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Abstract

Over the last two decades, power systems have faced significant changes that affected
different aspects of their operation. These changes are caused by an ever-increasing
share of the converter-interfaced generation (CIG) that is used to transform energy
coming from solar irradiation and wind to electric power. The initial power plants based
on CIG were used to deliver electric power whenever the energy from the primary source
was available. However, as the share of CIG increases, its impact on the power system
operation becomes more noticeable. Some of the aspects that have been more affected
are the stability and real-time management of power plants. This happens because the
operation of CIG differs to a great extend to that of synchronous generators. System
operators have recognised this change and have already started to request additional
requirements to CIGs (i.e., grid codes) .

CIG-based power plants (e.g., wind farms and photovoltaic plants) connected to
transmission networks should contribute to damp low-frequency electro-mechanical os-
cillations. To meet this requirement, the CIG control algorithm includes a power oscilla-
tion damping (POD) controller. This controller is designed to adjust CIG active and/or
reactive power output, addressing the oscillation in the network frequency. However, the
transmission system to which the CIG is connected might have multiple low-frequency
oscillations. Also, the operating point and configuration of the transmission system
are changing during the system operation. These factors impose a major challenge in
the POD controller design. Furthermore, in the case of CIGs operating in grid-forming
mode, the impact of required power for POD service has to be addressed. Also, CIG-
based power plants in the majority of the cases include local CIG units and a centralised
controller. The centralised controller is responsible for the coordination of the local CIG
units and meeting the requirements imposed by the system operators.

This thesis deals with different aspects of power oscillation damping with CIGs.
Multiple methods for POD controller design are proposed, addressing changes in the
network topology and the impact of stochastic communication network on POD con-
troller performance. Furthermore, the proposed methods are used to design the POD
controller in the frequency domain, making them suitable for cases in which the detailed
power system model is not available. Also, the ability of CIG operating in grid-forming
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mode to provide POD service was examined, and a proposal to design a POD controller
for such an application is presented. Several proposals for POD controller design were
verified in the laboratory environment with real hardware and communication network
deployed. Finally, conclusions and guidelines for further research are presented.



Resumen

En las udltimas décadas, los sistemas eléctricos han sufrido grandes cambios, los cuales
han afectado a varios aspectos de su operacion. Entre ellos, el cambio principal esta
relacionado con una participaciéon cada vez mayor de la generacién basada en con-
vertidores electronicos, como puede ser la generacion solar y edlica. Inicialmente, las
fuentes de generacion basadas en convertidores electronicos inyectaban a la red toda la
potencia eléctrica disponible en la fuente primaria de energia (turbina edlica o paneles
solares, por ejemplo). Sin embargo, a medida que ha aumentado la participacion de
los convertidores electronicos en el mix de generacién, su impacto en la operacion del
sistema eléctrico ha aumentado. En este sentido, uno de los aspectos mas afectados ha
sido la estabilidad. Esto se debe a que los convertidores electrénicos operan de man-
era diferente a como lo harian los generadores eléctricos de las plantas convencionales.
Los operadores del sistema eléctrico han reconocido este cambio y han comenzado a
imponer requisitos adicionales de operacién a los convertidores electronicos, principal-
mente basandose en el desarrollo de codigos de red.

Las plantas de generacion basadas en convertidores electronicos deben contribuir al
amortiguamiento de oscilaciones electromecanicas de baja frecuencia. Para cumplir este
requisito, una solucién comun es anadir un algoritmo de amortigumiento de oscilaciones
de potencia (POD) sobre los lazos de control originales del convertidor electrénico.
Este controlador modula la cantidad de potencia activa y/o reactiva inyectada a la
red, con el fin de recudir las oscilaciones en la frecuencia. Sin embargo, los electricos
pueden tener multiples oscilaciones (modos) de baja frecuencia. Ademds, el punto de
operacion y la topologia de la red eléctrica afectan al amortiguamiento de las oscilaciones
electromecanicas, y estos pueden cambiar en funciéon en funcion del estado de la red.
Estos aspectos suponen un gran desafio para el diseno de controladores POD para
convertidores electrénicos. In addition, cuando los convertidores electrénicos operan
con algoritmos de formacién de red (grid-forming), un aspecto esencial es la cantidad
de potencia requerida para prestar servicos de POD. La mayoria de las plantas de
generacion basadas en convertidores electrénicos incluyen un controlador local por cada
convertidor, y un convertidor centralizado de planta. Este control centralizado es el
responsable de coordinar la acciéon de los convertidores y, ademas, de cumplir con los
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requisitos del cogido de red impuesto por el operador del sistema.

En esta tesis se abordan diferentes aspectos relacionados con el amortiguamiento de
oscilaciones de potencia utilizando convertidores electrénicos. Se proponen diferentes
métodos para disenar controladores POD. En particular, se aborda el diseno de estos
controladores cuando cambia la topologia de la red eléctrica, y cuando se tiene en cuenta
la naturaliza estocastica del retraso de las comunicaciones en las plantas de generacion.
Los métodos propuestos se utilizan para disenar el controlador POD en el dominio de
la frecuencia, lo que hace que estos métodos sean adecuados cuando no esta disponible
un modelo detallado del sistema eléctrico. Ademas, se explora la capacidad que tienen
los convertidores electronicos con estrategias de control para formacion de redes de
proporcionar serivicios de POD, y se presenta una propuesta para disenar un controlador
POD para este caso. Algunas de las propuestas de control se verificaron en un entorno de
laboratorio, con convertidores reales y una infraestructura de comunicaciones realista.
Finalmente, se presentan las conclusiones y directrices para abordar futuros trabajos
de investigacién.
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Chapter 1

Introduction

1.1 Topic of this Thesis

The work presented in this thesis is focused on the contribution of converter interfaced
generation (CIG) in the damping of low-frequency oscillations in power systems. Such
oscillations occur when groups of synchronous generators (SGs) start oscillating in op-
position to each other. In systems dominated by SGs, a power system stabiliser (PSS)
control loop is commonly introduced in the control system of SGs to improve the damp-
ing of low-frequency modes. However, the increasing proportion of energy produced by
CIG units has led to the dismantling of many SGs throughout the system. As a con-
sequence, transmission system operators (T'SOs) are introducing new requirements for
CIG units and currently they should help in damping oscillations by using a power os-
cillation damping (POD) controller. Nonetheless, there are many factors in the system
operation that can have an important impact on the damping action of CIG units.

The work presented in this thesis addresses the design of POD controllers with
special attention to the following factors:

e Network reconfiguration: During normal operation, power systems suffer modifi-
cations due to the planned or unplanned disconnection of elements (e.g., lines,
generators, etc.). In terms of power system stability, network reconfiguration is
an important factor since it changes the plant on which the POD controller is
acting. If not addressed properly, these changes could lead to system instabilities
as damping controllers become ineffective when are not tuned adequately. One
way to address this problem is to update the parameters of POD controllers based
on information sent by the TSO with respect to the system topology. However,
such an approach requires an additional communication layer between TSOs and
CIG units, and this increases the system complexity and could have a negative
impact on the system reliability. Therefore, it is of interest to address the changes
caused by network reconfiguration by using only local measurements and some
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predefined rules in control algorithms.

Stochastic communication network delay: Large power plants based on renewable
energy sources (RES) (e.g., photovoltaic (PV) plants) often include a centralised
controller that coordinates the actions of local CIG units taking into considera-
tion the requirements of TSOs. In this case, a communication network is deployed
within the power plant to coordinate the local CIG units from a centralised PV
plant controller. Also, the local CIG units might be inaccessible for any further
modification due to the intellectual property of the manufacturer. This means
that, if the TSO asks a PV plant to contribute in damping low-frequency modes,
a centralised POD controller has to be used. However, the presence of a commu-
nication network introduces a stochastic delay that appears due to the protocols
used to exchange information between devices. Therefore, the analysis of the
stochastic delay and the design of a centralised POD controller taking such delay
into account is of interest.

Multi-mode POD controller design: Commonly, power systems have multiple low-
frequency modes that cause oscillations between different groups of SGs. Design-
ing a POD controller for several modes is challenging since the problem is highly
nonlinear. This issue can be addressed by adjusting the controller parameters in
closed loop and verifying the POD controller impact on all the modes, in an itera-
tive procedure. However, such a method requires a linearised parametric model of
the power system, which might not be always available. Therefore, it is of interest
to define methods for designing multi-mode POD controllers in open loop using
the system frequency response, exclusively. In that case, the POD controller
design criteria are defined in the frequency domain and this can be translated
into a transfer function with some desired frequency response. In this thesis, two
ideas in this regard are presented. In the first one, the parameters lead-lag fil-
ters connected in series are calculated for a given set of points, which represent
the desired frequency response of the POD controller. To do so, an optimisation
problem is defined, where the unknowns are the parameters of the lead-lag filters.
In the second method, the vector fitting (VF) algorithm is used for synthesising
the POD controller. In this case, the set of desired points in the frequency do-
main is used as a starting point for the VF algorithm. This algorithm is used
to calculate the parameters of a transfer function, which is then used as a POD
controller. Therefore, these two methods try to match the response of a transfer
function (that represents the POD controller) at multiple points. Depending on
the specific case, one or the other might result in a better POD controller design.

POD controller for CIG units operating in grid-forming mode: The control algo-
rithm of CIG units operating in grid-forming mode replicates the dynamic char-



1.2. OBJECTIVES OF THIS THESIS 3

acteristics of SGs. This means that the CIG unit detects changes in the output
active and reactive powers and adjusts the output voltage angle and magnitude
accordingly. Therefore, the active and reactive powers delivered to the grid are
not regulated in the same way as in grid-following operating mode. This dif-
ference plays an important role in the operation of CIG units, especially if the
energy of the primary source is taken into consideration (e.g., PV panel). Namely,
if not addressed properly, the power requested from the PV panel could surpass
the maximum power available and this would inevitably lead to a system collapse.
Therefore, it is of interest to develop a method that independently controls the ac-
tive and reactive power reference generated by a POD controller, in grid-forming
mode.

1.2 Objectives of this Thesis

The objective of this thesis has been to investigate and improve the control algorithms
of CIG units that contribute in damping low-frequency oscillations in power systems.
This is achieved by introducing a POD controller and it covers CIG units operating
in both grid-following and grid-forming control modes. The research work has been
focused on several factors with important impact on the power system stability, such
as changes in the network topology, presence of stochastic delays and limited power
available from the primary source of energy. The objectives along these lines can be
summarised as follows:

1. Study the impact of changes in the network topology and total inertia on the
system frequency response, in the range of low-frequency oscillations.

2. Develop a POD controller with an adaptive mechanism that updates the parame-
ters of POD controllers based on the system changes. These changes are detected
by using local measurements, exclusively.

3. Design a POD controller with a fixed structure and fixed parameters that is robust
against changes in the network topology.

4. Develop a centralised multi-mode POD controller that compensates for the effect
of stochastic communication delay.

5. Define a method to synthesise a multi-mode POD controller by using the VF
algorithm.

6. Propose a method to design POD controllers by using active and reactive power,
independently.
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7. Develop a control strategy for CIG units operating in grid-forming mode that
allows providing POD action by using active and reactive powers, independently.

8. Propose a method for designing POD controllers for CIG units operating in grid-
forming mode without modifications of any existing control loop.

The starting assumptions for all the objectives are:

e Undamped low-frequency oscillations were present in the system prior to the
connection of the CIG.

e CIG control algorithms shall rely only on local measurements of currents and
voltages.

e There is no information exchange with the TSO regarding the system configura-
tion (e.g., network topology, total system inertia, etc.)

e The system frequency response shall be used for to design of POD controllers.

e The real-time implementation and reliability of POD controllers shall be addressed
in the development phase.

1.3 Thesis Outline

This thesis is divided into eight chapters and two appendices — chapters include the
main work of this thesis and appendices describe the laboratory set-ups used to verify
the proposed control algorithms and factors affecting the communication network delay.
The information from the appendices can be omitted in the first reading, although it
should be helpful for a complete understanding of the work presented in the chapters.

Chapter 1 provides an overview of the topics addressed in this thesis, as well as the
objectives of the work described in the document.

Chapter 2 presents the state of the art of power oscillation damping with CIG
units. Different aspects of POD controllers are analysed, both for local and centralised
implementations. Furthermore, the impact of network reconfiguration and the options
to address such changes at the design stage of POD controllers are discussed.

Chapter 3 presents the proposed POD controller, which includes an adaptive mecha-
nism that tackles the changes caused by network reconfiguration. The impact of changes
in the network topology on the system frequency response is studied. The results of
this analysis were used to define the adaptive mechanism, which is then used to update
the parameters of the POD controller.

Chapter 4 provides a different option aimed at effectively tackling the challenges
arising from changes in the network configuration. An optimisation problem is defined
to find a fixed set of parameters for a POD controller based on lead-lag filters. The
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result meets the specified design constraints and achieves a frequency response based
on a given set of points. However, depending on the specific set of points, the solution
might achieve less error for certain points than for others. This problem was noted
during development and is also addressed in Chapter 6, where another method for
designing POD controllers is presented. This POD controller is supposed to increase
the damping of low-frequency modes for any of the network topologies considered during
the design procedure.

Chapter 5 describes a centralised multi-mode POD controller designed to compen-
sate for the impact of stochastic communication channels. A method to model both the
communication channel delay length and the sampling rate based on measurements is
introduced. Furthermore, a method for designing a POD controller for a system with
multiple low-frequency modes in the frequency domain is presented.

Chapter 6 presents a method to synthesise a multi-mode POD controller by using
the VF algorithm. The proposed design method addresses the impact of the POD
controller within and outside the frequency range of low-frequency oscillations. The
VF algorithm is used to find the parameters of a transfer function that meets the POD
controller design criteria. The benefit of this approach compared with the method
presented in Chapter 4 is that the solution achieves a similar error for all the given
points. However, the main disadvantage are undesired peaks in the magnitude of the
POD controller frequency response.

Chapter 7 presents a POD controller for virtual synchronous machines (VSMs) that
provides decoupled control of active and reactive power. Design procedures for both
the POD controller and the decoupling mechanism are presented. These procedures are
based on frequency response techniques.

Chapter 8 highlights the conclusions and gives guidelines for further research.

This thesis ends with two appendices. Appendix A describes the power hardware-
in-the-loop (PHIL) setup used in Chapters 3 and 5. Also, it depicts the communication
network setup used to exchange data in Chapter 5. The factors affecting the communi-
cation network performance and their impact on signal quality are given in Appendix B.
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Chapter 2

Power Oscillation Damping
Controller: State of the Art

2.1 Motivation

Over the last two decades, the global energy portfolio has changed signifi-
cantly [IEA, 2021]. This change is driven by a series of political decisions aimed
at diminishing the reliance on fossil fuels and promoting electrification of various
sectors [EU, 2010]. From the power system perspective, this change is seen as an
ever-increasing share of renewable energy sources (RES) in the energy production.
The transition from a power system dominated by SGs to one with increased presence
of RES is sketched in Fig. 2.1. Namely, power plants based on SGs are being
replaced by converter-interfaced generation (CIG), such as wind farms and PV plants.
Furthermore, battery systems are being introduced in the system to maintain the
power balance and increase the system reliability. This change is taking place at both
the transmission and distribution network levels as the technology used to inject the
power generated from RES is rapidly evolving.

Besides the change in the energy portfolio, this transition has important effects
on many aspects of the power system operation. For example, the balance between
supply and demand has to be modified considering weather conditions, as these af-
fect the production of RES [Impram et al., 2020]. Power system reliability is an-
other aspect affected by the high share of RES [Kumar et al., 2020]. This is a con-
sequence of the uncertainty in the available power, which is caused by the intermit-
tent nature of wind and irrandiance [Aien et al., 2016]. Furthermore, these variations
in the production of RES usually lead to unplanned connection and disconnection
of conventional generation units. As a consequence, the system inertia varies over
time and this results in unpredictable responses of the system frequency [IEA, 2021].
These challenges have already been identified in the power systems of several coun-

7
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tries [AEMO, 2016, [EirGrid, 2009], [ENTSOE, 2015]. Currently, many TSOs request
network support services from CIG units to overcome these challenges. The provision of
these services and their impact on the power system are of significant scientific interest.

2.2 Small-Signal Rotor Angle Stability

2.2.1 Description

Small-signal rotor angle stability represents the ability of a power system to retain syn-
chronism under small disturbances [Hatziargyriou et al., 2021]. Small disturbances are
defined as changes in the system for which the deviation of the equilibrium point is neg-
ligible. In this case, linearisation of the dynamic equations that represent the system
around the equilibrium point does not introduce significant errors [Kundur et al., 1994].
There are mainly two types of small disturbance instabilities. The first one is caused
by the lack of synchronising torque, which results in non-oscillatory instabilities. The
solution to non-oscillatory instabilities is the application of automatic voltage regula-
tors (AVRs) that act upon changes in SGs output voltage (this is done by adjusting
the field currents). The second type of instabilities is produced by insufficient damp-
ing torque, and this induces oscillatory instabilities. These are linked with rotor angle
oscillations in SGs. Such oscillations generate an additional power component in the
system that is exchanged between groups of SGs. Depending on the position and num-
ber of generators involved, these oscillations are divided into two categories. The first
category includes one or several SGs forming a local-area oscillation. The second cate-
gory includes large groups of SGs across the system oscillating against each other. This
category receives the name of inter-area oscillations. The frequency of these electro-
mechanical oscillations is in the range from 0.1 to 1 Hz for inter-area, and from 1 to
2 Hz in the case of local-area oscillations [Rogers, 2012]. The initial recordings of such
oscillations in power systems date back to the 1960s [Schleif and White, 1966]. Nowa-
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Figure 2.1: Evolution of power systems. (left) Dominated by SGs to (left) with a high-
share of RES.
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Figure 2.2: Block diagram of PSS with (a) single-input and (b) double-input imple-
mentation. (c¢) SG with excitation connected to an electrical network.

days, in the United States of America (USA) such events occur on average every five
years, either as cause or effect of previous events in the system [NAERC, 2019]. In Con-
tinental Europe, the first event of this type happened in the 1970s when an oscillation
appeared between Yugoslavia and Greece. The main reason was the interconnection
of areas by a weak line. More recent events include an oscillation between Spain and
France in 2016 [ENTSOE, 2017] and an interaction between Southern and Northern
Europe in 2017 [ENTSOE, 2018]. The post-fault analysis revealed that is required to
readjust the control systems of the SGs connected across the network, as well as to
perform detailed dynamic simulations.

The presence of low-frequency oscillations in power systems has fostered academia
and TSOs to develop reliable solutions to damp oscillations. Over the years, an addi-
tional control loop called power system stabiliser (PSS) has been introduced into the
control system of SGs. Two types of PSS structures have been established as standard
solutions for this application [Kundur et al., 1994]. The first type is a control loop that
acts upon oscillations in the SG rotor speed deviation by adjusting the reference voltage
of the AVR. The second type regulates the excitation voltage by acting upon changes
in both the rotor speed deviation and the electrical output power of the SG. These
types are named single-input and double-input PSS, respectively, based on the number
of input signals [IEEE, 2005]. Fig. 2.2 shows the block diagram of the aforementioned
PSS structures together with an SG connected to an electrical network.

2.2.2 Evolution of PSS Design Approach

Phase Compensation Method

The methods to select the structure of PSSs and design their parameters have evolved
over the years. The initial works in this field considered a test case with a single machine
connected to an infinite bus [Demello and Concordia, 1969], [Larsen and Swann, 1981a].
This representation allows an understanding of the instability phenomena of SGs
with a relatively simple test case. In these works, the performance of PSSs with
different input signals [Larsen and Swann, 1981b] and the impact of variations in
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the system parameters [Demello and Concordia, 1969] were examined. These studies
established general criteria for the selection of the PSS input signal and to understand
the performance limitations.

Robust PSS

After the first initial steps, the studies were extended to include cases with more
complex scenarios. In [Kundur et al., 1989], the PSS was designed using the phase-
compensation technique for a system with one local and one inter-area mode. Mar-
tins et al. [Martins and Lima, 1990] present a method for determining the location of a
generation unit with a PSS that improves the stability margins of the whole power sys-
tem. Namely, by calculating closed-loop transfer functions and their associated residues,
a suitable location for such a device was determined. The deployment of generation
units with PSS at the selected nodes greatly improved the system stability margins.
These works focus on the design of one PSS in the context of a power system. However,
there might be multiple PSSs in a power system acting on different SGs. The design
of the PSSs in such cases is studied in [Boukarim et al., 2000], and three approaches
are evaluated. The first approach is to design each PSS, separately, trying to maximise
the damping factor of multiple modes. In the second approach, the speed measure-
ments of two SGs are fed to a centralised PSS that defines the control action of two
SGs, simultaneously. This approach assumes the availability of a fast communication
network for exchanging information. The third case covers the use of a linear matrix
inequality approach for the coordinated design of PSSs. It was concluded that a cen-
tralised PSS requires less gain to achieve the same control action, although it requires
the implementation of a fast communication network. Furthermore, it was concluded
that a decentralised implementation of PSSs provides better performance in terms of
disturbance rejection.

Eigenvalue Sensitivity Analysis Approach

The availability of a detailed power system model allows analysing modes and participa-
tion factors (these represent the significance of each state in each mode of the system).
By using this information, it is possible to identify the subsystems involved in certain
low-frequency modes, as well as to determine the best locations to place a PSS in the
system [Pagola et al., 1989]. This approach was further developed and applied to de-
sign the PSS of superconducting magnetic energy storage systems [Rouco et al., 1996].
The location of the devices that carry a PSS controller, as well as the selection of the
PSS inputs and outputs, was determined based on the eigenvalue sensitivities analy-
sis (ESA). The results obtained from ESA allow the coordinated design of multiple
PSSs aimed at damping low-frequency oscillations [Rouco, 2001]. The procedure is di-
vided into two parts. First, the phase compensation filters of each PSS are designed
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individually. Then, a coordinated approach determines the value of the PSS gains in
all the units under consideration. This approach and its effectiveness in improving the
damping of multiple modes show that ESA can be used for the design of both the phase
compensation networks and the gain values of PSSs.

The generality of the results obtained with ESA allows to design the PSS con-
trol loops of devices that are not SGs. For example, in [Rouco and Pagola, 1997] the
results from ESA are used for determining the location where the modulation of se-
ries reactances would improve the damping factor of certain modes. Furthermore,
in [Renedo et al., 2021] the PSS implemented in the terminals of a high-voltage dc
network of a meshed ac-dc network were designed using the ESA approach. The ter-
minal units adjusted their active and reactive power injections based on the difference
between the local frequency and the average frequency measured at the ac terminals.
These pieces of work demonstrate the applicability of ESA for designing the PSS of
multiple devices throughout the system. Nevertheless, these studies depend on detailed
power system models to acquire pertinent information for the design and placement of
PSS controllers.

In [Renedo et al., 2019], the PSS design problem is tackled, and it is demonstrated
that ESA can be used to design PSSs even with limited information about the power
system. In this case, the PSS is engineered for robustness against changes in the power
system, specifically addressing the variation of the impedance between areas involved in
low-frequency oscillations. This work shows that the results obtained with ESA can be
used in both cases (with and without a linearised parametric power system model), thus
extending the applicability of this approach. Such a conclusion is ever more important
since the discrepancy between power system models and the actual plant in which the
PSS is acting on can change significantly when changes in the power system operation
and increased penetration of CIG units are considered.

2.2.3 Impact of CIG Units

The impact of the massive integration of CIG units in the small-signal rotor angle sta-
bility has several implications [Boukhenfouf et al., 2023]. The aforementioned replace-
ment of SGs and thus the unavoidable reduction of inertia is resulting in an increased
value of the frequency of the oscillations. This is a consequence of reduction of the
kinetic energy stored in the rotating masses of SGs. However, such a negative impact
is not present in every situation. From the study of the power system of the western
USA, it has been noted that the negative effect is relevant once the penetration of CIG
units surpasses the 15 % of the total energy generation [Elliott et al., 2014]. The sig-
nificantly higher CIG penetration level of 65 % was studied in the power system model
of the eastern USA. In this case, an increase in the oscillation frequency was reported,
together with a reduction in the system damping [You et al., 2017]. These results show
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that the impact of CIG penetration on the small-signal rotor angle stability is not uni-
form. In [Musca et al., 2022], it was noted that the impact of CIG units depends on
whether the CIG operates in grid-forming or grid-following mode.

Another aspect is the placement of CIG units in the network since low-frequency
oscillations are present all along the power system. In [Shah et al., 2013a], the degree
of CIG dispersity on the small-signal stability was studied. It has been noted that the
increase in CIG penetration level degrades system stability. However, for the same level
of CIG penetration, the system stability margins improved in case of more CIG units
of lower power rating connected across the system compared with one large group of
CIG units.

Most of the CIG units operate in grid-following mode [Blaabjerg, 2021]. This means
that during operation CIG units are synchronised with the voltage space vector at the
point of connection (POC). For this purpose, a phase-locked loop (PLL) is commonly
used. In [Jia et al., 2017al, it was noted that the proportional gain of the PLL has
a negative impact on both the system damping and the oscillation frequency in weak
grids. Then, the same group of authors proposed an additional virtual inductance
loop to reduce these negative effects [Jia et al., 2017b]. Adib et al. [Adib et al., 2018]
conclude that the X/ R ratio of the grid impedance plays a significant role in the system
stability. They propose several alternatives that result in a less sensitive CIG control,
such as increasing the values of the CIG output filter or introducing damping resistors.

TSOs have identified the negative implications of CIG penetration on small-signal
stability of power systems and have defined two main lines to address this issue. The
first one is the revision and tuning of PSS controllers already deployed in power sys-
tems [NAERC, 2019], [ENTSOE, 2018]. The second one is the active participation of
CIG units in the provision of POD services. For that reason, newly published regula-
tions (i.e., grid codes) request POD services to CIG units [Red Eléctrica, 2019].
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Figure 2.3: (a) CIG with a local POD controller, (b) system-level centralised POD
controller regulating multiple (green) CIG units across the system and receiving (red)
measurements from various locations in the system. The exchange of information is
achieved through (yellow) a communication network.
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2.3 POD Controller Design

2.3.1 Overview

Fig. 2.3 shows the structure of a power system where CIG units are providing POD
services. CIG units are adjusting their output powers to act upon low-frequency os-
cillations in the power system. The power used for this purpose can be either active,
reactive or a combination of both power components, depending on the POD controller
design specifications. The sensors are used to measure voltages and currents. Then, the
measurements are sent to the POD controller, which can be placed at the device level or
in a central controller. Fig. 2.3 shows the diagram of both (a) decentralised and (b) cen-
tralised implementations of POD controllers. The link is direct if the POD controllers
are implemented locally. This means that the sensor measurements are processed in
the device in which the POD controller is implemented. A communication network is
necessary if the sensors and the control board are physically separated. This happens
for POD controllers acting on several CIG units within the same power plant. In this
case, the command signal must be sent to the local CIG units forming the power plant
and for that a communication link is required. Another case where a communication
link is necessary is when the POD controller is coordinating CIG units across the power
system. Commonly, in this application, the sensors are placed across the electrical
network in a configuration known as a wide-area measurement system (WAMS). Both
local and central POD controllers can be implemented in various ways. Fig. 2.4 shows
control systems for several implementations of POD controllers. These implementa-
tions are discussed in the following sections. Tables 2.1 and 2.2 summarise the POD
controllers for CIG units operating in grid-following mode reviewed in this chapter.

By comparing Fig. 2.2 and Fig. 2.3, it can be seen that POD action of SGs and
CIG units is different. For SGs, the controller is acting over the voltage reference of
the excitation system, whereas in the case of CIG units the controller is acting over the
active and reactive powers references. This gives more versatility and control gain to
damp oscillations in the case of CIG units since the speed of the internal loops is faster
than in the case of the SGs.

2.3.2 Local POD Controller

Implementation of POD controllers for CIGs on the local level has been in focus since
the 1980s. The first papers on this topic were based on standard PSS controllers
replicated in the control system of wind turbines [Larsen and Swann, 1981a] and PV
generators [Ghali et al., 1994], [Kalaitzakis and Vachtsevanos, 1987]. This was followed
by a proposal to use superconducting magnetic energy storage systems for improving
the damping of low-frequency oscillations [Rouco et al., 1996]. In these proposals, the
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Figure 2.4: Control system block diagram of POD controller designed as (a) lead-lag,
(b) proportional-integral-derivative (PID), (c) fractional order PID, (d) state-feedback,
or (e) multiple-model adaptive controller.

oscillations in the network frequency were damp by controlling the CIG output voltage
magnitude. More recent studies on this topic show the effectiveness of controlling
active power for damping the oscillations in both wind farms [Zeni et al., 2016] and PV
plants [Liu et al., 2016]. Although effective, these solutions are difficult to implement



2.3. POD CONTROLLER DESIGN 15

in power plants based on RES. Namely, the active power reserved for POD services
results in less power delivered to the network, in steady-state operation. This has
a negative economic impact on the operation of the power plant since the revenue
depends on the amount of energy delivered to the network. To overcome this issue,
Silva et al. [Silva-Saravia et al., 2021] propose a method to reduce the active power
reference during oscillatory events and the available active power is modulated to damp
the oscillations. A similar approach is presented in [Varma and Maleki, 2019], where the
active power reference of the PV plant is set to zero during oscillations. However, here
the CIG capacity is used to deliver reactive power. In both cases, once the oscillation
is mitigated, the active power reference is restored. Nonetheless, modifying the active
power reference during oscillations can cause other network issues (e.g., reduction of
the system frequency), in addition to those that triggered the low-frequency oscillation.
Thus, new regulations for CIG units impose a margin reserved for the provision of
POD action [Red Eléctrica, 2019]. In [Knuppel et al., 2012], the combined action of
wind turbines in a wind park is proposed to damp oscillations by using reactive power,
exclusively. Another approach is to use the combined action of active and reactive
powers to damp oscillations [Basu et al., 2021]. This idea was recently tested in a wind
farm [Edrah et al., 2016] and in a PV plant [Li et al., 2020]. Although the combined
action of the two power components increases the damping performance, there can be
a negative interaction between active and reactive power. This depends on the power
system characteristics, as well as on the method used to design the POD controller.
For example, Rimorov et al. [Rimorov et al., 2015] use a PSS-based controller in both
the active and reactive power control loops. Although the control structure is simple,
depending on the values given to the controller parameters, an undesired coupling
between the two control loops was detected.

POD controllers can be implemented in other configurations, besides the PSS-
based one. For example, in [Shabani et al., 2013] the POD controller is implemented
as a proportional-integral-derivative (PID) controller. This structure is well-known
and widely used in controllers for various applications. Some researchers focused on
fractional-order PID (FOPID) controllers, which provide an additional degree of free-
dom in the design procedure. In [Abumeteir and Vural, 2022], a FOPID controller was
applied to a CIG unit. It was designed by using a particle swarm optimisation algo-
rithm. A similar approach was used in [Saadatmand et al., 2021a] to optimally design
the POD controllers across a power system. In this case, an optimisation function
was used to obtain the control parameters for the POD controllers of CIG units and
the PSS controllers of SGs. The FOPID configuration offers more degrees of freedom
compared to the PSS-based one. This results in improved stability margins for power
systems with several oscillation modes. In the literature, power systems with two or
more oscillation modes in the low-frequency range have been reported [Jin et al., 2017].
In this case, POD controllers should be able to increase the damping of more than
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one oscillation mode. However, the implementation of more complex control structures
requires additional computational power that might not be available in the case of local
POD controllers.

During the operation of CIG units, the power system can change significantly. This
change can come from modifications in the operating points or from changes in the
system topology. These changes have an important impact on the power system sta-
bility [Chung et al., 2003]. This means that the POD controller should guarantee the
system stability under various scenarios and network conditions. In many proposals,
this is not considered and the POD controller presented is adjusted only for a certain
operating point. Proposals addressing the variation in the system can be grouped into
two groups. The first group includes POD controllers that adapt to changes in the
system while the second group includes POD controllers robust against those changes.
The proposals for designing POD controllers from both groups are described in the
following two sections.

2.3.3 Adaptive POD Controller

The changes in the network configuration or system operating conditions are followed
by changes in the damping of low-frequency modes [Ramakrishna and Malik, 2010].
To address this change, the adaptive POD controller paradigm can be applied. Such
a controller includes a mechanism to adapt to system changes, which are detected
by monitoring a system variable. One method that is used in this respect is the
multiple model adaptive control (MMAC) strategy. In this strategy, a bank of lin-
earised plant models is used, representing the power system at different operation
states [Chaudhuri et al., 2004]. Recently, this method was modified and used in the
control of a PV plant [Zhou et al., 2017]. After a fault, a Bayesian approach is used
to calculate the probability of each plant model. Then, the weighted average of the
individual dampers is applied reactive power reference of the CIG unit.

To address variations in the controller plant, Shah et al. [Shah et al., 2012]
propose a minimax Linear Quadratic Gaussian (LQG) controller. The POD controller
improves the stability for a wide range of operating conditions. In [Chau et al., 2018],
the parameters of a POD controller are updated based on the demand prediction
by using an additional neural network. A similar approach was implemented
in [Liet al., 2021], where a real-time decision-making agent adjusts the POD
controller to the near-optimum settings. To do so, the agent is trained by using
a reinforcement learning procedure, for different operating conditions. On the
other hand, Beza et al. [Beza and Bongiorno, 2015] use recursive least squares to
adjust the parameters of POD controllers if changes in the network are detected.
Other methods such are fuzzy logic [Chaiyatham and Ngamroo, 2017] and Kalman
filter [Liao et al., 2019] have also been explored. In this case, the update of the
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controller parameters improved the damping action under different operating
conditions.

In summary, these alternative options provide adequate damping of oscillations.
However, they are quite complex and require knowledge of advanced engineering tools
(e.g., artificial intelligence techniques). Moreover, their implementation at the device
level would require important engineering efforts. For that reason, the development of
adaptive POD strategies suitable for implementation at the device level is of interest.

2.3.4 Robust POD Controller

One drawback of the adaptive POD controller structure is the fact that its parame-
ters are modified after certain changes. This imposes an additional challenge for the
TSO since the POD controller adjustment mechanism has to be included in the power
system stability analysis. For this reason, TSOs prefer POD controllers with a fixed
structure. In this regard, the robust POD controller paradigm could be used. It has
a fixed structure and parameter values, and it is able to provide sufficient damping
in case of network changes. In that case, the controller parameters have to be de-
signed to guarantee system stability under different operating conditions. To do so,
Konara et al. [Konara and Annakkage, 2016] propose a design methodology based on
eigenstructure assignment. In this paper, the POD controller helps to damp critical
modes for different operating conditions. In [Werner et al., 2003], the impact of changes
in the system operating conditions was analysed. A POD controller was designed to
ensure a certain damping ratio for all the critical modes, under different operating con-
ditions. The results show that the POD controller with a group of first and second-order
filters can meet this objective. However, the design procedure relies on the power sys-
tem model, which is also needed to verify closed-loop stability. In [Shah et al., 2014],
a POD controller with a fixed second-order structure that is robust against changes in
the system is presented. To improve the system robustness, the POD controller can be
designed by solving an optimisation problem. In [Yuan and Yan, 2020], the objective
function takes into consideration transient stability aspects as well. The same prob-
lem was also addressed considering both regional pole placement and Hs performance
metrics [Deng et al., 2019].

These proposals show that POD controllers can contribute to the damping of critical
modes when the power system changes, for example when the system operating point
is modified. Although these variations have an impact on the dynamic properties,
they do not include aspects such as a disconnection of system elements, despite them
having an important impact on both the operating point and the dynamic properties.
Therefore, the development of POD controllers robust against network reconfiguration
is of interest.



Table 2.1: Summary of local POD controller types.

Modulated power Network Controller
Reference . : .
Active/Reactive  reconfiguration structure

[Larsen and Swann, 1981al, [Ghali et al., 1994],
[Kalaitzakis and Vachtsevanos, 1987], [Zeni et al., 2016], Active No Lead-lag
[Liu et al., 2016], [Silva-Saravia et al., 2021]

[Varma and Maleki, 2019], [Knuppel et al., 2012],

Rotco ct al., 1996] Reactive No Lead-lag
[Knuppel et al., 2012], [Basu et al., 2021],
[Edrah et al., 2016], [Li et al., 2020], Both No Lead-lag
[Rimorov et al., 2015]
[Shabani et al., 2013|, [Chaiyatham and Ngamroo, 2017] Active No PID
[Abumeteir and Vural, 2022], [Jin et al., 2017] Active No FOPID
[Chaudhuri et al., 2004], [Zhou et al., 2017] Active Yes MMAC
Shah et al., 2012], [Liao et al., 2019, )
[S_Ehah et al., 2014], ][Y[uan and Yan, 20]20] Active Yes State-feedback
[Konara and Annakkage, 2016], [Werner et al., 2003] Active Yes Lead-lag
[Chau et al., 2018], [Li et al., 2021], [Deng et al., 2019] Active Yes Neural-network
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2.3.5 Centralised POD Controller

Centralised POD controllers are another type of controller that can be used to improve
the system damping by using CIG units. In general, this approach relies on WAMS for
obtaining the system measurements. Thus, the constraints imposed by communication
networks (e.g., data packet dropouts and delays) need to be addressed. However, the
studies on the impact of the communication infrastructure differ among recent pro-
posals. For example, a centralised controller for a PV power plant has been studied
in [Ge et al., 2016]. The optimal feedback signal is selected based on the dominant
mode ratio. Thanks to this, the system stability is improved. However, the proposed
procedure does not address the impact of the communication channel. This issue is
studied in [Shah et al., 2013b] for a centralised PV plant controller, with special em-
phasis on the delay. It is shown that the compensation of the delay effects improves the
system performance. Nonetheless, in this case, a constant delay model is used. This
means that the varying nature of the communication channel delay is not considered.

In [Liu and Milano, 2018], a numerical approach is used for determining the impact
of the communication channel delay on the system small-signal stability. The shape of
the communication channel delay is modelled in three ways, by using a sinusoidal, a
sawtooth and a square wave. This work was further extended in [Liu et al., 2019], where
a realistic communication channel delay was used. It is shown that the combination
of an approximated system matrix and the Newton correction technique allows for a
good representation of the system in small-signal stability analyses. The work presented
in [Gurung et al., 2019] proposes a probabilistic approach to design a POD controller
that addresses the stochastic nature of communication channel delay. To do so, a
probabilistic model of the delay is used, together with probabilistic models of generation
and demand. Various swarm-based algorithms are used to determine the POD controller
parameters. Then, the final solution is selected based on a comparison of the POD
controller effectiveness. On the other hand, Nan et al. [Nan et al., 2021] present a
centralised controller for a wind farm that is able to compensate for both the delays
in the communication channel and the losses of data package. For this purpose, a
networked predictive control method is proposed. In this case, the communication
channel delay and message dropout are determined during the system operation. Thus,
the communication channel model is not explicitly defined.

Recently, a comparison among different POD controllers has been pub-
lished, focusing on the differences in the effectiveness of various design meth-
ods [Saadatmand et al., 2021b]. Among others, the POD controllers were compared in
terms of robustness against time delays. For this purpose, the comparison was made
among five common methods to design POD controllers, which are depicted in Fig. 2.4.
It is shown that lead-lags and PID controllers are the worst in terms of performance.
Furthermore, both LQG and MMAC methods show different outcomes, depending on
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the disturbance and the delay length. Overall, the FOPID control method achieved
the best results in terms of robustness across various test scenarios. However, the test
scenarios used for comparison include only constant delays of different lengths. Thus, it
remains unclear how the stochastic nature of the communication channel delay affects
the performance of different POD controllers. Also, in the comparison, the delay is
introduced once the POD controller is designed, and no further modifications to the
controller parameters are applied. It remains unclear if the performance of various
POD controllers would improve if the delay model is included in the design procedure.
Thus, studying the design of lead-lag-based POD controllers with stochastic delay
compensation is of interest.

Table 2.2: Summary of centralised POD controller types.

Reference Delay compensation Controller structure
[Ge et al., 2016] No Lead-lag
[Shah et al., 2013b],
Y LQR
[Nan et al., 2021] es Q
[Liu and Milano, 2018], Yes Lead-lag

[Gurung et al., 2019]

2.3.6 POD Controller for Virtual Synchronous Machine

The VSM controller directly affects the small-signal rotor angle stability of power
networks [Zhou et al., 2022]. When a VSM is connected to an existing power network,
the VSM parameters can be set to avoid undesired small-signal interactions with
the rest of the network [Roldan-Pérez et al., 2019]. On the other hand, if the VSM
is connected to a network that already has a poorly-damped low-frequency mode,
additional control loops can be added to the VSM in order to help damp that
mode [Roldan-Pérez et al., 2018]. Another approach in this regard is to modify the
VSM active power reference once an oscillation is detected [Silva-Saravia et al., 2021].
The PSS-based POD controller acts on the active power reference while the oscillation
is present. However, for the rest of the time, a constant value of active power
is delivered to the system. This control algorithm allows to damp low-frequency
oscillations with a large control action (since the PSS gain can be made very large).
However, switching between different operating modes is challenging and can be a
limiting factor in practical implementations. Namely, if the amplitude of the oscillation
seen in the terminals of the CIG is small, the CIG would not act upon it. From the
TSO point of view, this behaviour is undesirable since the POD control action depends
on the type of event that took place in the system.

An alternative option to such implementation is using a control structure similar to
that used in SGs (see Fig. 2.2). The implementation of control loops acting on either
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change in the estimated frequency at the point of connection or frequency defined by
VSM is discussed in [Rodriguez-Amenedo and Gémez, 2021]. In both cases, the POD
controller is connected to the virtual swing equation by modifying the output voltage
angle. Furthermore, an alternative option in which the POD controller defines the
output voltage magnitude is also presented. However, the combined action on both
voltage angle and magnitude was not examined. On the other hand, in [Li et al., 2023]
the impact of the reference voltage angle and magnitude are measured. Then, a virtual
inductance loop is introduced, which defines additional active and reactive power refer-
ences. These works show that VSMs can help in damping low-frequency oscillations by
using either active or reactive power. However, the two power components are coupled
and it is difficult to know beforehand the amount of active and reactive power required
to damp oscillations. The case of active power is particularly important in CIG units
since it is directly linked to the primary source of energy [Pawar et al., 2021].

The coupling between active and reactive powers is a natural phenomenon in
power networks and depends on the system parameters and the network topol-
ogy [Kundur et al., 1994]. When a VSM is connected to a power network, this coupling
is also affected by the parameters of the VSM. A decoupling mechanism can be added
to the control system to avoid this coupling. One approach is to add decoupling terms
in the inner current control loop [Li et al., 2016]. Another one is to add additional
terms in the virtual swing equation and the reactive power controller so that the
voltage and angle generated by the VSM are modified [Shintai et al., 2014]. These
works show that it is possible to control active and reactive powers in a decoupled
manner. However, the implementation of such mechanisms requires a modification
of the internal control loops of the CIG, which may not be approved by the CIG
manufacturer (and its intellectual property policy). Therefore, the implementation of
a POD controller using decoupled active and reactive powers in VSM is of interest.

2.4 Study Approach

2.4.1 Types of Models

The work presented in this thesis has been done using both simulation models and
models emulated in a PHIL environment. The simulation models used were developed
using Matlab-Simulink, and its SimPowerSystems toolbox [MATLAB, 2019]. Electro-
magnetic transient (EMT) models were used for the majority of the simulations (see
Table 2.3. The EMT models describe the electrical elements over a wide range of
frequencies, representing fast element dynamics as well as dynamics in the range of
low-frequency oscillations. This modelling option was selected since it provides an ac-
curate representation of fast current and voltage dynamics [Lacerda et al., 2023]. These
dynamics are important in systems with CIG units since they play an important role
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in the performance of inner control loops. On the other hand, the electro-mechanical
models are sufficiently precise and more common for addressing low-frequency oscil-
lation phenomena in power systems [Kundur et al., 1994]. With this type of model,
the simulation speed is greatly increased. Therefore, it is used to study large power
systems, where many electrical lines and complex network elements are interconnected.
For this reason, an electro-mechanical power system model is used in Chapter 4.

The models used for emulation in the PHIL environment were based on EMT mod-
els, adjusted for real-time execution. This adjustment included two steps. First, the
models of both control systems and electrical elements were discretised. The purpose
of this step was to synchronise the calculations with the execution rate of the con-
trol platform used for the execution of the real-time control algorithms. Second, a
connection was established between the emulated electrical elements and the PHIL
setup [Roldan-Pérez et al., 2021]. Following this procedure, the power system models
were emulated by one actual converter while the control system with the proposed POD
controllers was implemented in the control platform of another actual converter.

2.4.2 System ldentification

In this thesis, one of the starting assumptions (see Chapter 1.2) was that a detailed
linearised model of the network is not available. However, information about the system
is still required to design POD controllers. This raises a need for a method to accurately
identify the system within the frequency range of interest (in this case, the range of
low-frequency oscillations). Furthermore, the selected method should be adequate for
the real-time control platform used in the PHIL environment. Therefore, the additional
computational burden cannot be excessive and the time needed to identify the system
should be reasonable (as many tests should be performed).

Taking these premises into consideration, the measurements can be processed and
analysed, for example, by using Prony-based techniques [Seppanen, 2017], black-box
modelling [Zhou and Beerten, 2023] or estimated frequency responses [Ljung, 1999].
These methods are widely used in power systems and provide an approximation of
the system based on measurements. In this thesis, estimated frequency responses were
used as the identified model directly provides the inputs for the design of the POD
controllers (i.e., phase and magnitude of the frequency response). In this technique,
a pseudo-random binary signal (PRBS) with adjustable amplitude was introduced in
the selected input signal of the CIG unit, and the selected output signal was measured.
By doing so, the additional computational requirement was minimal since the signal
was loaded from an external file and used in the experiment. The selected output
signal values were saved over a certain period (5—10 minutes). Then, the system fre-
quency response was obtained from the selected input and output signals, using System
Identification Toolboz, from Matlab [MATLAB, 2019]. Finally, the frequency response
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obtained was used as a starting point for the POD controller design. The same tech-
nique was used for cases where only simulation results are shown.

2.4.3 PHIL Validation

The performance of the POD controllers designed in this thesis were validated in a
PHIL environment (see Chapter 3 and Chapter 5). This validation was done to ad-
dress several important aspects of real-time implementation of POD controllers. First,
the POD controller needs to be discretised to be implemented in a real-time control
platform [Ogata, 2010]. In this step, the discretisation method, the structure and the
parameter values of the discretised POD controller are determined. FEach of these
points is important in designing a reliable POD controller with the desired perfor-
mance [Lyons, 2004].

Furthermore, in Chapter 3, an additional mechanism to update the POD controller
parameters was introduced. The reliability and accuracy of such a mechanism were
a concern for applications with real hardware. Several concerns in this regard arose,
including the selection of the update rate, the impact of noise on the accuracy and its
performance in real-time. Furthermore, the performance of the POD controller when
the control parameters were updated was a question that required verification in a PHIL
environment.

The setup used in Chapter 5 was based on a real communication network deployed
in the PHIL environment. The communication network allowed to study the impact
of real stochastic delays on the POD controller performance. In this case, the PHIL
setup enabled the verification of the proposed method to design POD controllers over
a long period. Namely, the disturbances in the system were applied over a period
of 30 minutes. During this period, the POD controller was acting upon changes while
the communication delay was constantly changing. Without the PHIL setup, such
validation would be almost impossible due to the complex nature of the delay, which
includes many real-time processing tasks.

2.5 Study Overview

2.5.1 Benchmark Networks

In this thesis, three benchmark transmission networks were used, depending on the
scenario considered in certain test cases. The selected networks have one or several
poorly damped low-frequency modes. Such systems are stable but have poorly damped
low-frequency modes. These networks are:

o Kundur’s two-area system: This network consists of four generators G;_4 and two
loads [Kundur et al., 1994]. In this system, there are two intra-area oscillations:



24

CHAPTER 2. POD CONTROLLER OVERVIEW

(G, against Go, and (G5 against G4. Furthermore, there is an inter-area oscilla-
tion where (G; and (G5 oscillate against G3 and G4. This system is widely used
for studying the impact of additional elements with POD capabilities (e.g., CIG
units or SGs). In this thesis, the emulated Kundur’s two-area system is used in
Chapter 3 while the EMT simulation model is used in Chapter 7. The relevant in-
formation from the system is obtained by using the system identification method
described in Section 2.4.2.

Three-machine infinite bus (3MIB) system: The transmission system includes
three generators G_3, two loads and an infinite bus [IEEE, 2015a]. In this system,
there are three low-frequency modes. Namely, there are oscillations between G,
and G, G5 and G 2, and also an oscillation between the three generators and the
infinite grid. This model gives the possibility to study the performance of multi-
mode POD controllers with only several network elements, making it suitable
for real-time emulation. For this reason, it is used in the experiments in the
PHIL environment presented in Chapter 5. A system identification method (see
Section 2.4.2) was used to estimate relevant information of the emulated power
network.

IEEFE 39-Bus system: This system includes ten generators G;_1¢ connected across
the system, with several poorly damped oscillation modes [IEEE, 2015a]. Further-
more, the network has 39 Buses connected with a meshed topology. This system
architecture is useful to study the effects of changes in the network topology.
Therefore, this system was used in Chapter 4 and implemented as an electro-
mechanical model (i.e., electrical interconnections are modelled as algebraic equa-
tions). Specifically, the generator units include a model of an SG, a speed regu-
lator, an excitation voltage controller and multi-band PSS implemented in Mat-
lab/SimPowerSystems [MATLAB, 2019]. The system information required to de-
sign the POD controller was obtained by using the Simulink Control Design Lin-
earization Tools, from Matlab [MATLAB, 2019]. The linearised model obtained
with the toolbox has 295 states. The model is available in [Patrice, 2016].
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2.5.2 Test Cases

Table 2.3 shows a summary of test cases used in this thesis. These cases cover single-
and multi-mode POD controller designs, for CIG units operating in both grid-forming
and grid-following control modes. Furthermore, changes in the network topology and
presence of stochastic communication delays are addressed. Depending on the problem
addressed and the need for PHIL verification, either EMT or electro-mechanical models
were used.

In Chapter 3, Kundur’s two-area network was used to test a single-mode
adaptive POD controller was designed. The CIG used in this study operates
in grid-following mode. This controller includes an adaptation mechanism that
updates the PSS parameters according to some predefined rules. The network was
represented by using an EMT model and emulated in the PHIL environment. The
performance of the POD controller is evaluated with simulation results obtained in
Matlab/SimPowerSystems [MATLAB, 2019] and experimental results obtained in the
experimental platform. The system identification method was used to estimate the
system information required to design the POD controller.

The design of a multi-mode robust POD controller is presented in Chapter 3 for a
CIG operating in grid-following mode. The POD controller has a fixed structure. The
control parameters were selected to ensure robustness against changes in the network
topology. The network was modelled by using an electro-mechanical model. The POD
controller performance was evaluated by using simulation results obtained with the
linearised model. To this end, Simulink Control Design Linearization Tools from
Matlab were used [MATLAB, 2019].

The three-machine infinite bus (3MIB) network was used in Chapter 5 to verify
the performance of the proposed centralised multi-mode POD controller. The POD
controller was designed for CIGs operating in grid-following mode and the effect of
the stochastic communication channel delay is taken into consideration. This delay
is introduced in the system by deploying a communication network between the cen-
tralised controller and local CIG units. The performance of the proposed centralised
multi-mode POD controller was experimentally verified using a PHIL setup with a real
communication network. The system information required to design the POD controller
was obtained by using the system identification method.

In Chapter 6, the multi-mode POD controller synthesis using a vector fitting al-
gorithm is presented. The CIG operating in grid-following mode is connected to
the (3MIB) power system. The system identification method was used to obtain
relevant system information. The power system is represented using EMT models
and the POD controller performance was verified using simulation results from Mat-
lab [MATLAB, 2019].

The single-mode POD controller for CIG operating in grid-forming mode is pre-
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sented in Chapter 6. The CIG is connected to Kundur’s two-area network, which is
represented using EMT models. The information about the system was obtained using
the system identification method (see Section 2.4.2). The POD controller performance
was verified using simulation results, obtained in Matlab/SimPowerSystems.

2.6 Chapter Summary

In this chapter, the state of the art of POD controllers for CIG units has been presented.
Also, the technical aspects that require further research efforts have been identified.
These problems are summarised in the following list:

e The design of adaptive POD controllers is often addressed in the literature by
using advanced design methods and complex control structures. In Chapter 3,
the design of an adaptive POD controller with a simple adaptive mechanism is
presented. This controller relies only on local measurements.

e The design of POD controllers with a fixed structure that ensures stability in the
case of network topology modifications is a challenge. This problem is addressed
in Chapter 4.

e The impact of stochastic communication channels on the performance of POD
controllers has not been studied in detail in the literature. Also, it has been
noticed that this issue has not been verified in a laboratory environment. A
method to design centralised POD controllers taking into consideration the com-
munication channel is studied in Chapter 5. Furthermore, a method to model
the stochastic nature of the communication channels based on measurements is
presented.

e The design of POD controllers in the frequency domain presents a major challenge,
and some advanced methods are presented in the literature. Chapter 6 presents a
multi-mode POD controller synthesis method based on a vector fitting algorithm.
In this proposal, only a few design requirements should be specified.

e The provision of POD services with CIG units operating in grid-forming mode
has been seldom addressed in the literature. In Chapter 7, a POD controller
for grid-forming converters that features decoupled control of active and reactive
powers is presented.

Also, in this chapter, the study approach used in this work has been presented.
The types of models used to represent the transmission network have been described,
together with the approach used for to identify power system dynamics based on mea-
surements. Also, the reasons for using a PHIL validation for some proposals were
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presented. Besides that, in this Chapter, a summary of the benchmark models and an
overview of test cases have been presented.



Chapter 3

Single-Mode Adaptive POD
Controllers for CIG in
Grid-Following Mode

This chapter describes a POD controller with an adaptive mechanism suitable for net-
work reconfiguration. Section 3.1 gives an overview of the system and POD controller
design methodology, as well as an explanation of the adaptive mechanism. Section 3.2
describes the POD controller design procedure. The power system analysis and defi-
nition of adaptive characteristics are described in Section 3.3. In Section 3.4 the ex-
perimental results are presented. Then, a comparison with other methods for POD
controller design is presented in Section 3.5. Finally, the conclusions of this chapter are
summarised in Section 3.6.

3.1 System Overview and Methodology

3.1.1 System Description

Fig. 3.1 shows the electrical and control system diagrams of the network studied in this
work. It can be divided into two main parts. The first part is depicted in Fig. 3.1 (a)
and represents a model of a transmission network formed by four generation units (G
to G4). This model is widely used as a benchmark for inter-area oscillation stud-
ies [Kundur et al., 1994]. Each generation unit includes an SG with a governor and an
exciter. The unit G2 includes a PSS. With this configuration the system is stable, but
it has a poorly damped inter-area oscillation. In the left part of Fig. 3.1, an additional
power plant has been connected to the area formed by G; and G, via the POC. It
consists of n CIG units in parallel connection that have identical electrical elements
and control systems.

29
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Figure 3.1: Single-line diagram of the network studied in this article and the CIG
control system. It consists of a power plant with n CIG units.

Fig. 3.1 (b) shows the power stage and control system of one CIG. The power stage
consists of a primary energy source on the dc side, a three-phase voltage source con-
verter (VSC) and an LC filter. The CIG control system includes inner and outer control
loops. The inner control loop regulates the VSC output current (i, ). This controller
is implemented in a synchronous reference frame (SRF) and includes two proportional-
integral (PI) controllers and a phase-locked loop (PLL) synchronised with the POC
voltage (vou). The outer control loop calculates the current reference for the inner
control loops by using the established technique shown in [Yazdani and Iravani, 2010].
The active and reactive power references (p; and ¢;) consist of two terms. The first one
is sent by the grid operator or generated internally (subscript “r”), while the second
adds an oscillatory component that is used to damp oscillations (subscript “d”). A fre-
quency estimator is used to estimate the POC frequency (&,). The frequency estimator
is introduced, although the POC frequency can be obtained from the PLL. This is done
to avoid any type of coupling between the dynamics of the PLLs [Zhao et al., 2021].
Finally, the POD controller calculates p; and gq according to w,.

3.1.2 POD Controller Overview

Fig. 3.2 shows the block diagram of the POD controller proposed in this work and
the transfer functions that link active and reactive power with the estimated network
frequency (P,(s) and P,(s), respectively). The POD controller can be divided into
two parts. The first part is depicted in Fig. 3.2 (a) and includes the controllers for
both active and reactive power. The input to the POD controller is the deviation of
the estimated frequency from zero. This definition is different from the one used in
PSS controllers, and results in the opposite sign of proportional gains, compared with
the ones used in PSS [Rouco and Pagola, 2001]. The high-pass filter eliminates the
steady-state value from the estimated frequency so that the POD controller acts only
at the oscillatory frequency. Then, the lead-lag compensators (to be called C,(s) and
Cy(s)) generate the power references (p, and ¢5) to compensate the open-loop phase
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Figure 3.2: POD controller block diagram, including the dynamics of the plants.

of the plant and then maximise the damping effect. The POD controller also includes
proportional gains (K, and K,) and saturators.

3.1.3 Real-Time Adaptation of POD Controllers

Fig. 3.2 (b) shows the part of the POD controller in which the phases to be compen-
sated by the lead-lag compensators are calculated. First, an algorithm based on the
fast Fourier transform (FFT) is applied to the estimated POC frequency in order to de-
termine the frequency of the oscillation (w,). Then, the phases to be compensated (¢¢,
and ¢¢,) are calculated using the predefined functions f,(w,) and f;(w,). These func-
tions are obtained using offline simulations, in which the network model is examined
under different operating conditions in order to find the relationships between w,, ¢cp
and ¢¢q. It is worth noting that the relation between w, and the compensation phases
is not unique nor perfectly defined since it depends on several variables of the electrical
system. However, it will be shown that these variables are clearly linked, and basic
adaptation rules (e.g., a linear relationship) will greatly improve the effectiveness of
POD. The development, analysis and implementation of this technique represent the
main contribution of this work.

3.1.4 POD Controller Design Methodology

Fig. 3.3 shows the main steps in the offline analysis of the power system and in the
POD controller design procedure. The main goal is to determine the phases to be
compensated by the POD controllers according to the network topology. First, the
possible alternative network configurations are identified (faults, disconnections, etc.).
A subset of variations in which the system remains stable is selected. In the case of an
unstable system, time-domain simulation results would not be reliable. Then, for each
configuration, the system oscillation frequency (w,) is calculated using simulation. Once
this frequency is known, the phases to be compensated (¢p, and ¢p,) are calculated.
This process is repeated for all network configurations considered. With the data for
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Figure 3.3: Offline model analysis used for POD controller design.

all the cases obtained, the challenge is to find the relationships between w,, ¢p, and
®pq. Then the functions ¢p, = f,(w,) and ¢p, = f,(w,) are fitted.

The online operation of the POD controller is depicted in Fig. 3.4. First, the grid
frequency is estimated from the POC voltage measurements. This signal is analysed
and the oscillation frequency (w,) is extracted by using a FFT algorithm. After w, is
estimated (called @,), it is inserted in the previously calculated functions ¢p, = f,(w,)
and ¢p, = fy(w,). Finally, the lead-lag compensators are adjusted to compensate for
these phases. In this paper, the analysis is carried out in a simulation model imple-
mented in MATLAB/SimPowerSystems [MATLAB, 2019], following the acausal mod-
elling principle. However, the same analysis can be carried out from the small-signal
model. This procedure is repeated after a certain period of time. It can be seen that
the tools used for the real-time implementation are readily available in microprocessors
that are commonly used to control CIG units. Therefore, this strategy is suitable for
the implementation on standard converter controller platforms.

3.2 POD Controller Design

In this section, the POD controller design objective is defined. It helps to understand
how active and reactive powers affect the system damping. Finally, active and reactive
power limits are discussed.
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Figure 3.4: Online POD controller update procedure.

3.2.1 Design Objective

The design objective is to maximise the damping effect of the CIG at w,. To formulate
this objective using a standard notation, the open-loop (G(s)) and closed-loop (F'(s))
transfer functions are defined [Ogata, 2010]. From Fig. 3.2:

G(s)

F(S):TG(s)’

(3.1)

where G(s) is the transfer function from point J to point M in Fig. 3.2. As the signals
involved would be of a specific frequency (w,), the design criteria selected is to maximise
the closed-loop gain at w,. This can be written as:

G(jwo)

max | F(jw,)| = max 1+ GGw) |’ (3.2)
where
G(jw,) = Age’®c. (3.3)
Condition (3.2) can be simplified as follows:
s | ()| = L (3.4

max |]_—|—A—G€]¢G|

The value of A is the system gain so it is considered constant (in real applications,
it will be limited by practical design criteria). Then, it is clear that the maximum
value in (3.4) is obtained for ¢ = 0. This means that the lead-lag compensator must
compensate all the phase introduced by the rest of the elements at w,. This criteria
does not actually guarantee the maximum damping for the closed-loop eigenvalues of the
system. However, it greatly improves the system damping with a clear physical meaning,
so it is commonly used in the literature [Kundur et al., 1994]. Furthermore, for the
system with several modes with the same frequency, the criteria defined in (3.4) would
contribute to the overall damping of those modes. On the other hand, if the system has
several poorly damped modes in the low-frequency range, the criteria from (3.4) needs
to be extended. This case will be addressed in Chapters 4 and 5.



34 CHAPTER 3. SINGLE-MODE ADAPTIVE POD CONTROLLERS

3.2.2 Controller Definitions

The open-loop transfer function includes the active and reactive power action, and it
is defined as:

G(s) = Gp(s) + Gy(s), (3.5)

where

Gp(s) = H(s)K,Cp(s)Fy(s),
Go(s) = H(s)K,Cy(s)Py(s).

The transfer functions G(s) and G,(s) represent the relation between the active and
the reactive power injections, and the frequency (in Fig. 3.2, from point J to K, and
from point J to L, respectively). From now on, subscript p refers to active power while
subscript ¢ refers to reactive power, C'(s) means phase compensator and P(s) means
plant. The transfer function H(s) represents a high-pass filter.

The lead-lag compensators are defined as:

1—|—ST1 v

e = (1 T) , (39)

].+ST4

(3.8)

where T_4 are time constants, and n, and n, represent the number of compensators.
The high-pass filter is defined as:

H(s) =s/(s+1/T3)), (3.10)

where T}, is used to control the filter bandwidth.

3.2.3 Lead-Lag Controller Design

The lead-lag compensator is designed to adjust the phase ¢¢, which can be calculated

as follows:
Ageite = Agpei?®er + Aggei®en, (3.11)
-

N — — N\ — . —
G(jwo) Gp(jwo)  Gyljwo)
where A will be used from now on to represent the magnitude of a complex number,
while ¢ will represent its phase. Fig. 3.5 shows a graphical representation of (3.11) in
the form of a vector diagram. It can be seen that the design criteria ¢ = 0 can be met
by choosing any combination of G,(jw,) and Gy(jw,) that results in Im {G(jw,) } = 0.
However, from Fig. 3.5, it is clear that for a fixed value of Ag, |F(jw,)| is maximised
if:
b = ¢cp = Pcq = 0. (3.12)
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Figure 3.5: Vector diagram representation of G(jw,).

This mathematical condition yields an evident result: the active (reactive) power con-
troller should compensate for the phase of the active (reactive) power plant. Further-
more, it means that the controllers in the active and reactive power loops are designed
independently. Nonetheless, the positive combined control action of both controllers
relies on the superposition theorem of linear control systems [Ogata, 2010].

As in (3.11), the frequency response of G,(s) and Gy(s) at w, is obtained:

Ap€j¢P _ AH€j¢H ~Kp . Acp€j¢0p .App€j¢>Pp7 (3_13)
Gp(jwo)  H(jw,) Cp(jwo)  Ppjw,)
Age??Q = Apel?t K, - Ag,e??01 - Ap,el®Pa, (3.14)

Gy(jwo) H(jw,) Cq(jwo)  Py(jwo)

where subscripts C'p and Cq refer to the compensators, while Pp and Pq refer to the
active and reactive power plants, respectively.

3.2.4 Controller Limits

Recalling that p, and ¢, are the active and reactive powers requested by the operator,
the active and reactive power limits of the CIG can be calculated as follows:

p=Fk-py, (3.15)
a =52 — (p+p)?— g, (3.16)

where k € [0,1) is a predefined active-power margin available from the primary source

to provide damping services. In this section, the method to adapt the POD controller
is described. First, an offline simulation is conducted and the adaptive characteristic is
defined. Then, the procedure to update the POD controller parameters is introduced.

3.2.5 Controller Gain

The controller proportional gains K, and K, are designed following the two-step
method. First, the system performance is analysed for different values of the
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proportional gain. This allows for determining the gain value for which the damping
of the system reaches a maximum. Then, to determine the final value of the controller
gains, the system performance is verified using transient analysis. This approach is
a compromise between improving the controller damping performance and ensuring
robustness for different operating points.

3.3 Adaptive POD Controller

The lead-lag design criteria obtained in (3.12) can be applied to (3.13) and (3.14).
Then, the following results are obtained:

bcp = —Pu — Py, (3.17)
Pcq = —bu — Ppqg- (3.18)

This result means the compensators would compensate for the phase of the plant plus
the phase of the high-pass filter (i.e., the open-loop phase). The phase that needs to
be compensated can be in the range 180 degrees. However, the maximum phase shift
introduced by one lead-lag is limited to £90 degrees. Therefore, the compensator is
formed by two identical lead-lag compensators connected in series. This can be defined
as:

¢ =2. (3.19)

The design of the gain of the compensator is simpler compared to the phase. Here, only
the gain introduced by the high-pass filter is compensated. Then:

Acp = Acy = 1/Ay. (3.20)

With these specifications selected, the parameters are calculated as fol-
lows [Ogata, 2010]:

T = (tan ¢gp + 1/ cos ggp) /wo, (3.21)
Ty =T, - (1 - singlp) /(1 + sin dap) (3.22)
T3 = tan ¢ + 1/ cos ¢, (3.23)
Ty =Ts- (1 —singpg)/(1+ singpg)- (3.24)

3.3.1 Off-Line Analysis

Network Reconfiguration Aspects

In [Klein et al., 1991], it was found that changes in the impedance of the tie-line between
areas have a high impact on the frequency of the inter-area oscillation. This scenario
happens when one line is disconnected after a fault. Another aspect that affects the
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frequency of the oscillation is variations in the system’s inertia. This scenario typically
takes place when available renewable sources replace conventional generators in the
generation mix that are then disconnected. Furthermore, the network reconfiguration
causes the change in the POD controller plant, modifying the plant phase at oscillation
frequency. Thus, the POD controller settings become inaccurate, deteriorating the
damping performance. The impact of the network reconfiguration on the plant phase
is addressed in the following sections.

Analysis of Active and Reactive Power Dynamics

The aim of this section is to find the relationships between the oscillation frequency
(wo) and the phases that will be addressed by the lead-lag filters (¢p, and ¢p,), within
the frequency range of interest [Rogers, 2012]. Changes in the interconnecting lines (I,
l3, and I3 in Fig. 3.1) and reductions in the inertia of generators will be applied. For
each modification in the system topology, the following steps need to be taken:

1. First, the network model is modified. Then, a three-phase fault is applied and
cleared in the area formed by generators G3 and Gy, at point F in Fig. 3.1. The
system response includes the inter-area oscillation, in which the frequency of the
oscillation should be detected. For that purpose, the zoom-FFT algorithm is
used [Lyons, 2004].

2. Then, the challenge is to find the angle to be compensated, and for that purpose,
the phase of the plant at w, (¢p, and ¢p,) should be calculated. The system
is perturbed by using the CIG power references, depicted as points P and Q in
Fig. 3.1. The disturbance signal is a sinusoidal of frequency w, that is applied
in the active and reactive power references, consequently. When the simulation
reaches steady-state, the angle between the sinusoidal disturbance input and the
output is measured, thus obtaining ¢p, and ¢p, (in two separate simulations).
This process is programmed in a script so it does not require manual actions.

Fig. 3.6 (a) and Fig. 3.6 (b) show the estimated phases for the aforementioned
network changes. Both phases mainly decrease when the impedance of the tie-line
increases (circles) and when the system inertia decreases (squares). In Fig. 3.6 (b), the
linear relationship between ¢p, and w, is clear. There is also a relation between ¢p,
and w,, although it is not as clear as for ¢p,. It can be seen that the modification in
tie-line resulted in a linearly descending angle ¢p,,, while modification in the generators
inertia resulted in a non-linear relation between ¢p, and w,.

Fitting the Phase-Frequency Functions

The results obtained in the previous section are used here to fit f,(w,) and f,(w,). For
simplicity, a linear function has been considered here, although different curves may be
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used here:

fo(wo) =my - wy + 1, (3.25)
folwo) = my - wy + 14, (3.26)

where m and r refer to the slope and constant values of the straight line. For fitting
the values, any method can be used (e.g., minimum squares). The resulting functions
are depicted in Fig. 3.6 (a) and Fig. 3.6 (b), in green.

3.3.2 Real-Time Operation

The calculation of functions f,(w,) and f,(w,) require only basic mathematical op-
erations. Therefore, these functions can be simply implemented in local controllers.
The practical implementation is shown in Fig. 3.2 (b). Firstly, the frequency of the
oscillation is estimated by using the zoom-FFT algorithm. This algorithm was se-
lected for its precision and low computational requirements, which makes it suitable
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Figure 3.6: Simulation results: Phase angle that needs to be compensated by the (a)
active-power POD (¢p,) (b) reactive-power POD (¢p,) when the oscillation frequency
(w,) changes. Variation of (squares) inertia and (circles) line impedance values. (green)
Line representing f,(w,).
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for real-time implementations. Nonetheless, the oscillation frequency can be estimated
using other estimation techniques. Also, such information could be extracted from
ambient data, by analysing the frequency content of measured currents and voltages.
Furthermore, the proposed implementation is suitable for systems with oscillations in
the low-frequency range. If the system faces oscillations at higher frequencies, the pro-
posed method could be connected with methods used for detecting subsynchronous
oscillations [Shair et al., 2022].

Once w, is estimated, it is used to calculate compensation angles, ¢, and ¢cy.
Finally, the parameters of the lead-lag compensators are adjusted to achieve new com-
pensation angles following the procedure described in Section 3.2.3. It should be noted
that the phase introduced by additional elements in the loop should also be compen-
sated by the lead-lag compensators (e.g., if additional low-pass filters are applied). Also,
the modification of the control parameters leads to a sudden increase or decrease in the
power references. However, the limiters p; and ¢; would ensure that the final command
signals do not exceed the allowed limits.

3.4 Experimental Results

The performance of the POD controller was verified in a laboratory setup, described in
Appendix A.2. The CIG-based power-plant is modeled with installed power of 100 MVA
in the emulated power system model, with a nominal voltage of 20 kV. The power-
plant consists of four actual hardware CIG units, with nominal power S, = 15 kVA
and nominal voltage of V,, = 400 V. Therefore, the scaling factors between the PHIL
environment and emulated power system model are K, = 1.66 - 103, K, = 0.02 and
K; = 33.3 (see Appendix A.3 for more details).

The laboratory verification was conducted to address several points. First, the ro-
bustness of the adaptive mechanism against high-frequency noise is of interest. Namely,
in the laboratory system, such noise is always present due to high switching frequency.
If the adaptive mechanism is affected by the noise, POD controller parameters would be
updated constantly, increasing the probability of real-time computer calculation fail-
ures. Also, the precision of real-time calculations with sudden and large changes in
POD controller parameters might result in arithmetic overflows, leading to disconnec-
tion of the CIG unit. Therefore, it is of interest to verify the performance of the POD
controller in which the parameter values are being updated with changes in the net-
work configuration. The results from several experiments are presented in the following
sections.
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Active Power, Reactive Power and Combined POD Controller

In this section, the proposed POD controller was tested without the adaptive mechanism
applied and was designed following the procedure described in Section 3.2. For this
scenario, the oscillation frequency of the system was 0.64 Hz. The frequency responses
of P,(jw,) and P,(jw,) were measured by perturbing the system at f,. Then, from (3.17)
and (3.18) the compensation angles were calculated. The POD controller parameters
and CIG operating point are summarized in Table 3.1. Then, the controller proportional
gains were calculated so that they do not saturate when a transient takes place. More
advanced criteria can be used for the design of the gains, but this is not explored here.

Fig. 3.7 (a) shows the transient response of the grid frequency for three test cases.
In (blue) only active power is used, in (red) only reactive power, and in (green) both
powers are used simultaneously. In addition, the injected active and reactive power dur-
ing the transient from one CIG are shown in Fig. 3.7 (b) and Fig. 3.7 (c), respectively.
In all three cases, the system damping improved compared to the case without the POD
controller (in gray). It can be seen that the best damping was achieved for the case in
which both powers active and reactive were used. This can be verified in Fig. 3.8, where
the most critical eigenvalues (those related to the inter-area oscillation) obtained in the
experimental verification are shown. These eigenvalues were identified by applying a
pseudo-random binary signal (PRBS) to the command of the power references and then
by estimating the system model and its eigenvalues. In (gray), the critical eigenvalue
without any POD controller is shown, in (blue) with the POD controller only acting
with active power, in (green) only with reactive power, and in (red) with both power
components. Without the POD controller, the critical eigenvalues had a natural fre-
quency of 4.05 rad/s and a damping factor of 0.016. For the POD controllers based
only on active and reactive power, the eigenvalues clearly move away from instability.
However, the combined action of both power components gave the best results, and a
damping factor of 0.067 was obtained.

Network Reconfiguration

In order to validate the benefits of the proposed adaptive mechanism, a representative
scenario in which an inter-area oscillation appears was selected. In this scenario, the
inertia constant of generators GG; and G5 was reduced by 10 %, while the reduction was
15 % for generators Gy and Gy (see Fig. 3.1). Furthermore, the proportional gain of

Table 3.1: POD Controller Parameters on CIG unit base.

Parameter T}, [s|] pr [pu] ¢ [pu] p [pu] @ [pu] K, [pu] K, [py]
Value 2 0.32 0.47 0.16 0.4 60 60
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Figure 3.7: Experimental results. (a) Frequency deviation, (b) active and (c) reactive
power injected by the CIG units. The meaning of colours is marked in the legends.
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Figure 3.8: Experimental results. Critical eigenvalue identified for the POD controller
options. (gray) No POD controller, (blue) only active power, (green) only reactive
power and (red) active and reactive power.
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Figure 3.9: Experimental results. Transient response of (a) the grid frequency, (b) active
and (c) reactive power when one line is disconnected and the adaptive mechanism is
applied. (d) Compensation angles calculated in real-time. (e) Active and (f) reactive
power references.

PSS in G5 was reduced by 33 % in order to make the system marginally stable after
the disconnection of a line (the remaining three generators did not include PSS, see
Section 3.1.1 for details). The main objective of this change was to demonstrate the
benefits of the proposed control technique. To do so, the adaptive characteristics were
defined from the system prior to and after the disconnection of a line. Table 3.2 gives a
summary of calculated adaptive characteristics parameters for both f,(w,) and f,(w,).
The unit of both n, and m is [degree/Hz|.

This scenario can be explained using Fig. 3.9 (a). In this scenario, the system was
initially stable and the CIG-based power plant was designed to provide the maximum
damping by using both active and reactive power injection. Eventually, tie-line [3 (see
Fig. 3.1) was disconnected at t; = 1 s and then the system was very close to instability.
This happens because the system dynamics changed significantly and the original POD
controller cannot guarantee adequate system damping. This change in the system
topology also caused a shift in the oscillation frequency.

Table 3.2: Experimental results. Adaptive characteristics parameters.

fp(‘*%) fq(WO)
n 352.17 400

m  -42.46 -19.46
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Figure 3.10: Experimental results. System eigenvalues for the system reconfiguration.
(light blue) Initial state, (dark blue) after the line disconnection and (red) once the
controller is adapted. (yellow, green) Initial and final states without POD controller.

During the first three oscillation periods, the FFT algorithm was estimating the
oscillation frequency, and the new value was determined after approximately 6 sec-
onds (Fig. 3.9 (b)). Then, the compensation angles updated according to f,(w,) and
fq(w,) (instant t5). These curves were calculated according to the realistic elements
included in the laboratory (additional delays and filters, etc.) so they have differ-
ences compared to those shown in Fig. 3.6 (a) and 3.6 (a). It can be observed that
the angles of all the CIG units were not updated at the same time. This happens
because they are operated independently and, therefore, their controllers are not syn-
chronised (Fig. 3.9 (c, d)). After instant ¢, the transient response shows that the
sustained oscillation was clearly damped due to the action of the adaptation mecha-
nism. The modification can also be seen in the active and reactive power references, in
Fig. 3.9 (e) and (f), respectively. In both references, the adjusted parameters resulted

Table 3.3: Experimental results. Parameters change during network reconfiguration,
on CIG base.

Cp(s) Co(s)
Parameter Before After Before After
T s] 0.48 0.15 1.54 0.24

Ty[s] 0.1  0.76 0.034 047
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Figure 3.11: Experimental results. Damping of the most critical identified mode when
the slope of the adaptive characteristic is modified.

in a sudden decrease in the signal amplitude. Fig. 3.10 shows the system eigenvalues
for the aforementioned scenario. In (light blue), the system damping before the event
is shown. It can be seen that the system was well-damped. Then, in (dark blue), the
line was disconnected and the mode moved towards the imaginary axis, while the oscil-
lation frequency clearly decreased. Finally, in (red), when the controller was updated,
the system became well-damped again. For completeness, in (yellow, green) the system
eigenvalues in the original and final states are shown, but without any POD controller.
It can be seen that in these cases the system was not well damped.

Table 3.3 shows the change in the POD controllers parameters caused by the network
reconfiguration. These parameters are calculated from (3.24) once the new oscillation
frequency is detected and the new compensation angles are estimated.

Robustness of Adaptive Mechanism

To explore the robustness of the proposed method with respect to the selection of func-
tions f,(w,) and f,(w,), the values of the slopes were intentionally modified. Fig. 3.11
shows the damping of the most critical eigenvalue for the variations of the slope,
Am = m/mg (the same for P and @), where m, was the original slope. It can be
seen that for variations between 1.5 and 0.5, the damping still remained larger than
0.04. However, the damping rapidly decreased if Am was lower than 0.5. The effect of
the slope and the selection of the curve is relevant, and its selection greatly depends on
the system topology. Therefore, exploring this for different power system topologies is
of interest for further research.
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Figure 3.12: Experimental results. Damping of the most critical identified mode (1)
without POD controller, POD controller design (2) with the proposed method, and (3)
for the maximum damping.

3.5 Comparison with Other Methods for POD Con-
troller Design

In the literature, the POD controllers are often designed with a focus on
maximising the damping factor of the critical mode. To do so, either a single-
objective [Khadanga and Satapathy, 2015] or multi-objective [Ali, 2014] optimisation
functions can be defined. These objectives are defined as minimising the mode with
the largest damping factor value [Eslami et al., 2014] or maximising the mode with
the lowest damping ratio [Mary Linda and Kesavan Nair, 2013]. Also, these objectives
can be merged to define the expected values for both the damping ratio and factors
of dominant modes [Rahmatian and Seyedtabaii, 2019]. Fig. 3.12 shows the damping
factor of the critical mode for three cases. Clase I represents the case without the
POD controller, while the POD controller is included in Case 2 and Case 3. In
Case 2, the POD controller was designed with the procedure presented in this work.
Then, in Case 3, the controller was designed for the maximum damping factor. It
can be seen that if the POD controller compensates the open-loop phase shift the
achieved damping factor is not at the maximum. However, it is very close to it while
the analytical solution is easy to obtain.

3.6 Chapter Summary

In this chapter, a POD controller for CIG units that uses both active and reactive power
has been presented. This controller maximises the capability of CIG units to damp
oscillations and offers parameter adaptation when a change in the network dynamics is
detected. Possible network changes are analysed offline and the value of each oscillation
frequency is linked then with the angle that needs to be compensated by the active and
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reactive power controllers. The information from the offline analysis is then applied in
real time to adapt the POD controller. Theoretical derivations were validated in the
PHIL setup. Nonetheless, the design of a POD controller with an adaptive mechanism
for a system with multiple low-frequency modes and its verification on a larger system
requires further research efforts.



Chapter 4

Multi-Mode Robust POD
Controllers for CIG Units
Operating in Grid-Following Mode

This chapter describes a POD controller with a fixed structure and set of parameters
that is robust against network reconfiguration. Section 4.1 gives an overview of the
system and POD controller structure. Section 4.2 describes the network analysis pro-
cedure in which the effect of changing the system parameters is explored. The POD
controller structure and the design procedure are described in Section 4.3. Then, the
results obtained in the network analysis and the validation of the POD controller are
presented in Section 4.4. Section 4.5 gives the conclusion of this chapter.

4.1 System Overview and Methodology

4.1.1 System Description

Fig. 4.1 shows the diagram of the power plant and the electrical system studied in this
chapter. It can be divided into three main parts. The first part is depicted in Fig. 4.1 (a)
and represents a model of a transmission network formed by ten generation units (G,
to Gyp). Each generation unit includes an SG with a governor, an exciter and a PSS.
This model represents the IEEE 39 Bus network that is widely used as a benchmark
network for inter-area oscillation studies [IEEE, 2015a]. In this work, two modifications
are made to the original model. First, several PSS are adjusted to reduce the damping
of certain modes while keeping the system stable. The second one is an additional POC
at bus 29 (see Fig. 4.1 (a)), which is used to connect a CIG-based power plant.

Fig. 4.1 (b) shows the electrical diagram of two additional CIG units that represent
the power plant. It consists of two CIG units that are used to connect the primary

47
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Figure 4.1: Diagram of (a) IEEE 39 bus network, (b) CIG-based power plant and (c)
control diagram for one CIG.

energy sources to the network. These converters are connected to the POC via step-up
transformers. The output current (i) and voltage (v,,;) are measured and used in
the control algorithm.

Fig. 4.1 (c) shows the control algorithm for one converter. First, the grid fre-
quency (wy) is estimated from the voltage measurements. Then, the POD controller
acts upon changes in the estimated frequency and produces references of active (py) and
reactive (qq) powers. The total power references (ps and ¢,) are calculated by adding
the POD controller references and the references sent by the system operator (p, and
qr). The power references are then converted to current references for the current con-
troller by taking into account the grid voltage at the POC (v,,). Finally, the current
controller defines the converter output voltage reference (vs).

4.1.2 POD Controller Overview

Fig. 4.2 shows a block diagram of a small-signal representation of the system. The POD
controller block diagram is depicted in Fig. 4.2 (a) and the plant models are depicted
in Fig. 4.2 (b). In the plants, active and reactive powers are considered as inputs
and the frequency is considered as an output. The POD controller includes several
elements. The compensators C,(s) and C,(s) consist of a series of lead-lag filters.
Besides those, a band-pass filter, proportional gains and saturation blocks are added.
First, the band-pass filter is acting upon deviations of estimated network frequency
(Awg). This means that it removes components of Aw, outside the frequency range
of interest. Then, the lead-lag filters compensate the open-loop phase of the plant in
order to maximise the damping action of the POD controller. The outputs of these
controllers are active (ps) and reactive (gs) power references. The gains K, and K,
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Figure 4.2: Block diagram representation of (a) POD controllers and (b) plant models.

define the proportional action. Finally, the limiting actions of saturation blocks in the
active (p;) and reactive (q;) powers ensure the capabilities of the power plant are not
exceeded. This procedure produces the active (pg) and reactive (g;) power references
for POD.

4.1.3 POD Controller Design Methodology

Fig. 4.3 shows a flow diagram of the proposed procedure for designing network-
reconfiguration-aware POD controllers. This procedure is divided into three routines,
which are described in the following sections.

Network Analysis

The network analysis is used to understand how the plants P,(s) and P,(s) change
when the network is reconfigured. This routine is depicted in Fig. 4.3 (a). First, the set
of modifications that will be considered during the design procedure should be defined.
In this work, these modifications include the original network topology with each of the
electrical lines disconnected, one by one. This set of modifications can be extended to
include cases such as loss of generation units or loads in the network. Furthermore, the
set of modifications can include changes in the network loading conditions or system
operating point. Such changes can emphasise nonlinear properties in the system. Thus,
these changes can be used to study the system’s dynamic properties, which might not
be observed with changes in the network configuration. These cases are also of interest,
but they will not be addressed here for simplicity. The next step in the plant analysis
is to apply a series of network modifications and obtain the frequency response of P,(s)
and P,(s), for each configuration. These transfer functions can be obtained from a
detailed small-signal model. However, if small-signal models are not available, P,(s) and
P,(s) can be obtained by using system identification techniques [Jankovic et al., 2023e].
Once these models are obtained, the peaks in the frequency response (i.e., resonance
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Figure 4.3: Procedure for the design of network-reconfiguration-aware POD controller.
(a) Network analysis, (b) design of compensators, and (c) proportional gain design.

frequencies) are extracted. The phases at the frequencies of the conflicting modes (i.e.,
phase to be compensated by POD controllers) are also calculated and stored. This
procedure is repeated for each modification in the given set of modifications.

Compensator Design

This routine includes the steps for designing the POD controller compensator, and it
is depicted in Fig. 4.3 (b). First, the information obtained in the previous routine is
sorted and analysed. In this step, the modifications that cause a significant change in
the system dynamics (e.g., loss of lines connected to the power plant) are neglected. The
remaining set of information is used to define the desired phase of the POD controller
frequency response. In addition, two constraints are added to shape the magnitude of
the frequency response. These constraints specify the reduction of controller gain for
the frequencies outside the frequency range of interest. While these constraints define
the shape of the magnitude of the frequency response, the final values of controller
magnitude will be defined once the proportional gain is selected (this is explained in
later steps). The constraints for the magnitude of the frequency response of the con-
troller are important when the system frequency response is obtained by using system
identification techniques. In that case, the information about the system is determined
by the characteristics of the perturbation signal. The perturbation signal is selected
to obtain information within the frequency range of interest. Therefore, there is scarce
information about the system dynamics outside the frequency range of interest. Then,
the controller design is defined as an optimisation problem in which the error between
the specified and obtained phases is minimised. The constraints for the optimisation
problem are the aforementioned requirements for the magnitude.
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Design Verification

The final routine for the design is depicted in Fig. 4.3 (c). First, the system stability is
examined for the nominal network configuration (i.e., all lines connected) with the POD
controller included. Then, the controller gains are modified and the system response is
obtained. If the system encounters instability or any other practical reason that limits
the controller gain (e.g., noise amplification, etc.), the iterative procedure is stopped.
At this point, the final value of the magnitude of the controller frequency response
is determined. Finally, the system stability is verified for all the possible network
configurations.

4.2 Plant Analysis

During the system operation, the network topology changes every time a line in the sys-
tem is disconnected. Such changes have an important impact on the dynamic properties
of the network. In [Klein et al., 1991], it was shown that the change in the impedance
of the lines affects to the frequency of low-frequency modes. In terms of frequency re-
sponse, those changes have a two-fold effect [Jankovic et al., 2023e]. First, the changes
in the frequency of critical modes are seen as changes in the oscillation frequency. This
means that the peak in the magnitude of the frequency response occurs at different
frequencies. The second effect is the change in the phase of the frequency response.

From the system definition in Fig. 4.2, the frequency responses of P,(s) and P,(s)
can be defined as:

Pp(jwo,i) = Appﬂ.ej(z)PP,i’
Pq(jwo,i) = APq,i€J¢Pq’i, Woyi € Q, 1€ I7

where w, represents the frequency of oscillations, whereas A and ¢ represent the mag-
nitude and phase of the frequency response at w,, respectively. The set I defines the
number of oscillation frequencies. From now, ¢ refers to an element in the set I. The
set () represents oscillation frequencies of interest. Then, the phases of the plants at
these frequencies (expressions (4.1) and (4.2)) are organised in corresponding sets as:

(I)Pp,n - [¢Pp,17 ¢Pp,27 ceey ¢Pp,i]7 (43)
(I)qu = [¢Pq,17 ¢Pq,27 ey ¢Pq,i]-
Sets @, ,, ®,,, are calculated for each network configuration C =1, 2, ..., C, where C

is the number of cases considered. From now on, n refers to an element in a given set
of network configurations C. Therefore, the set €2,, should also bear the subscript n.
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Next, the information from all modifications is organised and grouped as:

Q == [Ql, QQ, ceey Qn], (45)
@Pp = [@Pp’]_’ @PP,Q, ceey @Pp7n:|7
Ppy = [Ppy1, Prg2, oy Ppga), VneC,

where Q, ®p,, and Pp, are sets that contain oscillation frequencies and phases for
all the possible network configurations. To design the POD controllers, the values in
the sets ®pp, and Ppq will also include the phase shift introduced by additional filters
added in the loop (for more details, see Section 4.3.1).

4.3 POD Controller Design

4.3.1 Controller Structure

A band-pass filter (B(s)) is applied to attenuate the signal content outside the range of
low-frequency oscillations — [0.1,2] Hz. It consists of a high-pass and a low-pass filter
connected in series, and it is defined as:

S 1
s+ 1/Ty, s/T;+ 1

B(s) = (4.8)
where T}, and 7T} are the time constants of the high-pass and the low-pass filters, respec-
tively. The values of wy, and w; are selected taking into account the frequency range of
low-frequency oscillations. Consequently, these cut-off frequencies need to be selected
so that B(s) attenuates the signal frequency content outside the range of low-frequency
oscillations. At the same time, B(s) will introduce an additional phase shift into the
system, which needs to be added to the sets ®p, and ®pq so that it is compensated
by C,(s) and Cy(s).

Compensators C,(s) and Cy(s) consist of a set of lead-lag filters connected in series.
Cy(s) and C,(s) have the same structure and their parameters are defined following the
same procedure. Thus, in the rest of the document, the developments are presented
only for C,(s) (for simplicity). The controller C,(s) is defined as:

_1+8T1 1+$T3 1+8TC_1
S 148Ty, 14sTy 7 14T,

Cyls) (4.9)
where 77 — T, are the compensator time constants, whereas ¢ represents the number of
time constants.

The order of the compensator (4.9) should be selected, and it depends on two
requirements. First, the requirements for the phase of C,(jw) are defined to compensate
for a set of phases obtained in the plant analysis. This set of phases includes several
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points with large phase differences across a narrow frequency range. Therefore, a low-
order transfer function may lead to a large deviation between the required phase and the
phase introduced by C,(jw). On the other hand, the results achieved with very high-
order transfer functions would not necessarily result in significantly improved design
performance. At the same time, higher-order transfer functions are typically difficult to
implement in real-time [Lyons, 2004]. Thus, the order C,(s) represents a compromise
between these two considerations.

4.3.2 Design Objective

The method used to design the POD controllers is based on the phase compensation of
the open-loop plant at the frequency of interest [Ogata, 2010]. The open-loop transfer
function (G(s)) is defined as a transfer function from point J to point M, in Fig. 4.2.
Analytically, the compensation objective can be written as:

dc =0, (4.10)

where
G(jw,) = Agel®c. (4.11)

It has already been shown that this design method provides a system damping that
is close to the optimal value [Jankovic et al., 2021]. Also, as the design is based on
open-loop characteristics, the calculation of the compensator parameters can be easily
automatised.

Two open-loop transfer functions can be calculated from Fig. 4.2.  These
transfer functions represent the active (Gp(s)) and reactive (G4(s)) power dynamics,
and these are defined from point J to points K and L in Fig. 4.2, respectively.
In [Jankovic et al., 2021], it has been shown that the criteria from (4.10) can be met
by setting phases to zero for two open-loop functions separately:

Pcp = ¢Gq = 0, (4.12)

where ¢¢, and ¢, are phases of G(jw,) and G,(jw,), respectively.

To meet the objectives presented in (4.12), each controller (C,(s) and Cy(s)) should
compensate the phase of its corresponding open-loop system at the oscillation fre-
quency [Jankovic et al., 2021]. Taking into account multiple oscillation frequencies and
changes caused by network reconfiguration, this criteria can be defined as (only the
active power loop is shown):

0, = 0y~ =0, Vielvnec 1

where gbic”; is phase of C,(jw).
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The criteria from (4.13) means that the controller C,(s) needs to compensate the
phase of the corresponding plant for all oscillation frequencies and all network configura-
tions. Such requirements are too strict, mainly for two reasons. First, the requirements
for the phase of C,(jw) would include many points in a very narrow frequency range (0.1
to 2 Hz). Second, plants for different network configurations might have the same fre-
quency of oscillation with different phases. Therefore, trying to fully compensate for
the phase in all the cases is not a reasonable solution. Instead, an alternative function
to design the compensator is proposed in the following section.

4.3.3 Optimisation Problem Definition

A cost function is defined based on the criteria presented in (4.13):

min ™ |ot, - ot (4.14)
i€l
neC
where
X = [Tl,TQ,...,Tc]. (415)

The parameter e defines the error cost, and its value depends on the complexity of the
optimisation problem. Namely, the change among elements qﬁig,n € ®p,, can be different
depending on the results of the plant analysis. This change has a direct impact on the
complexity of the problem in (4.14). Therefore, the parameter e is case-specific, and
its value depends on two criteria. The first criteria is the allowed average error for the
controller design. This error determines the performance of the controller in damping
multiple modes for various network configurations. The second criteria is the maximum
error allowed or any of the cases. Thus, the selection of the parameter e is a compromise
between these two criteria.

4.3.4 Constraints

The solution of problem (4.14) defines the controller parameters based on the required
phases in the frequency range of low-frequency oscillations. Nonetheless, once the con-
troller is introduced into the system, it affects the rest of the frequencies outside this
range. If not addressed, it may lead to unwanted interactions with other control layers.
To address this issue, constraints are added to the optimisation problem. These con-
straints ensure that the controller impact outside the range of low-frequency oscillations
is lower than within this range and are defined as:

¢t |Cpljwour)| < 1, Y Wour € Qout, (4.16)
where g4t is a set of frequencies defined as:

Wout §é [01? 2] 2T md/s, v Wout € Qout- (417)
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The constraints in (4.16) limit the magnitude of C,(jw). It is relevant to mention the
POD controller gain (i.e., the gain in the range of interest) will be tuned in the last
step of the design procedure (with K,).

Another set of constraints is linked with the set of unknowns x in the optimisation
problem (4.14). Namely, the unknowns in this problem are controller parameters. Thus,
constraints for those parameters are necessary to guarantee that the transfer function
Cy(s) is stable. These constraints are defined as:

T,>0, ¥V ac {2,4,6,...}. (4.18)

4.3.5 Controller Gain

The controller gains (K, and K,) are determined based on the system frequency re-
sponse, following the procedure from Fig. 4.3 (¢). This procedure consists of two parts.
In the first part, the system is analysed for the case when all the lines are connected.
Gain values are changed incrementally and the system’s closed-loop frequency response
is observed. The information from this analysis describes the impact of the gains on the
system stability margins. Such change results in improved damping of low-frequency
modes. Nonetheless, after a certain point, the damping of one or more modes would
decrease. Furthermore, as the gain increases, the impact of the POD controller out-
side the frequency range of interest is changing. The change can be seen as a decrease
in stability margins below and above the frequency range, depending on the system
characteristics. Therefore, the selection of the gain value takes into account different
aspects of the controller’s impact on the system stability.

The second part of the procedure includes the verification of system stability with
the gain value selected in the first step. Here, the system stability is verified for all the
network configurations using the selected gain value. For this purpose, the set of plants
for different network configurations can be used. Since these plants are obtained in the
plant analysis (Section 4.2), no additional identification procedures are required. If the
system is unstable for any network configuration, the first step of the procedure for the
gain value selection needs to be repeated and a different gain value should be selected.

4.3.6 Controller Limits

During transients, the converter delivers active and reactive powers for to damp oscil-
lations. Depending on the amplitude of the frequency deviation, the power references
from the POD controller can exceed the converter capacity. It is, therefore, necessary
to define the active and reactive power limits (p, and ¢;). These limits are changing
over time based on the network operating point and the available energy from the pri-
mary energy source. For simplicity, these limits are kept constant in this work (see
Section 3.2.4 for more details).
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4.4 Results

The CIG-based power-plant includes two CIG units, with a nominal power S, =
50 MVA each, and a nominal voltage of V,, = 20 kVA. The remaining parameters of CIG
units are given in Appendix C.1, whereas the transformer parameters are presented in
Appendix C.3.

4.4.1 Plant Analysis

The model of the IEEE 39 Bus system is represented using an electro-mechanical model.
The system information is obtained using the linearisation method with the Simulink
Control Design Linearization Toolbozr from Matlab [MATLAB, 2019]. The power sys-
tem model obtained has 295 states (for more details, see Section 2.5.1. Fig. 4.4 (a) and
Fig. 4.4 (b) show the changes of elements in ®pj, and ®p, with respect to the elements
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Figure 4.4: Phase of (a) P,(jw) and (b) P,(jw) for different network configurations.
(blue, yellow, red) Clusters of points from three oscillation frequencies.
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in €, for different network configurations. In both cases, three clusters of points are
formed, which correspond to three different ranges of oscillation frequencies. These
clusters are marked in blue, yellow and red in Fig. 4.4 (a) and Fig. 4.4 (b). Changes in
each cluster describe how network reconfiguration affects to the interactions between
different generators in the system. It can be seen that the angle and frequency varia-
tions differ between the clusters. Angles ¢p and ¢¢g vary around 90 degrees while the
frequency of oscillations varies in the range of 0.1 Hz.

4.4.2 Compensator Design

The compensators are designed by using the proposed method. The plant information
obtained during the initial analysis was used. The optimisation problem (4.14) with con-
straints (4.16) is solved by using the fmincon function from Matlab [MATLAB, 2019].
The computational time required to design compensators C,(s) and C,(s) was 4.5
and 3.4 minutes, respectively. The optimisation problem was solved on desktop PC
with i5-8500 CPU with 8 GB RAM.

The optimisation problem (4.14) is solved using the parameter setting m = 3. The
compensator design accuracy is verified using the error between the specified and the
obtained phase of C,(jw) for all the elements in €2. This error is defined as:

N
E" =

@,Mn i,
¢Cp o ¢Pp

,  Viel, Vnel. (4.19)

This error corresponds to the individual elements of the sum that is used to define the
cost function (4.14). Thus, by minimising the cost function, the error E;;” is reduced.
Table 4.1 shows the mean and maximum errors for both compensators C,(s) and
C,(s) when different compensator orders are used. For C,(s), it can be seen that the
error is significantly reduced if a series of two lead-lag filters is used compared to the
case with only one filter. Further increase in the number of lead-lag filters leads to
a reduced design error, although the difference is not significant. Then, for C,(s) of

Table 4.1: Design errors £, and E, for different number of lead-lag filters.

Order E, E,

mean max Imean max
164 179 17 41
15 27 17 41
14 27 17 41
14 27 16 38
15 39 16 38
14 27 16 38

S U = W N~
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order five, the maximum error increases significantly, while the compensator of order
six gives the same results as those of orders three and four. On the other hand, the
error in C,(s) does not change significantly when the order increases. By increasing
the order from one to three, the design error is not modified. Then, for orders four
to six, the error changes, although the improvement is not significant. These results
show that the relation between the compensator order and the design error is nonlinear.
Therefore, the order of the compensator transfer function should be selected carefully
upon determining the relation between the error and the compensator order. Based on
the analysis, the orders for C),(s) and Cy(s) are set to 3 and 4, respectively.

Table 4.2 shows the time constants of lead-lag filters used in C,(s) and C,(s), for the
selected configuration. For C,(s), there are three lead-lag filters with similar parameters,
although the optimisation problem did not have such specifications. However, this result
can be expected and it is similar to the common practice in designing PSS for SGs.
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Figure 4.5: (orange) Frequency response of (a) (Cy,(s) - B(s)) and (b) (Cy(s) - B(s)).
(purple) Magnitude of B(jw) for all elements in Qqys.
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Fig. 4.5 (a) and Fig. 4.5 (b) show the frequency response of the POD controllers
designed using the proposed method. These figures show the combined frequency re-
sponse of the band-pass filter and the compensators in each loop, allowing to assess the
total impact of the POD controller on the system. It can be seen that the band-pass
filter mainly determines the shape of the magnitude of the POD controller, due to the
magnitude constraints of C,(jw) and Cy(jw). Within the frequency range of interest,
the POD controller magnitude deviates from the band-pass filter. This is expected
because in this frequency range the requirements for the phase of C,(jw) and C,(jw)
are specified and set.

Fig. 4.6 (a) and Fig. 4.6 (b) show the design errors for both C,(s) and C,(s),
respectively. Overall, it can be seen that the errors in both power loops are lower than
40 degrees, while in the majority of cases, it is even lower. The mean error in active
and reactive power loops is shown as an orange line in Fig. 4.6 (a) and Fig. 4.6 (b),
respectively. It can be seen that the mean errors are around 15 degrees in both cases.
This ensures the system is well-damped in most of the cases considered.
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Figure 4.6: (blue) Error between the specified and achieved phase of (a) C,(jw) and
(a) Cy(jw). (orange) Mean absolute error.
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Table 4.2: Parameters for compensators C,(s) and Cy(s).

Time constant [s]
Ty Ty T3 Ty Ts Ts T T3

Cp(s) 1826 0.23 -2.79 0.67 0.07 30
Cy(s) 027 057 0.27 0.57 0.27 057 1.28 0.13

4.4.3 Controller Gain

Fig. 4.7 shows the system frequency response when the gains K, and K, are modified.
Here, the system is in its nominal configuration and all the lines are connected. It can
be seen that an increase in the proportional gain has a twofold effect on the dynamic
properties of the system. First, for three low-frequency peaks, the system magnitude
decreases as the gain value increases. At the same time, a change in the opposite
direction is seen for peaks outside the frequency range of interest (depicted as gray
areas in Fig. 4.7). Thus, the system stability margins for frequencies outside the range
of low-frequency oscillations are reduced when the controller gains increase. These
results highlight the importance of analysing stability margins for frequencies within
and outside the frequency range of interest. Based on this analysis, the proportional
gains are set to K, = K; = 1.3 pu on the CIG unit base. These values, together with the
rest of the relevant system parameters, are summarised in Table 4.3. Fig. 4.8 shows the
system transient response when a disturbance is applied (gray) without and (orange)
with the POD controller. A significant improvement in the damping can be seen as the
system reaches a steady state within a few seconds after disturbance, compared to tens
of seconds for the system without a POD controller.

20
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Figure 4.7: System closed-loop frequency response for variations of the proportional
gain values.
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Figure 4.8: Transient response when a disturbance is applied. (gray) Without and
(orange) with POD controller.

Table 4.3: POD controller parameters on the base of the CIG unit.

Parameter 1T}, [s] T;[s] K, [pul K, [pul pi,q [pu]

Value 2 0.05 1.3 1.3 0.1

4.4.4 System Performance

Fig. 4.9 shows the relevant system eigenvalues for different network configurations (blue)
without and (orange) with the POD controller. Here, the system is observed for all
possible disconnections of lines in the network, including those that are excluded during
the design procedure. It can be seen that, when the system is reconfigured and there is
no POD controller, there are very significant changes in the stability margins. Moreover,
for certain network topologies, the system even becomes unstable. Once the POD
controller is introduced, the variations of the system eigenvalues are smaller and the
damping factors are improved, for all the possible network configurations. Furthermore,
the system remains stable once the network configuration changes.

4.5 Chapter Summary

In this chapter, a method to design a network-configuration-aware POD controller for
CIG-based power plants is presented. The proposed design procedure takes into ac-
count the changes in the system caused by network reconfiguration. Also, it has been
explained how all the necessary information for the proposed method is obtained from
the system frequency response. An optimisation procedure to calculate the parameters
of the POD controller has been introduced. The formulation of the optimisation prob-
lem, which includes all the system constraints, has been proposed and it’s objective
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Figure 4.9: System eigenvalues for network configurations with different lines discon-
nected (cross) without POD controller and (triangle) with POD controller.

defined. The proposed design method was tested by using simulations in the IEEE 39
Bus benchmark system. Future work could focus on extending the set of considered
cases with modifications caused by the loss of generation units and variations in the
network loading conditions. Also, it is of interest to study the performance of the pro-
posed method applied to different networks because the relation between the oscillation
frequency and the compensation angles depends on the network topology.



Chapter 5

Centralised Multi-Mode POD
Controllers with Stochastic Delay
Compensation

This chapter describes a centralised multi-mode POD controller that compensates for
the effects of stochastic communication delay. Section 5.1 gives an overview of the
system and the POD controller structure, as well as the design methodology of the POD
controller. Section 5.2 describes the modelling of the plant and the calculation of POD
controller parameters. The procedures for modelling the stochastic communication
channel delay and sampling rate are described in Section 5.3 Section 5.4 describes
the results of the POD controller validation in the PHIL environment, in which a
real communication network is deployed. A discussion regarding the impact of network
reconfiguration and variation in delay length is given in Section 5.5. Finally, Section 5.6
summarises the main results of this chapter.

5.1 System Overview and Methodology

5.1.1 System Description

Fig. 5.1 shows the electrical and control system diagrams of the network used in this
work. Fig. 5.1 (a) shows the transmission network under study, although the pro-
posed procedure is general and can be applied to other networks. The transmission
network used in this work is based on a benchmark model for inter-area oscillation
studies [IEEE, 2015b]. The network is modelled following the acausal modelling prin-
ciples.

It consists of three generation units and the main network. Each unit includes an SG,
a governor and an exciter. There are several low-frequency oscillations: Gy against G,

63
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Figure 5.1: (a) Single-line diagram of the network studied in this work. (b) Hardware
and (c) centralised controller of the PV power plant.

(GG, and G, against (G5, and the three generators against the main network. Thus, this
model is suitable for studies of multi-mode oscillations. In this work, two modifications
are made to the original model [IEEE, 2015b]. The first one is an additional POC
at bus 5 (see Fig. 5.1 (a)) that is used to connect a PV plant. The second one is
an additional delay and gain in the PSS of the SGs, which is used to deteriorate the
damping of the original oscillation modes and emphasise the inter-area oscillations. The
PV plant consists of four CIG units, with different primary energy sources on the dc
side. These include (yellow) two PV-arrays with centralised PV inverters, (purple) a
STATCOM and (green) a battery storage system. Only two PV inverters are used
so that theoretical results can be fully reproduced in the experimental platform. The
STATCOM delivers the reactive power required by the TSO while the battery is used
to adjust the total active power delivered to the grid. This setup is used when a PV
plant is required to offer grid-support services, although PV plants with alternative
topologies can also be found [Bullich-Massagué et al., 2020]. All the CIG units operate
in grid-following mode [Blaabjerg, 2021].

The active and reactive power references for each CIG unit are defined by a cen-
tralised PV-plant controller, which is depicted in Fig. 5.1 (c¢). Each power reference
consists of two terms. The first one are active and reactive power set points (p, and
qr) sent by the system operator. Their rate of change is slow so they are commonly
considered constant for studying electro-mechanical oscillations. The second part of the
power reference is defined by a POD controller and includes active and reactive power
terms (pg and gqq, respectively). The PV inverters receive active and reactive power
references, the STATCOM only receives reactive power references and the battery only
receives active power references. These references are sent via a communication channel
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that is shared between all the devices. This channel introduces an additional delay and
quantization that is depicted as a red element in Fig. 5.1.

5.1.2 POD Controller Overview

Fig. 5.2 shows the block diagram of (blue) the POD controller, together with (red) a
model of the communication channel and (green) transfer functions that link active and
reactive powers with the estimated network frequency (P,(s) and P,(s), respectively).
The POD controller acts upon changes in the estimated network frequency (w,) and
adjusts the active and reactive power references accordingly (p; and ¢4). To do so,
several steps are defined. First, a high-pass filter eliminates the steady-state value
from the estimated frequency that is used. Then, the compensators (C,(s) and C,(s))
generate the power references (ps and ¢) to maximise the damping effect of the PV
plant. Finally, proportional gains (K, and K,) and power limits (p; and ¢;) modify the
amplitudes defining the damping component power references. Since the power system
has two main oscillation modes, both should be taken into consideration when designing
the POD controller.

Power references are then sent to the CIG units via a communication channel that
introduces an additional delay in the system. The stochastic nature of this delay means
that the message will be received by each CIG at a different time instant. To model such
behaviour, a delay model is added for each of the n CIG units, depicted as Dy, -, D,
in Fig. 5.2. As shown later, this delay will greatly affect the performance of the POD
controller.

5.1.3 POD Controller Design Methodology

Fig. 5.3 (left) shows an overview of the methodology proposed in this work for designing
the POD controller. First, the plant transfer functions are obtained. These can be
obtained from a network model. However, if a model is not available, these can be
identified by using system identification techniques. To do so, the system is perturbed
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Cel8) K, : \Po{5)
r Ap, | 2 AP, DG Ap, K L
0+ & 2
-l 2% L \-_q‘_ + *
IC(8 H P
RN i B | T ,
g

Figure 5.2: Control system block diagram of (a) POD controller, (b) delay and (c)
plants (relations between active and reactive power, and measured frequency).
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Figure 5.3: (left) POD controller design procedure. (right) Illustration of: (a) Pseudo-
random binary signal (PRBS) used in the system identification, (b) statistical model of
communication channel delay, and (c) phase bode plot for (orange) the plant with the
delay and (blue) including the compensator.

using a pseudo-random binary signal (PRBS) (Fig. 5.3 (a)) and the system response is
observed. Then, the communication channel is modelled. This step includes measuring
and gathering information of the communication infrastructure. This information is
used to create a statistical model of the communication channel delay, as depicted in
Fig. 5.3 (b). Then, the linearised model of the communication channel is implemented
and its impact on the plant is assessed. Finally, the POD controller is designed to
maximise the POD controller effectiveness taking into consideration the communication
channel. Fig. 5.3 (c¢) shows an example of a Bode phase plot where the controller (in
blue) compensates for the plant phase (in orange) at the oscillation frequency.

Fig. 5.4 shows an example of the system eigenvalues for two cases. In 5.4 (a), the
eigenvalues of a system with a POD controller and different values of the delay are shown
(in circles). It should be noted that, as the delay is stochastic and changes fast in time,
the delay cannot be treated as constant and, therefore, these circles are not valid for the
representation of the system dynamics. However, under some considerations that will
be fully explained later, the mean value of the delay might be used. This case is marked
as a cross in the diagram. Then, in 5.4 (b), the proposed POD controller is applied that
is designed taking into account the communication delay. Again, the circles represent
cases for certain values of the delay, but they cannot be used for studying the system
dynamics. Meanwhile, the case with the cross represents the system dynamics using
the average value of the delay.
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| 4 Im

Figure 5.4: System eigenvalues when (a) the delay is neglected and (b) the delay is
considered. Dots represent cases with constant delays of different lengths, which cannot
be used to study systems with stochastic delays. Crosses represent cases with average
delay lengths.

5.2 POD Controller Design

The POD controller will be designed by using the open-loop phase compensation
method [Ogata, 2010]. A simplified version of this method was previously presented
in [Jankovic et al., 2021]. It was shown that the controller of each power loop should
be designed separately and compensate for the open-loop phase at the oscillation fre-
quency of the corresponding plant. The following sections describe the procedure used
for designing the active power controller (the reactive power one follows the same pro-
cedure).

5.2.1 Plant Modelling

Fig. 5.1 shows that the POD controller acts over an equivalent plant that links the active
power reference with the estimated network frequency. This plant can be divided into
two parts. The first part is shown in Fig. 5.1 (¢) and is related to the power system
and the PV-plant. The second part is shown in Fig. 5.1 (b) and is related to the
communication channel.

Power System and PV Plant Model

This part of the model includes well-studied electrical and control systems ele-
ments [Kundur et al., 1994]. Thus, standard modelling methods (i.e., small-signal
models) can be used. However, this approach assumes prior knowledge of the power
system topology and its control systems, and such information may not always be
available. In that case, the relevant information about the system can be estimated
by identifying the low-frequency modes [Jin et al., 2017]. The approach used in this
work relies on system identification tools to estimate plant dynamics (more details are
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provided later). The following result was obtained:

By(s) = “o), (5.1)

where P,(s) is the estimated plant, p(s) is the active power reference of a CIG and
wy(s) is the frequency of the grid. The symbol “ " ” refers to “estimated”. Such a model
represents the system dynamics in the frequency range of interest, and can be easily
converted into a state-space model [Ogata, 2010]:

X(t) = AX(1) + BU®), (5.2)

where A is the state matrix, B is the input matrix, X(t) is the state vector and
U(t) = [p(t) ] is the input vector.

Communication Channel Model

From the control system point of view, the communication channel imposes an
additional time-variable delay in the system and a quantization of the information.
In [Michiels et al., 2005] a theorem to transform time-varying periodical delays into
distributed delays is defined. Recently, this theorem was further extended to analyse
the stability of the system with time-varying delays [Milano et al., 2020]. It was shown
that for analysing the system stability, a time-varying delay with a certain probability
distribution function (PDF) can be modelled as a constant delay of the average length.
These works analyse the stability of a closed-loop system with time-varying delays,
and in both the delay has an impact on the system states. In that case, stability
cannot be checked by using standard tools. However, in this work, the delay model is
used for obtaining the open-loop response of the plant. This will simplify the stability
analysis as it is assumed the delay does not affect the state variables, just the inputs.

As shown in Fig. 5.2, the delay is placed in series with P,(s). Therefore, the open-
loop model of the PV-plant together with the communication channel can be written
as:

~

X(t) = AX(t) + BU(t — 9(t)), (5.3)

where () represents the delay whose duration is a function of time.
Transforming (5.3) to Laplace domain yields to:

A

sX(s) = AX(s) + Bc{ / " @)l - 19)419}, (5.4)

Tmin

where f(1)) represents the PDF of the delay, while 7,,;, and 7,4, are minimum and
maximum durations of the delay, respectively [Milano et al., 2020].
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Equation (5.4) can be further simplified to:

sX(s) = AX(s)+ B ,c{ / o fw)am} Uls). (5.5)

The PDF can be transformed to the Laplace domain as follows:
D(s) = E[e™"] = e, (5.6)

where E[] is the expected value function and 6 is the average value of the PDF.

By combining the previous results, the transfer function that relates the active
power command sent from the central controller with the grid frequency can be written
as follows:

wy(s) = By(s)e™*. (5.7)
In this result, it is easy to see that the system dynamics can be modelled as two separate
entities (P,(s) and ¢~*) and then merged. In this work, P,(s) is obtained by using

—s60

system identification techniques, while e™* will be obtained from the communication

channel measurements.

5.2.2 Design Objective

The design objective is to maximise the damping of the system eigenvalues correspond-
ing to the oscillation frequencies w,; and w,3. To meet this objective, the open-loop
shaping method is used [Ogata, 2010]. The open-loop is defined as a transfer function
from point J to point K in Fig. 5.2:

Gp(s) = Cp(s) - D(s) - Bp(s). (5:8)

The open-loop shaping method has been discussed in Chapters 3 and 4 for designing
a POD controller in systems with one or multiple low-frequency modes. The transmis-
sion network from Fig. 5.1 (a) has two low-frequency modes. Thus, the POD controller
design criteria can be defined as:

¢Gp,i =0 ) (NS (15 2)7 (59)

where ¢¢,,; is the phase response of G,(s) at w,;. The subscript 7 represents system
variables at oscillation frequencies w,; and w2,

Condition (5.9) can be written in terms of the phases introduced by the compensator,
the delay and the plant, yielding:

¢G’p,i = ¢Cp,i + ¢D,i + (,pr,i =0 y (XS (17 2)7 (51())
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where ¢cp.i, ¢p; and ¢p,; are the phase responses of Cy(s), D(s), and P,(s) at w,;,
respectively. Phase ¢¢,; introduced by the controller is the unknown variable in (5.10),
whose value is determined by controller parameters (explained in the following section).
This criteria means that two points in the frequency response should be adjusted by
tuning the controller parameters. However, such criteria greatly increases the complex-
ity of the system of equations that may even become unfeasible. This difficulty derives
from the fact that the design is focused on achieving certain phases of the transfer
function C,(s) in a very narrow frequency range (0.1 to 2 Hz). To address this issue,
an alternative function to meet the design objective was defined:

Gcpa1 + Orpa1 + Opa

—¢pp2 — Op2 0
F(x) = = , (5.11)
Gcp2 + Oprp2 + $po 0
—¢pp1 — OD 1

where x is the set of variables to be solved that will be explained in the next section.
It can be seen that the original equations in (5.10) have been divided by the open-
loop phase of the other mode. For example, the first equation is divided by the sum
of the phases of D(s) and P(s) at w,o. This modification allows for a comparable
“improvement” in the solution for both modes. Otherwise, the solver might find a
solution in which one mode is very well-damped while the other one is not or it is even
deteriorated.

5.2.3 Parametrisation of the Compensator

Standard lead-lag filters in series were used to implement the compensator:

. ]_+ST11+8T3
14+ 8Ty 1+ 8Ty’

C(s) (5.12)

where T7_4 represent the compensator time constants.
Then, the compensator phase response at the oscillation frequencies is calculated

as: ‘ 4
1+ jwTi 1+ jwiTs

. — angl , ‘ ie(L,2). 5.13
by = angle (1 TR e 1y (5.13)
Therefore, the set of equations in (5.11) should fulfil the relation (5.13) for both modes
and the variables to be solved can be defined as x = [T7 Ty T3 Tyl.

5.2.4 Resolution of the Problem

There are several algorithms available in the literature to solve the set of non-linear
equations presented in (5.11) [Conn et al., 2000]. A common goal of these algorithms
is to find a value of x for which F(z) is as close to zero as possible. In this work,
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this problem was solved by using the function fsolve of Matlab, which uses the Trust
Region Dogleg algorithm [Conn et al., 2000]. This algorithm minimises the norm-2 of
the errors. Also, this algorithm has robust convergence properties regardless of the
starting point, which is an adequate property given the non-linearity of the problem.
This allows simpler configuration of the initial values for unknown variables T _4.

5.2.5 Controller Limits

The controller limits p; and ¢ define the maximum power reference set by the POD
controller. These limits depend on both PV plant operating point and TSO require-
ments. The PV-plant operating point defines the amount of active power delivered to
the network. From this, a certain margin is reserved for the POD services. It can be
defined as:

b= k- Dr, (514)

where k is the predefined margin.

Also, this defines the reactive power availability for POD services, as the total
required power is limited by the ratings of the local units. This can be defined as:

q = \/Sgn - (pl ‘|'p7")2 — qr, (5'15)

where S, is the rated power of the local unit. Limits p; and ¢; represent the theoretical
power maximum available for damping services. Nonetheless, depending on the location
of the PV plant within the power system, TSO can impose certain conditions on the
provision of POD services. Furthermore, the limits in active and reactive powers for
POD may vary during the PV plant operation. In this work, these limits are considered
as fixed predetermined values. The impact of the variation in the available active and
reactive powers for POD is of interest for further study and research.

5.2.6 Controller Gain

The POD controller proportional gain is designed to increase the damping action. While
an increase in the gain value improves the damping action, two points need to be con-
sidered. The first point is that an increase in the gain value also increases the controller
action across the whole frequency range. This means that any noise or high-frequency
oscillations would be amplified. The second point is that with an increase in gain value
possible interactions among parallel connected converters may occur [Zhao et al., 2021].
Considering these limitations, the proportional gain value was selected based on the sys-
tem’s transient response under various disturbances.
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5.3 Modelling of the Communication Channel

The communication channel model is based on the observations of the communication
channel in the laboratory environment, described in Appendix A. It is assumed that all
devices in the setup are connected and operating properly. Thus, loss of connection and
other types of errors in communication are not considered. Nonetheless, the internal
processes of sending and receiving messages are inherently included in the results.

5.3.1 Communication Channel Delay

The process of data exchange between devices involves several steps [Comer, 2013]. The
data need to be processed, then wait in the queue until the message is executed and,
finally, the data are pushed to the network. The first and the last steps are significantly
faster and easier to predict than the middle one. Thus, the queuing delay is the step
which determines the stochastic nature of the communications. The factors affecting
this delay are related to the traffic and congestion in the communication network, as
well as in the routing procedure [Comer, 2013]. These factors affect both delay length
and its variation over time.

In order to obtain data for modelling the communication channel, a new message was
sent from RTPC 1 to RTPC 3 every second for a total duration of 20 minutes. Then, the
results were gathered and processed. The time difference between the sent command
and its execution was measured. This was defined as the delay length. Fig. 5.5 shows
that the delay length varies significantly. The medium value was 0.3 s.

5.3.2 Communication Channel Sampling Rate

An ever-changing signal was sent from RTPC 1 to RTPC 3 to quantify the communi-
cation channel sampling rate. From the obtained results, the number of unique values
per second was measured. Fig. 5.6 shows the probability of receiving a certain num-
ber of messages per second. The results show that three or four messages per second
were received most of the time. In a discrete time control system, this result can be
interpreted as the sampling frequency of the communication channel, and it is useful to
define the theoretical frequency maximum (i.e., Nyquist frequency) of the signal that
can be sent through it without aliasing [Ogata, 2010]. This yields to:

fmax = fs/27 (516)

where f,.q.. is the Nyquist frequency and f is the sampling frequency. For the exper-
iment carried out here, the maximum frequency of the signal exchanged through the
communication channel is f; ~ 1.6 Hz. Therefore, it is clear that the communication
channel will affect the performance of the POD controller in the frequency range of in-
terest (0.1 to 2 Hz). Moreover, this result means that some of the frequencies of interest
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Figure 5.5: Communication channel delay length measured in the laboratory.
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Figure 5.6: Communication channel throughput measured in the laboratory.

(close to 2 Hz) cannot be addressed by the centralised controller. For solving this issue,
a faster centralised controller can be used. Another option would be to implement the
POD in each of the PV inverters, as already discussed in the introduction.

5.3.3 Delay Model

In order to include the delay model D(s) in the design procedure, a Padé approximation
was used [Ogata, 2010]. It can be defined as:

S LS (5.17)

where D’ represents a Padé approximation, A and n represent its order, while j and
k are iterators in numerator and denominator, respectively, and w are approximation
coefficients. The delay model design criteria was to adequately represent the average
delay of the communication channel in the frequency range of interest. More specif-
ically, the goal is to achieve less than 10° error in phase between the delay and the
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approximation for frequencies in the range from 0.1 to 2 Hz. This required the use of
a fourth-order Padé approximation of the average delay function D(s).

5.4 Experimental Results

The proposed method for POD controller design was verified using PHIL setup, de-
scribed in Appendix A.1.1. The CIG based power-plant is modeled with installed power
of 300 MVA in the emulated power system model, with a nominal voltage of 20 kV. The
power-plant consists of four real-hardware CIG units, with nominal power S,, = 15 kVA
and nominal voltage of V,, = 400 V. Therefore, the scaling factors between the PHIL
environment and emulated power system model are K, = 0.02 and K; = 99.99 (see

Appendix A.3 for more details).
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5.4.1 Plant Estimation and Controller Design

The POD controller was designed following the procedure presented in Section 5.2 and
then verified in the laboratory. The procedure was done for both active and reactive
power loops, and their combined damping action was examined. To do so, several
steps were taken. First, the system was perturbed by using a pseudo-random binary
signal (PRBS) in the active and reactive power references, separately. From the ob-
tained results, the active and reactive power plants were identified based on the system
frequency response. This was done by using the system identification toolbox from
Matlab [MATLAB, 2019]. Then, the communication channel delay model obtained in

A

Section 5.3.3 was added to the model. The frequency responses of the plants P,(s) and
P,(s) combined with the delay D(s) are shown in Fig. 5.7 (a) and Fig. 5.7 (b), respec-
tively (in blue). Then, the POD controllers in both loops were designed. Fig. 5.7 (a)

and Fig. 5.7 (b) show (in orange) the open-loop frequency response of G(s) and Gy(s),
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respectively. It can be seen that the open-loop phases at both oscillation frequencies
are almost zero (orange marks), compared to the original phases of the plant (blue
marks). Nonetheless, none of them were exactly zero, due to constraints described in
Section 5.2.2.

Fig. 5.8 shows the initial seconds of the system transient response. Although steady-
state has not been reached, several observations can be made. First, Fig. 5.8 (a) shows
the network frequency transient for the case (orange) without and (blue) with POD
controller action using both active and reactive powers. Then, Fig. 5.8 (b) and (c) show
the references for the active and the reactive power generated by the POD controller,
respectively.

These figures show the power references (gray) sent from centralised controller and
(blue) the references received in the local units. By comparing those two, the impact
of the communication channel on the power references can be observed. Although the
local controllers received only 3-4 messages per second and the received signal hardly
resembles a sinusoidal, the damping of both modes was greatly improved.

5.4.2 Impact of the Stochastic Communication Channel Delay

The same transient from Fig. 5.8 was repeated several times to analyse the behaviour
of the system with stochastic delay. Fig. 5.9 shows (gray) fifty transients for the same
disturbance. Overall, the system transient response showed an improvement compared
with (orange) the case without POD controller. The impact of the stochastic commu-
nication delay was apparent in the period ¢ = 3 — 10 s. It can be seen that for most
of the cases, the transient followed the same trajectory and significantly improved the
oscillation damping. However, for some cases, during this period the transient was sim-
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Figure 5.9: Laboratory results. (gray) Frequency transients with POD controller acti-
vated for 50 transients and (orange) without POD controller action.
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ilar to the case without POD controller. This was due to increased delay length during
the transient. Then, once the communication network fault was cleared, the system
damping was improved. These results show that the wide range of the delay duration
had an impact on the centralised POD controller performance during the initial part
of the transient. However, the impact of a possible increase of delay length after the
oscillation was damped (i.e., after ¢ = 15 s) could not be observed. Despite the fact that
the POD controller was designed by taking into account the communication channel
delay, its action on the system was limited during the communication fault. However,
as such faults were not frequently occurring, an overall improvement in the oscillation
damping was achieved.

5.4.3 Performance Under Different Loading Conditions

Fig. 5.10 shows the frequency transient for several loading levels with the POD controller
included. In this case, the constant current loads have been modified because of their
larger impact on the system stability [IEEE, 2015b]. The results show that the change
in loading affects the damping of both slower and faster modes. The change in damping
is different for the two modes with increase and decrease of loading.

Even though the POD controller was designed by taking into consideration the
communication channel delay, its action on the system was limited during the commu-
nication fault. However, as such faults were not always present, an overall improvement
in the oscillation damping was achieved.
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Figure 5.10: Transient response of the frequency of the system with the POD controller,
under different loading conditions.
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Figure 5.11: Frequency transient response after demand step-up with POD controller
implemented in (red) local units and (gray) centralised platform.

5.4.4 Comparison with Local POD Controller Implementation

Fig. 5.11 shows the frequency transient responses for the POD controller implemented
on (gray) a centralised platform and (red) local units. The local POD controllers were
designed following the same procedure, except for the steps related to delay modelling
and compensation. It can be seen that the transient, in the case of the local POD
controller, is always the same because there are no modifications in the system. Also,
the damping of both critical low-frequency modes is improved by using a local POD
controller. This is a consequence of an additional long delay in the communication
network, affecting the performance of the centralised POD controller. Furthermore, the
variation of the delay has a negative effect on the performance of the centralised POD
controller. This comparison shows that the local POD controller improves the damping
of both low-frequency oscillation modes. However, for the implementation of a local
POD controller, it is necessary to have access to the local unit control algorithm. Also,
the implementation of POD controllers in local units requires additional computational
power, which may not be available.

5.5 Discussion

5.5.1 Network Reconfiguration

During the system operation, the power system is changing and both the operating
point and the network configuration vary. These modifications lead to a discrepancy
between the real and the estimated plant since the frequencies of oscillations and the
plant phases at those frequencies change. To address this problem, the POD controller
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design needs to consider the power system model under different operating conditions.
Another approach to addressing network reconfiguration is to perturb the system pe-
riodically. Then, the identification procedure needs to be repeated and a new solution
of (5.11) obtained. In this work, the nominal network configuration is considered, with
modifications applied to the system operating point. However, the change in network
configuration and its impact on the centralised POD controller is relevant and of in-
creased interest for future work.

5.5.2 Delay Variation

The length of communication channel delay varies over time, following a certain proba-
bility distribution. During certain periods of the PV plant operation, the delay length
might be larger than the average. This period might have a negative effect on the PV
plant performance, mainly in tracking power references sent from the centralised con-
troller. If the reference change is fast it could create interactions between local units
that operate in the grid-following mode. The synchronisation relies on the measure-
ments of voltage at the point of connection. With rapid changes of power injection,
this voltage would be continuously varying. Then, a difference in the estimated angle
inside the local units may occur, leading to possible instabilities [Zhao et al., 2021].

5.6 Chapter Summary

In this chapter, a centralised POD controller for a PV plant that utilises both active
and reactive powers has been presented. The controller is capable of damping multi-
ple modes in the range of low-frequency oscillations. To achieve this, it relies on the
communication network, which introduces additional control system constraints. The
procedure for modelling and addressing the communication channel constraints is pre-
sented. The obtained model is then used to design the POD controller using open-loop
design techniques. The POD controller is experimentally validated using a laboratory
setup, in which four 15 kVA converters were connected to a 75 kVA grid emulator,
which emulated the dynamics of a transmission network. The communication between
the converters and the PV plant controller was established by using the TCP/IP pro-
tocol.
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Chapter 6

Multi-Mode POD Controller
Synthesis using Vector Fitting

This chapter describes the synthesis of a multi-mode POD controller using a VF al-
gorithm. Section 6.1 gives an overview of the system and POD controller structure.
Section 6.2 describes the POD controller design methodology, as well as a description
of the VF algorithm. Section 6.4 describes the POD controller design methodology,
whereas simulation results are presented in Section 6.5. Finally, the main results of this
chapter are summarised in Section 6.6.

6.1 System and Controller Overview

6.1.1 System Description

Fig. 6.1 (a) shows the single-line diagram of the transmission network under
study. The network is based on a benchmark model for low-frequency oscillation
studies [IEEE, 2015a]. Each of the three generator units (Gy23) includes an SG with
an excitation controller and a PSS. Compared to the original model, two modifications
are made. First, the PSS parameters of the three SGs are modified so that the
damping of the critical modes decreases. The second modification is an additional
connection point to the Bus 5, where the CIG unit is connected to.

Fig. 6.1 (b) shows the CIG unit connected to Bus 5. The CIG is modelled as a voltage
source converter (VSC), and it operates in a grid-following mode. For simplicity, the
VSC dc-side is assumed to be connected to an ideal voltage source and any application-
specific dc-side dynamics are neglected. Nonetheless, this is of interest for further
research. The VSC output current (i,,;) and voltage (vy,) are used as feedback signals
for the internal controllers. These controllers ensure that the active and reactive powers
delivered to the grid are following their corresponding references (p; and ¢;). Each of
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Figure 6.1: Diagram of (a) studied network and (b) CIG and the control system.

the power references consists of two terms. The first term is the power set point for
active and reactive power (subscript ¢) while the second term is the output of the POD
controller (subscript d). The POD controller modifies the power references based on
the estimated network frequency (w,) in order to damp oscillations.

6.1.2 POD Controller Overview

Fig. 6.2 shows the block diagram representation of the plant model as seen from the CIG
and the POD controller. There are two POD controllers. One for active power (Cy(s)
and another one for reactive power C,(s)). Both include saturation blocks to limit their
reference values (p; and ¢;). The POD controllers define the power references (p, and g;)
based on the network frequency deviation. Then, the saturators limit the references and
define the final control commands (pg and ¢g4). The second section includes the transfer
functions that represent the system dynamics from the CIG active and reactive power
references to the estimated network frequency. These plants are named P,(s) and P,(s),
respectively.
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Figure 6.2: Block diagram of (a) POD controller and (b) plant models.
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6.2 Proposed Methodology

6.2.1 Overview

Fig. 6.3 shows the proposed procedure for synthesising POD controllers. First, the phase
of the system frequency response is obtained, either from a theoretical network model
or from an identified model. Then, a band-pass filter should be designed. This filter has
to attenuate frequencies outside the range of low-frequency oscillations (i.e., from 0.1
to 2 Hz) [Hatziargyriou et al., 2021]. The phase and magnitude information of this filter
should be extracted, as depicted in blue in Fig. 6.3. Then, the controller specifications
for both the gain and phase responses are calculated as the contributions of the band-
pass filter and the plant phase to be compensated. These are depicted in orange in
Fig. 6.3 and are used as inputs for the VF algorithm. Finally, the VF algorithm is used to
synthesize a transfer function that represents a rational approximation. This means that
the problem of finding the structure and parameters of a multi-mode POD controller is
solved automatically. Moreover, due to the VF properties, the best possible fit to the
specified points in the frequency domain is obtained. Next, the system stability margins
are verified. If the system is stable, the controller gain is increased, and the fitting
procedure is repeated. Once the system reaches instability, the iterative procedure is
stopped. Finally, the POD controller with the best damping performance is selected,
from the set of designs.

6.2.2 Vector Fitting

VF is a numerical method for rational approximation in the frequency do-
main [Gustavsen and Semlyen, 1999], [Gustavsen, 2006]. The first step in the VF
algorithm is to obtain a rational function approximation based on the given set of
points in the frequency domain. This rational function approximation can be written
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e Band-pass Controller
= £¢[0.1,2] Ha filter magnitude Controller Increase
System . H H transfer function gain
information g 0 = — 0 0
Controller 'é f \ . . f
specification . .
g 1 £ Vec-tor L
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etwork model\ Yes E 0 P 0 I 0 e
available? % . 4+ Select, the best
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System Plant Controller
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Figure 6.3: Procedure for POD controller synthesis using vector fitting method.
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as follows:

R;
C(s):zs_x +D + sE, (6.1)
i=1 ¢

where \; are the eigenvalues, i is the eigenvalue number, R; are the residues, and D
and E are matrices that represent the inputs and their derivatives, respectively. For
this specific problem, as the controller has to be implemented in real-time, E must be
ZEro.

By using VF, \;;, R; and D are estimated in two steps. First, the parameters of a
simplified system (without zeros) are identified. Then, a second step is used to calculate
the zeros and improve the accuracy. This procedure is executed iteratively until the best
solution is found. The full description of the method can be found in [Gustavsen, 2006].

6.2.3 Comparison with Robust POD Controller Design

This procedure brings several benefits compared with the one presented in Chapter 4.
First, the algorithm tends to pass through all specified points, achieving higher design
accuracy. Furthermore, the design is repeated for each increase in the gain, unlike
in Chapter 4 where the shape of the magnitude of controller frequency response is
defined prior to final gain value selection. This results in a wider set of design choices
and allows for a more precise selection of the controller with the desired shape of the
magnitude of frequency response. However, there are certain disadvantages to using
VF for POD controller synthesis. For example, undesired peaks in the magnitude of
frequency response might occur. Also, the VF algorithm lacks an option to define
constraints in the given optimisation problem. Those disadvantages and the way to
address them are discussed in the following sections.

6.3 POD Controller Design Objectives

The POD controller design procedure is based on the open-loop phase compensation
method [Ogata, 2010]. There are two design objectives, divided by the frequency range.
The first design objective is defined for the frequencies in the range of interest, while
the second one covers frequencies outside this range.

6.3.1 1In the Frequency Range of Interest

In this range, the design objective is to maximise the CIG damping effect. This ob-
jective can be defined by using the error (E(s)) and open-loop (G(s)) transfer func-
tions [Ogata, 2010]. First, G(s) is the transfer function between points M and J in
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Fig. 6.2. Based on this one, E(s) is defined as:

1
E(s) = 1+G(s) (6.2)
The design objective is chosen to maximise the controller effect in (6.2) at the oscillating
frequencies (w’). Even though this condition does not guarantee the best damping of
the closed-loop poles, the solutions achieved are very close to the optimum. Moreover,
the controller parameters can be calculated knowing just the frequency response of the
plant at the frequencies of interest (i.e., a parametric model of the plant is not strictly

needed). This condition can be written as follows:

1
1+ G(jwi) |’
where G(jw!) = ALe/®6. For a given of controller amplification (A%) in (6.3), |1 +

(6.3)

min | E(jw!)| = min

G(jw!)| will be maximum (and then E(jw!) minimum) if:
v =0. (6.4)

Therefore, this condition will be used in the following sections to design the POD
controller.

6.3.2 Outside the Frequency Range of Interest

In this range, the design objective is to limit the controller impact. The reason behind
this objective is twofold. First, for the case in which the plant model is estimated, it
might not include the dynamics outside a specific range. This range depends on the
type of perturbations used during the system identification procedure. Commonly, this
frequency range coincides with the range for which the controller is designed. Thus,
the information about the system outside this range is unreliable, and the interaction
between the POD controller and the system is unknown. Therefore, the POD controller
gain should be lower outside the range considered in the system identification procedure.

The second reason behind this objective is the VF algorithm used to synthesize the
POD controller. This method solves an optimisation problem in which the objective
is to fit the transfer function for a given set of points in the frequency domain. The
obtained transfer function would have a frequency response as close as possible to the
given points. However, for the rest of the frequencies, the frequency response is not
controllable. This means that although the resulting transfer function achieves the
desired frequency response for a given set of points, its overall impact on the system is
unknown.

To address these constraints, the controller is designed to act as a band-pass filter
in the frequency range of interest. This filter is defined as follows:

s 1
B(s) =
(5) s+ 1/Ty, s/T;+ 1

(6.5)
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where T}, and T are used to sed the band-pass of the filter.

6.4 POD Controller Design

The POD controller is designed wusing the open-loop phase compensation
method [Ogata, 2010]. A simplified version of this method was previously used
in [Jankovic et al., 2021]. It was shown that the POD controller in active and reactive
power loops should be designed separately, relying on the superposition principle in
linear control system theory. Thus, in this section, the POD controller design for the
active power loop is presented, since the one in the reactive power loop follows the
same procedure.

6.4.1 Design Specifications

From Fig. 6.2 the open-loop transfer function in the active power loop is defined from
point J to point K as:
Gp(s) = Cp(s) Po(s), (6.6)

and its frequency response at w’ is defined as:

Agpej%P = Aicpej%P -A}pej¢iPP : (6.7)
. y . y . y
Gyp(jw,) Cp(jws)  Ppljwy)

Recalling the design criteria presented in (6.4) and applying this result to (6.7), the
following result is obtained:
bap = Pop + Ppp = 0. (6.8)
This means that the controller phase should compensate the plant phase at w’. For the
rest of the design specifications, the frequency response of the band-pass filter is used.
It is defined as:
B(jw) = Apel?s. (6.9)

Therefore, the specified magnitude of the frequency response for the controller is defined

as:
AL = Ap, (6.10)

and the phase of the frequency response is specified as:

* _¢P7 WS Qo
oo = { B, w¢l[0.1, 2] 27 rad/s}7 (6.11)

where (), is the set of frequencies of oscillations in the low-frequency range. The super-
script “x” stands for specified points for the VF algorithm.
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6.4.2 Fitting Controller Transfer Function

In this step, the goal is to obtain the transfer function with a frequency response as
close as possible to the given set of points. To do so, the VF algorithm is used. Its
output is a transfer function with a determined number of poles and zeros (specified
by the user). Several parameters can be modified in order to improve the fitting in the
frequency range of interest. These parameters are described here:

Transfer Function Order

It is determined by the number of specified points. The maximum transfer function
order is defined as:

N,=N, -1, (6.12)

where N; is the number of specified points, while N, is the transfer function order.
Nonetheless, the transfer function order can be reduced, possibly achieving better fitting
or reducing undesired peaks in the frequency response. Also, from (6.12) one should
note that the maximum order of transfer function can be increased by increasing the
number of specified points. This can be applied when the given set of specifications
leads to a difficult optimisation problem. If that is the case, specifying additional
points (e.g., outside the frequency range of interest), introduces additional degrees of
freedom for solving the optimisation problem. However, increasing the transfer function
order can impose challenges for real-time implementation, since the frequency response
of a discretised high-order transfer function might differ from the one in continuous
time [Lyons, 2004].

Weights

The weights should be specified for the given set of points. Depending on the given set
of points, the fitted transfer function might not meet the design criteria in the frequency
range of interests. In that case, the weight of the specific points can be increased, to
achieve better fitting in the range of low-frequency oscillations.

Selection of Points Outside the Frequency Range of Interest

plays an important role in the fitting procedure. By neglecting this fact, the given set
of points may result in requesting an unfeasible solution. In that case, the obtained
transfer function would not correspond to the given set of specifications. In this paper,
the points in this frequency range are inherited from the band-pass filter. However,
different criteria for defining the points outside the range of low-frequency oscillations
might be used. This is of interest for further research.
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6.5 Simulation Results

The CIG based power-plant has nominal power S,, = 300 MVA each, and nominal
voltage V,, = 20 kVA. The parameters of CIG unit, and the structure of inner con-
trol loops are given in Appendix C.1, while transformer parameters are described in
Appendix C.3.

6.5.1 Fitted POD Controllers

Fig. 6.4 (a) and Fig. 6.4 (b) show (marks) a given set of points in the frequency domain
and the frequency responses of fitted C,(jw) and C,(jw), respectively. In both cases,
the achieved phase in the frequency range of interest (light area) corresponds well with
the design specifications. At the same time, the magnitude of the frequency response
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Figure 6.4: Frequency response of (a) C,(jw) and (b) C,(jw). (marks) Design specifi-
cation.



6.5. SIMULATION RESULTS 89

has an undesired peak in both cases. For C,(s) there is an undesired amplification of
frequencies between 0.1 and 0.2 Hz, while the same result can be seen for C,(s) for
frequencies between 1 and 1.1 Hz. For frequencies outside the range of interest (dark
area), the fitted transfer functions comply with the given specification in the majority
of cases. Overall, the magnitude and phase of the obtained transfer functions follow
the shape of a band-pass filter.

6.5.2 System Performance

The frequency responses of estimated plant models P,(jw) and P,(jw) are depicted
in blue in Fig. 6.5 (a) and Fig. 6.5 (b), respectively. In both cases, the magnitudes

—100

Magnitude [dB]

180
90

Angle [deg]
=

-90

~180 ‘ -
0.2 £ 0.5

Frequency [Hz]

._.
e
(V)

P

o
I
|

—-100

Magnitude [dB]
|
[
S

180

©
o

Angle [deg]
|
o
S o

~180 ‘
0.2 f1 0.5 1T fs

Frequency [Hz|

(b)

Figure 6.5: Frequency response of (blue) (a) P,(jw) (b) P,(jw). The frequency response
of open-loop transfer functions (a) (red) G,(jw) and (b) G4(jw). (marks) Phases of each
transfer function at oscillation frequencies.




90 CHAPTER 6. POD CONTROLLER SYNTHESIS VECTOR FITTING

of frequency responses show three local maxima at f; 23 corresponding to three low-
frequency oscillations in the system. The phases of frequency responses at those fre-
quencies are used for the design of the POD controllers. Then, the frequency responses
of open-loop transfer functions G,(jw) and G,(jw) are depicted in red in Fig. 6.5 (a)
and Fig. 6.5 (b), respectively. It can be seen that the achieved phase responses for both
Gp(jw) and G,(jw) are close to zero. This means that the introduced POD controllers
Cp(s) and Cy(s) compensated the plant phases at the frequencies of oscillations. Fur-
thermore, the magnitudes of both G,(jw) and G,(jw) are higher than the magnitudes
of corresponding plants. Thus, the POD controllers met both design requirements in
the frequency range of interest.

6.5.3 EMT Simulations

An electro-magnetic transient (EMT) simulation was performed in Mat-
lab/SimPowerSystems software [MATLAB, 2019], to validate the performance of
the proposed POD controllers. Fig. 6.6 shows the transient of the estimated grid
frequency deviation for two cases, without (blue) and with (red) POD controllers in
both active and reactive power loops. For the case without POD controller action, the
transient response shows several poorly damped oscillations. By introducing the POD
controllers in CIG active and reactive power loops, the damping of those oscillations
is improved. However, it can be seen that it takes almost 15 seconds to dampen the
faster oscillations, and 30 seconds to dampen the slow one. Further increase in the
POD controller gain results in oscillations at higher frequencies. The reason behind
this is likely the lack of information about the system at higher frequencies since the
plant models are based on system identification. Further analysis in this respect is
required and it is of interest for future work.
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Figure 6.6: Grid frequency deviation during transient for the cases (blue) without and
(red) with POD controller.
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6.6 Chapter Summary

In this chapter, a method to design POD controllers for damping multiple low-frequency
oscillations has been presented. The proposed method is based on the VF algorithm
that is used to synthesise the controllers. First, the information required for the design
of the transfer function to be compensated has been explained. Then, the procedure
and options used in the VF algorithm have been described. It has been shown the fitted
transfer function could result in an undesired amplification of certain frequencies be-
cause the given set of specifications is used to solve an optimisation problem. To address
this issue, several steps have been proposed, including the verification of the stability
margins and adjustments in the design procedure. Future work will focus on improving
the controller synthesis by adding more design requirements. Such requirements can
address undesired peaks in the magnitude of frequency response and further limit the
controller impact outside the range of low-frequency oscillations. The application of
the VF algorithm to the design of robust POD controllers will also be studied, as well
as the implementation in larger networks.
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Chapter 7

Single-Mode POD Controllers for
CIG in Grid-Forming Mode

In this chapter, a POD controller with decoupled active and reactive powers for VSM
is presented. Section 7.1 gives an overview of the system and POD controller structure.
The mechanism for decoupling active and reactive powers for oscillation damping is
described in Section 7.2. Section 7.3 describes the POD controller design methodology.
Simulation results are presented in Section 7.4, while the main results of this chapter
are summarised in Section 5.6.

7.1 System Overview

7.1.1 Application Description

Fig. 7.1 (a) shows the single-line diagram of the system studied in this work. It is based
on the two-area benchmark network for low-frequency oscillation studies [IEEE, 2015a].
It consists of four generation units (G;_4) that form two areas. Each generation unit
includes an SG, a governor, an exciter and a power system stabiliser (PSS). There
are two modifications compared to the model described in [IEEE, 2015a]. First, the
proportional gain in each PSS has been reduced so that the inter-area mode is poorly
damped. The second modification is an additional connection point in Bus 6 that is
used to connect a CIG unit.

Fig. 7.1 (b) shows the CIG power stage. The primary energy source is connected to
the dc side and it is modelled as an ideal dc voltage source that provides the required
power. The primary source model is not considered here, but it is considered of interest
for further research. The ac side of the power converter is connected to the rest of the
system via an LC filter and a step-up transformer.

Fig. 7.1 (c) shows the block diagram of the internal loops and the VSM control
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Figure 7.1: (a) Single-line diagram of two-area power system, (b) CIG power-stage, (c)
internal loops and VSM, and (d) proposed POD controller.

algorithm. The inner current and voltage loops regulate the output current and voltage
while the virtual impedance is used to simplify the integration with the rest of the
network elements [Wang et al., 2015]. The voltage (V') and angle (6) are references for
the internal controllers by the VSM, and s is the Laplace variable. The definition of the
VSM control algorithm and its parameters can be found in [Roldédn-Pérez et al., 2019].
The values of the virtual impedance and VSM parameters (Ky, J, and D,) are calcu-
lated according to the grid requirements [D’Arco et al., 2015].

Fig. 7.1 (d) shows the proposed POD controller. This controller acts on the es-
timated frequency of the grid (w,) and calculates the additional active and reactive
power references that are used to damp oscillations (p. and g., where ¢ stands for “cou-
pled”). The requirements for these two power components might vary depending on
the available active power from the primary energy source and the converter ratings.
Nonetheless, if applied directly, the power references would result in CIG delivering
both power components as active and reactive powers are coupled. This poses an im-
portant problem because, if the power demanded from the primary source is larger than
the available power, the CIG may collapse. For that reason, the implementation of a
decoupling mechanism is of interest.

7.1.2 POD Controller Description

Fig. 7.2 (a) shows the block diagram of the POD controller. The frequency devia-
tion (Aw,) is used as the input signal for the POD controller (A stands for “incre-
mental”). A high-pass filter (H(s)) is applied to eliminate the steady-state value of
the frequency so that the controller only acts on frequency variations. Then, lead-
lag compensators (Cy(s) and C,(s)) are applied to compensate the open-loop phase
of the plants while proportional gains (K, and K,) are used to amplify the command
signals [Jankovic et al., 2023e].
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Figure 7.2: (a) POD controller block diagram with (b) power decoupling mechanism
and (c) dynamic model of the plant.

Fig. 7.2 (b) shows the decoupling system. This control block allows the operation
with decoupled power references calculated by the POD controllers (p,; and ¢4) applied
to the original power references (p. and ¢.), that are coupled. This is done by multiplying
pq and gg by a decoupling matrix (M). The details and alternatives for the calculation
of this decoupling matrix are explained in the following section. Fig. 7.2 (c¢) shows the
inherent coupling G(s) between references and measured active and reactive powers.
The injected active and reactive powers from CIG to the system affect the system
frequency. The dynamic relationships between these variables are summarised in P(s),
shown in Fig. 7.2 (d).

7.2 Decoupling of Active and Reactive Powers

7.2.1 System Modelling

For a VSM connected to a power network, if any power reference is modified, the
injection of both active and reactive power will change. This is not considered to be
a problem, but rather a characteristic of the grid (e.g., by injecting active power both
the voltage and the frequency change). If the system is operating in a steady state and
only small disturbances are considered, the coupling between active and reactive power
can be described as follows:

o) = lene) e s -

N J/
-

G(s)

where G(s) represents the system dynamics and subindex m stands for “measured”.
This system has a structure of a multiple-input multiple-output (MIMO) linear dynamic
system [Skogestad and Postlethwaite, 1996]. The decoupling mechanism is designed to
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counteract the coupling effect of the power components. It is defined as follows:

sa0] e “”

where M is a 2 X 2 matrix.

7.2.2 Decoupling Options

The three most common methods to decouple MIMO systems are described in the
following list [Skogestad and Postlethwaite, 1996]:

1. The first method is called dynamic decoupling and it allows decoupling of each
input-to-output response during both transients and in steady-state. To achieve
such a requirement, the decoupling matrix is selected as follows:

M = G1(s), (7.3)

where G(s) is a model of G(s). Even though this method is accurate, it has some
important shortcomings. First, Gl(s) will have unstable poles if the original plant
has right-hand place zeros. Also, Gl(s) usually has more zeros than poles, and
therefore it cannot be easily implemented. The most common practical approach
for addressing this is to multiply G'(s) by additional high-frequency poles, but
this increases the complexity and order of the system.

2. The second method is commonly called decoupling at frequency (e.g., w,). In this
case, M is chosen to be exactly equal to Gl(s) at some specific frequency (w,).
This can be written as follows:

M = G (jw,). (7.4)

Such a decoupling mechanism would be of interest in poorly damped systems,
where the frequency response is greatly affected by the frequency. This method is
suitable for the application considered in this work. However, the main drawback
is that M now consists of four complex numbers. Then, in order to implement
this decoupling system, the complex multiplication would need to be implemented
with additional filters (e.g., lead-lag filters).

3. The third method is called steady-state decoupling. This method is a particular
case of the one described in the previous point, but for w, = 0:

M = G0). (7.5)

This selection decouples the response of the MIMO inputs and outputs, in a
steady state. The main benefit of this alternative is its simplicity since M
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contains only real numbers. The coefficients of M can be readily calculated
in real applications by applying step changes to the system inputs. Although
the steady-state decoupling mechanism does not guarantee full decoupling during
the transients, it contributes to the dynamic decoupling between the inputs as
well [Skogestad and Postlethwaite, 1996]. This way of decoupling will be used in
this work.

7.3 Design of the POD Controller

7.3.1 Preliminaries

The design objective of the POD controller is to maximise the CIG damping action.
To carry out the design, it is assumed the power system is operating in a steady state
and that the linearised model is calculated. Then, the POD controllers for the active
and the reactive powers are designed separately, as discussed in [Ogata, 2010]. Only
the design of the active power controller is described here since the procedure to design
the one for the reactive power is the same.

7.3.2 POD Controller Blocks

First, a high-pass filter is applied to the frequency so that the POD controller acts only
over variations of Aw,. It is defined as follows:

H(s) =s/(s+1/T}), (7.6)

where T}, is the time constant of the high-pass filter.

The compensator C,(s) is designed following the open-loop phase compensation
method [Ogata, 2010]. First, the plant phase (¢p) at the oscillation frequency (w,) is
obtained. Then, the C,(s) is designed to compensate for that phase at that frequency
(see [Jankovic et al., 2023¢]| for more details). The compensator C,(s) used for that
purpose has the following structure:

B 1+ST1

= 7.7
5T, (7.7)

Cy(s)
where T} and T, are parameters of the lead-lag compensator.

The proportional gain (X,) is designed in an iterative procedure where a compromise
between the damping coefficient of the mode addressed and the negative impact on other
modes should be considered. See [Jankovic et al., 2023e] for more details.

In addition, the power references are limited by using saturators so that the CIG
ratings are not exceeded [Jankovic et al., 2023e].



98 CHAPTER 7. POD CONTROLLER FOR CIG IN GRID-FORMING MODE

7.4 Numerical Results

The CIG-based power-plant has nominal power S, = 100 MVA each, and nominal
voltage V,, = 20 kVA. The parameters of the CIG unit and the structure of inner
control loops are given in Appendix C.1, while transformer parameters are described in
Appendix C.3.

7.4.1 Decoupling Power Components

Fig. 7.3 shows the transient response after changes applied to the active power refer-
ence (at t = 10 s) and to the reactive power reference (at ¢ = 30 s). In blue, without
decoupling, and in red, with the decoupling mechanism. For the case without decou-
pling equations, the steps are applied on p, and ¢, (i.e., the original power references).
For the case with decoupling equations, the step changes are applied on pg; and gg.
These results show that the change of the active power reference causes a change of
the reactive power, and vice versa. It can be seen that without the decoupling mech-
anism, the coupling between power components is more pronounced. Moreover, it is
removed in a steady state. This result shows that this simple mechanism greatly helps

to decouple power components.
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Figure 7.3: Transient response of (a) active and (b) reactive powers after a step in the
power references. (blue) Without and (red) with the decoupling mechanism.
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7.4.2 Damping of Oscillatory Modes

Fig. 7.4 shows the critical system eigenvalues for the original system, and for the POD
controller applied to active power, reactive power, and on both components. This eigen-
value has been obtained by using system identification techniques [MATLAB, 2019]. It
can be seen that POD action by either (blue) active or (green) reactive power improves
the damping of critical eigenvalue, compared to the original network (in gray). Then,
the combined action of both power components (red) results in a further improvement
of the damping of the critical eigenvalue. This result shows that each of the POD
controllers has a positive effect on the critical eigenvalue. Furthermore, thanks to the
decoupling system, undesired interactions between control loops are avoided.

Fig. 7.5 shows the deviation of the estimated frequency (w,) after a disturbance,
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Figure 7.4: Critical eigenvalue of the identified system for (gray) no POD, and POD
with (blue) active, (green) reactive and (red) active and reactive power.
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Figure 7.5: Frequency deviation during the transient response (gray) without POD
controller, and with POD controller based on (yellow) active power, (red) reactive
power, and (green) both power components.
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for four cases. The large frequency deviation in the first milliseconds is the result of
electromagnetic transients and the response of the phase-locked loop (PLL) that is used
to estimate the frequency. Then, the undamped low-frequency oscillation is the result
of the interaction between the electrical areas. The action of either (blue) active or
(green) reactive power improves the system damping and then the oscillations vanish
earlier. Then, the combined action of both power components (in red) further improves
the transient response. These numerical results confirm the theoretical ones presented
in Fig. 7.4.

Fig. 7.6 shows the active and reactive powers injected during the frequency tran-
sients when only one component is used to damp oscillations. In Fig. 7.6 (a) (blue),
it can be seen that the delivered active power is higher when active power is used to
damp oscillations. However, there is also some reactive power injection in Fig. 7.6 (b)
(blue). A similar issue happens when only the reactive power controller is applied
(green curves). It should be noted that the injection of active and reactive powers dur-
ing these transients is a result of the natural response of the VSM to variations in the
grid frequency. This means that these oscillations are natural and cannot be avoided
using the decoupling system implemented in the POD controller. These oscillations are

of interest for further research.
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Figure 7.6: Delivered powers during the transient response (blue) with P-POD con-
troller, and (green) with Q-POD controller.
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7.5 Chapter Summary

In this chapter, a decoupled POD controller for low-frequency oscillation damping using
CIG units has been proposed. The controller features an outer loop for CIG units
operating as VSMs and can be deployed even if access to the CIG inner control loops
is not available. The proposed POD controller is based on a steady-state decoupling
mechanism and the traditional open-loop phase compensation technique. Only the
open-loop phase of the plant at the frequency of the oscillation is required to design
the controller. This makes the controller suitable for application in cases when the full
power system model is unavailable. Future work could focus on developing a decoupling
mechanism capable of acting not only in a steady state but also during transients. Also,
the impact of the dc-side dynamics and the constraints on the primary source of energy
might be considered.



102 CHAPTER 7. POD CONTROLLER FOR CIG IN GRID-FORMING MODE



Chapter 8

Conclusions, Contributions and
Suggestions for Further Research

In this thesis, different aspects of the provision of POD services with CIG units have
been addressed. Multiple factors affecting the CIG capability to contribute to the damp-
ing of low-frequency modes have been identified and analysed. Moreover, modifications
in the POD controller structure to address those factors have been proposed. In this re-
gard, there are five contributions, addressing different aspects of POD service provision
from CIG. Two contributions are focused on guaranteeing the power system stability
under variations in the network topology. The impact of stochastic communication
channel delay on the performance of centralised POD controllers is also examined, and
a method to compensate for the effects of such a delay is proposed. One contribution
is focused on the synthesis of POD controllers by utilising a VF algorithm. Converters
operating in grid-forming mode are also capable of providing POD services and one
contribution discussed the decoupled use of active and reactive powers for this purpose.
Several contributions of this thesis were tested in a PHIL environment. A real commu-
nication network deployed was used for testing the centralised POD controller. In this
chapter, the summary, conclusions and the list of publications in which the author of
this thesis contributed is presented. Finally, a list of suggestions for further research is
given.

8.1 Summary and Conclusion

In this section, the work presented in this document is summarised, together with the
conclusions drawn from it.

e The work presented in this thesis shows that the information obtained from the
system frequency response is sufficient to design POD controllers, even for ad-
dressing different system conditions (e.g. different network topologies). Such an
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approach opposes the established way of addressing the system stability. Namely,
over the last decades, the problem of low-frequency oscillations was addressed by
designing POD and PSS controllers in closed loop. This approach relies on the
availability of a detailed linearised model of the power system, which should rep-
resent the system in high detail. However, with the recent change in the power
generation paradigm, the share of renewable energy sources is ever-increasing. To
address this change, the power system models need to be revised often. How-
ever, such procedure is facing limitations, as control systems of newly connected
devices are often not accessible, due to the intellectual property of the manu-
facturers. On the other hand, the system frequency response from the point of
connection of CIG can be obtained by using system identification methods. For
example, the system can be perturbed at certain frequencies and the equivalent
transfer function can be obtained using system identification tools. This allows to
design POD controller with an estimated model of the system and avoids the need
for a detailed linearised model of the power system. In this regard, the approach
presented in this document could be useful.

During the power system operation, changes are constantly occurring. The ma-
jority of these changes (e.g., minor modifications in load consumption) do not
have an important effect on the system stability in the domain of low-frequency
oscillations. However, from time to time, changes such are planned or unplanned
disconnection of network elements (e.g. transmission lines) might occur. If not
addressed properly, these changes can lead the system to instability as POD con-
trollers are acting on a system different from the one used in the design stage. In
this regard, there are two ideas presented in this work that address such cases.
The first one is to modify the POD controller parameters once a system change
is detected. To do so, an adjustment mechanism is defined based on a system
study. Another approach is to design a POD controller robust against changes in
the network topology. In this case, the POD controller design procedure needs
to take into account all the possible system operating modes. In both cases, the
system information needs to be obtained prior to enabling the POD controller
action. Here, the information from the system frequency response could be used.

The integration of CIG-based power generation on a large scale often includes
several local CIG units and a centralised power plant controller. The CIG units
deliver the power available from the primary energy source (e.g., PV panels).
The centralised power plant controller coordinates the action of the local CIG
units to meet the system requirements. A communication network is used to
exchange information between the centralised controller and local units. In the
case of systems with undamped low-frequency modes, the POD controller might
be implemented in a centralised controller if the control systems of local units
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are not accessible. However, in this case, the communication network has an
important impact on the POD controller performance, mainly for two reasons.
The first reason is the stochastic communication delay, whereas the second reason
is the stochastic sample rate of the communication channel. The information
about both factors is critical and needs to be taken into consideration when the
POD controller is designed. Therefore, in this document, a method to quantify
both the stochastic delay and the sampling rate of the communication channel
is presented. This method does not require any information about the way the
communication network operates (e.g., topology, protocol used, etc.). Once this
information is obtained, a POD controller can be designed to compensate for
such a delay. In the work presented in this document, it was shown that the
open-loop phase compensation method is a viable solution. This method allows
compensating for both the average phase delay of the communication channel and
the phase of the system. Such an approach presents a simplified, yet effective,
method for the design of a centralised POD controller addressing the stochastic
nature of communication channel delay.

Once the system information is available, either from a detailed linearised model
of the system or from the system frequency response, the parameters of the POD
controller should be determined. This presents a major challenge in addressing
low-frequency modes, due to the high non-linearity of the problem. The majority
of methods used in this regard introduce some sort of optimisation problem, in
which the POD controller parameters are calculated. In this document, two meth-
ods that follow the same approach are presented. Both methods are suitable for
systems with multiple low-frequency modes. However, during the implementation
of these methods, the potential drawbacks have been noticed. These are mostly
related to the selection of the optimisation algorithm and the starting points
for solving the optimisation problem. Therefore, a method to synthesise POD
controllers by using a VF technique has been proposed. The performance of this
method was tested on a power system with three undamped low-frequency modes.
The presented method relies on the VF algorithm, which is commonly used for
estimating transfer functions based on frequency response measurements. Here,
this method was used to meet the design requirements of the POD controller.
These requirements had to be defined in the frequency domain. In particular,
the magnitude and phase of frequency response of the POD controller should be
selected. The POD controller synthesis using VF shows good initial results, al-
though additional work is required in addressing undesired peaks in the controller
frequency response.

The majority of CIG-based units in the system operate in grid-following mode,
delivering available power to the system. However, CIG-based units can also
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operate in grid-forming mode. In this case, the unit defines its output voltage
magnitude and the angle, mimicking the behaviour of SGs. As the share of CIG-
based units increases, different POD requirements are being imposed for units
operating in either of the two modes. For units operating in grid-forming mode,
this presents a major challenge, since the active and reactive powers delivered to
the grid are not strictly controlled. Also, depending on the system properties, the
coupling between the two power components can be significant. This presents a
challenge for the reliable operation of CIG units in grid-following mode offering
POD services. Namely, during the transients produced by the low-frequency
oscillations, the active power requirements can exceed the power available in the
primary source of energy (e.g., the PV panels). In this case, the requirement
would result in a drop of dc voltage, which would lead to the disconnection of
the CIG unit. Therefore, the decoupled use of the two power components for
participating in damping low-frequency oscillations is a requirement. The active
and reactive power decoupling mechanism presented in this work could be used
in this regard.

8.2 Contributions

The main contributions of the work presented in this document are:

e An adaptive mechanism for a POD controller that is suitable for network reconfig-
uration has been proposed. This mechanism was focused on the relation between
the changes in the phase of the system frequency response and the frequency of the
undamped mode. Then, the POD controller parameters were updated according
to that mechanism and the estimated frequency of the low-frequency oscillation.
This proposal was tested on the PHIL platform. The experimental results verified
the applicability of this method for a CIG unit operating in real time.

e A POD controller with a fixed structure and parameter values that is resilient
against network reconfiguration has been proposed. This design was the outcome
of an optimisation procedure in which POD controller parameters were designed
taking into account multiple network configurations. The procedure was based
on the system frequency response, omitting the use of detailed linearised power
system models.

e The centralised POD controller that compensates for stochastic communication
delay has been proposed. To properly design the centralised POD controller,
the statistical model representing the stochastic delay length and sampling rate
is required, In this work, the method for quantifying both communication delay
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length and throughput rate has been developed and implemented on a system
with real communication network.

e The method for synthesis of a multi-mode POD controller using VF has been
presented. Such an approach was inspired by a standard use of a VF algorithm
in which the transfer function is obtained based on a measured system frequency
response. Here, the same algorithm was used to obtain POD controller parameters
based on the desired controller frequency response. This desired POD controller
frequency response was defined to compensate for the plant open-loop phase,
as well as to reduce the controller impact outside the range of low-frequency
oscillations. Once those requirements were defined, the VF algorithm was used
to determine the POD controller parameters.

e A mechanism for decoupled active and reactive power control for CIG operating
as a VSM has been proposed. Such a mechanism improves the tracking of a
given power reference while reducing the undesired coupling between two power
components. This has an important role in the reliable operation of CIG taking
into account the energy available in the primary energy source. The proposed
method resulted in better tracking of power references and was later used to
provide a POD service with CIG operating as a VSM.

8.3 Publications

Results presented in Chapters 3 and 5 were published in [Jankovic et al., 2021],
[Jankovic et al., 2023e], and [Jankovic et al., 2023b]:

e N. Jankovic, J. Roldan-Perez, M. Prodanovic (2021). Power Oscillation Damping
Using Converter-Interfaced Generators under Constrained Active and Reactive
Powers, IEEE PES ISGT FEurope.

e N. Jankovic, J. Roldan-Perez, M. Prodanovic, J. Suul, S. D’Arco, L. Rouco-
Rodriguez, (2023). Power oscillation damping method suitable for network recon-
figurations based on converter interfaced generation and combined use of active

and reactive powers, International Journal of Electrical Power € Energy Systems,
vol. 149, pp. 109010.

e N. Jankovic, J. Roldan-Perez, M. Prodanovic, L. Rouco-Rodriguez, (2023). Cen-
tralised Multimode Power Oscillation Damping Controller for Photovoltaic Plants
with Communication Delay Compensation, IEEE Transactions on Energy Con-
version, in press.

Results presented in Chapter 4 were compiled and submitted for possible publica-
tion [Jankovic et al., 2023d]:
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e N. Jankovic, J. Roldan-Perez, M. Prodanovic, J. Suul, S. D’Arco, L. Rouco-
Rodriguez, (2023). Network-Reconfiguration-Aware Power Oscillation Damping
Controller for Newly Commissioned Converter-Interfaced Power Plants, arXiv,
eprint 2304.06555.

Results presented in Chapters 6 were presented in a conference [Jankovic et al., 2023c]:

e N. Jankovic, J. Roldan-Perez, M. Prodanovic, J. Suul, S. D’Arco, L. Rouco-
Rodriguez, (2023). Multimode Power Oscillation Damping Controller Synthesis
using Vector Fitting, I[EEE PowerTech FEurope.

In addition, the author of this thesis worked in the field of ancillary services, in particular
in the field of frequency and voltage support. The results from this work were presented
in two conferences [Jankovic et al., 2022], [Jankovic et al., 2023a]:

e N. Jankovic, M. Prodanovic, J. Roldan-Perez, (2023). Ancillary Frequency and
Voltage Support Provision by Renewable Energy Sources in a Medium Voltage
Distribution Network, IEEE PES ISGT Furope.

e N. Jankovic, M. Nogales Balderrama, J. Roldan-Perez, M. Prodanovic, (2023).
Battery Sizing and Location for Provision of Network Support Services, IEFE
GTED FEurope.

Furthermore, the author of this thesis collaborated actively in [Moutevelis et al., 2023]:

e D. Moutevelis, J. Roldan-Perez, N. Jankovic, M. Prodanovic, (2023). Recursive
Secondary Controller for Voltage Profile Improvement Based on Primary Virtual
Admittance Control, IEFEE Transactions on Smart Grid, vol. 14, no. 6, pp.
4296-4311.

8.4 Suggestions for Further Research

The following suggestions for further research are made based on the results obtained
throughout this thesis:

1. The method to design POD controllers presented in Chapter 3 is based on an
adaptation mechanism that addresses changes in the network topology. However,
the proposed mechanism requires a reliable detection of the frequency of the low-
frequency oscillations and precision in the offline power system analysis. This
might lead to inaccuracies in calculating the POD controller parameters, leading
the power system to instability. Therefore, it is of interest to study methods
for detecting changes in the network topology. These methods could be used to
detect wrong setting in POD controllers and update the parameters according to
the changes detected in the power system.
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. Another method for addressing changes in the network topology is presented in

Chapter 4. The proposed method is used to determine the parameters of a POD
controller with a fixed structure. As a result, the POD controller contributes to
improve the system stability margins over the range of network configurations
considered. However, the amount of possible changes that might have an impact
on the low-frequency oscillations is much higher. Thus, further research is needed
to develop a method to design POD controllers covering a large set of variations
in the network topology, the system operating point, as well as the loss of certain
network elements.

The impact of stochastic communication delay and a method to account for it
in the design stage of the POD controller are addressed in Chapter 5. The POD
controller designed with the proposed method provided sufficient damping of mul-
tiple low-frequency modes. However, the design method relies on the assumption
of a reliable communication channel, and only variations in the delay length and
sampling rate are considered. Nonetheless, the presence of a communication net-
work in the control system can affect the system in other ways. For example, the
overall distribution of the delay length might change. Moreover, the data packets
received and sent might be corrupted or even lost. Therefore, it is of interest to
develop a method to address these aspects of the communication network opera-
tion, making the centralised POD controller reliable in a wider range of operating
conditions.

Chapter 6 describes a method to synthesise POD controllers using a VF algo-
rithm. The results have shown that the VF algorithm can be used to design POD
controllers, and adequate results in terms of damping of multiple low-frequency
modes were achieved. However, during the development, multiple challenges arose
for the selection of the POD controller transfer function with a given set of design
requirements. For example, certain frequencies had undesired amplifications, and
the phase of the transfer functions obtained was changing significantly in a very
narrow frequency range. Further research could improve the results of POD con-
troller synthesis using VF by addressing those challenges and imposing additional
design requirements.

Decoupled use of active and reactive powers to damp oscillations with VSMs is
addressed in Chapter 7. The proposed method allows to use of either active or
reactive power, or a combination of both, for damping low-frequency oscillations.
However, the proposed decoupling mechanism is designed taking into account the
system steady-state response. Although such a mechanism contributes to the
decoupling of two power components, the change in one power reference causes
a change in both power components during transients. Therefore, it is of in-
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terest to design a more advanced decoupling mechanism for active and reactive
power in VSMs. Also, the inclusion of the dc-side dynamics, which addresses the
constraints imposed by the primary energy source, would be of interest.
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Appendix A

Laboratory Setup

This appendix describes the laboratory setup used for the verification of some of the
ideas presented in this thesis. Section A.1 gives an overview of the laboratory config-
uration used to verify the performance of the centralised POD controller, presented in
Chapter 5. The hardware configuration and the communication network topology are
described in Sections A.1.1 and A.1.2, respectively. In Section A.2, the hardware setup
used to verify the performance of the adaptive POD controller is described. Finally,
Section A.3 describes the scaling factors used for interconnecting the PHIL environment
and the emulated transmission network models.

A.1 Centralised Platform

A.1.1 Hardware Elements

Fig. A.1 (a) shows the single-line diagram of the laboratory facilities. The nominal
network voltage was 400 V and the nominal frequency was 50 Hz. One 75 kVA con-
verter is used to form the local network, as it is depicted in Fig. A.1 (c¢). Then, the
battery and the STATCOM of the PV plant were emulated by using two 15 kVA con-
verters (Fig. A.1 (d)). A similar set of converters was used to emulate the PV inverters
(Fig. A.1 (e)). Each of the 15 kVA converters was connected to the main busbar via an
LCL filter. Fig. A.2 shows a photograph of the experimental setup.

The dc side of all the converters was kept constant at 680 V by using non-controlled
rectifiers (in gray). The switching and sampling frequencies for the 75 kVA and 15 kVA
VSCs were 8 kHz and 10 kHz, respectively (see [Roldédn-Pérez et al., 2021] for more
details).
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A.1.2 Communication Network

Fig. A.1 (b) shows the control and communication set-up used for the tests. Three real-
time PCs (RTPCs) were used to execute the control algorithms of the power converters.
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Battory and
avvery an PV inverters
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RTPC 1 RTPC 2 RTPC 3
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: TCP/IP Network :
(b) Communication hub

Figure A.1: (a) Electric diagram of the laboratory facilities. Converters representing
the emulated (blue) grid, (yellow) PV generators, (purple) STATCOM, (green) battery.
(gray) Additional resistive load. (b) RTPCs executing control algorithms. (blue) Com-
munication network connecting three RTPCs and communication hub using TCP/IP

protocol.

Figure A.2: Laboratory photograph. (a) Four 15 kVA converters, (b) 75 kVA converter,
(c) ac-busbars, (d) real-time computers, and (e) communication hub.
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In particular, the network model and the centralised POD controller were executed in
RTPC 1. Then, RTPC 2 and RTPC 3 executed the control algorithms of the CIG units.
Each RTPC was receiving and sending a certain set of variables, depicted as blue arrows
in Fig. A.1 (b). A communication hub was used to manage the data flow between the
three RTPCs. The communication between devices was established by using TCP /TP
protocol.
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Figure A.3: Electric diagram of the laboratory facilities. (green) Grid emulator and
(blue) VSCs used as CIGs.

A.2 Local POD Controller Implementation

The proposed POD controller performance was experimentally validated in a labora-
tory [Roldan-Pérez et al., 2021]. Fig. A.3 shows a single-line diagram of the laboratory
facilities. The nominal network voltage was 400 V and the nominal frequency was
50 Hz. The two-area power system depicted in Fig. 3.1 (a) was emulated by using one
75 kVA VSC. This converter includes fast internal controllers so it can readily emu-
late grids [Roldan-Pérez et al., 2021]. The CIGs were emulated by using four 15 kVA
VSCs connected to the grid via their LCL filters. Each of these CIGs included an
adaptive POD controller. The CIGs did not have communication links between them.
All the CIGs were connected to the same busbar (the POC), which is the output of
the grid emulator. There was an additional resistive load connected to the POC to
avoid reverse power-flows during the system start-up procedure. The dc sides of all
converters were maintained constant at 680 V by using uncontrolled rectifiers. The
switching and sampling frequencies for the 75 kVA and 15 kVA VSCs were 8 kHz and
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Figure A.4: Link between (a) emulated transmission network model and (b) PHIL
environment.

10 kHz, respectively (see [Rolddn-Pérez et al., 2021] for more details). The laboratory
measurements were scaled up so that 15 kVA in the laboratory was seen as 100 MVA
in the emulated power system. For the internal current controllers of the CIGs, the
settling time was set to 5 ms and the overshoot to 10 %. PLLs were used in the CIG to
synchronise them with the voltage at the connection point. In these PLLs, the settling
time was set to 80 ms and the overshoot to 10 % by using traditional design method-
ologies [Yazdani and Iravani, 2010]. The zoom-FFT algorithm was adjusted to operate
in a frequency range between 0.1 and 2 Hz [Lyons, 2004].

A.3 Connection between PHIL and Emulated Net-
work Model

Fig. A.4 shows the set-up used for establishing the connection between the emulated
transmission network and the PHIL environment. In the emulated network model,
the voltage at the POC (vy,4) is measured and multiplied by the scale factor K,. This
defines the voltage reference (v;,;) used for controlling the voltage of the actual converter
in the PHIL environment. The scaling factor for voltage (K,) is calculated as:

vn,lab

K, =
Vn,mod

, (A.1)

where V;, 1qp and V}, 04 are the nominal voltage levels in the PHIL environment and the
emulated network model at the connection point, respectively.

The scaling factors for currents are calculated in a two-step procedure. First, the
scaling factor for power (Kj) is calculated so that a certain power measured in the

laboratory is scaled up to the desired power level in the emulated model. This is
defined as:

Sn mod
K, = 2mmod A2
Sn,lab ( )




A.3. CONNECTION BETWEEN PHIL AND EMULATED NETWORK MODEL127

where S, 1m0a and S, i, are the powers defined in the emulated model and in the lab-
oratory, respectively. Then, the current scaling factor (K;) is applied to the current
measured in the laboratory to achieve the desired power scale-up. This factor is calcu-
lated as:

Inmo
K, ="t KoLK, (A.3)
In,lab

where I, o4 and I, 1 are the current levels corresponding to the powers defined in the
emulated model and in the laboratory, respectively.

For more details on the PHIL setup and the emulation of power systems,
see [Roldan-Pérez et al., 2021] and [Huerta et al., 2016].
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Appendix B

Communication Network
Performance

This appendix describes the delay present in the communication networks. Also, it
gives an overview of the factors affecting the communication network delay.

B.1 Communication Network Delay

During the system operation, the communication network delay varies significantly. The
root causes of this variation can be divided into two groups. The first group is related to
the procedures used in the endpoints of the communication network. For sending mes-
sages, these procedures are responsible for gathering and preparing information from
other routines. For receiving messages, these procedures are used to unpack the message
and forward the information to other routines. Depending on the platform used, these
procedures can be implemented in hardware or software. Hardware implementation is
more predictable and contributes only as a constant delay. However, procedures imple-
mented in software might introduce variations in delay length, depending on whether
the code is executed on a real-time platform or not.

The other group of factors affecting the delay variation is related to the communi-
cation network operation and performance. There are many factors in this group that
could contribute to the variation of the delay. The ones that have the most influence
are:

e Network traffic: Network traffic has an important effect on the overall network
performance and delay length [Comer, 2013]. For a network without traffic, the
delay would be minimal. In this case, the delay is caused only by the time required
by the hardware to transfer information from one point to another. As the network
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traffic increases, the variation in the delay length can be estimated as:

1
o=, 0<L<, B.1
T I <L< (B.1)
where L is the current network load and o is the network traffic level. Therefore,
the variation in the delay increases as the network load increases.

Congestion: Congestion in communication networks occurs in two
cases [Comer, 2013]. In the first case, one device connected to the communication
network is sending messages at a rate higher than the communication channel
throughput rate. The second case occurs when many devices are sending
messages at a low rate to one router. Over time, the queue on the router end
increases, causing congestion in the network traffic. In both cases, the devices
in the network would face an increase in the delay length. Furthermore, if the
communication protocol does not have a mechanism for addressing congestion,
the increased delay would result in increased traffic, leading to a congestion
collapse.

Routing: Routing is a procedure used to define communication paths between
devices in a network [Kurose and Ross, 2012]. This procedure is implemented in
routers and its main objective is to find the best paths between devices, taking
into account the network topology and the traffic flow. In case of congestion, the
routing would finally decrease the delay by finding a new path between devices.

These factors affect the communication channel delay length and result in changes

over time. However, in general, the difference in delay length between two consecu-

tive messages is not significant [Comer, 2013]. Fig. B.1 shows the round trip delay
length for 200 messages sent in a communication network with TCP protocol (adapted

100
B Rdundtfip time
T 80|~ TCP retransmission timer|
g 60
g L ]
40 o I
R VO

20 40 60 80 100 120 140 160 180 200
Datagram number

Figure B.1: (dots) Roundtrip times and (solid) retransmission timer in a communication

network with TCP protocol.
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from [Comer, 2013]). Although the average delay changes from 30 ms to 100 ms, the
difference between two successive messages (two dots) is less than 5 ms. This is relevant
for applications in which a centralised controller is sending identical command refer-
ences to multiple devices. A large deviation in the delay length between two messages
would cause a difference in the action of devices. However, as this variation is not
significant, and it is faster than the response time of outer control loops, it does not
lead to a discrepancy in following the command sent from the centralised controller.
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Appendix C

CIG Parameters

This appendix describes the structure of the CIG control algorithms used throughout
this thesis. Section C.1 describes the control algorithm implemented for CIG units
operating in grid-following mode. The structure and parameters of the control algorithm
used for CIG units operating in grid-forming mode are given in Section C.2. The
parameters of the step-up transformer unit used in the test cases are presented in
Section C.3.

C.1 CIG Operating in Grid-Following Mode

Fig. C.1 shows the power stage and structure of the control algorithms of the CIG
units operating in grid-following mode. Fig. C.1 (a) presents the control algorithm
implemented to follow active and reactive power references. The CIG output current
reference is calculated according to the specified power references and the voltage at
the connection point. Then, the current regulator defines the converter reference volt-
age. This value is transferred from the local synchronous reference frame (SRF) to a
three-phase modulation signal. In the PHIL setup, this signal is used to calculate the
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Figure C.1: Overview of the control algorithm of CIG units operating in grid-following
mode, and single-line diagram of CIG power stage.
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Table C.1: Parameters for CIG operating in grid-following mode. Parameters are given
on CIG unit base.

Group Parameter Value

Lf [pu] 0.04

Output filt
Hipub e Crlpu] 007

K; 0.2252
Current controller

T; 0.00019

K 115
Phase-locked loop T;LLLL 0.017

switching signals for the semiconductors by using the space-vector modulation (SVM)
technique. Table C.1 shows the value of the parameters.

Fig. C.1 (b) shows the CIG power stage, which includes several elements. An ideal dc
voltage source is used to represent the primary source of energy. This means that dc side
dynamics are not modelled in this thesis. A six-module three-leg inverter is considered
for the converter topology. In simulation models, this converter is represented as an
average model. Setups in the PHIL environment include the real hardware of a 15 kVA
converter used for this purpose. The converter ac output is connected to an LC filter.
The output currents and voltages are measured and used as feedback signals in the
control algorithm. Then, the CIG unit is connected to the rest of the system via a
step-up transformer unit.

In Table C.1, the values of the LC filter of the CIG are given. Section C.3 includes
the parameters of the transformer unit, which are the same in all the test cases. In
every test case, the base power of the transformer is made equal to the CIG base power
while the secondary voltage is defined by the transmission network voltage level.

Fig. C.1 (c) shows the measurements and transformations used for representing the
measured values of voltages and currents in the CIG control algorithm. The output
current (i,,:) and output voltage (v,,) are measured as three-phase signals. Then,
these signals are transformed to the CIG local SRF using the following transforma-
tion [Yazdani and Iravani, 2010]:

2 {sine sin(6 — %) sin(f + 2”)} | (C.1)

Tabc—d = o - -
¢ 3 lcosf cos(f —2F) cos(f+ )

where 6 is the angle of the local SRF. This angle is calculated by using a phase-locked
loop (PLL), which is defined as [Yazdani and Iravani, 2010]:

PLL(s) = Kpp (1 s ) | (€2)

PLLS
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where Kpypr and Tppr are PLL proportional gain and time constant, respectively, while
s is the Laplace operator. The value of those two parameters is given in C.1.

It is necessary to transform the signals from the local SRF to three-phase signals
since the CIG control algorithm is implemented in the local SRF. This is done by using
the inverse transformation of T,p.—4y, which is defined as [Yazdani and Iravani, 2010]:

sin @ cos 6

Tag—abe = 3 sin(f — 2?”) cos(f — 2?“) , (C.3)

sin(f + &) cos(f + 1)

C.2 CIG Operating in Grid-Forming Mode

Fig. C.2 shows an overview of the control algorithm used for a CIG operating in grid-
forming mode, as well as the CIG power stage. Specifically, Fig. C.2 (a) shows the
diagram of the control algorithm. The main idea of this control algorithm is to mimic
the behaviour of a SG, hence the name - virtual synchronous machine (VSM). The
output voltage magnitude and angle are calculated based on the power references and
the measured powers. The angle value is used to define the local SRF. Also, the
voltage magnitude and angle calculated by the controller are used to define the voltage
references in the local SRF (v,q and v,,). These references are compared with the
actual values of the output voltage (v,,d and v,.q). Furthermore, an additional term
representing a virtual impedance (L,) is introduced to simplify the connection of the
CIG to the network. Then, a PI controller is applied to regulate the current based on
the given voltage references. The current controller is implemented as a PI that defines
the converter output voltage. Finally, this voltage is transformed from the local SRF
to a three-phase signal by using (C.3), and then the modulation signals are calculated.

Fig. C.2 (b) shows the single-line diagram of the power stage of a CIG operating
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Figure C.2: Overview of the control algorithm used in CIG operating in grid-forming
mode, and single-line diagram of the CIG power stage.
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in grid-forming mode. The primary energy source is modelled as an ideal dc voltage
source, thus neglecting the dc side dynamics. The converter is modelled as an average
three-phase inverter since the fast switching transients would not have a major impact
on the accuracy of the results. The converter is connected to the rest of the system via
an LC' output filter and a step-up transformer.

Table C.2 shows the parameters of the LC' filter of the CIG units and Section C.3
shows the parameters of the transformer unit.

Fig. C.2 (b) shows the transformation of the three-phase output current i, and
output voltage v,,; measurements. These signals are transformed to local SRF by
using (C.1), with the angle value calculated by VSM (Oysar).

C.3 Step-Up Transformer Unit

The step-up transformer connects the CIG with the rest of the network. It is used for
both CIG units operating in grid-following and grid-forming modes (see Fig. C.1). The
primary side of the transformers is connected to the CIG while the secondary side is
connected to a high-voltage transmission network. Table C.3 gives the values of the
transformer parameters, in per unit (on the transformer unit base). The transformer
base power and secondary side voltage are test-case dependent, and they are specified
in Section C.4. Transformer magnetization is not modelled.

Table C.2: Parameters for CIG unit operating in grid-forming mode. Parameters are
given on CIG unit base.

Group Parameter Value
Nominal voltage Vi, [kV] 20
Ly [pu] 0.04
Output filt
e . Cy [pu] 0.07
K; 0.2252
C t controll
urrent controller T, 0.00019
K, 0.8021
Volt troll
oltage controller T, 0.0016
Virtual impedance L, 0.2
Reactive power droop Kg 0.2
Jy 4

Virtual synchronous machine
Y D, 60
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Table C.3: Step-up transformer unit parameters. Values are given in [pu] on the trans-
former base.

Group Parameter Value

Voltage [kV] 20
Pri i Resistance [pu] 1-107°
rimary widin
Y WSS Tnductance [pu] 0

Connection A (D1)

Voltage [kV] Case dependant

Secondary widing Resistance [pu] 1-1074
Inductance [pu] 0.25
Connection Y,

C.4 Test-Case Information

Table C.4 gives information about the CIG unit base power and transmission network
voltage levels, for each test case presented in this thesis.

Table C.4: Test-case information.

Chapter Parameter Value

CIG Base power [MVA] 100

hapt
Chapter 3 Network voltage [kV] 230

CIG Base power [MVA] 50

[

Chapter 4
T Network voltage [kV] 345
CIG Base power [MVA] 300

Chapter 5
APEEED Network voltage [kV] 500
CIG Base power [MVA] 300

Chapter 6
AWEED Network voltage [kV] 500

1G B MVA] 1

Chapter 7 CIG Base power [MVA] 100

Network voltage [kV] 230




