. To cover the complete operating
region of the test system, 17 operating points shown in Table 4.3 are considered for
the controller tuning. The first five operating points are to consider different power
levels at rated ac and dc voltage conditions to cover the normal operating conditions.
The next eight ac voltage operating points (four per each side) are selected to cover
ac voltage variations between 0.9 p.u. and 1.1 p.u. The final four operating points

use different dc voltage settings from 0.9 p.u. to 1.1 p.u.
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Table 4.2: Optimization parameters

Parameter Value
(4 for electrical modes 20 %
(g for controller modes 80 %
04 -5
I (No of operating points) 17
J (No of eigenvalues) 27
iter (max) 20000
Tolerance 0.00001
My, My 10, 3
Ceold 0.001
K. 0.98
Kp 1
a, B 1,1
fracp, fracy 0.01, 0.1

4.5.2 Selection of Initial Values for Controller Parameters

Selection of the initial controller parameters is an important step in many controller
tuning methods based on optimization techniques. However, in this study, it was made
sure that the initial parameters must be easily selected with very little knowledge on

the d-q decoupled control system. Simply, two norms given below were used to select

initial gains in Table 4.4.

1. DC voltage controller has to be faster than the active power controller to main-

tain the dc voltage stability.

2. Inner-loop controllers have to be faster than the outer-loop controllers for the

overall system stability.
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Table 4.3: Operating points considered for controller tuning

Operating Terminall Terminal2

Points Ude1 Vi Qn Py Via Qe

OP-01 1.00 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-02 1.00 p.u. | 1.00 p.u. | 0.03 p.u. | -0.75 p.u. | 1.00 p.u. | -0.08 p.u.
OP-03 1.00 p.u. | 1.00 p.u. | 0.07 p.u. | -0.50 p.u. | 1.00 p.u. | -0.02 p.u.
OP-04 1.00 p.u. | 1.00 p.u. | 0.14 p.u. | -0.25 p.u. | 1.00 p.u. | 0.00 p.u.
OP-05 1.00 p.u. | 1.00 p.u. | 0.17 p.u. | 0.00 p.u. | 1.00 p.u. | 0.00 p.u.
OP-06 1.00 p.u. | 1.10 p.u. | -0.37 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-07 1.00 p.u. | 1.05 p.u. | -0.27 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-08 1.00 p.u. | 0.95 p.u. | -0.11 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-09 1.00 p.u. | 0.90 p.u. | -0.04 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-10 1.00 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 1.10 p.u. | -0.36 p.u.
OP-11 1.00 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 1.05 p.u. | -0.26 p.u.
OP-12 1.00 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 0.95 p.u. | -0.10 p.u.
OP-13 1.00 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 0.90 p.u. | -0.03 p.u.
OP-14 1.10 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-15 1.05 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-16 0.95 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.
OP-17 0.90 p.u. | 1.00 p.u. | -0.18 p.u. | -1.00 p.u. | 1.00 p.u. | -0.17 p.u.

4.5.3 Discussion on Tuned Controller Parameters

The tuned gains in Table 4.4 were obtained by applying the proposed tuning method
to achieve the damping performances given in Section 4.5.1. Note that the idea of
the proposed tuning method is to meet the design specification and not to obtain the
most optimum solution. The values of objective function against iteration numbers
are plotted in Figure 4.2. The pattern of convergence shown in Figure 4.2 confirms
that the simulated annealing method of optimization is capable to escape from local

minima. It can be seen from Table 4.4 that the dc voltage controller gain has increased
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Table 4.4: Initial and tuned controller gains

) MMC1 MMC2
Controller | Gain
Initial | Optimized | Initial | Optimized
Kp 50 50.9 50 50.8
PLL
K; 250 249.4 250 249.5
DC Voltage Kp 2 9.4 1 0.6
Active Power K; 20 40.9 20 12.7
K 1 2.7 1 1.1
AC Voltage r

K; 20 23.8 20 12.7
d-axis Kp 1 1.2 1 0.8
Current K; 100 101.8 100 92.9
q-axis Kp 1 1.3 1 0.9
Current K; 100 102.8 100 98.9

to improve both dc mode and dc resonance (modes 5 and 8). The terminall ac voltage
controller proportional gain has increased to improve other oscillatory modes. In
contrast, the PLL gains haven’t changed from the initial values. Therefore, it can be
said that the PI-controller gains of the d-q decoupled controller have greater impact

on the system stability compared to the influence of the PLL gains on the stability.
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Figure 4.2: Variations of values of objective function with the iteration number
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4.5.4 Performance Evaluation of Tuned Parameters

The tuned gains were applied to the EMT simulation model of the test system and dif-
ferent disturbances such as step changes, power ramp-up, and three phase faults were
applied to the system. Simulation results with initial and tuned gains are compared

for each disturbance to show the efficacy of the controller tuning method.

Step Change in DC Voltage

The test system was set to deliver 500 MW (1 p.u.) to the ac system connected
to terminal2 at rated ac voltages and 0.95 p.u. dc voltage. At steady state, a step
change of 0.05 p.u. was applied to the terminall dc voltage reference at 0.2 s. The
EMT simulation results obtained using both initial and tuned controller gains are
compared in Figure 4.3.

It can be observed that the low frequency oscillations seen in active power, dc
current, and both ac and dc voltages are well damped by the tuned controller gains.
In addition, the settling time is significantly improved. Although the overshoot seen
in active power and dc current has slightly increased, the overall performance of
the system with the tuned parameters is improved compared to that with the pre-

optimized gains.
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Figure 4.3: Variations of active power, dc current, ac voltage, and dc voltage for a
step change in dc voltage reference at 0.2 s

Step Change in Active Power

At the rated voltage conditions, the ac system at terminal2 was set to receive 450
MW (0.9 p.u.) power. A step change of 0.1 p.u. was applied to the power reference
of terminal2 to bring the transmitted power to the rated value. The EMT simulation
results for the above disturbance are shown in Figure 4.4. It can be observed that
the results of the case with tuned controller gains show improved settling time in ac
and dc quantities. In addition, the large overshoots seen in both active power and dc

current are eliminated.
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The results provided in Figures 4.3 and 4.4 prove that the test system with tuned
controller gains produces acceptable results for step changes. However, it is also
required to investigate the efficacy of the tuned gains when the test system is subjected

to large disturbances such as power ramp-up and three phase faults.
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Figure 4.4: Variations of active power, dc current, ac voltage, and dc voltage for a
step change in active power reference at 0.2 s

Quick Power Ramp-Up

The test system was set to transfer power from terminall to terminal2 at rated ac
and dc voltages and the initial power was set to zero. The power order of terminal2

was changed from 0 to 1.0 p.u. at 4 p.u./s to reflect a quick power ramp-up. Time-
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domain simulation results corresponding to the power order change with initial and

tuned controller gains are compared in Figure 4.5.
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Figure 4.5: Variations of active power, dc current, ac voltage, and dc voltage for a
power order change at 0.2 s

It can be observed that the voltage dips in ac and dc voltages are reduced with
tuned gains. In addition, the overshoot observed in power and dc current are elimi-

nated. Moreover, the settling time of ac and dc quantities are significantly improved.

Three Phase Faults

Among ac faults, the three phase to ground faults are considered the most severe fault.

To explore the system performance for the worst case scenario, three phase faults with
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a duration of 10 cycles and negligible impedance were applied to ac terminals one at
a time. Time-domain simulation results for faults at terminall and terminal2 are

shown in Figures 4.6 and 4.7 respectively.
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Figure 4.6: Variations of active power, dc current, ac voltage, and dc voltage for a
three phase fault on terminall at 0.2 s
It can be observed that the simulation results with tuned gains show improved
settling time and damping. Although the overshoots in power and dc current (for the
fault at terminal2) are a little higher compared to the simulation with initial gains,

the overall performance is better with the tuned gains.
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Figure 4.7: Variations of active power, dc current, ac voltage, and dc voltage for a
three phase fault on terminal2 at 0.2 s

The time-domain simulation results shown in Figures 4.5-4.7 show that the tuned
controller parameters give acceptable performance for large transients including three
phase to ground faults.

It must be noted that unsymmetrical faults such as single phase and two phase
faults are not studied in this thesis. It is because of the fact that unsymmetrical
faults require special controllers such as negative sequence controller and they are
not modelled in the test system. In addition, these special controllers need to be
tuned by exploring time-domain responses of the system for such disturbances and

such controller tuning is out of the scope of this thesis.
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4.6 Steps to Tune Controllers of an MMC-VSC System

e Step-1: Develop a small-signal model of the MMC-VSC system under study
including dynamics of the ac system, dc system, converter (including arm induc-
tor and losses), and control system (including control-loops, measuring delays,
and PLL). It would be important to validate the small-signal model against a

non-linear EMT simulation model of the test system.

e Step-2: Use initial estimated values for the controller parameters and perform
small-signal stability assessment to identify the low damped oscillatory modes
as well as the sensitive aperiodic modes. In addition, perform the participation

factor analysis to classify modes into electrical resonances and controller modes.

e Step-3: Chose sufficient number of operating points to cover the possible oper-
ating regions of the MMC-VSC system. The small-signal model is valid in the

operating region close to the operating point that is used to develop the model.

e Step-4: The damping improvements of electrical resonances through controllers
are limited. Therefore, the required damping of these modes have to be set
carefully. Similarly, set the required damping for controller modes and required

negative values for aperiodic modes.

e Step-5: Formulate the frequency-domain objective function considering all op-

erating conditions and the required performance criteria.

e Step-6: Apply the controller tuning procedure proposed in this thesis to tune
Pl-controller parameters. It must be noted that the optimization problem is
general so that any meta-heuristic method that can handle large number of

variables can be chosen as the optimization method.
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e Step-7: Evaluate the performance of the tuned controller gains by applying
them to the EMT simulation model of the test system. Apply a wide range of
disturbances such as step changes and large transients to test the effectiveness
and robustness of the tuned controller gains before using the tuned gains on a

practical system.

4.7 Chapter Summary

This chapter proposed a generalized frequency domain controller tuning procedure
that can be used to simultaneously tune all PI-controllers in MMC-VSC systems.
The steps to solve the developed optimization problem using the simulated annealing
technique has been explained. Importantly, it has been identified that the PLL gains
have less influence on the system stability compared to the d-q decoupled controller
gains. The EMT simulation results with both initial and tuned gains have been
compared for a wide range of disturbances such as step changes and large transients.
It has been shown that the performance of the test system with tuned gains is superior
compared to that of initial gains. Finally, the steps to tune controllers of a given
MMC-VSC system are outlined to show how this method can be adopted for practical

HVdc projects.

93



Chapter 5

Important Aspects of Controller

Tuning of MMC-VSC Systems

Voltage source converters can be connected to weak or passive ac networks to
transmit power. However, the transient and small disturbance performance of a VSC
system connected to a weak ac network will depend on ac system strength, controller
parameters, and dc system. Recent research articles investigate the stability of VSC
systems connected to weak ac systems [44, 67, 68, 69]. This chapter is dedicated to
examine the suitability of the proposed controller tuning method considering differ-
ent ac system strengths and measuring delays in instantaneous voltage and current

measurements.

5.1 Impact of AC System Strength

To explain the influence of the ac system strength on the stability of MMC-VSC

systems, the point-to-point MMC-VSC test system was connected to two ac networks
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with SCR of 2.0. At steady state, the SCR of terminal2 was changed from 2.0 to 5.0,
3.0, 1.5, and finally back to 2.0 at 2s, 4 s, 6 s, and 8 s respectively. The controller gains
used for this simulation are the initial controller gains and throughout the simulation,
the SCR of terminall was kept at 2.0. The EMT simulation results corresponding to

above changes in SCRs are shown in Figure 5.1.
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Figure 5.1: Variations of ac and dc quantities for changes in ac system strength

It can be seen from Figure 5.1 that when the system becomes strong (time in-
stances 2.0 s and 4.0 s), the transients are very small and the ac voltage is within
+0.02 p.u. limits of the nominal value. However, when the system becomes weak (at

6.0 s), the transients are large and the ac voltage shows a transient dip to 0.9 p.u.
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In addition, it can also be seen that the changes of system strength of one ac system
influences the ac and dc quantities of the opposite side. Therefore, it is important to
assure that there is no poorly damped modes present in the system. The controller
tuning procedure proposed in this thesis improves the damping of poorly damped
modes. Therefore, it is possible to have satisfactory performance of MMC-VSC even

with weak ac connections.

5.1.1 Short Circuit Ratio Estimation

In VSC controller tuning, the short circuit ratio (SCR) estimation is important as the
ac system strength has an influence on the system stability. System strength of an ac
system is an accepted measure of the interaction between ac and dc systems in HVdc
studies [70]. Typically, the term SCR is used to represent the strength of an ac system
in ac-dec studies. Studies in [22, 71] show that the control of a VSC station becomes
easy when it is connected to a strong ac bus, whereas a weak ac network connection
will result in high temporary over voltages at the network bus, increase the chance of
leading to a voltage instability, and result in a long restart time after a shut-down.
In previous studies on VSC controller tuning, the SCR information has simply been
ignored [72, 73, 31, 32]. However, the system strength has a significant influence on
the system stability [22]. In order to include the SCR information in control loop
tuning, the first step would be to estimate the system strength of the connected ac
system. The available methods to estimate Thévenin equivalent parameters of an ac
power system are summarized below.

Estimation of the ac system strength has been a challenging task since 1980s as a
problem of finding the Thévenin equivalent parameters of an ac network for voltage

stability studies. A number of methods have been proposed to estimate the Thévenin

96



Chapter 5: Important Aspects of Controller Tuning of MMC-VSC Systems

equivalent parameters of an ac system. A method based on Kalman filter to estimate
the Thévenin equivalent parameters is presented in [74]. This method estimates the
Thévenin equivalent voltage and a series reactance using voltage, current, and reac-
tive power measurements at the power system node of interest. In [75], the system
admittance matrix is calculated using the node voltages from a power-flow solution.
Then, the admittance matrix is inverted to find the impedance matrix and also the
Thévenin equivalent impedance seen at any node of interest. In [76], local measure-
ments are used to estimate the Thévenin equivalent impedance. To minimize the error
in estimation, a least square method is employed in [76]. Phasor measurements are
used in [77] to estimate the Thévenin equivalent parameters neglecting the resistive
component of the Thévenin impedance. In [78], two consecutive sets of measurements
obtained from a phasor measurement unit (PMU) are used to estimate the Thévenin
equivalent parameters by applying Tellegen’s theorem. An improved method using
three PMU measurements to estimate Thévenin equivalent parameters is presented
in [79]. The methods discussed above are developed to estimate the Thévenin equiv-
alent parameters of a power system seen from the node of interest. In contrast, in
HVdc stability studies, the complete ac system connected to the HVdc terminal is
represented using the Thévenin equivalent. In this thesis, a simple technique named

as the voltage pulse method is used to estimate the SCR.

Voltage Pulse Method

The ideas presented in literature motivated the use of the ac voltage pulse technique
for SCR estimation, which is a modified version of the previous works [76, 77, 79].
This method uses two sets of voltage and current phasors that are measured at the

network terminal of a VSC system at two different steady state operating conditions.
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One of the main challenges stated in literature regarding the estimation of Thévenin
equivalent parameters is that the variation in power caused by the intermittent nature
of loads. In dc transmission systems, typically the power flow is controlled by the
converter controls. Therefore, the SCR estimation is less complicated in VSC systems.

The theory behind this voltage pulse method is simple as explained below.

t'

I
Zs
Vs Vi Z.

Figure 5.2: A simple electric circuit

Consider an electric circuit as shown in Figure 5.2. The source model represents
the ac system seen from dc side at the network terminal and the load (Z}) represents
the dc system seen from ac side at the same network terminal. Table 5.1 shows the
phasor measurements of voltages and currents at two different operating conditions
and the angles are measured with respect to a common reference. In a practical power

system, the common reference could be the voltage phasor of a strong bus.

Table 5.1: Steady state phasor measurements

Operating Point | Voltage | Current

OP1 Vi £0.1 11 /05,

OoP2 Vie 20,9 I19 2059
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It has to be noted that the first operating point (OP1) corresponds to the nominal
operating condition of the system. The second operating point (OP2) is obtained by
changing the terminal ac voltage (V;) by a small amount for a small period. Assuming
that the source voltage (V) is a constant during the small period in which the terminal
voltage (V%) is changed, Equations (5.1) and (5.2) can be written for the two operating

conditions OP1 and OP2 respectively.

Ve = Vud0n + Zy x 11 £0; (5.1)

‘/s = ‘/t249112 =+ Zs X Itlleig (52)

By equating V; in above equations, the source impedance (Z;) can be written as

given by Equation (5.3).

In20i — 1o 2055
Using this source impedance, the SCR can be calculated by substituting the known
values of the rated line-line RMS value of the terminal voltage (V;) and the rated dc

power (FPy.) in Equation (5.4).

(V2/Zun)

SCR = P

(5.4)

This method of SCR estimation require voltage and current measurements to be
taken at two different operating conditions. However, in a practical power system,
it is not recommended to change the operating point too far from the desired steady
state operating condition. Therefore, a very small pulse (0.02 p.u.) is applied to the

ac voltage reference (Vy(,)) for a small period of time (100 ms) to change the operating
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point of the MMC-VSC test system by a small amount for a short time period. This

SCR estimation method is successfully modelled in the EMT model of the MMC-VSC

test system.

Performance Evaluation of Voltage Pulse Method

To evaluate the performance of the SCR estimation method proposed in this thesis,

the test system is simulated with different ac system strengths and at each setting,

the SCR is estimated. The SCR value is set by using proper values for the Thévenin

source impedance. Table 5.2 shows the maximum percentage error calculated for 10

estimations for each SCR setting. It can be seen that the maximum error is close to

1 %. Therefore, this method provides a good estimation of SCR that can be used for

VSC controller tuning purpose.

Table 5.2: Maximum percentage error in SCR estimation with constant Thévenin

voltage
Actual SCR | Estimated SCR | Percentage Error (%)
1.5 1.502 0.13
2.0 2.021 1.05
2.5 2.501 0.04
3.0 3.003 0.10
4.0 4.042 1.05
5.0 5.015 0.30

The results shown in Table 5.2 are obtained by assuming a constant Thévenin

source voltage. However, when representing an actual ac power system using a

Thévenin equivalent, the Thévenin equivalent voltage cannot be assumed as a con-
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stant. Therefore, to evaluate the performance of the estimation method under fluc-
tuating source voltage conditions, 3% and 5% (worst case) voltage fluctuations are
applied to the Thévenin equivalent voltage. The voltage fluctuation is generated using
a white noise generator (with a mean of 0 and a standard deviation of 1). For each
SCR setting 10 readings are taken and the calculated percentage error in estimation
are shown in Table 5.3.

Table 5.3: Maximum percentage error in SCR estimation considering fluctuation in
Thévenin voltage

Maximum Percentage Error (%)
SCR
3 % Fluctuation in Voltage | 5 % Fluctuation in Voltage

1.5 2.8 3.9
2.0 2.7 7.5
2.5 5.0 10.0
3.0 6.1 9.1
4.0 7.3 9.3
5.0 5.3 17.0

It can be observed that the estimation accuracy reduces when the SCR increases.
However, in this thesis, the SCR is estimated to categorize the ac systems into strong
or weak. It is because, the controller gains tuned for a strong system can be used when
the ac system is moderately strong and above (SCR>2.0) and the controller gains
have to be changed when the ac system becomes weak (SCR<2.0). Therefore, the
estimation accuracy obtained using the voltage pulse method is sufficient to design

the control system for MMC-VSC systems.
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5.1.2 Tuning of Controllers Considering Weak to Strong AC

Systems

It was shown through both EMT simulation results and eigenvalue analysis results
that the performance of an MMC-VSC system depends on the stregnth of the ac sys-
tem connected to its terminals. The effect of ac system strength on controller tuning
is studied by considering different ac systems such as a weak system (SCR=1.5), a
moderately strong system (SCR=2.0), strong systems (SCR=3.0, 5.0), and a very
strong system (SCR=20.0). The controller parameters for each SCR systems were
tuned separately using the controller tuning technique proposed in Chapter 4. Table
5.4 shows the initial and tuned controller parameters for different ac systems.

The performance of the tuned controller parameters is evaluated by applying them
to the EMT simulation model of the test system. The simulation results and the

observations are summarized below.

5.1.3 Performance of Tuned Controller Gains with Weak AC

Systems

To explain the efficacy of the proposed controller tuning method, the tuned controller
gains for the MMC-VSC test system with weak ac networks (SCR=1.5 on both sides)
is considered in this section. Simulation results with initial and tuned gains for
different disturbances are compared to show the efficacy of the proposed controller

tuning procedure.
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Table 5.4: Tuned Pl-controller gains for different SCR

. Initial Tuned Controller Gains
MMC PI Gain
Gains | SCR 1.5 | SCR 2.0 | SCR 3.0 | SCR 5.0
Kr | 500! 510 50.9 50.4 49.7
PLL1
K, | 2500 | 236.8 949.4 949.4 955.6
Ky 2.0 5.5 0.4 8.1 7.8
Vdec
“ g, 20.0 | 241 40.9 35.1 35.2
AR 1.0 1.8 2.7 0.8 0.5
K, 200 | 99.8 93.8 24.1 98.2
_ Kp 1.0 0.4 1.2 1.1 1.2
14
" K, | 100.0 | 24.0 101.8 101.8 101.6
, Kp 1.0 2.3 1.3 0.6 1.2
1
"R, T 1000 ] 1076 102.8 08.0 100.3
Kr | 500! 502 50.8 49.7 404
PLL2
K, | 2500 251.1 249.5 950.7 247.7
Kp 1.0 0.1 0.6 0.8 1.1
P
K, 20.0 8.5 12.7 13.2 16.5
ez | v, | KP 1.0 3.3 1.1 0.1 0.1
K, 200 | 345 12.7 20.5 27.4
, Kp 1.0 0.5 0.8 1.0 0.8
(2
2K, T 1000 674 92.9 101.6 93.4
, Kp 1.0 0.7 0.9 1.0 1.5
7
20k, T 1000 ] 1022 08.9 101.0 04.4

Step Change in Active Power

The test system was set to deliver 450 MW (0.9 p.u.) power to the terminal2 at rated
ac and dc voltages. At steady state, the power order to MMC2 was changed to 1.0
p-u. by applying a step change of 0.1 p.u. The time-domain simulation results with

initial and tuned gains are compared in Figure 5.3. It can be seen that there is a low
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frequency oscillation in ac and dc quantities when initial gains are used. It is because,
with the initial gains, there were low damped modes such as the dc link resonance
(seen in dc current) and the dc voltage controller mode. However, in the response
with tuned gains, the low frequency modes are well damped and the overshoots and

sharp voltage dips are eliminated. In addition, the tuned gains improved settling

times.
1.1
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Figure 5.3: Variations of active power, dc current, ac voltage, and dc voltage for a
step change in reference power of terminal2 at 0.2 s (SCR1=SCR2=1.5)
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Three Phase to Ground Fault

At steady state, when the rated power was transmitted from terminall to terminal2,
a three phase to ground fault with a duration of 10 cycle was applied at terminal2.
The EMT simulation result corresponding to the above fault is shown in Figure 5.4.
It can be observed that with initial gains the response of power and dc current show
undesirable oscillations. In addition, the ac voltage shows very high post transient
over voltage. The response with tuned gains is more satisfactory with well damped
oscillations and improved settling time. Importantly, the post fault ac over voltage

is eliminated.
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Figure 5.4: Variations of active power, dc current, ac voltage, and dc voltage for a
three phase fault at terminal2 at 0.2 s (SCR1=SCR2=1.5)
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5.1.4 Performance Comparison of Tuned Controller Gains

for Weak to Strong AC Systems

The tuned gains for ac systems with SCRs of 1.5, 2.0, 3.0, 5.0, and 20.0 are compared
in this section to show that similar performance of MMC-VSC system can be obtained
with different ac systems, if the controller gains are properly tuned. A sufficient
number of time-domain simulation studies were conducted to verify the transient and
small-signal stability performances. To support the claim, a small disturbance and a
large disturbance are discussed in this section.

When the ac system is strong, the outer-loop Pl-controller, that produces the
g-axis current reference, will be selected to control the reactive power. The reactive
power control is selected as a strong ac system acts as a stiff grid to hold the terminal
ac voltage. In contrast, when the ac system becomes weak, the outer-loop controller
is set to control the terminal ac voltage. The reactive power controller also can be
tuned using the controller tuning method proposed in this paper. In addition, it was
observed that when an ac system becomes strong, a set of controller gains can be
found that gives acceptable performance for a range of strong SCRs. Therefore, the
controller gains tuned for SCR=5.0 is used to simulate the system with SCR=20.0 to

show that when the ac system is strong, the controller gains can be kept the same.

Step Change in DC Voltage

At steady state, when the ac system at terminal2 was supplied with the rated power
of 500 MW at 0.95 p.u. dc voltage, a step increase of 0.05 p.u. was applied to the dc
voltage reference of terminall to bring the dc voltage to its rated value. The time-
domain simulation results of the MMC-VSC test system with different ac systems

ranging from weak (SCR=1.5) to very strong (SCR=20.0) are compared in Figure
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5.5. It can be seen that the performance of different SCR systems are similar and
acceptable. In addition, it can be noted that the ac voltage of the system connected
to SCR=20.0 is almost a constant even during the disturbance. This observation
explains that the ac voltage controller is not required for MMC-VSC systems when

connected to strong ac networks.
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Figure 5.5: Variations of active power, dc current, ac voltage, and dc voltage for a
step change in dc voltage of terminall at 0.2 s

Power Order Change

To study the response for a large transient, the power order of terminal2 was changed
from 0 to 1.0 p.u. at 0.2 s. The time-domain simulation results of MMC-VSC system
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connected to different ac systems are compared in Figure 5.6. It can be seen that
the behaviour of ac and dc quantities for various SCR are similar and variations are
within the acceptable range. Even for this large transient, it can be noticed that the

change in ac voltage is negligible for the case with SCR=20.0.
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Figure 5.6: Variations of active power, dc current, ac voltage, and dc voltage for a
power order change to terminal2 applied at 0.2 s

5.1.5 Tuning of Controllers Considering both Strong and

Weak AC Systems

In Section 5.1.2, the ac systems connected to both terminals were selected to have

same system strength. However, it is unlikely that both ac systems will have the same
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SCR . in practical HVdc systems. Therefore, to reflect a practical situation, different
possible combinations of strong and weak ac systems are considered for controller
tuning. A strong ac system with an SCR of 3.0 and a weak ac system with an SCR of
1.5 are considered for this exercise. Four cases; case-1: SCR1=3.0|SCR2=3.0, case-2:
SCR1=3.0|SCR2=1.5, case-3: SCR1=1.5|SCR2=3.0, and case-4: SCR1=1.5|SCR2=1.5
are the different possibilities with these two SCR values. These cases are selected to
cover all possible operating scenarios. The MMCI1 is selected as the rectifier with dc
voltage control and the MMC2 is chosen as the inverter with active power control.
The proposed controller tuning method is applied to tune the controller gains for each
case and the tuned gains are given in Table 5.5.

It can be noticed that the initial controller gains selected were the same for all
cases. However, due to the difference in system strengths, the tuned sets of gains
show considerable changes. Importantly, it can be witnessed that when the dc voltage
controlling side (terminall) becomes weak (cases 3 and 4), the d-axis controller gains
have to be slowed down to retain the stability of the system. However, the PLL gains
did not show much deviation from the initial values for all four cases.

The performance of the tuned VSC system under above mentioned operating
scenarios were evaluated using EMT simulations. In order to demonstrate that the
parameters tuned for a strong ac system is not suitable under a weak ac system
condition, all cases were also simulated with tuned parameters of case-1 (set-1) and
compared against the individually tuned cases (set-2). EMT simulation results for

some major disturbances are summarized.
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Table 5.5: Tuned Pl-controller gains for different cases

Optimized Gains for (SCR1/SCR2)
MMC | PI | Gain | Initial | Case-1 | Case-2 | Case-3 | Case-4
3.0/3.0 | 3.0/1.5 | 1.5/3.0 | 1.5/1.5
K 50 | 504 50.5 51.4 51.0
PLL1 P
K, 950 | 2494 | 249.7 | 239.7 936.8
Kp 9 8.1 6.6 5.2 5.5
UC
“ g, 20 | 351 27.1 23.1 24.1
alRE 1 0.8 1.1 1.5 1.8
K, 20 | 241 26.5 99.7 9.8
, Kp 1 1.1 1.1 0.4 0.4
7
Tk, 100 | 1018 | 103.3 37.9 24.0
, Kp 1 0.6 1.4 2.4 2.3
7
g, 100 | 98.0 973 | 103.2 107.6
K 50 | 49.7 50.9 50.1 50.2
PLL2 P
K, 250 | 250.7 | 2483 | 256.3 951.1
Kp 1 0.8 1.1 0.1 0.1
P
K, 20 | 132 20.7 6.8 8.5
wnicz | v, | Kr 1 0.1 1.4 0.1 33
K, 20 | 205 99.4 12.8 34.5
, Kp 1 1.0 1.0 0.3 0.5
7
2k, 100 | 101.6 96.5 25.3 67.4
_ Kp 1 1.0 1.0 0.5 0.7
(A
g, 100 | 101.0 | 1035 | 107.7 102.2

Quick Power Reversal

To reflect the power reversal operation, the power order of terminal2 was changed
from -1.0 p.u. to 1.0 p.u. with a rate of 5 p.u./s at 4.5 s and then at 10.5 s the power
order was changed back to -1.0 p.u. The EMT simulation results for the above power

transients are shown in Figure 5.7 for cases 1-4.
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Figure 5.7: EMT simulation results of dc current, active power, ac voltage, and dc
voltage for quick power reversal (C1: case-1, C2: case-2, C3: case-3, and C4: case-4)

It can be observed from Figure 5.7 (a) that the case-4 of set-1 (SCR1=1.5,
SCR2=1.5) is unstable with large oscillations in dc currents and huge over voltages
when the power is reversed. This is because the controller gains used for this simu-

lation were tuned for a strong system (SCR=3.0) and hence they are too fast for a
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system with weak ac network connections. In contrast, the simulation results shown
in Figure 5.7 (b) illustrates that the system is stable for the same power reversal
operation as the controller gains were tuned considering the actual SCR information.
Similar performances can be obtained under all possible ac system conditions with

properly tuned controller gains.

Three Phase to Ground Fault

A three phase to ground fault with negligible impedance (fault duration of 5 funda-
mental cycles) was applied to the inverter side ac terminal of the test system. The
simulation results for all four cases are shown in Figure 5.8. It can be observed from
Figure 5.8 (a) that case-2 and case-4 of set-1 (in both cases, the SCR1=1.5) show un-
desirable over-voltages. In addition, the settling time is also high. However, Figure
5.8 (b) shows more satisfactory fault performance of the system with considerably
damped oscillations. Importantly, the large post fault transients observed in power,
ac voltage, and dc voltages in both case-2 and case-4 are reduced with the set of gains

tuned for an MMC-VSC system considering different ac system strength.
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Figure 5.8: EMT simulation results of ac voltage, dc voltage, active power, and
reactive power for a three phase fault at terminal2 (C1: case-1, C2: case-2, C3:
case-3, and C4: case-4)

5.2 Impact of Measuring Delays

In practical systems, measuring transducers are used to measure instantaneous cur-

rents and voltages. In addition, it is required to separate these measurements into
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positive and negative sequence components in order to treat unbalanced conditions.
These operations introduce delays in instantaneous currents and voltages. It is shown
in Chapter 3 that the delays in instantaneous measurements can affect the stabil-
ity of MMC-VSC systems. In addition, it is shown that the poorly damped modes
introduced by the measuring delays can lead the MMC-VSC system to instabilities.
Therefore, it is important to tune controller gains considering effects of time delays
in instantaneous measurements. This is done by applying the proposed controller
tuning method to the upgraded small-signal model developed in Chapter 3.

It was observed that the oscillatory modes introduced by the delays in d-q voltages
cannot be improved much by adjusting controller gains as it highly depends on the
delay time-constant. Therefore, the required damping for modes 10 and 11 were set
to 15 %. In addition, it was also noted that the damping improvement of the dc reso-
nance through the controllers is limited. Therefore, the damping requirement for the
dc resonance was set to 15 %. Moreover, it was observed that the damping of modes
2 and 4 depend on the delay time-constants. Therefore, the damping requirement for
those modes were set to 25 %. The damping requirements for the other modes were
set to 80 %. Then, by applying the proposed controller tuning method, the controller
gains corresponding to all 4 cases were obtained. The initial and tuned controller
parameters are given in Table 5.6. Then, the tuned controller gains were applied to
the EMT model of the test system and two large transients were studied as described

in the following section.

5.2.1 Quick Power Reversal

A quick power reversal operation was studied. The power reference to terminal2 was

changed from -1.0 p.u. to 1.0 p.u. with a rate of 5 p.u./s at 3 s and then at 6 s the
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Table 5.6: Tuned Pl-controller gains for different cases considering the measuring
delays

Optimized Gains for (SCR1/SCR2)
MMC | PI | Gain | Initial | Case-1 | Case-2 | Case-3 | Case-4
3.0/3.0 | 3.0/1.5 | 1.5/3.0 | 1.5/1.5
iy LK 5 | 504 50.0 52.7 51.9
K, 250 | 249.2 | 2500 | 246.8 | 242.1
Ky 2 5.2 5.5 6.3 6.5
e T 20 | 208 21.7 26.8 27.5
wier | o | K 1 1.2 0.9 1.2 1.2
K, 20 | 245 204 | 99.0 99.0
, Kp 1 0.9 1.0 1.3 1.3
e g, 100 | 970 | 1065 | 319 31.2
, Kp 1 0.7 0.7 1.2 1.3
e T 100 | 948 99.1 88.8 99.3
o | K 5 | 500 50.1 50.7 50.7
K, 950 | 249.6 | 2567 | 249.3 | 2487
b | K 1 0.4 1.1 0.1 0.1
K, 20 | 1938 14.2 8.4 10.0
wice | o, | Kr 1 0.9 11 1.4 3.5
K, 20 | 215 227 | 321 32.8
. Kp 1 0.9 1.0 0.8 1.0
Ty 100 | 971 | 1045 76.4 68.0
, Kp 1 0.7 14 0.7 1.4
T, 100 | 959 | 1040 | 101.0 | 104.2

power order was changed back to -1.0 p.u. at the same rate. The EMT simulation
results obtained for the power reversal are shown in Figure 5.9. It can be observed
that the performances of the MMC-VSC system for all four cases are similar and

acceptable.
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Figure 5.9: EMT simulation results of dc current, active power, ac voltage, and dc
voltage for quick power reversal (C1: case-1, C2: case-2, C3: case-3, and C4: case-4)

5.2.2 Three Phase to Ground Fault

A three phase fault with negligible impedance and 5 cycle duration was applied to
the inverter (terminal2) ac terminal. The EMT simulation results of all 4 cases are
shown in Figure 5.10. It can be observed that the performance of the MMC-VSC
system for a three-phase fault at the inverter is acceptable with the tuned controller

gains.
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Figure 5.10: EMT simulation results of ac voltage, dc voltage, active power, and
reactive power for a three phase fault at terminal2 (C1: case-1, C2: case-2, C3:
case-3, and C4: case-4)

5.3 Discussion on Computation Time for Controller Tuning

The performance of the proposed controller tuning algorithm is evaluated by calcu-
lating the average time taken to simultaneously tune all PI-controllers in the test
system. Different ac system strengths ranging from weak to strong systems are con-
sidered and the performance requirements are set as the same. For each ac system,

the average time taken to tune controllers on a general purpose computer (with 4
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Table 5.7: Average computation time

Short circuit ratio (SCR) | Average computation time
5.0 less than a minute
3.0 ~2 minutes
2.0 ~9 minutes
1.5 ~30 minutes

cores) are given in Table 5.7. It can be observed that the proposed controller tuning
technique takes only a few minutes to simultaneously tune all PI-controllers of the
MMC-VSC system connected to ac systems with SCR values higher than 2.0. From
the results provided in Table 5.7, it is clear that the proposed controller tuning is more
suitable to simultaneously tune converters in a dc grid compared to the time-domain

simulation based optimization techniques proposed in [22] and [80].

5.4 Guidelines for MMC-VSC Control System Design

Pl-controllers of any given MMC-VSC system can be simultaneously tuned using
the controller tuning procedure presented in Chapter 4 of this thesis. In addition,
based on the experience gained from controller tuning, non-linear EMT simulations,
and small-signal stability assessment of MMC-VSC systems, a number of key points
that need to be considered in designing control system of MMC-VSC systems are

summarized below.

1. Measurement delays may have a significant impact on the stability of VSC sys-
tems connected to weak ac grids. Therefore, it is necessary to properly model
the delays associated with measuring transducers and filters. In addition, the
selection of very high PLL gains will result unstable operation as poorly damped

modes introduced by measuring delays are sensitive to PLL gains.
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2. The analysis done in this thesis confirms that it is important to model the VSC
system in detail including the dynamics of ac system, dc system, d-q control

loops, measuring delays, and PLL, in order to assess the stability accurately.

3. The gains of active power, dc voltage, and d-axis current controllers have to
be reduced if the MMC-VSC system is connected to weak ac grids. When the
ac system is weak, the power transfer capability to the ac system is limited.
Therefore, it is essential to slow down the control actions of power and dc volt-
age controllers. In addition, the gains of d-axis current controllers have to be

reduced to act in-accordance with outer-loop controllers.

4. A weak ac system is not able to maintain the terminal voltage at 1.0 p.u.
Therefore, the ac voltage controller gains have to be increased to maintain the
ac bus voltage when the ac system is weak. A similar observation is reported

in [51].

5.5 Chapter Summary

This chapter discussed the influence of ac system strength and measuring delays in
instantaneous quantities on the stability of MMC-VSC systems. The controller tuning
considering different ac system strengths is discussed. Then, the controller tuning is
done considering both different ac systems and the effect of measuring delays in d-q
voltage and currents. A number of EMT simulation results are presented to show the

efficacy of the proposed controller tuning technique. In addition, the computation
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time required to simultaneously tune the controllers of the test system is briefly

discussed. Finally, important guidelines for MMC-VSC control system design are

summarized.
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Chapter 6

Conclusions, Contributions, and

Future Work

6.1 General Conclusions

A generalized frequency-domain controller tuning procedure for MMC-VSC systems
has been presented in this thesis. The gain tuning problem has been formulated as
a mathematical optimization problem in such a way that most meta-heuristic opti-
mization methods are candidates for solving it. In this thesis, the simulated annealing
method has been successfully applied. It has been shown that the proposed tuning
method can be applied to simultaneously tune controller parameters of of a point-to-
point MMC-VSC test system. In addition, the tuned PlI-controller parameters have
been rigorously tested by performing a wide range of EMT simulations on a real-time
digital simulator. The controller tuning procedure proposed in this thesis is generic

and can be adapted for any type of dynamic devices in power systems.
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The impacts of gains and time-constants of MMC-VSC control system units such
as d-q decoupled control loops, measurement transducers, and phase-locked loops
on the stability and dynamic performance has been investigated. It is shown that
the measuring delays in instantaneous d-q frame voltages and currents can introduce
poorly damped oscillatory modes. In addition, it is shown that these poorly damped
modes can make the MMC-VSC system unstable if very high PLL gains are used.
Moreover, it is also shown that properly tuned d-q decoupled controller parameters
can assure the stability of an MMC-VSC with weak ac connections even after being
subjected to large transients such as three phase to ground faults and emergency
full power reversal. Finally, based on the understanding of the test system, a set of
guidelines that needs to be considered in the planning stage of an MMC-VSC system
is summarized.

The research was started with developing the following models of a point-to-
point MMC-VSC system, which are essential to use the controller tuning procedure

proposed in this thesis.

e Electromagnetic transient (EMT) model with the typical control system in-
cluding d-q decoupled controller, circulation current suppression controller, and

basic protection is developed using the real-time digital simulator (RTDS).

e Linearized state-space model consisting dynamics of the ac system, dc sys-
tem, control system, PLL, arm inductor, converter losses, measurement filters,
and measuring delays in instantaneous voltages and currents is modelled from
scratch, coded using the MATLAB software, and validated against the EMT

simulation model.
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6.2 Contributions

The main contributions of the thesis are summarized below,

e A generalized frequency domain controller tuning procedure for simultaneous
tuning of converter controls is introduced. This novel technique is applicable to
tune controller parameters of any MMC-VSC system. In this thesis, this gen-
eralized frequency domain controller tuning method is used to simultaneously

tune all PI-controllers of the test system.

e The gain tuning problem is formulated as an optimization problem in-terms
of frequency-domain stability related attributes and the objective function is
general. Therefore, any suitable meta-heuristic optimization technique can be
applied to find solutions. In this thesis, the simulated annealing method of
optimization that can handle a large number of variable and guarantee the

global optimum solution is used to solve the problem.

e Important guidelines to design the control system of an MMC-VSC system
are proposed. The guidelines include the selection of Pl-controller parameters,

measuring time-constants, and PLL gains.

The key contributions of this thesis are published in reputed journals and conference

proceedings.

Transaction Papers

1. S. Arunprasanth, U.D. Annakkage, C. Karawita, and R. Kuffel, “Generalized
Frequency Domain Controller Tuning Procedure for VSC Systems,” IEEE Trans.
Power Del., vol. 31, no. 2, pp 732-742, Oct. 2015.
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Conference Papers

1. S. Arunprasanth, U.D. Annakkage, C. Karawita, and R. Kuffel,“Performance
Evaluation of the Generalized Controller Tuning Procedure for MMC-VSC Sys-
tems,” presented at the IEEE PES General Meeting, Boston, MA, USA, Jul.
2016.

2. S. Arunprasanth, U.D. Annakkage, C. Karawita, and R. Kuffel, “Generalized
Frequency Domain Controller Tuning Procedure for VSC Systems,” presented

at the IEEE PES General Meeting, Boston, MA, USA, Jul. 2016.

3. S. Arunprasanth, U.D. Annakkage, C. Karawita, and R. Kuffel, “A Generic
Point-to-Point MMC-VSC System for Real-Time and Off-Line Simulation Stud-
ies,” presented at the Int. Conf. Power Syst. Transients (IPST), Cavtat, Croa-

tia, Jun. 2015.

4. S. Arunprasanth, U.D. Annakkage, C. Karawita, and R. Kuffel, “Small-Signal
Stability Modelling and Analysis of an MMC-VSC System,” presented at the
CIGRE Canada Conf. Power Syst., Winnipeg, MB, Canada, Sep. 2015.

6.3 Future Work

Based on the experience gained throughout the work done in this thesis and the
knowledge on present work that are being carried out in different parts of the world,

a list of possible future directions of this work are outlined below.

e This thesis utilized the simulated annealing optimization technique to solve the
gain tuning problem that was formulated as a frequency-domain optimization

problem. However, one can also try with different optimization techniques such
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as particle-swarm optimization, genetic algorithm, ant-colony algorithm, or non-

linear simplex to solve the optimization problem and compare any advantages.

e In this thesis, the application of the proposed controller tuning method to tune
controllers of a point-to-point MMC-VSC system is shown. The application of
the proposed controller tuning procedure to a multi-terminal system is simi-
lar and simple as there are advanced small-signal modelling tools available at
present. Therefore, the tuning of multi-terminal MMC-VSC system using the
proposed method incorporating small-signal modelling software can be another

future direction.

e [t was observed and reported in this thesis that measuring delays in instanta-
neous d-q currents and voltages introduce poorly damped modes that lead an
MMC-VSC system into unstable operation when it is connected to weak ac net-
works. However, the researcher believes that a corrective action such as delay
compensation could improve the stability of the overall system. Therefore, such

an investigation could be a possible direction to be explored.

e A method to estimate short circuit ratio (SCR) of an ac system using the voltage
pulse method is investigated in this thesis. In addition, it was also observed
and reported that the controller gains have to be changed when the ac system
becomes weak (SCR<2.0). However, further investigation would be required to

accurately determine the strength of practical ac power systems.
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Appendix A

Additional Information

A.1 Generation of AC Voltage Using Voltage Source Con-

verters

The 2-level VSC was very common when the VSC technology was first considered for
the HVdec applications [81]. However, due to poor harmonic performance and high
losses, 3-level and multi-level VSCs were introduced. The evolution of VSC converter
technology is shown in Fig. A.1. The 2-level VSC can produce two voltage levels
(+Vae and —Vj.). The realization of a sine wave using a 2-level VSC is shown in
Fig. A.1 (a). It can be seen that the ac output wave contains harmonics. Then, the
3-level VSC is shown in Fig. A.1 (b) and the realized output voltage is more close to
the reference wave compared to the 2-level VSC output as three voltage levels (+Ve,
—Vie, and 0) are used. However, still the harmonic performance is not improved a
lot and needs harmonic filters which is an added cost. The more advanced type VSC
known as the MMC is shown in Fig. A.1 (c¢). The basic building block of an MMC

is known as a sub-module (SM) and an MMC is constructed by cascading a number
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of SM in series as shown in Fig. A.1 (¢). In contrast to the harmonic performance of
conventional 2-level and 3-level VSCs, the waveform generated by an MMC is very

close to the reference sine wave [82].

Vdc —_
Vdc
L Vec L
Vdc - -
Vdc —_—
AVac AVac AVac
+Vdc = 1 +Vdc = +Vdc
0 > 0 > 0]
t t t
—Ve = Ve = Vi
(a) 2-level VSC (b) 3-level VSC (c) MMC-VSC

Figure A.1: Evolution of VSC technology

A.2 Introduction to the RTDS Simulators

The RTDS simulator is a specially designed hardware based on parallel processing
techniques to conduct power system transient simulation studies in real-time by solv-
ing the Dommel’s EMT simulation algorithm [83]. Multiple racks of RTDS hardware
allows simulation of large power systems by splitting it into subsystems, each of which

is solved on individual racks. Each rack of RTDS consists of a Giga Transceiver Work-
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station Interface (GTWIF) card that handles the communication between the RTDS
simulator and host computers and a number of processor cards to simulate the be-
haviour of the test system.

The graphical user interface developed for the RTDS simulator is known as RSCAD.
The Draft module in RSCAD has a master library consists of generic components to
construct simulation cases. The constructed circuit is then compiled to generate the
simulation code needed to run the case using the RSCAD RunTime module. Run-
Time module in RSCAD allows the user to interact with their simulation by changing
switch states and set points. Power system transients can be recorded and displayed
in RunTime plots and also slow varying signals can be continuously monitored using
meters. RSCAD has separate modules to create transmission lines (T-Line module)
and cables (Cable module). RSCAD conversion tool allows the conversion of cases
from PSS/E to RSCAD and also from MATLAB Simulink to RSCAD. Finally the

C-Builder module allows user to create user defined models [84, 85, 86].

A.3 Open Loop Test on PLL Gains

A synchronous reference frame (SRF) PLL is supplied with a balanced three phase ac
voltage as shown in Fig. A.2. Then, the supply frequency was changed in steps from
60 Hz to 59.5 Hz, to 60.5 Hz, and back to 60 Hz at 0.2 s, 0.7 s, and 1.2 s respectively.
The response of PLL tracked frequency for different PLL gains are plotted in Fig.
A.3. It can be seen that the response of PLL is very slow and undesirable when the
PLL gains are very low (Kp=10, K;=50). On the other hand, the PLL response
does not improve a lot when the PLL gains are very high (Kp > 50, K; >250). The
conclusion from this open-loop test is that selection of suitable PLL gains (not very

low and not very high) will results good performance of the system. However, it is

128



129

abc to aff
conversion

Figure A.2: Model of SRF-PLL for open loop test
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Figure A.3: Response of PLL for step changes in input frequency

not complete to draw general conclusions based on the open loop test. Therefore, a

close loop test based on the small-signal model is presented in Section 3.4.2.
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