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ABSTRACT

Virtual inertia is recognized as an inevitable part of the future modern power systems.
The recent trend of research in different part of modern power systems is oriented in
different methods for emulating virtual inertia and many research projects have been
studied this issue. This dissertation is focused on modeling, analyzing and applying the
virtual inertia concept to frequency control and Automatic Generation Control (AGC) in
high-level control of AC/DC interconnected power systems. Since the virtual inertia is
provided by advanced control concepts of power electronics based components, the
HVDC links are the main focus of this dissertation for emulating virtual inertia.

During load and resource variation in multi-area interconnected system, AGC plays a
key role and it is recognized as a very important mechanism that can facilitate various
tasks, such as frequency restoration, tie-line power flow control between authority areas
and economic dispatch of generation units. The tasks of frequency control and the tie
line power exchanges will be established by proper operation of the AGC. The AGC
concept is known as a high-level control in power transmission. This high-level control
generates the set-points for all the local components, like generation units or power
converter stations, which are under control by their local controllers.

AGC in multi-area interconnected power systems is experiencing several adaptions
due to increasing penetration of power converter based components in the grid. In this
dissertation, two different methods for emulating virtual inertia are proposed and
introduced in AGC modeling and control for HVDC/AC interconnected systems.



Vi Abstract

The first method is based on the Derivative Control technique. In this dissertation, the
derivative control technique is used for high-level application of inertia emulation. This
method of inertia emulation is developed for a two-area AGC system which is connected
by parallel AC/DC transmission lines. Based on the proposed technique, the dynamic
effect of emulated inertia for frequency and active power control of interconnected
systems is evaluated. The effects of frequency measurement delay and Phase Locked
Loop (PLL) are also considered by introducing a second-order function. Simulations
results, which are obtained using Matlab software show and demonstrate how virtual
inertia emulation effectively improves the performance of the power system. Detailed
eigenvalue and sensitivity analyses have been also performed to support the positive
effects of the proposed method.

Since the first method is based on derivation for grid frequency, the measurement of
frequency is very important and application of different techniques for frequency
measurements like PLL will bring some limitations for this method. Therefore, as an
ultimate solution, a second method for virtual inertia emulation is introduced in this
dissertation. The second method is based on the Virtual Synchronous Power (VSP)
concept. The concept of VSP to emulate the dynamic effects of virtual inertia by HVDC
links for high-level control applications is introduced and reflected in the multi-area
AGC model. By using this proposed combination in the AGC model, the dynamic
performance of the system shows a significant improvement. The active power loop
control on VSP based HVDC link has a second-order characteristic which makes a
simultaneous enabling of damping and inertia emulations into the system. Trajectory
sensitivities and eigenvalue analyses are used to study the effects of VSP on the system
stability. The effectiveness of proposed concept on dynamic improvements is tested
through Matlab simulation of a multi-area test system.

Finally, it became clear that virtual inertia will add an additional degree of freedom to
the system dynamics which makes a considerable improvement in first overshoot
responses in addition to damping characteristics of HVDC links. Comparing the results
of these two different methods of inertia emulation shows that the VSP technique has
better performance with several advantages for emulating the inertia. In the VSP
technique, PLL and frequency estimation are not required. Also considering the fact that
simultaneous damping and inertia could be emulated, a powerful method based on VSP
for improving the system dynamics during the contingencies is proposed.
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CHAPTER

1.

Introduction

ower systems are experiencing a fast revolution considering power market and
P deregulations and high penetration of power electronic based components like

renewable power sources (distributed generation, Wind, PV with energy storage
technologies). These changes make power systems very complex with more uncertainties.
Generally renewable resource of energy will have some stochastic nature that eventually
could have different effects on power grid. Managing new modern power systems in a
deregulated scheme with high penetrate renewable resources is difficult and the matter of
inertia from stability point of view is very important [1.1]-[1.8]. In order to cope with new

challenges in modern power systems more detailed research in this filed is necessary.

This dissertation is part of research projects at the ABENGOA Company, Abengoa
Research department, in collaboration with SEER research center at UPC University.
The title of the thesis is “Analysis and Control of Multi-area HVDC Interconnected
Power Systems by using virtual inertia”. Since several topics have been covered during
this project, the main focus of this dissertation is related to modeling, analyzing and
application of virtual inertia concept in frequency stability and AGC issue in high level
control of AC/DC interconnected power systems. The AGC concept is known as high
level control at the transmission systems. This high level control will generate the set-
points for all the local components, like generation units or power converter station,
which are under control by their local controllers [1.9]-[1.11].
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Since the virtual inertia is provided by advanced control concepts for power electronic
based components [1.12]-[1.14], the HVDC links are the main focus of this dissertation
for emulating the inertia. Global oscillation is caused by interaction among large groups
of generators, which are spread out throughout a large geographical area. This type of
oscillations has widespread impact and can lead to partial or full blackout. Application
of HVDC links in parallel with AC links is one of the ways which can improve the
negative impacts of this kind of oscillations [1.15]-[1.17].

Modern power system control and analysis with high penetration of PV resources and
with DC interconnections are increasingly under consideration. For providing a better
performance during operation and also to increase the stability of the system, different
installations with new technologies are necessary, e.g., advanced components of power
electronics, HVDC links and Flexible AC Transmission Systems (FACTS) equipment in
the power system. The main application area for HVDC is the interconnection between
systems which cannot be interconnected by AC link because of different operating
frequencies or different frequency controls. By means of global RE integration and
competitive markets, it would be necessary to equip the network with several DC
interconnections at high voltage level between the areas. Therefore, in addition to more
stability in the whole system by applying DC interconnections, there is a better
possibility to transfer more power for any kind of long distance link. Providing
additional inertia by means of power electronic components (like HVDC station) is
another advantage that could provide different ancillary services like providing the
damping and virtual inertia for frequency control improvements. The main goal,
objectives and contributions in this thesis are as follows:

1.1 Goals and Objectives

As stated, the matter of inertia and analyzing the impact of virtual inertia in multi area
power system is very important. Therefore, the main goal of this thesis is the
improvement of dynamic response and overall performance of Multi Area Power
Systems (MAPS) using Virtual Synchronous Power (VSP) concept, considering HVDC
links of interconnected systems. The main focus is related to frequency control stability
analysis of multi area interconnected systems. Based on this explanation, here are the
main objectives of this thesis:

1- To present a novel approach for inertia emulation through the VSP based
HVDC transmission systems. This control strategy proposes a new method for
power converter control in HVDC link. Let them behaving as a synchronous
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generator with the ability of emulating synchronous inertia during the transients
in HVDC stations without the drawbacks of conventional generators. This new
application of VSP in power system transmission provide more flexibility to the
power system. It will increase the mitigation of power system oscillation by
emulating inertia and sufficient damping to the system through HVDC
interconnections.

2- To propose a new approach of frequency stability analysis in multi area AGC
system considering the derivative term of grid frequency for emulating inertia in
the interconnected AC/DC systems.

3- To propose a new approach of frequency stability analysis in multi area AGC
system adding the VSP concept in HVDC links of interconnected systems.

The proposed models should provide a systematic modeling and control
technique of a large scale interconnected power system and specifically should
be devoted to frequency support and power oscillation damping (POD) by
means of parallel AC/DC transmission line and Energy Storage Systems (ESS)
technologies in AGC systems of power industry.

4- To propose a model which is very useful for pre-evaluation of dynamic effects
of converter stations of HVDC link in higher level control design for power
systems applications.

5- To preform dynamic analyses for multi area AGC model with eigenvalue and
sensitivity analyses considering virtual inertia effects on the overall system
performance.

1.2 Contributions of the Thesis

The contributions of the research work reported in this thesis can be grouped into the
following issues:

- Proposing new approach on emulating the virtual inertia for AGC analysis in
multi area power systems. This virtual inertia will bring more flexibility to the
transmission system for damping the inter-area oscillation and emulating the
inertia.

- Improving the frequency stability and control of generation in multi-area
interconnected power systems by adding the virtual inertia concept. This virtual
inertia is contributing during transients caused by load variations.
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- Proposing a new application of virtual inertia emulation based on derivative
control for AGC analyses of interconnected power systems. Proper modeling
for higher level control applications with proper coordination between DC link
and AGC is provided.

- Incorporating the effects of frequency measurements and PLL dynamics on
AGC analyses of interconnected power systems. The effects of PLL is
introduced for the system with virtual inertia based on derivative control
technique.

- Proposing a new application of VSP technique for higher level application in
AGC power system. This method can be used to provide possible inertia in to
the modern scenario of power industry for frequency supports and POD tasks.
By means of proposed technique based on VSP control, better dynamic
performance compared to other methods of inertia emulation like derivative
control is obtained. The proposed control of VSP is a power electronics based
synchronous generator which is naturally synchronized with the electrical grid
by balancing the exchange of power with AC grid. Therefore, it does not require
any external synchronization system, such as a PLL, to work. Therefore all the
limitations and dependencies to PLL and frequency measurements will be
avoided.

- In this study by means of proposed models, it is possible to have a clear image
about the system conditions and required energy or power references
considering the control issue of AC/DC interconnected system. Proposed model
could be extended to any type of multi area system with different complexity.

1.3 Thesis Organization

The thesis will continue by a complete state of the art on conventional power system
control and its modifications to the modern power systems in Chapter 2. In this Chapter
the importance of power electronic based components in the future of power industry is
explained. It will continued by reviewing the main control functions in power system
considering the main ancillary services that could be offered in modern scenario of
power system. Brief review about HVDC application and its control structure is also
presented by the end of this Chapter.

In Chapter 3, a brief presentation about two-terminal HVDC links and its control
functions are presented. Different modeling for power system applications is also
presented. The main focus is related to averaged model of voltage source converters and
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simplifications. The small signal model of HVDC link which used in this thesis is the
last part of this Chapter.

The main focus of Chapter 4 is to present the fundamental of frequency control in
power grid and is explaining the dynamic model of multi-area AGC system. The
conventional AC model and the modified model considering HVDC link based on
supplementary power modulation control (SPMC) is presented. Mathematical equations
for multi-area interconnected AGC system are presented and a general simulation for
two-area system is the last part of this Chapter.

In this thesis two different methods for emulating virtual inertia is proposed and
introduced in AGC modeling and control for HVDC/AC interconnected systems. The
first method is based on derivative control and the second methods is based on virtual
synchronous power concept. In addition to incorporating the coordinated model of DC
link in AGC model, these methods of emulating virtual inertia are the main contribution
of this thesis. Both methods are presented and analyzed in Chapters 5 and 6,
respectively.

Therefore, in Chapter 5, the derivative control technique is proposed for higher level
application of inertia emulation. This method of inertia emulation is developed for two-
area AGC systems which is connected by parallel AC/DC transmission lines. Based on
the proposed technique, the dynamic effect of inertia emulated by storage devices for
controlling the frequency and active power variations are evaluated. The effects of
frequency measurement delay and PLL effects are also considered by introducing a
second-order function. Simulations results using the Matlab software, shows and
demonstrate how virtual inertia emulation can effectively improve the performance of
the power system. A detailed eigenvalue and sensitivity analyses have been also
performed to support the positive effects of proposed method.

In Chapter 6, the second method for virtual inertia emulation is introduced. The
second method is based on VSP concept. The concept of VSP to simulate the dynamic
effects of inertia emulations by HVDC links for higher level control applications is
introduced and reflected in the multi-area AGC model. With using this proposed
combination in AGC model, the dynamic performance of the system shows a significant
improvement. Trajectory sensitivities and eigenvalue analyses are used to analyze the
effects of VSP on the system stability. The effectiveness of proposed concept on
dynamic improvements is tested through Matlab simulation of multi-area test system.

Finally, it became clear that virtual inertia will add additional degree of freedom to the
system dynamics which makes a considerable improvement in first overshoot responses
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in addition to damping characteristics of HVDC links. Comparing the results of these
two different methods of inertia emulation shows that the VSP technique has better
performance with several advantages for emulating the inertia. In the VSP technique,
PLL and frequency estimation are not required.

Finally, the dissertation is summarized in Chapter 7. In this Chapter the main
conclusions considering the possible future works are presented.
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CHAPTER

2.

State of the Art

nergy is a very important issue in all around the world while energy demands

E increased incessantly in the last decade. Beside of problems associated to energy
production from coal, the new trend in the world are to increase the share of
renewable energy sources in the production of electrical energy. In parallel, the concept of
deregulation and competition in energy have forced scientists and engineers to think deeper

about the challenges related to the paradigm change in large scale power system [2.1]-[2.2].

2.1 Introduction
2.1.1 Deregulation

In the deregulated scenario of power industry, the vertical structure is replaced by a
fully deregulated power system with many independent producers. Therefore, in many
countries, Vertically Integrated Utilities (VIU) are not exist anymore. In the competitive
scenario of power industry, Transmission Companies or (TRANSCOs), Distributed
Companies or (DISCOs) and Generation Companies or (GENCOs) are the main players
which are working under supervision of Independent System Operator (ISO) [2.3]-[2.5].
In the deregulated power system, competition is the main goal of energy privatization. In
this way, access to the transmission system and the possibility of presenting ancillary
services are two relevant issues in this environment, where there can exist a lot of power
producers (like DGs) and DC interconnections (like VSC-HVDC). In this kind of
environment, DC interconnections are very important to act as corridors to transfer
power based on possible scenarios.
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2.1.2 Growth of renewable energy

According to Figure 2.1, energy consumption in the industrial sector will be rapidly
increased in the next decades but, in parallel, new policies will be set around renewable
energies. So by this increment, it is obvious that traditional sources of energy have to be
replaced by renewable source of energy while, at the same time, necessary
infrastructures and new technologies should be implemented until 2030 [2.6].
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Figure 2.1. Consumption of industrial sectors in the world in the period of 2006-2030 [2.6].

For example, solar power is a type of energy with great future potential. Based on
European Photovoltaic Industry Association (EPIA) and International Energy Agency
(IEA) reports, the world cumulative PV capacity, for example, reach at least to 178 GW,
which was sufficient enough to supply at least 1 percent of global demand of electricity.
While for 2015, the global deployment of about 55 GW is expected and the installed
capacity should be double or triple around 500 GW from now until 2020.
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Figure 2.2. Global energy consumption [2.7].
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As shown in Figure 2.2, the electricity based renewable will be faced with a
remarkable increase by 2030 [2.7]-[2.9] while, at the same time, we can see a significant
growth of global energy consumption [2.7]-[2.8]. This suggest that renewable type of
energy can play a very important role in the future modern power system. However, in
order to enable distributed generation as a major source of energy in the near future, it is
very important to make an intensive effort for developing such advanced technologies.

2.1.3 Growth of DC interconnections

Nowadays, we are facing with growth and extension of AC systems and as a result
with more complexity and stability problems. As it was explained in previous Sections,
increasing level of distributed generations and deregulated energy markets get in conflict
with increasing rate issues with increasing rates of energy consuming, making necessary
to apply more advanced technologies. One of the way for increasing the overall stability
and reliability in large-scale power system, is to interconnecting the neighboring areas.
These interconnections could be performed by HVDC links especially in the case
connections between asynchronous areas or in case of very large distance connection
between a source of energy and demand centers. In addition, the actions of HVDC links,
as a secure and safe corridors for fast transferring the power, will be very important in
the liberalized scenario of power markets. All of these new challenges could be faced up
with advanced technologies of HVDC transmissions.

One of the main advantages of DC links is related to direct and fast power flows
between two areas without overloading of existing AC system.

Furthermore, in addition to higher reliability, the HVDC links can act as a useful
firewall during cascaded disturbances. Therefore, it can prevents overall blackouts. It
should be noted that, in some applications, the HVDC or hybrid interconnections,
consisting of HVAC and HVDC links, turned into the preferred solution. The HVDC
link between Sweden and island of Gotland is known as a first commercial application
of DC link in 1954 [2.10]. After that, a huge increase for HVDC application can be
observed all around the world. As shown in Figure 2.3, HVDC become a reliable
technology and more than 120 GW HVDC transmission capacities have been installed
worldwide up to now. There will be a huge increasing in HVDC applications in future
power systems and researching in this area is very important.

As shown in Figure 2.4, energy capacities vary from one part of the world to other,
making transportation of this energy to load centers, especially based on open market, a
very interesting issue. For example, in north of Africa there are a huge area with an
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outstanding capability for solar energy and applying DC links from north of Africa to
south of Europe is one of the main important applications in this field.
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Figure 2.3. Worldwide DC transmission capacity.
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Figure 2.4. Energy accessibilities and HVDC applications for transferring.

Based on this brief introduction, what is clear is that future power systems are a very
challenging issue with high penetration of DGs, DC transmission and high complexity.
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Scientists and engineers have concentrated their research efforts to change such
challenging electrical scenario. Advancements in technologies, such as the use of
modern power processing systems, energy storage and control techniques in high-power
applications, as well as high penetrations of renewable source of energies and
liberalization of power markets, have led to a reformulation of the conventional power
systems, moving to a more flexible scheme, which is broadly known as modern power
systems. Modern distributed power systems are still going through their first steps
nowadays. So far, the most significant advancement is related to the generation side.
DGs are proposed by some new generation approaches considering the fact that
generated electricity should be as close as the load centers. However, many other fields
still remain in a very initial state. It is the case of the HVDC Supergrids, which are
planned to act as energy corridors between different countries and to integrate far
distance renewables. Even though HVDC is reached to the level that is ready for
different application with capability of long distance transmissions for large amounts of
power, the typical projects including multi-terminal HVDC connections are not yet an
the most optimum industrial reality. Energy storage systems is another technology which
is expected to become essential in future power systems. EES will allow improving the
performance of the system by optimizing energy flows, attenuating power disturbances,
and minimizing negative effects associated to the intermittent behavior of RES. It should
be noted that the EES systems have attracted lots of attentions in the recent years and
more large scale application are predictable by the future.

It should be noted that, the capability of generating and processing power in modern
power system must be supported with a significant level of computational capacity
considering the whole structure of the system. The control patterns which is currently in
use for conventional systems cannot be extended to a modern scenario, which makes
necessary to look for new solutions.
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2.2 Modern Power System

Conventional power systems is changed and developed into a rapid steps of
deregulation. Integration of power electronic based components, distributed applications
of energy storage and different concerns regarding climate change and high penetration
of renewable energy resources like PV in the power system are the main factors of
interests in modern power system studies [2.11].

2.2.1 Conventional power system

In conventional power system, the utilities are typically managed by government. In
other words, traditional power system was a kind of vertical structure which maintains a
large amount of physical components, considering all the generation units and
transmission systems. The utility has the control of all the generators and based on real
time power flow a new set-point to all the units will be allocated for different situation.
That is clear that this type of unchallenged situation is not fair and considering a huge
increment in the amount of distributed generation and independent power producers, a
new restructure and kind of deregulation was necessary for power system [2.3].

2.2.2 Conventional energy sources

Generally, the main source of energy in conventional generation are related to the
base power generation (fossil fuel or coal based generations or nuclear power plants) and
fast ramping generation (like hydro power or gas turbines). Figure 2.5 shows one the
most common scenarios in conventional generation which is based on coal fired power.
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Figure 2.5. One example of conventional power generation.
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The generated power in this type of units will be transmitted to load centers with high
voltage transmission line or sometimes with under-ground cables.

In such generation system, coal will be prepared and passed to a boiler. Usually a
boiler will be a complex system consisting of many sequences for abstraction of energy
from the fuel. [2.11].

2.2.3 Power system deregulation and its requirements

As it was explained, GENCOs, DISCOs and TRANSCOs considering ISO are the
main players of competitive scenarios of power market [2.3]-[2.5]. The main goal of
restructured power system is competition. Therefore, the main issue in such scenario is
the possibilities of open access to the transmission system and the possibility of
providing different ancillary services.

It is very important to involve the ISO in a way that a fair transmission system be
provided for all the players of the market. In this way, it would be possible that each
GENCO have the possibility of making individualized contract for each specific DISCO
in the market. Ancillary services should be also involved as well as competitiveness of
the system to provide a high quality electricity to the consumers. It should be note that,
in modern power system, ancillary service could be kind of complementary task in terms
of a grid operation with high penetration of renewable sources. It can reduce the level of
uncertainty which will be produced by renewables [2.12].

2.2.4 Ancillary services

Ancillary services are known as individual parts of electric services that required to
provide sufficient support to energy supply, delivery of high quality power in reliable
manner and acceptable operation for the transmission system. Some of the main parts of
the ancillary services are related to operation of reserve capacities, regulation of reactive
power, voltage regulation and active power or frequency regulation [2.3].

2.2.4.1 Active power balance and frequency control

Figure 2.6 shows a general scheme of typical frequency control regulation at different
control levels. Usually frequency regulations will consists three different control level
with different time responses. Based on the UCTE standard, three control levels are
named as primary (droop) control, secondary (supplementary) control and tertiary
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control level. Usually, all of these three different control action are presented during
operation of large-scale interconnected power systems [2.13]-[2.14].

Primary (droop) control. This local automatic control will adjust the active power
generated by each generator units to naturally maintain the balance between
consumption and generation [2.13]-[2.16]. At this control level, the generation units
which are located in one area with the same frequency will be involved. This control
will be performed based on the inertia of each unit and their natural responses of the
governors.
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Figure 2.6. General structure of frequency control based on UCTE regulation.

Secondary (supplementary) control. This control action is higher level control trying
to minimize the steady state error of active power or frequency control deviations. This
control level will deliver sufficient reserve powers to control the frequency and tie-line
power in their scheduled values.

Tertiary level of control. This level of regulation is mainly related to manual tuning of
dispatched units and unit commitment to act as back-up for secondary control and taking
care of optimal operation of generation units and managing severe contingencies of
transmission systems.
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2.2.4.2 Spinning reserves

In fact, for performing a suitable frequency regulation it is necessary to maintain some
amount of power as a reserved capacity. This reserved power can be used for performing
the required balance between generation and consumption during the time. In Figure 2.7
different type of reserve capacity which will be used in real practices are presented.
These reserves are related to different contingencies with different time frames [2.14].
Usually in literatures, the spinning reserve is known as an unused capacity that could be
activated based on the decision of ISO. This reserve could be provided with different
devices which have to be synchronized to the grid. They should be able to contribute on
changing the active power [2.14].
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Figure 2.7. Participated of reserved unit for different levels of frequency regulation [2.14].

2.2.4.3 Reactive/voltage control services

Normally the controllable generators can control the voltage level at the terminal node
with modifying (injecting or absorbing) reactive power. For example, in case of lower
value for terminal voltage the amount of reactive power will be increased [2.14]-[2.16].
Different control levels are presented in Figure 2.8. The first control level for terminal
voltage regulation in one synchronous generator. This control will be performed by the
excitation system. In the hierarchical structure of voltage regulation, the set-points of
lower levels will be provided by higher level controls. Usually, the AVR (Automatic
Voltage Regulator) in the control loops of synchronous generators is known as lowest
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level. The second level is known as coordinated Secondary Voltage Regulator (SVC)
and the last level will be Tertiary Voltage Control (TVC) which is the highest level.
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Figure 2.8. Levels of voltage control.

Primary voltage control. As it was mentioned, this control level is mainly related to
local controller. Local controllers are AVR for synchronous generator or Load Tap
Changer (LTC) for some transformers. They can provide a very fast control actions in
case of any load variation. Their main responsibility is to keep the voltage bus at its
desired values. There are also different type of controllable devices for this purpose.
Static voltage compensators is one of this devices that can also participate in this
primary control action [2.15].

Secondary voltage control. This control level is a kind of centralized automatic
regulation that can coordinate all the local controllers in their regional voltage zone. This
coordination will be performed by changing the local set-points by injecting or
absorbing reactive powers. In many different countries, some sort of experience for this
secondary control is reported [2.17]-[2.18]. Usually, for this control level, a pilot bus
will be defined. This bus will be used to manage the reactive power resources for
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providing a suitable voltage profile. This pilot bus voltage will represent the voltage
which is related to its neighborhood.

Tertiary voltage control. This control level will be used for more coordination and
better optimization. In this level, different type of optimal power flow programs can be
used which will bring more regulation. Usually the time constant of this control level is
in the range of 15 minute to hours [2.19]-[2.20].

2.2.4.4 Ancillary services and technologies

For supporting the operation of the power grid, ancillary services will be required.
Some of the well-known ancillary services are frequency regulation, load flow control,
voltage and reactive power regulation and some security responsibilities which are
handled by operator of the systems.

However, as soon as the grid becomes more and more complex, new installations and
technologies are needed to provide such functionalities to the system. For example
HVDC and FACTS equipments are very important tools in this area [2.21]-[2.22]. In
case of HVDC technologies, its main application is for interconnecting the areas with
different frequencies. Considering the global integration of renewable energies and
exigencies from competitive markets, make necessary to equip the network with several
DC interconnections at high voltage level between its areas. For this reason, it is
necessary to perform more investigation in VSC-HVDC links as a bi-directional
interface between areas based on applying the last technologies in power electronics.
Back to Back topology is one of this type of DC interconnections which usually linked
for long distance transmission overhead lines or by submarine cable. It mainly used for
large amount of power. A much more frequent use of these type of HVDC links can be
predicted in near future which will accomplish the requirements in the restructured
power system [2.22]-[2.24].

Also, storage technologies depending on their characteristics may aid the integration
of renewable sources and they could assist the operation/control of a power system
especially in case of ancillary services [2.10]. The main technologies include: pumped
hydro [2.24], compressed air storage [2.25], batteries [2.26], super capacitors and super
magnetic energy storage (SMES) [2.27].
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2.2.5 Importance of distributed power systems

Advances in power processing and control systems and liberalization of electrical
markets have led to a deregulation in electrical power grids. It moves the system from
centralized approaches the some more flexible generation schemes, which usually
known as distributed power systems (DPS).

Currently, electricity is mostly generated by large centralized facilities, mainly
supported by fossil fuels, nuclear, or hydro. The electricity generated by these plants is
radically transmitted long distances, since they are usually built away from consumption
centers [2.28]-[2.29].

The generation scheme used in DPS, known as DG, proposes a new electric power
systems approach, being electricity generated near where it is used, mainly using RES.
Some of the main factors behind the growth of DG are about environmental issues (since
DG limits the greenhouse gas emission), efficient use of energy and competitive issues
[2.28]. Usually distributed generation can be divided on three different types. This
classification is mainly related to the manner of their connection to the power grid. For
example they can be connected directly to the grid (like gas turbine generators, GTG) or
connecting by power electronic components like PV. They can be mixing of these
connection approaches like wind turbine generation (WTG) [2.30]. Recent
advancements in power processing issue of power converter components will bring more
capabilities in terms of control of a DG. It can bring more possibilities to participate in
power grid by providing more ancillary services. In some application, the drawbacks of
conventional generators control can be improved [2.29].

2.2.5.1 Scientific and technological efforts

In order to have DPS in reality, several challenging issues need to be taken in to
account for more study and research in both academia and industry. For example, the
growing use of distributed power units based on RES will be switched to a highly
stochastic situation that could have a considerable impact on the instantaneous power
variations [2.31]-[2.33]. Furthermore, optimized large scale integration of DG will be
led to a scenario with higher implementation of energy resources. This issue can cause
the power grid to work very close to their limits of stability [2.34]. The large-scale
integration of RES will contribute to the expansion of DC networks to interconnect more
and more areas by using HVDC links. The matter of control and coordination will be
extremely challenging and important issue in large scale power grid application.
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2.2.5.2 Advanced control concepts in DPS

As it was explained, the increase of renewable based generation like wind and solar,
with their highly stochastic behavior, can affect the operation and stability of power
system. Accordingly, the DPS should be provided by newer and completely advanced
control approaches with some abilities in coordination of multiple power sources
operation in real time application. This real time coordination will let the system to
operate with high penetration of RES. Adding the issue of market and competitiveness
of the overall system will bring more and more complex scenario in terms of control and
operation which will be challenging issue. So it is necessary to make an serious research
effort in this field to apply advanced optimal control method [2.34] and new concepts,
like active networks and smart grid [2.35]-[2.36], to enable an efficient and more
reliable control and operation for modern power grid.

In conventional power network, usually the control problems were traditionally solved
at the planning stage and the nature of the system is passive (means the direction of
power is from generation to consumption [2.37]. However, modern power systems, with
high penetration of RES, are extremely stochastic, which eventually results in a strong
impact on the instantaneous power balance [2.36]. Many DGs can act as an active
element especially considering the act of energy storage elements. Therefore, in such
scenario, active control and management (ACM) of DGs will be extremely important
especially in terms of stability and performance improvements of the grid [2.38].

One of the main challenges of ACM application is in term of control, especially
considering the large scale multi area interconnected power systems. By increasing the
number of large-scale power electronic based generations like PV, wave and wind,
proposing new advanced control and also suitable grid synchronization are very
important. By means of new advanced control concepts, there will be a possibility of
interacting DGs in power grids with more functionalities like ancillary services and
more positive effects on dynamics. In this way, it would be predictable that storage
systems can play a key role for solving many of drawbacks of high scale integration of
DGs to the grid. There is a great possibility to expand the EES application in different
parts of the system, like generation level [2.39] and distribution levels [2.40]-[2.42]. For
example in the generation level, conventionally, power converters works in a constant
power manner which is not appropriated for the stability of the grid, especially in the
abnormal conditions. Application of EES presents solutions to the control of power
converters to behave like a synchronous generators. In such concept, a short-term
storage system will be combined by renewable resources [2.41]. Also in order to
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increase the designer capabilities and degrees of freedom for achieving a better
controller, different type of intelligent control method may be used. As an example,
recent researches explore some heuristic methods, like genetic algorithm [2.42], particle
swarm optimization [2.43], or imperialist competitive algorithm, to find the most
optimal solution for the plant under control [2.44].

2.2.5.3 DC interconnection in Modern Power Systems

Electricity was originally dispersed by using direct current (DC) and with the
existence of some small local networks in the late of 19th century. But, during that
moments, lack of technology and losses in the conductors, made the DC approach
ineffective for transporting high amount of power for a very long distances. Therefore,
Alternating current (AC) presented a better performance with much acceptable
efficiency. Because by using transformers, it can be shifted to high-voltage levels with
much less losses. But these days, considering significant improvement in power
electronic technologies, it became possible again to use high-voltage DC (HVDC)
transmission systems with a very effective manner. HVDC systems overcome the main
drawbacks of HVAC transmission especially for a very long distance applications. As it
was explained, there will be a significant increase on HVDC application in the future
and considerable part of the future grid will be operated with several DC links [2.45].

Also, at the low-voltage level, many of the generation units used in DG will work
with DC voltage in its primary conversion stage, like photovoltaic, electrochemical
batteries or fuel cells. As results, it looks more logic the growing interest on using low-
voltage distribution DC networks (LVDC) for avoiding unnecessary power
transformations. Moreover, LVDC distributed power systems are very suitable scenarios
to accept electrical distributed energy storage systems, e.g., batteries in electrical
vehicles or residential generation facilities, uninterruptible power systems (UPS), or
thermal storage, which allows supporting the AC distribution networks by providing
ancillary services [2.46]-[2.47].

Therefore, research activities should be focused on control and stability issues
considering mixed AC/DC systems with multi-terminal DPS considering their
interactions with neighboring AC areas in multi areas interconnected scheme.

2.2.5.4 Regulation of ancillary services with DPS

Ancillary services, such as frequency control, regulating and management of reserved
capacities, reactive power control and voltage or power flow management can be
provided in a distributed manner by using DGs [2.49]-[2.52], that can allows improving
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the controllability of the multiple buses of the system. The need for much better
advanced control of DGs is very important. This issue became clearer when several
generators are connected to a weak grid and many power quality problem can be
observed. Therefore, it is necessary to analyse in detail the ancillary services provided
by DG to improve performance and reliability of DPS. It is also important to investigate
different mechanisms to regulate the grid services market at the distribution systems
level [2.53].

It is necessary to note that, in case of frequency control, lack of inertia is known as
one of the most important issue that bring serious instability problems in a system with
high penetration of DGs. It is predictable that any method for adding sufficient virtual
inertia to the DGs, can significantly improve the dynamic and robustness of the system
[2.54]-[2.55]. Therefore, the main research and technological effort to be made in the
field of DPS should be focused on analyzing modern configurations of power systems.
These methods should propose new design solutions and control techniques which is
addressed to optimization of their rating and to guarantee their stability. Power flow
analysis, modal analysis, transient and steady-state stability studies, unit commitment
issue and considering economic load dispatch analysis are some of the techniques that
will be extensively applied to analyse DPS consisting of both conventional power plants
and DG units equipped with modern power processors based on power electronics,
which offer a high controllability degree. Moreover, other cutting edge technical
solutions, such a FACTS, power conditioners, energy storage, HVDC networks,
intelligent measuring systems, and communication networks will be also considered in
this analysis.
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2.3 Advanced DC Interconnection

The need for transmitting power over long distances with lower losses and higher
stability has been always the main challenge for transmission technologies. This issue is
more critical considering the facts like AC power deregulation, competitive markets
with high penetration of power electronic based components in modern power systems.
Recent developments of renewable energy integration and super-grid interconnections in
modern power systems, attracts a lot of attentions to HVDC transmission which is
known as a proven tool for dealing with new challenges of future power system. The
capability of DC systems to transmit higher power over longer distances, the possibility
of interconnecting asynchronous networks, and their high efficiency, has maintained the
interest of both industry and academia.

According to previous Sections, complex and highly stochastic power systems will
experience more problems than simple ones regarding their operation and stability. For
example, active power losses, reactive power losses, optimal active power transmission,
frequency control issues, interconnection, lack of inertia in weak areas and finally black
out prevention. As shown in Table 2.1, the HVDC system which is based on voltage
source converter (VSC) technologies are a very good solution for these issues because of
its advantages in fast and decoupled active/reactive power control [2.56].

Table 2.1. Comparison of transmission with different technologies [2.57].

Low Voltage Line HVAC LCC-HVDC | VSC-HVDC
Max Voltage Level 750 kV 800 kV 640 kV
Substation volume Small Big Medium
Cable installation Complex Simple Simple
Installation Cost
- Substation - Low - High - Highest
- Cables - High - Low - Low
Need for Compensation Yes Yes No
Losses
- Substation 0.3% 0.8% 1.6t0 1.8%
- Cables High Low Low
P control No Yes Yes
Q control No No Yes
Grid interconnections Synchronous Any Any
Power flow reversal Fast Slow Fast
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In Table 2.1, a general comparison between HVDC and HVAC lines is presented. It
should be noted that in HVDC systems there is not any limit regarding transmitted
distance. The VSC technology could be a better technology in the future. Some of the
main reasons are: the ability of VSC in fast and independent control of both active and
reactive power and changing the direction of power transmission in VSC could be done
without problem (while in classical HVDC system, is can be done by DC voltage
reversal). Also in VSC technology, compared to classic HVDC, the risk of
communication failure is reduced a lot (VSC is a self-commutated switched). Better
possibility for black start with VSC is another advantage of this technology compared to
classical one.

Nowadays, developments in power electronics have made possible to use high voltage
DC (HVDC) lines in an effective manner, which makes possible to question original
reasons justifying the extended use of AC networks. DC links have a very fast control on
power flow, which implies stability improvements. Moreover, power flow direction can
be changed very quickly (bi-directional) and HVDC can carry more power for a given
size of conductor. VSC technology allows controlling active and reactive power
independently without any need for extra compensating equipment (like STATCOM or
SVQ).

2.3.1 HVDC configurations

As shown in Figure 2.9, there are four main configurations in HVDC power
transmission systems such as monopolar, bipolar, back-two-back and multi terminal
HVDC transmissions. As shown in this figure, for monopole configuration, two
converters could be separated using a single pole line. This configuration is usually
applied for cable transmission with submarine connections [2.56]-[2.59]. In the bipolar
configuration, two conductors (one positive and other negative) are used. Connections
between each end converter are grounded and as a result, the two poles may be used
independently. This type is so common configuration in modern system.

In other topology (back-to-back), two stations are located in a common site and the
length of line distance will be kept as short as possible [2.60]. This type of HVDC
system is used for interconnecting two AC systems with different frequencies
(asynchronous interconnection) [2.61].

The multi-terminal HVDC transmission system consists of several (more than two)
converter substations, some of them working as inverters and the others as rectifiers
[2.62]. It is expected that in a near future, when protection of meshed DC networks and
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long distance multi-terminal transmission become economically effective, this topology
will replace the conventional point-to-point topology which is currently used in HVDC
transmission systems. Moreover, based on the allocation of the power conversion
substations, normally two type arrangements are used, i.e, series and parallel multi-
terminal HVDC systems which are explained in the following sub-Sections.
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Figure 2.9. General configurations of HVDC systems.
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2.3.2 Classic HVDC

A classic HVDC system operating in conventional bipolar mode and consists of AC
filters, shunt capacitor banks or other reactive compensators, converters, transformers,
DC reactors, DC filters and DC lines or cables.

For controlling these conventional topology, one of the power converters controls the
DC voltage and the other controls the active power transported through the DC-link.

Line-commutated current source converters (LCC HVDC) based in silicon controlled
rectifiers (SCR) is one of the conventional techniques used in classical DC transmission
of power. The HVDC schemes based on the LCC technology absorb reactive power
from the connected grid due to the fact that the commutation of the valves is driven by
the connected power grid. The reactive power mentioned has to be compensated by
using switched capacitor banks on the AC side. In addition to this, filtering is necessary
both on the AC and on the DC sides in order to fulfil the corresponding requirements. In
LCC HVDC connections, the power flow can be bidirectional and, depending on power
flow direction, the polarity of the DC voltages must be changed [2.56].

2.3.3 VSCHVDC

HVDC connections based on voltage source conversion (VSC HVDC) present many
advantages respect to the ones based on the LCC HVDC technology. The power
converters used in VSC HVDC systems are controlled by using the pulse width
modulation (PWM) technique, making possible a bi-directional control of active power
flow without changing DC polarity. Moreover, the VSC allows full reactive power
control, without any extra compensating equipment [2.56]. These power converters can
operate in capacitive and inductive mode, with positive or negative active power flow.
The VSC-HVDC can be used for voltage control to compensate the needs of the
connected network within the converter rating.

There are two main control loops in this type of power transmission systems. One of
the loops is devoted to active power and/or DC voltage control, while the other one is in
charge of reactive power and/or AC voltage control. The rectifier parts usually are
responsible for controlling the AC active power flow whereas the inverter parts are in
charge of controlling the DC voltage level. Each converter is also responsible for
controlling reactive power or AC voltage.
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Recent developments in modular multilevel converters (MMC) have revolutionized
the VSC technology. This converter type, which was proposed by R. Marquardt [2.63],
consists of several units, referred to as sub-modules, connected in series as shown in
Figure 2.10.

2.3.3.1 Multi Modular HVDC Systems

Voltage source converters (VSC) are very important in future DC transmission
systems. Their topologies and modulation schemes have a significant effect on the
performances of VSC-HVDC. Currently, the main VSC-HVDC projects are based on
two-level or three-level topologies, with high blocking voltage switches and a switching
frequency much higher than fundamental frequency, which brings demanding filtering
requirements and significant power losses.

To solve these limitation a new VSC topology, shown in Figure 2.10, based on
modular multilevel converter (MMC), which is very suitable for HVDC and FACTS
applications, has been proposed in recent studies [2.62]-[2.64].
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Figure 2.10. Average model of MMC.

Among various types of multi-level topologies of converter, the multi modular
converters have received a lot of attractions. The main application of these MMC will be
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on medium and high power level of application mainly for HVDC systems [2.64]. By
means of several modules at each arm of the modular topologies is possible to have an
excellent output AC waveform without special requirements regarding grid filtering
[2.65]-[2.66]. Moreover, considering its unique topologies, a highly modular design is
achievable. Therefore, the overall topology will bring brilliant scalability. The complete
design could be implemented for a very high range of voltage and power with a great
flexibility with much lower range of switching frequency and therefore with much lower
losses in the system. Due to its modular construction, this topology is optimal for
medium and high voltage application like HVDC transmission [2.65].

The basic operation of MMC is described in [2.65]. By comparing the structure of
conventional VSC technologies [2.67]-[2.68] with the one for the MMCs, various
advantages can be found, such as a higher voltage application with modular structure
and more reliability. Also, harmonics compensation is another interesting feature of
MMC to improve the quality of voltage [2.66]. However, in spite of these advantages,
control of the MMC is a very critical and challenging issue.

The main technical challenges in control of an MMC are related to modelling and
balancing the sub-module capacitor voltages to their nominal values and minimizing the
circulating currents. Recently, several papers discussed the modelling and control of
MMC in various ways [2.69]-[2.74]. For solving the limitation of high computation time
of MMC during the simulation cases with very high level converters, a simplified
dynamic model based on the Kirchhoff’s Law is presented in [2.69]. In [2.70]-[2.72]
different issues regarding voltage balancing and suppression of voltage oscillations in
the capacitors of MMC are discussed and presented. Application of model predictive
control is also reported by [2.73]. In this reference, another way for eliminating the
circulating currents and voltage balancing is presented.

It should be note that in the real applications of MMC, with high voltage levels, the
system will consists of a large number of sub-modules, which make its control a very
challenging issue. Considering the number of sub-modules, especially for real
applications of MMC, the number of states that should be under control dramatically
will increase. Therefore, application of conventional control theory for such complex
multi input multi output system will not be an easy task. Application of advanced
modern control could be one of the main solutions for this issue. In this sense, linear
quadratic regulators (LQR) could be a good candidate for this purpose [2.75]-[2.76].
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2.3.4 Control of HVDC Systems

In conventional VSC based HVDC transmission, one converter will control the DC
link and the other converter station will take care of active power control. It has the
ability of controlling the power transmission in both direction. In terms of control of
HVDC system, there are several methods for controlling the HVDC as discussed before.
Many research papers are using damping and transient improvement for controllable
components based on modulation control for damping the oscillation modes [2.77]-
[2.80]. Some works are focused on developing a system with parallel AC line and
HVDC link for dynamic improvement. A modal analysis considering the deviations of
grid frequency or the difference angle between the connected nodes is presented [2.81]-
[2.82]. Identification based modelling is another control approach for analysing the
system which is presented in [2.83]-[2.86] and application of single controllable
components to the HVDC system (like static var compensator or Thyristor-controlled
series capacitor link), have been proposed to improve the performance of the system, as
discussed in [2.87]-[2.89].

Linearized based model and advanced control approach were proposed in [2.90]-
[2.92] for HVDC links, while some proposals are based on nonlinear exact-feedback
linearization [2.93]-[2.94]. In this method, by means of nonlinear feedback, the system is
transformed to a linear one, making possible to apply well-known linear control. This
approach is based on MIMO linearization and could be applied to small-signal and also
transient stability analysis for the whole system. But in order to have better
understanding for choosing the best control approach, it is necessary to make a review
on the main control concepts in HVDC. The main control structure of HVDC system
will be explained by the next Chapter.

2.3.5 Multi-Terminal Interconnected HVDC Systems

The most common HVDC systems have two converters. But as an extension, a Multi
Terminal HVDC (MT-HVDC) system can be used in some application with more than
two long distance geographic zones which have to be connected [2.95]. Such a system
with several converters gives rise to more challenges, as well as more flexibility in term
of control and dynamic stability improvement. Based on different topologies and
applications, the main control challenges in MT-HVDC systems are in the regulation of
DC voltage and the coordination with neighbour AC areas.

Multi-terminal systems have more than two terminals for interconnections and the
main topologies for MT-HVDC system are series or parallel. In series systems, the DC
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current is set by one terminal and it is a common magnitude for other terminals. In series
MT-HVDC systems, overloading cannot exceed 20% of total rating in major terminal of
MTDC system. On the other hand, the parallel arrangement is more practical than series
and voltage is common for all paralleled terminals. In case of parallel system the ratings
cannot be less than 20% of total rating in major MTDC system [2.95]-[2.98].

As shown in Figure 2.11, parallel topologies are classified in two radial or mesh multi
terminal HVDC systems. It should be noted that, one of the main limitation of radial
system is that if one segment became disconnected, the rest of the terminals will be
disturbed. But in case of mesh systems, if one segment interrupted, the rest of the system
will remain functional without any problem for power flow transmission [2.98].
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Figure 2.11. Parallel shape of MTHVDC system: (a) radial, (b) mesh.

Controlling of multi terminal HVDC system is a complex task and limited research
has considered the possibility of full control in several HVDC links in connection with
AC system. A new way of coordinated control of several DC links with improving the
inter-area oscillating modes was proposed in [2.95] and [2.99]. There is a lack of
complete research in this area, especially in multi area complex systems and more study
in this field will be quite merited.
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CHAPTER

3.

Review on HVDC Modeling and
Control for Power Systems Applications

n power electronic applications, the highest power ratings are those associated with

the power conversion stages of HVDC power transmission lines. Transmission

systems based on HVDCs have shown to be a good solution for large scale bulk
power transfer over long distances. In large scale modern power system analysis, DGs and
power electronic components, as in the case of HVDC, are increasing, and it is necessary to
have reliable models in order to improve the design and application studies. In this Chapter,
a general background on HVDC modelling and control for high level control application in
interconnected power systems is briefly presented and some models for different applications
are reviewed. Finally, a proper small signal model, useful for AGC application, is also
explained.

3.1 Two-Terminal HVDC

Today, there are two main technologies for HVDC system. One of them is based on
voltage source converter (VSC) technology and the other type is related to thyristor
based classical technologies. Currently, it is well-known that VSC based systems has
different advantages in comparison with the classical system [3.1]-[3.2]. For instance, as
it was mentioned, the VSC system provides a fast and independent control for both
active and reactive powers. In addition, the power transfer in VSC based systems are
bidirectional. By using this technology, interconnections between two weak AC systems
is also possible.
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The typical configuration and control structure of DC transmission with two-terminals
is presented in Figure 3.1. The core of this system are two VSC stations. Usually, one of
this stations can act as a rectifier and the second station will act as an inverter.
Generally, the rectifier station will control the DC link and the inverter station can
contribute in controlling of active power transmission. Power flow in this system has the
ability of transferring in both direction (Bi-directional). There are several methods for
controlling the current in the HVDC links. In this field several research works have been
presented based on the use of PI controllers in the dq synchronous frame, as well as
some other which are based on the implementation of proportional resonant (PR)
controllers working in the af8 frame [3.3].
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Figure 3.1. General structure of the VSC based HVDC control system.

The main control blocks in DC transmission are depicted in Figure 31, where the
inner loops and outer control loops are shown. The inner loop of control or current loop
control of HVDC is a fast dynamic control system which is responsible of controlling
the AC current injection by means of acting on the PWM of the power converter. The
current reference for the inner controller are provided by the outer control loop. As it
was introduced in the previous paragraph different control methodologies can be used
for implementing the inner controller [3.3].

One the other hand, the outer control loops is responsible for generating the current
reference to be provided to the inner loop. The active current component of the reference
is obtained from the DC voltage, active power and frequency controllers, being thus a
combination of these three in order to comply with the needs of the frequency control,
the power delivery and the controllability of the device itself. Likewise, the reference
value for the reactive current to be delivered can be derived from AC voltage controller
and reactive power controller.
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3.2 Averaged modeling and control structure of HVDC
system

As shown in Figure 3.2, the average model of power converters is based on a
controllable sources in both side. In the AC sides, a controllable voltage source and for
the DC side, a controllable type of a current source could be used for modeling purpose.
This could be a general model of a normal grid feeding converter. Usually, a
proportional integral ,PI, control can be used for controlling the DC voltage or energy
state of DC link and for controlling the injected current a proportional resonant, PR
controller, could be used for generating the proper references for converter operation.

One of the main reason for implementing PR controller is their ability to provide a
selective and accurate control with offering an infinite gain for the fundamental
frequency of the gird. By means of this control an acceptable performance for current
controller could be achieved. In this control structure, a PLL will be used just for better
tuning and better estimation of the grid frequency. This control will be based on
stationary reference frames [3.3].
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The AC reference for current controllers will be provided by outer loops which are
much slower than the inner control loop. Based on the applications for each VSC in the
HVDC link, different actions like DC link regulation, controlling of AC voltage or
control of active and reactive power can be implemented.

In this averaged model the high-frequency PWM characteristics are neglected and all
the scenarios could be based on balanced conditions. As it was explained, the average
model consists of a controllable voltage source for the AC part and a controllable current
sources for the DC part of the converter station. This parts are presented in Figure 3.2.

Therefore, the set-points for voltage references will be generated by the action of
inner loop control and a controlled type current source is also used for presenting and
modelling the relationship between the AC part and the dynamic variations of the DC
voltage caused in DC link capacitors.
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Figure 3.2. Structure of the average model for VSC.

By neglecting the converter losses and considering the balance between ac and dc-
side powers, a proper reference for controllable current source in the DC part will be
obtained as follows:

P
Ipcres = ﬁ'g (3.2)
Py = vl + vply + v, (3.3)

The concept of IARC which is known as Instantaneous Active Reactive Control can
be used to determining the set-point values for the current control of the converter.
Based on this concept, any current vector which is aligned by voltage vector v will be
belonged to active power, while any current vector which is aligned a voltage in
quadraturev |, can produce the reactive powers, thus the following equations [3.3]:
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where the norm value for the grid side voltage, |v|?, can be obtained in different
reference frames [3.3]:

[v|? = vi +vj +vZ =vi+v} (3.5)

The input signals of IARC are active and reactive power references which are
generated by outer loop controllers. Generally, for controlling VSC-HVDC systems the
following operation modes may be implemented in outer loop control:

e Constant P —Vac control: in this case, the converter station maintains the active
power and voltage of the AC grid at fixed levels. In this mode, the reference
active power could be generated by higher control layers which are related to
frequency droop control in the AC grid.

® Vpc —Vac control: in this case, the VSC station will take care of the energy
balance in DC-link by controlling the DC link voltage. In case of connecting to
a weak AC grid the ac bus voltage could be controlled to have a fixed value.

e P-Q control: in this mode, the VSC will control the active power and the
reactive power in a independent manner.

®  Vpc —-Q control: the control mode will be applied in a situation that a stiff
network is connected by one of the HVDC terminals and it is necessary to
control the DC link voltage and reactive power at the same time.
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3.3 Simplified model and control structure of HVDC
system

In the case of electromechanical analysis and simulations in multi machine power
systems, a simplified model of the converter can be used in two terminal HVDC links. In
fact, considering the differences in time constants especially for low frequency analysis
and electromechanical application, the action of inner current control loop could be
neglected. Because the time scales of current controller and mechanical part of
conventional power system regulations are totally different.

This type of simplified modelling will be useful for understanding the dynamic effects
of HVDC links on power system stability studies. As explained before, the averaged
model of converters consist of a structure based on an inner current loop control and
outer loop controls. The dynamic response of the inner current loop is in the range of 20
ms and the electromechanical dynamic response of multi machine power system will be
in the range of multi seconds (voltage control) and multi minutes (frequency control).
Therefore, it is obvious that the dynamics of the inner current loop is negligible
compared to dynamic of multi machine power system. The proposed VSC model with
this simplification is presented in Figure 3.3, while inner current control loop is replaced
by some second-order time delay function and the rest of the model will be the same.

Averaged VSC
AC side I [ DC Bus

- ta

4_%:"_@6" i e
- "‘1_—

. 1,
B4 I
v I
ol v :
e Q) “
o n *
P N\, Yo -
o 1ARC| - Delay tl:ansfer
- N v functions
e 0
2@
Fa Outer Reference
. Inner current control
controllers Generation

Figure 3.3. Structure of the simplified average modeling for each VSC.
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In this model, the DC link control loop will be kept for further analysis and the inner
part of the converter will be modeled only as a current source. For achieving the same
dynamic as average model with current controller, the sensitivity of the system’s
response was checked through simulation by adding different steps on P and Q
references. Based on the obtained results, higher order properties (dominant second-
order dynamics) were observed in the response of the original averaged model.
Therefore, as shown in Figure 3.4, four different transfer functions are applied for
emulating the dynamics of a complete averaged model with current controller.

\' T l "..':: l
[ P

. & ey G Transfer W i

= Function

G, Transfer

JARC Function IARC :

Gj; Transfer
Function

o—> £ e | Gy Transfer Qret
Function

-
L~

Figure 3.4. Transfer functions that emulate the dynamics of inner loop controller.

For considering the complete effects, the four Transfer functions written as follows
are considered:

w3 2{wy,s 2{wps+w?

-, Gy(s) = >, Gy(s) = 2Ly

2{wpstwd 2{wpstw? 2{wpstw?’

G1(s) = Gu(s) =

2{wpstw?

For applying this model in discrete mode for different sampling times, all the function
should transfer to the z-domain. Assuming that y; = w,zu- , and w; = 2{;wy;, and after

the z-transformation and the discretization, the following discrete transfer functions can
be found:

G1: Tustin method:
y1Tsz + 1T
z(2wy + 1 Ts) + (1 Ts — 2wy)

G,(2) = (3.6)
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G2: Forward method:
wyTsz — wy T

Gx(2) = z2 + z(Wo Ty — 2) + (1 — wyo Ty + y,T2) 3.7
G3: Forward method:

o0 = TRt -0 T Wi T 6
G4: Forward method:

G, (2) = wy Tz + (Y TE — wyTy) (3.9)

22+ z(W, Ty — 2) + (1 — w, T + y,T2)

where Tg,, is the sampling time, Ty is the stabilization time and f;,, is the switching
frequency, which can be found as:

1 4
5o Sen=gor,

A general comparison between these two different averaged models are presented in

Tsw=7— fi=4Xfo Ts= (3.10)

Figures 3.2 and 3.3. For checking and evaluating the simplified averaged model of
converter, a general case in Matlab platform is simulated.

In this study case it is assumed that a step change for P and Q happens at 0.1 sec. The
active and reactive power performance is presented in Figure 3.5. The dynamic response
of the averaged model with inner current controller is presented in Figure 3.5.a, and the
response of the system with simplified average model without current controller loop is
presented in Figure 3.5.b. It is obvious that, considering the added transfer functions in
simplified averaged mode, the same dynamics are achieved. In fact, with a proper
selection of ; the desired dynamics in simplified model could be achieved.

The main difference lays on the simulation times which is much faster for the
simplified average model. This model will be useful during large scale simulations of
multi machine power systems. The three-phase current measured at the terminal of each
converter is compared and presented in the Figure 3.6.
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Figure 3.5. Active power and reactive power performance:

a) Average model with current control, b) Simplified model.

The response of averaged model with current controller is depicted in Figure 3.6.a and

the response of the simplified averaged model is presented in Figure 3.6.b. It is obvious

that the same dynamic is achieved and simplified model could be used for large scale

simulations considering the dynamic effects of current controller.
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a) Average model with current control, b) Simplified model.

Figure 3.6. Three phase injected currents:
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3.4 Small-signal HVDC modeling for higher level control
design

In case of small signal modeling for the pre-design process of high level control
layers, such as the design of AGC, each converter station could be simplified with a
first-order model which a transfer function with a proper time constant. For the HVDC
system with two VSC station, the second-order transfer function will be approximated
by the equivalent first-order transfer function, emulating the overall time response of
HVDC system. Therefore, it can be written as:

1 1 1 1
X = =
14+sT;, 1+sT, 1+ (T, +T)s+ (T1T,)s? 1+ sTpe

(3.11)

where T; and T, are the time constant of VSC converters and Tp will be the equivalent
time constant of overall HVDC control system:

TDC = T1 + TZ (312)

Therefore, the incremental power flow through the HVDC transmission system could
be modeled by using a linear first-order model with a proper time constant (shows in
Figure 3.7. Here the linearized first-order model for small signal analysis is presented in
[3.4]:

dAPpc
DC dt

= APdc,ref - APDC (313)

where APy rer is the desired dc power and APp will be the real dc power flow through

the system.

APdc.rul

TD[‘S' API)E.‘

HVDC

Figure 3.7. Block diagram of the small signal HVDC system.

It is assumed that the DC line has no losses and hence the output power from one
converter is transmitted to the other. As shown in Figure 3.8, AP, is the input signal
of HVDC which will be generated by different control signals.
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These signals are due to frequency deviations of each interconnected areas and AC
power flow deviations (in case of any parallel AC line with HVDC transmission link).

Afi—b

APy >

APy,
de,ref AP[)C
» 1 »
j 1+ 8T g

HVDC

Afy ——>

GGG

Control signals

Figure 3.8. Control signals of interconnected area with small signal model of HVDC.

In reality, the time response in HVDC system for transferring multi Megawatt power
will be in the range of 300 ms to 500 ms. In most of the power system literature, the
typical value is considered to be around 200 ms [3.5]-[3.6]. In reference [3.6], which is
based on realistic parameters, the proper time response is 300 ms for Tqc.

A general comparison for different values of HVDC time constant is presented in
Figure 3.9. This comparison is performed for two-area interconnected power system
which is used in details by the next Chapters. The two areas are connected by parallel
AC/DC links. As shown in Figure 3.8, is the input reference signal of the HVDC link is
generated by different control signals, (deviations of frequency in both areas and tie-line
power deviations). These control signals will be provided from supervisory control layer
and Kfq, k¢, and k¢ will be the corresponding control gains.

Based on the presented response of DC link derivation, it is obvious that different
time constant for DC link will have some effects for the system behavior. Higher time
constant will bring slower response with smaller peak values. This value should be
selected based on the realistic values for each application.
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Figure 3.9. Comparisons of DC power deviation for different time constants.



50

3. HVDC for Power System Application




CHAPTER

4,

Automatic Generation Control of
Interconnected Power Systems

his Chapter is devoted to carry out a brief presentation and explanation of the
Tactive power regulation and control structure in AGC, which is known to be as one
of the most important control actions in large-scale multi area interconnected

power systems. The AGC concept belongs to a high level control stage at the transmission
level. This control layer will generate the set-points for all the local components which are in

turn controlled by their local controllers [4.1]-[4.2].

4.1 Introduction

AGC of a large scale multi area interconnected system during load/resource variation
is known as a very important mechanism that could facilitates various tasks like:
frequency restoration, tie-line power control between authority areas and economic
dispatch of generation units [4.3]-[4.5]. Interconnections of several areas could be
provided by AC or DC lines considering their specific values for exchanging the power
between different areas. This interconnections can also provide sufficient support from
each neighboring area in case of abnormal conditions [4.1].

Because of several limitations associated with AC lines especially for long distance
connections, HVDC links have received an increasing attention in recent years. HVDC
interconnection is one of the main applications of power converters in multi-area
interconnected power systems and it provides several advantages such as: Fast and
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bidirectional controllability, power oscillation damping and frequency stability support
[4.6]-[4.7]. As it was explained in previous Chapters, the HVDC systems can contribute
actively in improving the reliability and dynamics of multi area interconnected systems.
It could also act as a kind of firewall avoiding different cascaded disturbances,
preventing thus the propagation of global blackouts. For these reasons, in some parts of
the world, HVDC or hybrid interconnections, consisting of parallel AC and DC
interconnections became already the preferred solution [4.8]-[4.9]. It is worth to mention
that in addition to emergency control of frequency stability in conventional AGC
structure; a proper coordination of AGC with modern HVDC transmission would be also
possible [4.10]-[4.11].

Therefore, in this Chapter, a brief explanation about AGC model in AC connections
and AC/DC interconnections will be presented. The model proposed model in this
Chapter is based on small signal modelling and dynamics of large scale interconnected
systems though HVDC and HVAC lines leading to a new control block diagram. This
model is very suitable for pre-evaluations of dynamic effects of DC links in large scale
power system design. In the future modern power system, DC interconnects and energy
storage devices will play a very important roles in system stability and it would be very
important to have clear idea about the system dynamics and power ratings for different
case studies.

Modern power system with several DC interconnections and renewable resources
made the electrical system more and more complex and conducting dynamic analysis
based on realistic values of our power system is necessary. By means of using the
proposed model, it would be possible to model the power system in several areas
considering their nature and their possible inertia. The proposed model should provide a
systematic modelling and dynamic control for the interconnected systems and it should
be easily extended for any type of complex system with more interconnected areas. This
model is related to frequency support (LFC) and POD considering hybrid AC/DC
transmission line with HVDC and storage technologies in AGC systems.

4.2 Fundamental of frequency control

Power balance is a very important factor which will affect the frequency of the system.
Any type of mismatch between consumption and generation will bring deviation on
frequency of the grid [4.4]. Hence, the control of the generated power and the frequency
in large scale power systems is usually referred as (LFC) load frequency control.
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4.2.1 Primary active power/frequency control

Frequency of the grid is a global factor through the interconnected systems. This is due to
the nature of the power grid when any load perturbation or any type of mismatch will be
reflected in all the part of the system (Figure 4.1). This issue mainly is related to LFC
concept.

Load change

Af
A Droop ! 'O > Power System —

Figure 4.1. Generic representation of the frequency dependency on load changes.

The primary (droop) control is a common concept in large scale power systems
studies. As shown in Figure 4.2, the first reaction of speed governors of generation units
is due to the primary control or load frequency control. At this stage the system will try
to stabilize the load change and the contingencies. As shown in this figure, later, when
the secondary frequency control is applied, the steady state error of the frequency will be
cancelled out [4.1].

4.2.2 Supplementary higher level control

It should be noted that, the primary control will not return the frequency to its nominal
value, it just limits the drop leaving thus a steady state error which should be later
cancelled in order to leave the frequency to the desired value (depend on the system it
could be 50 Hz or 60). Therefore, an additional control called AGC will be applied to
ensure that the area absorbs its own load change and also to maintain net interchanges
and frequency at their schedule values.
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Figure 4.2. Frequency performance in Hz when the primary and secondary controls are applied.
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As shown in Figure 4.3, the usual response time window for primary control goes
from 10 to 60 seconds (NERC standards) and for secondary responses is in the range of
1 to 10 minutes [4.1].

It should be noted that the time constant of AVR or excitation system in generation
unit is much smaller than the time related to the governor/prime mover actions.
Therefore, the transient decay of excitation is much faster than governor and it will not
affect the dynamics of LFC. Therefore, the coupling between frequency control action
and voltage regulation control loops will be trivial and it is a very common practice to
analyse the frequency stability issue independently [4.1].

Primary
Control ~ Seconds
Secondary .
Control Vs Seconds-Minutes
Tertiary Minut
Control _~» Minutes
Spinning Hours
Resreves ~

Figure 4.3. Control continuum [18].

4.2.2.1 Area Control Error

The area control error or the ACE signal is an important index for frequency control
task. It will represent any type of imbalance between the demands and the generation
levels for each area. The ACE signal will be a linear combination of frequency deviation
and power mismatches [4.1]-[4.4].

ACE; = APyjepcij + BiAf .1

where APjieac,ij is known as tie line power deviation between areas and f; is known as a
frequency bias in the area. This bias factor can be calculated like this:
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1 4.2)
Bi = R +D;

considering R; is the droop value for the GENCO units and D; will be a the load-
damping constant.

4.2.2.2 Area Participation Factor

The ara participation factor (apf) is another important signal for performing the AGC
through the secondary control. In fact, if there are more than one generation unit in one
area or if some generation units cannot participate in AGC, there is a possibility to
manage their participation by means of the participation factor. It should be note that,
sum of the all participation factors in each area should be is equal to one [4.2].

Therefore, as shown in Figure 4.4, by means of ACE signal and corresponding apfs,
the new set-point for all the generation units within the areas will be determined.
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) Generator
M» Governor Turbine |—(~)
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i § |
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Figure 4.4. General strategy for power sharing in AGC control.
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4.3 Mathematic dynamical model

In this Section, the mathematical equations for AGC in the interconnected system are
presented. This modeling will be used for further detailed analyses which are based on
the study of the eigenvalues and state space representation.

4.3.1 Generator-Load dynamic model

This model is based on the swing equation of synchronous generators. The stored
energy in the mechanical part of the generator could be calculated as follows:

Wiee = H X S 4.3)

where Sy, is the rated power in MW and H is known and constant of inertia. It should be
noted that, kinetic energy will be proportional to the square value of the frequency/speed
(fundamental one) and therefore the associated energy of (f + Af) could be calculated
as follows:

+A
We, = W, <(fo f))
fo
2A
W, ~ HS, (1 + —f) @4
fo
d 2HS;,
— A
W) = < @
Then the power balance equation could be written as:
2HS d
AF, — AP, = (Af)
fo
AF, APL d (Af )
Sp Sp dt \ fo

and in per unit, Af is the same as Aw:
d
AP, (pu) — AP (pu) = 2H — T Aw 4.5)

In the dynamic analysis of the frequency stability, the most important part of damping
is the one related to the sensitivity of load to the frequency variation which will define
like this:

(o =y
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where Dy (pu/Hz) is the sensitivity of the load change when there is a 1% of frequency
change. In per-unit this sensitivity could be calculated as:
PG unit pu
D(pu) = Dypit(pu) = —**— (pw), and Df(pu) = Dynit(p- ). fo E)

Sbaseunit

(4.6)

Therefore, the complete swing equation considering the damping in p.u. could be
written as:

d
AP, (pu) — AP, (pu) = 2H aAw(pu) + D (pu). Aw(pu) 4.7
where in p.u. Af (pu) = Aw(pu) and finally in the Laplace domain we will have:
Af(s) = [AP,(s) — AP,(s)] L
g 21 5T (4.8)

where, considering inertia and damping of the system, we can define:

2H .
T, = - (time constant of power system)

(power system gain)

Figure 4.5. Block diagram representation of the generator-load in power system.

4.3.2 Governor-Turbine model

As explained before, the output of the generator is adjusted by means of the droop
governor action. Moreover, for modelling the governor action a simple first-order
function could be used.

1
APy = APyof —EAf 4.9)
AP, = ! AP, 4.10
VU 14Ts Y (4.10)

where AP,..¢ is coming from the area error performed when determining the set-points

and AF is the input signal for governor system.
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As shown in Figure 4.6, for modelling the turbine it is also possible to use the
reduced order model of compound turbine with reheat system or a non-reheat simple
model and the turbine could be presented as a first—order model [4.1].

1
= AP
1+Ts 7

AP, (4.11)

where the AP, is the input signal that changes the steam valve position and T is the time
constant.

Governor Turbine

Figure 4.6. Turbine-governor model.
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4.4 Multi-area interconnected AGC systems
4.4.1 Area Interface

Since the frequency is a global factor, any deviation will be reflected in the whole
system, even in multi area interconnected systems. Therefore, the trend of the frequency
measurement as an indicator should not be limited only for one area. The signal related
to the tie line power deviations between areas should be properly considered in the LFC
action.

Ideally, with using this supplementary control action, perturbation in any area should
be corrected by the units of the same area, producing thus minor effects on the other
area. While in the reality, (or when using more realistic modelling), we can see that by
using AGC based on area control errors, contingencies in each area will have some
effects on the neighbour areas which are closer.

The general model of an interconnected AGC systems is presented in Figure 4.7.
Based on this model, it is obvious that ACE signals will be modified with new tie-line
signals which are related to other interconnected areas.

Primary Control Area | \
L
& GENCO AP,
L sT,

-I Turbine-Governor

" AP -
O] Turbine-Governor

g 18
f"

Figure 4.7. Frequency control strategy for dynamic analysis of interconnected systems.
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The ACE control signal of multi-area systems, will perform the coordinated
supplementary services like restoration of the nominal frequency, maintenance of the
scheduled power flow between authority areas:

ACEL = ﬁiA(lJi + APtieAC,i (412)

The power flow between areas is modelled by means of frequency deviations in the
control areas. For modelling the interconnections between N areas in multi-area AGC
system, tie line power deviation could be used as an additional signal. This deviation
between i area and the rest of the system areas can be calculated like this [4.2]:

N N N

1 4.13)
APicac,i = Z APieac,ij = 5 Z TijAw; — Z T;jAw;
j=1 lj=1 j=1 J

i i i

APyicacji = @ijAPicac,ij (4.14)
Pri

@ = i 415
ij P, (4.15)

where T} is the synchronizing coefficient between areas and P, is the rated power of
each area.

4.4.2 Dynamic model of two-area AC system

A typical system for presenting a general model of interconnected systems is a
modified Kundur model as an interconnected system with two areas [4.3] which is
shown in Figure 4.8. It has two GENCOs and one DISCOs in each area. DISCOs can be
considered as load demands.

1 5 i3 - 8 9 | 10 3
@] HVAC lool@®
GENCO1 GENCO3
Area-1 Area-2
2 4
GENCO2 GENCO4

Figure 4.8. A two-area system with AC connection.
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Therefore, the ACE signals for this interconnected model can be represented as follows:

ACE, = B1Afy + APy, (4.16)
ACE, = [,Af, + APy, (4.17)

considering ACE signal as control error for each area and:
APy = APieac,12 (4.18)

Af = factual = fschedute 4.19)

while Py is the deviation of transmission line, f'is known as the grid frequency; §; will
be the bias factor [4.3].

Then, the closed loop system for LFC with two area interconnected system can be
presented in the form of a state space as follows:

x=Ax+Bu , x(t,) =0 (4.20)
y=Cx 4.21)

This linearization can be used for control design steps and analysis. Considering x as
the state vector and u as input vector of power demands.

u=[APy; APp]"
(4.22)
x=[Afi Afy APpy APpy APp3 APy [ACE, [ACE, APpc APgeaciz]”

In the s-domain, the complete state space presentation of a two-area system could be

as follows:
Aw,(s) = W (APpy + AP, — APgy — APtieAc,12) (4.23)
p1l
Ky,
Aw,(s) = TSTZ (APpy3 + APy — APgy + APricac12) (4.24)
D

where AP;; (i = 1,2) is local load deviation, K,;is the power system gain, Tp;is the

power system time constant.
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The rest of the variables could be defined as indicated in the following equations:

APmy =17 iTtgl :RIA:) 12n ~ KinBPres 1: (4.25)
APma =77 iTtgz :RZA:) 12n ~ KinBPres 1: (4.26)
APms = 77 sTrg3 _RgA:) 221'[ ~ KiaAPres 2: 4.27)
APma =17 1Ttg4 :R4A:) 22n ~ Ki2BPres 2: (4.28)
APrepr = Ak = %[ﬁ Aw, + APtieAC,lZ] (4.29)
BPropy =22 = [P hoy — APy (430)

APtieac12 = % [Aw; — Aw,] 4.31)

where R;, (k = 1:4) is considered as a droop for each generation company (GENCO),
T;4 is the time constant of the GENCOs and Tj; is the synchronization power coefficient.

For transmitted power between Area i and Area j we will have:
U;U; .
Pricac,ij = X—Sln(5i D) (4.32)
T

After the linearization on the operating points for a two-area case, we have:

APiigacrz = 2nTy,[[ Afydt — [ Af,dt], (4.33)
UPU;
Ty, = ———cos(69 — 8) (4.34)
1255 X, 2 — 01
APiigpco1 = 21Ty [[ Afpdt — [ Afidt], (4.35)
Uz Uy
T, = ——cos(69 — 69) (4.36)
2= X, 2 — 01
P,
Ay = ——= (4.37)

Pr2
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where P, and P,, are known as rated powers in each area, which are usually equal and
T} is the synchronization torque coefficient.
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4.5 Multi-area interconnected AGC system with HVDC
model

4.5.1 Supplementary power modulation controller for HVDC

As it explained before, for high level control design like AGC, the HVDC system
could be modelled as control block with a first order system indicating the overall
constant time of the HVDC link (Figure 4.9).

dAPp (4.38)
g T APgycrer — APpc

where AP qr is the desired dc power and AP is real dc power flow through the

system .
AP, deref l _
Cg T APpc

Toes

HVDC

Figure. 4.9. Block diagram of a small signal HVDC system.

It is assumed that the DC line is lossless and the DC power flow goes from one
converter to the other. The proposed model for parallel AC/DC interconnection AGC
systems is based on the Supplementary Power Modulation Controller (SPMC) shown in
Figure 4.10.

This controller modulates both frequency and active power by processing the
frequency signal obtained from local measurements. The objective is to damp critical
low frequency inter-area modes that can affect the stability during load variations. It
should be noted that, the input signals generating the reference for DC link consists of
deviation of frequencies in the interconnected areas and the deviation of transmitted
power in the parallel AC line.

In this study, the dynamics of fast transient HVDC power electronic parts is neglected
because the time constant of electronic parts is much smaller than the mechanical part
involved in dynamic analysis of large scale power system. Supplementary Modulation
Controller (SMC) is designed as high level damping controller, devoted to improving the
overall performance of interconnected system during load step changes.
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Figure 4.10. Diagram of SPMC to the power system with parallel HVAC and HVDC links.

It should be noted that by using this supplementary controller for the DC link, the
capability of steady state transferring power between two AC systems will be increased.
A major feature that such SPMC offer is the use of signals obtained from local
measurements to synthesize the control signal for damping critical modes.

In this model, the deviation of frequency in each area is used like a control signal
generating the proper higher level references for HVDC links. These references will be
used by VSC station to control the power by modifying their duty cycles. The studied
model is based on a VSC technology and the HVDC system is a bidirectional system
with the ability of power flow control in both direction. Therefore, it is necessary to
sense the frequency of both interconnected area. The feedback signal from the
interconnected system will generated the power references and it consists of three
signals: These signals are deviation of frequency in Areal and Area2 each area and
deviations of AC transmission line. Therefore the proposed coordinated control, which
can act as a supplementary power modulation, for two-area with parallel AC/DC link
can be presented as follows:

Axpc = Kr1Awy + KycAPrieac12 + Kp2Aw, (4.39)

where Axpe will be a control signal for HVDC line and K4, K, and Kp¢ will be used

as control gains. While the DC link could be presented as follows:
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APDC = prDC (440)

Gp(s) = (4.41)

1+ sTp¢
where the time constant for the DC link is presented by Tp .

As shown in Figure 4.10 and 4.11, the APy rer is the input signal of HVDC which
will be generated by different control signals. These signals are the deviation of
frequencies of Areal and Area2 and the transmitted power from the AC line. (The AC
signal will be used if the transmission line be a parallel AC/DC system). The action of
this control strategy is like a power modulation controller which is implemented as a
proportional control.

AU)1

3

APjicac, 12 - ‘ a ?
pC

Awo HVDC

Control signals

Figure 4.11. Control actions of interconnected area with small signal of HVDC.

In the reality, the time response of HVDC system, for transferring multi megawatt
power, will be in the range of 200 ms to 500 ms. In most of the power system literature
focused on this type of high level control design, the typical value is around 200 ms. As
mentioned in several references [4.10]-[4.11], the proper time response could be
between 100 ms to 300 ms. Therefore, in this study, the time constant will be assumed to
be 300 ms for Tp. Therefore, the total transmitted power deviation for AC/DCC system
will be as follows:

APy, = APp¢ + APyjepc 12 (4.42)
21T,
APiicaciz = s [Aw; — Awy] (4.43)

where APyjoac 12 1s the deviation of AC power flow, APp is the DC power deviation for
the DC link and T, is the synchronizing coefficient for transmission line [4.1]. In order
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to apply supplementary power modulation, the state space equations in the Laplace
domain should be analysed.

4.5.2 Dynamic model of two-area AC/DC system with SPMC

The general structure of test model with two areas and a parallel AC/DC link is
presented in Figure 4.12. In this case, it is assumed that in each area two generation
companies (GENCOs) are located.
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Figure 4.12. A two-area system with a parallel AC/HVDC link.

Since the dynamic response of HVDC link is much faster than mechanical part of
conventional power system and after a sudden change/perturbation it will act very fast.
Therefore, upon a sudden change in load for example, the HVDC will quickly start its
control to suppress the dynamic behaviors of the system. Then subsequently, the AGC
will start to act to eliminate the steady state errors in the frequency and tie line power
deviations. As explained before, the positive effects from parallel HVDC link can be
explained by the modification made in the following equation. This modification is
related to new ACE signal.

Considering this new DC signal (APp¢) in addition to the states in Eq. (4.20), the ACE
signal of each area in AGC operation will be changed as follows:

ACE;pew = Pibw; + APpc + APyigac 12 (4.44)

Also, it would be possible to have a higher tuning level of the HVDC set-points when
the inputs of the proposed supplementary power modulation controller are coming from
the AGC control center and the outputs of the AGC will generate the new set-points,
power references, for VSC stations and generation units. As in the previous case for AC
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systems, the complete state space presentation of two-area systems considering the
dynamics of HVDC could be found as:

Kp1
Aw, = 1+sT [APm1 + APy — APy — APriec2 — APpc] (4.45)
p1
Ky
Aw, = —1 ST [AP3 + APy — APy + APyjgac12 + APpc] (4.46)
p2
where
1 Mgys—i 2H _i/a)o
Kp1 = Dyysi’ Tpi = Dssiss_i = [S)ys;_i (4.47)

In this case, Mgy,_; is the total inertia in /™ area of the system and Dgy,s_; is the related
damping. It should be noted that the model will be based on pu. values.

1 [ Awq T
APml = 1 n STt R Rl < 27_[ - KllAPrefl (4.48)
g1 L |
1 [ Awq T
AP, = 1+ 5T, R, x 21 — Kj1APpegq (4.49)
g2 L |
Aw, T
APm3 = 1 T STt R R3 < 21 - KIZAP‘Y'efZ (450)
g3 L |
1 [ Aw, T
APm4_ = 1 +STt . R4 < Zﬂ_KlePrefz (451)
g4 L |
ACE
APT‘efl = 1 [ﬁl Awl + APtleAC 12 + APDC] (452)
ACEZ B
Pre2 = s s [ZEAG)Z APiieac12 — APDC] (4.53)
Tiz
APtie,AC = T [Awl - Ao)z] (454)
AP K1 nwo, + =202 gy, + Ba¢ pp L ap (4.55)
S = w1 . .
DC 27TTDC 27T TDC 2 TDC tieAC,12 — T e DC

So, as explained before, the state variables of the system are chosen as follows:

X1 = A(Ul ) Xy = A(UZ , X3 = APml ) Xy = APmZ , X5 = Ang ) (456)
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X¢ = APy , X7 = AACE, , xg = AACE; , X9 = APpigacaz » X10 = APpc
and control inputs are load changes in each area can be written as:
u = AP, , u; = AP,

The closed loop system for such system can be presented in the form of a state space:

y =Cx
where x will be state vector and u will be the input vector related to the power demands:

u = [AP, APLZ]T

T 4.58
X = [Awl sz APml Asz APm3 Aszl- APrefl APrefZ APtieAC,lZ APDC] ( )

where Aw; (i = 1,2) is the frequency deviation in p.u., AP, (k = 1:4) is the output
power of each generation unit, AP,f; is the setpoint for each generator comming from
area control error, APp is the DC power deviation and AP;;4¢ 1 is the deviation in the

AC transmitted power.

4.5.3 Simulation of two area power system example

In this Section, the model presented in Figure 4.12, which has a parallel AC/HVDC
link is used for simulation. It is considered in this study case that two contingencies are
happening. The first contingency will be a load step change in Areal by increasing to
0.03 p.u. after t=3.5 sec and the second event is a decrement in the load at t=30 sec.
Parameters of the system are presented in Tables 4.1 and 4.2. Considering 7; and T, as
the time constants of turbine and governor, respectively. Participation of generators are
defined with these apfs:

apfy =050 ,  apf, =1—apf; =0.50
apf; =050 ,  apf, =1—apf; =0.50

Table 4.1. GENCOs parameters.

Areal Area2
Parameters
GENCO1 GENCO2 GENCO3 GENCO4
T; (sec) 0.32 0.30 0.30 0.32
Ty (sec) 0.06 0.08 0.06 0.07
R (Hz/pu) 2.4 2.5 2.5 2.7
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Table 4.2. Parameters of control area.

Parameters Areal Area2
Kp (pu/Hz) 102 102

Ty (sec) 20 25
B (pu/Hz) 0.425 0.396
T, (pu/Hz) 0.245

The frequency deviations in both areas and also the generated power of the GENCOs
are presented in Figures 4.13 and 4.14, respectively.
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Figure 4.13. Frequency deviations of both areas. a) Areal, b) Area2.
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Based on the results, it can be observed that, the original model with the standard AC
link will have huge oscillations while, when the proposed AC/DC with SPMC is applied,
the dynamic responses of the system is clearly improved. With the HVDC link, the
dynamic responses of overall system are improved efficiently, and all the deviations in
all areas are suppressed quickly with zero steady state error.

The response of generated power for each generation unit is also presented in Figure 4.14.
Based on the presented results, the magnitude of the oscillations in generated power is
damped by the HVDC link. This result, clearly confirms the positive damping effects of
HVDC link on improving the dynamic stability of the system. It is also clear that, the
steady state values of each GENCO is controlled according to their apf values.
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Figure 4.14. Active power generations. a) GENCOI1, b) GENCO2, ¢) GENCO3, and d)
GENCO4.
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The dynamic response of the DC power and the AC transmitted power are presented
in Figures 4.15 and 4.16, respectively. From these figures, it can be observed that adding
a parallel DC link with one AC link can improve the dynamic stability of the system
while, at the same time, the transmission capability between the areas can increase.
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Figure 4.15. DC power deviation.
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Figure 4.16. Tie-line AC power deviation.
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The eigenvalues of two systems, AC system and AC/DC systems, are presented in
Tables 4.3 and 4.4. The comparison between the exact locations of the eigenvalues is

also plotted in Figure 4.17.

Table 4.3. Eigenvalues comparison.

Modes AC System AC/DC System
A -0.0275 + 0.82561 -23.9299
A, -0.0275 - 0.8256i1 -0.4945 + 1.6611i
A3 -0.3423 +0.3995i -0.4945 - 1.66111
Ay -0.3423 - 0.3995i -0.3437 + 0.4245i
A -0.7023 -0.3437 - 0.4245i1
Ag -1.8271 -0.8974
Ay -2.1073 -1.9374 + 0.1752i
Ag -2.6872 -1.9374 - 0.1752i
Ag -2.6316 -2.6850
Y -2.6316

As shown in Table 4.4, after adding the DC link, the total damping of the AC-DC
model is increased. Improvement of the eigenvalues in Figure 4.17 is also confirming
the positive effects of the proposed power modulation damping for the HVDC link. The
red circles are the eigenvalues of the AC system and the blue squares are the ones related
to the AC/DC system. In the AC system, there will be two critical modes (1;and 4,).
These modes are very close to the imaginary axis and adding DC link will shift these
modes to a better place in the s-plane.

Table 4.4. Eigen index comparisons of different systems.

Index AC System AC/DC System

Total damping of eigenvalues 6.3678 7.8211

As a summary, considering the obtained results and comparisons between the normal
AC and AC/DC systems, it can be state that application of DC link in parallel with AC
line can help the system performance especially during contingencies. This help can be
reflected by considerable improvements on dynamic responses and huge improvement in
damping of oscillations. The presented SPMC is a suitable strategy for coordination of
DC link with the rest of AC system. It can be used for analysing the effects of HVDC
control system in higher level AGC application. It can model bidirectional behaviours of
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the DC link. It became evident that positive effects of DC link could be achieved if a
proper coordination is made in term of control. Proper coordination with acceptable
tuning of control gains can guaranty the suitable operation of AC/DC system.
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Figure 4.17. Eigenvalues of different systems: AC and AC/DC systems.



CHAPTER

J.

Virtual Inertia for Interconnected
Systems using Derivative Control

his Chapter is related to inertia emulation by a derivative term control strategy

suitable for power oscillation damping and frequency support applications in

large-scale AGC interconnected power systems. The AGC as a higher level control
strategy generates the set-points for all the local components which are under control by
their local controllers. The studied model in this work consists of parallel AC and HVDC
lines and energy storage systems (ESS) with a scheme of a two-area AC/DC power system.
This study provides an essential model to be used for modelling and analysing the
behaviours of large complex HVDC interconnected systems in the power industry. It shows
how and in which level the maximum advantages can be obtained from the power system
components. In this work, a model of AC/DC interconnections for the AGC dynamic model
with a new approach based on derivative control method for providing inertia is presented.
All the results of the proposed method are compared with the conventional model. Power
and energy ratings are also added in this Chapter by conducting eigenvalue and sensitivity
analyses. The proposed model should provide a systematic modelling and control technique
for large scale interconnected power systems, specifically for frequency support and power
oscillation damping (POD) applications with parallel AC/DC transmission line and ESS in
AGC systems of the power industry. It should be noted that the ESS will be used to provide
inertia to the system, especially during transient conditions. In this study, by means of the
proposed control strategy, it is possible to have a clear image about the system conditions

and required energy or power references.
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5.1 Review and SOA in the subject

As mentioned in previous Chapters, the study of the AGC and POD is very important
in both power system dynamic analysis [5.1]-[5.2] and changing conventional power
system through deregulation [5.3], existing many proposals in these important research
areas [5.4]-[5.5]. In parallel to liberalization in the power industry, high penetration of
renewable resources and required technology for their integration provide new research
challenges [5.6]. In this sense, recent trends of research lie with the adoption of previous
concepts and conventional models considering new AC/DC complex scenarios with
more application of DC interconnections and renewable energy systems (RES)
penetration [5.7]-[5.8]. Since last decade, many researchers tried to propose new models
for load frequency control considering the competitive environment, usually extending
previous conventional approaches [5.4]-[5.5], by introducing more detailed models of
generation based on renewable resources [5.5]-[5.8]. Nowadays, integration of RES is
the main challenge of the industry. During the steady state operation, the generation and
consumption of energy must be balanced and any imbalance could bring severe
deviations on the frequency and on the transmitted power. As it is well-known, the rate
of change of frequency depends on the initial power disparity and system inertia, which
is a serious issue when dealing with a power system with high penetration of renewables
with low inertia. Actually the lack of inertia, due to the high penetration of RES and
systems based on power electronics, results in a big challenge for power systems control
in future power systems. For example, in PV generation, there is not any mechanical
parts with inertia. Likewise, in wind and wave power generation cannot contribute
directly to the total inertial of the system because of decoupling the prime mover from
electrical generator [5.8]. Therefore, technical solutions for providing additional inertia
are very useful.

So far, there are several research works dealing with improving grid integration of
generation units. For example, derivative control of frequency is used in [5.7] to modify
the references of a wind farm to contribute in supporting the grid frequency. At the
transmission level, however, it is difficult to find deeply detailed analyses with a final
solution for this issue, especially for the high-level control of multi-area interconnected
systems.

At the generation level, applications of ESS is very significant in order to recover the
lack of inertia of generation based on power electronics [5.9]-[5.11] and facilitating RES
to act as a conventional generator for frequency support issues. New concepts like
virtual inertia and virtual synchronous generation (VSG) are among of the main research
topics in this field [5.12].
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Moreover, there is a huge increase of installations and applications in the HVDC
interconnections after 2010, especially at the transmission level. In fact, in parallel to the
high penetration of RES, application of HVDC interconnections have increased as well.
Positive effects of DC interconnections are clear and various advantages, like frequency
regulation, connections of asynchronous areas, high controllability and expandability are
reported by many researchers. In the case of AGC for a two-area power system, the
effects of applying parallel AC and HVDC lines with superconducting magnetic energy
storage (SMES) are explained in [5.13]-[5.14]. In these works, previous models of
conventional power systems are modified by adding a DC link model or storage devices.
However, these works do not consider inertia emulation and they do not conduct any
analysis regarding its rating and its detailed effects on the system performance during
contingencies, especially for AGC study.

In [5.11], a generic modelling of the system is proposed. This type of modelling is
useful to model each component individually to see the effects on the frequency of the
system. However, this approach cannot be directly used for modelling virtual inertia in
DC transmission lines for large area power systems. Some other research works are
focused on SMES effects on system stability and are aimed to show the positive effects
of SMES when added to an HVDC link. However, there is not any information
regarding inertia emulation concept and they do not deal with large interconnected
systems [5.13]-[5.15]. In [5.16], the frequency control of a system with HVDC
connection based on contributions of turbine generator and VSC is presented. In [5.17],
a new controller for emulating the inertia, named inertia emulation control (IEC) is
proposed, which will give more ability to the DC link for using the energy of DC link in
emulating inertia. In this way, it shows a similar behaviour to a synchronous generator.
But since the presented results in these references shows significant variations in DC
link, it doesn’t seem to be a fully realistic method and more research in this field is
necessary.
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5.2 Higher level control technique for inertia emulation
by derivative control

5.2.1 The concept of virtual inertia

Generally, if the derivation signal of the grid frequency is used proportionally for
modifying the active power reference of a converter, a virtual inertia can be emulated for
the system. This virtual inertia can contribute actively on improving the dynamic
performance of the system, especially the inertial response. Therefore, the general
control law for this inertia, regarding control of power converters, is as follows [5.10]:

d(Aw)

Pemutate = kqwo dt (5.1

where Popmuiate 1S the power of derivative control, k,is the inertial proportional
conversion gain and wy is the nominal grid frequency. This concept could be used in per
unit for different applications, like analysis of AGC model considering a system which is
able to provide this virtual inertia to the network [5.10]-[5.11].

5.2.2 Modelling of inertia emulation in AC/DC interconnected AGC
systems

In this Section, an inertial emulation technique is presented. In the future modern
power industry, based on AC/DC grids with high penetration of renewable resources,
there will be a lack of inertia in the whole system and control methods for providing
inertia will be very important [5.18]-[5.19]. Therefore, a new high-level control model is
proposed to simulate and analyse the behaviour of the AC/DC transmission system with
the ability of providing synthetic inertia. Based on the obtained results, it would be
possible to indicate the necessary values for power references and required capacities
into the system. Some of the advantages of inertia emulation are load levelling and POD,
facilitate the frequency support for AC grid and contribute in virtual inertia. In this
study, the power system considering inertia is assumed to consist of two interconnected
areas with parallel AC/DC links, while two GENCOs exist in each area. The studied
model consists of parallel AC and HVDC lines with added ESS. It should be noted that,
new technologies, which help to add more flexibility/inertia to the system, are essential
for the future power industry. ESS are one of the more promising tools for adding more
beneficial advantages from HVDC and converter based systems [5.20].

ESS at the large scale for the grid application have a great potential to play a key role
in the future, especially for providing inertia and adding more flexibility to the system



5.2. High level inertia emulation with derivative control 79

[5.21], which leads to more research investigation on both technical and economic issues
surrounding ESS applications. Until now, various types of battery technologies are tested
at the grid level [5.21]. These batteries have a great ability for supporting different tasks,
like customers and distribution grid services, as well as contributing on frequency
regulation. As reported in [5.22]-[5.23], battery and super-capacitor units can be used for
high power applications. Application of SMES units, as another bulk ESS, is also
reported in references [5.13] and [5.24].

Therefore, in this study, a bulk ESS with a converter station is added to the test grid.
The diagram for two area load frequency control (LFC) system is presented in Figure
5.1. In this model, power converters are used as interfaces for controlling the behaviour
of the ESS in response to AGC signals for minimizing frequency deviations [5.21]-
[5.24]. The converter will be controlled to keep the storage element properly charged
during normal operation and then help the system during contingencies. Based on this
explanation, the ESS is used to provide additional inertia using a derivative control
method.
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Figure 5.1. Configuration of the test system with storage and parallel AC/DC link.
The proposed control structure for hybrid AC/DC link with the ability of storing

energy and inertia emulation by derivative control is presented in Figure 5.2. This model
is presented in the Laplace domain with per unit values in the following.

Based on the proposed model for the system of Figure 5.1, frequency variations can be
written as follows:
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Aw;(s) = % [(APp; — APy = (DPyieac,ij + APpc + APgss;)] (5.2)
S Tpi
where APg¢s is the power variation for emulating inertia, AP,,; is the total generated
power by GENCOS in each area, APy; is the load variation, while APye4¢,; and APpc
are the AC and DC power flow between the two areas, respectively. The power deviation
from ESS in each area (APgss;) can be defined like this:

].

APggsi(s) = m
i

[s Aw;(s)] (5.3)
where Tgggs is the time constant of an added filter for imitating the control dynamic
characteristic of the storage devices and the new area control error of i" area will be like
this:

ACE; = BiAw; + [APyeac,ij + APpc] (5.4)

By neglecting the damping (D;) and dynamics of the filter in the generated power
signal, equation (5.2) could be written as:

(M; +J)[s Aw,(s)] = AP, (5.5)

where AP, is the total accelerating power and M; is the system inertia. Therefore, it is
obvious that using derivative control technique, the total inertia (M; + J;) of the system
is increased.

This control concept is proposing a derivative based controller that can calculate the
rate of change of frequency (ROCOF) signal and then, with a control gain, can modify
the active power reference of the ESS for emulating the inertia. The derivative based
control strategy is also sensitive to the noises especially during measurements of
frequency signals. Therefore, a low-pass filter can be added to the model for eliminating
the effects of noises. This filter could also simulate the dynamics of a storage device,
which should be fast.
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Figure 5.2. Proposed higher level control for HVDC-ESS for interconnected AGC system.

As explained, derivation signal of grid frequency can be used proportionally for
modifying the active power reference of converters for emulating the inertia to the large
scale multi-area interconnected power systems. For doing that, as shown in Figure 5.3, a
control law for active power emulation is considered:
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Figure 5.3. Block diagram of the derivative inertia emulation strategy.

As shown in this model, there will be two gains (J;and J,) related to inertia emulators
for both areas. Usually, it would be possible to define a cost function for locating the
most optimal values for all of these gains. Therefore, derivative control gain could be
defined based on optimization theory by minimizing the following cost function [5.1]-

[5.5]:

J= f[ACEf + ACEZ] dt (5.6)
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This objective function is one of the common objective functions, which follows the
integral of the squared error (ISE) method [5.5]. It should be noted that the ACE, which
is used in this function, is consisted of frequency and power flow deviations (equation
5.4) in each area of the interconnected system. Therefore, the state space equations of
two-area systems for frequency deviations, area control error and power of ESS in the
Laplace domain will be as follows:

K
Aw,(s) = ———— [(APp; + APy, — APy — (APtieAC,lz + APp¢ + APgggq )] (5.7)

1+—T [(APmz + APy — APy — (APyigac,21 — APpc + APgssy )] (5.8)

ACE; = B1Aw; + [APeaca2 + APpc]

(5.9)
ACE; = BaAw; + [APrieac21 — APpc]
(5.10)
APgss1(s) = ————[7—Aw; + = APpy + ——APpy — ——AP, (5.11)
ESSl( ) 1 +STESS,1 [Tpl 1 Tpl ml Tpl ml Tpl L1
(K AP Kot g Koy )]
Tpl tieAC,12 Tpl pc T Tp1 ess1

AP =——"—[—A —=AP AP, — ——AP 5.12
ss2(S) 1+ 5Tgss, [sz w2+ Tp2 m3 * o Tp Tyz L2 (5.12)

p2 p2 p2

- (_T APtieac21 — T APpc + T APess2]

p2 p2 p2

It should be mentioned that, the dynamic equations of other AC areas which are
connected with AC lines will be the same as the ones presented in the previous section.

Therefore, in a two-area AC/DC interconnected power system, which will have two
ESS controllers, four new states variables of synchronous controllers will be added to
the system. The overall system will have twelve state variables as it is written as
follows:

X = [Aw; Aw, APp; APn, AP,; AP, AACE, AACE,
(5.13)
APyiopc1z APpc APpgsy APgsso]”
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and control inputs are load changes in each area:

o[t

AP, (5.14)

The complete state matrix A of the studied power system including the derivative
based control is presented here:

A=
-1 0 K1 K 0 0 o o fmo ZKm K1 0
Tp1 Tp1 Tp1 Tp1 Tp1 Tp1
-1 K, K, K, K, -K
0 — 0 0 v 23 _p2 0 0 v 23 _p2 0 _p2
Ty Ty, Ty Ty, Ty Ty,
1 0 1 0 0 o Ko, 0 0 0 0
2nR Tygr Tig1 Tig1
1 0 0 1 0 o Ko 0 0 0 0
27TR2Ttg2 Tth Tth
0 -1 0 0 1 0 o Kz 0 0 0
2mR3Teg3 Tiga Tty
0 -1 0 0 0 1 0o e 0 0 0
2R, Trga Tega Tigs
LS 0 0 0 0 0 0 0 1 1 0 0
2m
B2
0 2 0 0 0 0 0 0 -1 -1 0 0
2
T, T,
=2 -2 0 0 0 0 0 0 0 0 0 0
2 2m
K K K, -1
=it =i 0 0 0 0 0 0 A — 0 0
Tpe Tpc Tpe Tpc
—/1 0 J1Kp1 J1Kp1 0 0 0 J1Kp1 JiKpn -1 Ky 0
TesslTpl TesslTpl TesslTpl TesslTpl TesslTpl Tess1 TesslTpl
0 /2 0 0 J2Kp2 J2Kp2 0 —JoKpa =)o Kp2 0 I
Tessszz TessZTpZ Tessszz TessZTpZ Tess2T21 Tess2 Tessszz
(5.15)

Finally the B matrix could be presented as follows where the control vector will
consists of load variations in each area:

[ ke 0
Tp1
0 K2
Tp2
0 0
0 0
0 0
B=| o 0 (5.16)
0 0
0 0
0 0
—J1Kp1 0
Tess,1 Tp1
0 —J2Kp2

L Tess,2 Tp2 Jaz2x2)
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5.2.3 Rating the required energy for inertia emulation

Usually, it is difficult to identify the exact amount of required energy to be stored in a
power system. This is due to the dynamic nature of rotational machines and the
unpredictability of load variations in terms of location and their degree of severity. But
some sort of assumptions can be made for estimating the require energy for improving
the transient response of the system [5.25].

The simplified swing equation of the system can be presented as:

2H .

—Aw = AP, — AP, = AP, (5.17)

0‘)5
where H is the system inertia constant, P, is the electrical power (load demand and
power generation changes), P,is the mechanical power, and P,is the accelerating
power.

After any sudden load change, the machine will accelerate or decelerate. Usually, the
control strategies don’t need to be fast for the steady state/regular operation. But in terms
of transients, for fitting the system dynamics, it is expected to have a very fast control
strategy to follow the derivations of the signals which are related to swing dynamics.
This ability can be accomplished by using fast power electronic components for
absorption or injection of transient power, while the problem of lack of energy reserve
for emulating the inertia can be solved by using storage devices. Considering the swing
equation, any mismatch between the electrical power and the mechanical power will
bring the accelerating power, P,, variation. For normal operation, the final value of this
accelerating power will be zero in steady state. During transients however, it will
become a non-zero value. So the objective is to minimize this accelerating power and
back to the steady state (balanced) situation as soon as possible. Therefore, the stability
margin of the studied system can be increased if a certain amount of power is
added/subtracted from the value of accelerating power. This can happen during fast
transient after faults.

For doing that, the motion equation introducing the contribution of virtual inertia
power can be presented as follows [5.25]:

2H .
“~Aw = AP, — AP, + AP, = AP, + AP, (5.18)

N

where P; can be the power supplied/absorbed by the ESS.
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The time frame for the dynamic response of storage device for emulating power will
be in the range of hundreds of milliseconds until seconds to support the other generation
during the contingencies and load changes. Therefore, by assuming a constant value for
input mechanical power and neglecting the damping factor, a linearized equation for
estimating the required energy can be obtained.

It should be noted that, this amount of storage is related to the amount of load
variation in AGC model. In the case of multi-area interconnected AGC systems with
some support from a neighbour area (especially for fast DC links), the contributions of
tie-line AC/DC power could be also considered. Based on these assumptions, the total
amount of power delivered by the ESS is equal to the total power mismatch related to
load variations and subtracting the tie-line contributions in multi-area interconnected
systems:

AP, = AP, — (APpc + APy) (5.19)

where AP, is load variations, APj is the deviations of dc power flow and AP, is the
deviations of AC tie-line power flow. Usually, in order to assure enough capacity, the
size of ESS should be based on the worst case scenario. The usual faulty situation from
the dynamic point of view, in the case of LFC analysis, could be a usual disturbance for
generation drops or load variation around 4% to 10% of the rated value, which is known
as common maximum mismatch power [5.25]. For normal contingencies, like normal
load variations, the mismatch value can be determined based on the average statistical
exchange between load and generation. Short term and long term demand forecasting
based on the history of the statistical exchange power is one of the tools for predicting
the possible load variation.

For implementing the virtual inertia control in the system, some parameters should be
defined for rating the ESS. Considering Figure 5.4, the following parameters can be
defined [5.26]:

i Charltmax: maximum charging power.
* Pgischlt,,,: Maximum discharging power.

* E nqr: maximum charging capacity (equal to the dashed space C; in Fig 5.4).

* E nqr: maximum discharging capacity (equal to the dashed space C; in Fig 5.4).



86 5. Virtual inertia with derivative control

2\
2

.

P char |

Tnax™

3 4 5 6 7 8 9 10 11 12 13
time(s)

Figure 5.4. A general example of injected power by storage device [5.26].

The energy of ESS component can be calculated according to the following equation:

¢
Egss = f Pgss(£)dt + Eggso (5.20)
0

where Pggg is the instantaneous power of storage device and Eggg is the initial stored

energy.

5.2.3.1 Case study analysis for AC/DC system with inertia
emulation

Based on presented information in the previous Sections, the performance of proposed
model to present the dynamic response of the model is evaluated though a general study
case. In this study, two sequential steps are considered, the first one at 3 s and the second
one at 30 s. As shown in Figure 5.5, the first contingency is a 0.03 p.u. load step change
at 3 s and the second happens at 30 s by decreasing the demand to 0.015 p.u., both in the
Areal.

The system parameters are given in Tables 4.1 and 4.2 in the Chapter 4 and the
control parameter for this case study is presented in Table 5.1. As mentioned before,
these values are obtained using (5.6) and the classical FMINCON function in Matlab
software. The generic non-linear optimization routine FMINCON solver has been used
as a classical optimization which implements the SQP for optimization of LFC problem.
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Table 5.1. Control parameters considering derivative control.

Parameters Value
Ky 0.3
Kr, 0.1
Ky 2.2
J1 0.85
1B 0.093

In the following, the dynamic behaviour for several system configurations is presented
and compared. The comparisons are mainly related to the normal case, considering only
an AC interconnection line between the two areas, the case of considering AC and DC
interconnection lines, and the case of considering AC and DC interconnection lines with

inertia emulation capability.
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Figure 5.5. Load demand changes to the system as a disturbance at 3 sec and 30 sec.

Frequency deviations in both areas are presented in Figures 5.6 and 5.7, respectively.
The output power generated by each unit is also presented in Figures 5.8 to 5.11. It is
clear that, by means of inertia emulation, it is possible to change the dynamic
performance of the system, being the final response smoother than in the normal case.

As shown in Figure 5.6, a remarkable improvement is achieved in damping of
frequency oscillations when inertia is emulated by using derivative control. The blue
trace in Figure 5.6 is related to the system with an HVDC link, which shows how the DC
link contributes to damp frequency oscillations. After adding the derivative control for
inertia emulation, the first overshoot in the system frequency is attenuated even more
than the two other cases, as the black trace shows.
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Figure 5.7. Dynamic response frequency in Area 2.

The response of active power delivered by generators and tie line powers is shown in
Figures 5.8 to 5.14. Since dynamics of the mechanical parts are slow, it can be observed
that at t = 3.5 s, when the power of ESS in the Area 2 (ESS2) is at its maximum level
(Figure 5.14), the mechanical parts just start to change their power level and their
contribution at 3.5 s is negligible, much less than maximum power resulting from the
inertia emulated by the ESS in the Area 1 (ESS1).

Considering the fact that the time constant of ESS and power converters in the DC
link are much lower than the time constant of mechanical parts in conventional
generators, the ESS1 will start quickly to compensate the contingency in a very short
time. As shown in Figure 5.14 the inertial power response reaches its maximum value in
less than 0.5 s while the active power from electromechanical generators just starts to
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change at that time. Therefore, for estimating the required energy to emulate an inertial
power response by the ESS in both areas during its fast initial response, it is possible to
assume a constant value for electromechanical power.
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Figure 5.8. Output power of Generator 1 Figure 5.9. Output power of Generator 2.
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Figure 5.10. Output power of Generator 3 Figure 5.11. Output power of Generator 4.

The AC tie-line power and DC power deviations are also depicted by Figures 5.12 and
5.13, respectively. Their values at 3.5 s, especially for AC tie-line power (0.0001 p.u.),
compared to ESS power are also very small.
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Figure 5.12. Power variations of AC line in pu.
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Figure 5.13. Power variation of HVDC link for different systems (AC/DC, AC/DC with inertia).

The power and energy variations of the ESS in both areas are presented in Figures
5.14 and 5.15, respectively. In this study case, based on the obtained results in Figure

5.14, the maximum value of emulated inertial power which is injecting to the grid is
0.0262 at 3.5 s.

Pdischar|t=3.55 = 0.0262 p-u.

5.21
(Maximum emulated power for injecting to the grid) (5:21)
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Figure 5.14. Emulated inertial power by using derivative control method.
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Figure 5.15. Energy variations of ESS during inertia emulation.

Based on these results, the maximum required power for inertia emulation will be

around %3 of the rated power in this study case.

Pdischarltmax = Pdltmax - (Pmlltmax + szltmax - Pdcltmax - Pacltmax) (5.22)

Paischarlt,; = 0.03 — (0.0004 + 0.0004 + 0.00284 + 0.0001)

(5.23)
= 0.03—-0.00374 = 0.0262 p.u.

Also, as shown in Figure 5.15, the amount of energy for the ESS1 in the first
contingency will reach to 0.818 p.u.

Edischar = 0.818 p-u. (524)
(Maximum energy of ESS1 in the first contingency)

This method provides a high-level estimation for defining operating references for
converter stations and capacitors rating, which will be very useful for pre-evaluation and
design before installation of the transmission system.

In the second contingency, at t = 30 s, a sudden decrement for load demand will
happen at the Area 1. As a consequence of this contingency, the frequency is increased.
Therefore, the frequency derivative control, which is located in the Area 1, will start
reacting. For this second contingency, after a very short time, the ESS1, which is much
faster than the electromechanical power, will reach to its maximum power:
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Popar = 0.0128 p.u. (Maximum charging power) (5.25)

Also, as shown in Figure 5.15, the level of energy for the ESS1 is around 0.907 p.u in
second contingency.

Ecpar = 0907 p.u. (Energy of ESS1 for the second contingency) (5.26)

Therefore, as shown the required power for storage device can be estimated based on
(5.18), while the maximum power can be predicted by (5.19). A comparison between the
actual and the estimated power during the transient of load change is presented in Figure
5.16.
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Figure 5.16. Status of power and energy in ESS1 during inertia emulation.

In this Section, the comparisons were presented for two continues contingencies at
3.5 s and 30 s. In the following chapters, more detailed analyses for the case considering
only the first contingency (load change at t=3.5 in Areal) are presented to define the
proper values for controller parameters and required energy. As explained, the required
power for ESS1 is around 0.026 p.u which will be the same as the ones presented by the
following sections.

It should be noted that, the main focus was on introducing the concept of the use of
the energy storage devices as virtual inertia, including of these devices in the frequency
and active power stability analysis.
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5.3 System Analyses

In this Section, the dynamic effects of inertia emulation by using the derivative
control method are analyzed by performing numerical, parameter sensitivity and
eigenvalue (modal) analyses.

5.3.1 Eigenvalue analysis

By using the state space model of the power system under study, it can be analyzed by
examining its eigenvalues and eigenvectors. In the Laplace domain, the following
equation can be used to obtain the eigenvalues of the system under study from its state
matrix A:

det(A—A) =0 (5.27)

This formula is also referred as the characteristic equation of the state matrix of the
system. It is worth to mention in this point that the matrix A matches a type of a
Jacobian matrix, in which the elements a; can be presented as partial derivatives at the
equilibrium point [5.1].

Depending on the location of the poles of the terms in A, the eigenvalues can be real
or complex. In a normal n X n matrix, the number of eigenvalues is equal to n. While
the eigenvalues with a complex conjugates pairs can be defined as follows:

Ai=otjw (5.28)

Eigenvalues and Stability analysis

In principle, a given power system shows a stable response when all of the
eigenvalues of the system are placed in the stable area in the complex plane, which
means all of them are in the left side of the imaginary axis; if do not so, it will result in
an unstable mode. The appearance of some of the eigenvalues in the right side of the
imaginary axis is a clear sign of unstable modes, which lead the system to the instability.

The objective in the eigenvalue and system stability analysis is to verify that all the
eigenvalues are located in the left-hand side. All of the obtained results from eigenvalue
analysis can be checked through their time-dependent characteristic of the oscillatory
modes, which corresponds to some specific eigenvalue A;.

The non-oscillatory modes are related to real eigenvalues. All the eigenvalues with a
negative real part correspond to damped modes with a given decay time, which depends
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on the magnitude of their real parts, i.e., the higher module for the real part the shorter
time constant for such a mode.

Damping ratio and frequency of oscillations are two important factors in the
eigenvalue analysis. The real component of an eigenvalue corresponds to damping ratio
while the imaginary part indicates the frequency of oscillation. Both factors are defined
as follow:

Frequency of oscillation (Hz):

F=2 (5.29)
21
The damping ratio:
—0
RN 30

Therefore, damped oscillations will be represented by eigenvalues with negative real
components, while unstable modes, with increasing trend in magnitude, will be
represented by eigenvalues with positive real components. The eigenvalue analysis is
one of the most popular analysis methods, which makes possible to evaluate the
evolution of system eigenvalues as a function of changes in some of the system
parameters. The complete state matrix A of the studied multi-area system, with the
derivative based control, was presented in Section 5.2.2.

In Table 5.2, the values for all the modes of the system with the derivative control are
calculated for different values for control gain J; (corresponding to Area 1). From the
presented information in Table 5.2, it could be observed that the first mode, 1, , presents
the highest variation degree respect to the value of Ji, which indicates that it is the most
sensitive mode to the changes in such parameter in Area 1. This issue is also justified by
performing the sensitivity analysis in the next Section. As shown in Table 5.2, A4 is
another mode with some negative effects on the system stability, since it moves towards
the right-hand side of the s-plane as the value for J; increases.

As it will be explained in the next Section, this mode is related to the 7% state (ACE;)
of the system. By performing a time domain analysis, it will be shown that the higher
value for J; will lead to higher settling time for this state. This issue is also depicted in
Figure 5.17, shows the higher settling time for higher values of J;.
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Therefore, it should be kept in mind that selection of the values for the control gains
of the system will result from a trade-off for achieving the most optimal response at the
same time that some system constrains are fitted. These constrains will result from the
limitations in the desired system response and from the physical requirements set by the
ESS components.

Table 5.2. Eigenvalues for different values of J; (with J,=0.093).

Modes J1=0.1 J1=0.8 Ji=1.5 J1=2.2 J1=2.9
Aq -58.45 -195.6 -332.84 -470.12 -607.41
A, -52.96 -52.97 -52.96 -52.96 -52.96
Az -23.25 -23.65 -22.57 -22.51 -22.51
Ay -0.78+i1.87 -1.17+i1.90 -1.23+i1.90 -1.25+i1.89 | -1.27+i1.89
Ag -0.78-11.87 -1.17-11.90 -1.23-11.90 -1.25-i1.89 -1.27-i1.89
Ag -0.21+i0.36 -0.180 -0.101 -0.0007 -0.0005
A, -0.21-10.36 -0.19+i0.24 -0.21+i0.22 -0.22+i0.22 -0.23+i0.22
Ag -0.427 -0.19-10.24 -0.21-10.22 -0.22-i10.22 -0.23-i0.22
Ag -2.154 -2.201 -2.201 -2.201 -2.201
A0 -2.248 -2.491 -2.550 -2.571 -2.590
A1 -2.695 -2.701 -2.701 -2.701 -2.701
A2 -2.631 -2.631 -2.631 -2.631 -2.631
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Figure 5.17. ACE1 response for different values of J;.
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The stability of the system under study with the derivative control can be also
evaluated by analyzing the eigenvalues trajectory of matrix A versus changes on the
control gains of the derivative control of the system. Figure 5.18 shows the trajectory of
all the modes of the system for different values of the control gain J;. In this study, as the
load changes are occurring in Area 1, the control gain of the first derivative controller in
the Area 1 will present the most significant impact. This issue will be observed also in
the sensitivity analysis conducted in the following Sections.

Imag

Real

Figure 5.18. Eigenvalue trajectory of dominant poles over J; changes.

Based on the eigenvalue trajectory of Figure 5.18, moving the control gain of the first
derivative controller (J1) will affect at least six dominant poles of the system. The
movements of these modes are presented in this figure. It is clear that, by increasing this
control gain most of the modes (J1, J4, Js, J7 and Jg) are moved toward the left side of the
s-plane, which will improve the stability of the system. As shown in this plot, the first
mode (A;) is the most sensitive mode to the variations of the control gain (J;). In
addition to shifting the modes to the left side of s-plan, we can observe that the
amplitude of imaginary axis for two of important modes, J7 and Jg, are decreasing which
can results in less oscillatory modes to the system. Therefore, it shows that by increasing
the control gain of Ji, the dynamics of the system can improved with less oscillatory
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behavior. But, on the other hand, there is another mode (4¢) that trends towards zero as
the control gain increases. This is the reason why it is necessary a trade-off for a proper
selection of the control gains. The results of this analysis show that the system with the
derivative based control can make a considerable improvement in the dynamic behavior
of the studied system. In fact, by adding the derivative control for inertia emulation, the
stability of system is improved.

The effect of various changes in the other control parameter (J2), which is located in
the Area 2 (the area without contingency) is presented in Table 5.3 and in Figure 5.19.
As shown in the Table 5.3, the second mode A, will have the highest variation as the
value of J, changes, which indicates that this mode of the state matrix will have the
highest sensitivity to any change from J.. By increasing J,, several modes,
like A4, A5, A6, A; and Ag, will move to the right, which will deteriorate the dynamic
performance of the system.

Table 5.3. Eigenvalues for different values of J, (with J;=0.870).

Modes |  J,=0.01 J2=0.05 J2=10.09 J2=0.15 J2=05
A -209.32 -209.32 -209.32 -209.32 -209.32
Az -40.10 -46.23 -52.49 -61.90 -116.87
A3 2242 -22.55 -22.63 -22.70 -22.83
Ay -1.29+i1.7 | -1.22+i1.82 | -1.18+i1.90 | -1.15+i1.97 | -1.10+i2.01
As -1.29-i1.7 -1.22-i1.82 | -1.18-i1.90 | -1.15-i1.97 | -1.10-i2.01
Ag -0.22+i0.11 -0.201 -0.17 -0.15 -0.08+i0.22
y -0.22-10.11 | -0.24+i0.20 | -0.20+i0.23 | -0.16+i0.24 | -0.08-i0.22
Ag -0.460 -0.24-i0.20 | -0.20-i0.23 | -0.16-i0.24 -0.101
Ao -1.80 -2.07 -2.20 -2.30 -2.65
210 -2.50 -2.50 -2.50 -2.50 -2.50
A1 -2.69 -2.69 -2.70 -2.70 -2.55
A1z -2.63 -2.63 -2.63 -2.63 -2.63
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As shown in Figure 5.19, the control gain effect of the second derivative controller,
Jo, located in the Area 2 is analyzed considering the movements of the system’s modes
for different gain value. From this figure, it can be observed that several modes of the
system are approaching to the right. This makes the system less stable, with more
oscillation. This is due to approaching five dominant poles, Js, Js, Js, J7 and Jg, to the
imaginary axis. This is more critical in case of Ji, Js, Js, J7 and Js modes which
challenge the stability of the system. Furthermore, it is clear that, by increasing the
control gain J, the amplitude of imaginary component of the two other modes, J4 and Js,
are increased which will bring more oscillatory behavior to the system.

The stability analysis is meaningful to avoid the instability issues induced by
improper control parameters in the system. The obtained results from this eigenvalue
analyses will help us for better understanding the effects of control gains of derivative
controllers, Ji and J» which are located in both areas, on the system modes. This gives an
idea about the proper ranges of each control gain and their limits in each study case to
guaranty the stability of the system. In the following sections, more detailed analysis
supporting this issue are presented and discussed.
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Figure 5.19. Eigenvalue trajectory of dominant poles over J, changes.
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A general eigenvalues comparison for different area interconnection systems
discussed in previous Sections is presented in Table 5.4. It can be observed in this table
that the system response is improved when the derivative based control for emulating
inertia is enabled, since the eigenvalues are shifted to a better place in the left-hand side
of the s-plane. As a consequence, less oscillatory modes with higher damping are
achieved with this frequency derivative control strategy.

Table 5.4. Eigenvalues comparison for different interconnection systems.

Modes AC System AC/DC System A]‘)(Z‘]i)vg t?gestceglnz_i(:r
A -0.027 +0.8251 -23.9299 -209.32
Az -0.027 - 0.8251 -0.4945 + 1.66111 -52.96
A3 -0.342 +0.3991 -0.4945 - 1.66111 -22.63
Ay -0.342-0.3991 -0.3437 +0.42451 -1.1+1.91
As -0.7023 -0.3437 - 0.42451 -1.1-1.91
A6 -1.8271 -0.8974 -0.201
A7 -2.1073 -1.9374 +0.17521 -0.1+0.21
Ag -2.6872 -1.9374-0.17521 -0.1-0.2r1
Ay -2.6316 -2.6850 -2.30
Ao | e 2.6316 -2.50
T T e — -2.70
T e — 2.63

5.3.2 Sensitivity Analyses

As explained before, the most important parameter in derivative control is the control
gain (J;), which determines how much active power should be released from the storage
elements in response to a load step-change. This active power will change the dynamic
behaviors of other state variables, like frequency of the studied system.

For analyzing the dynamic effects of control gains on the system behavior, numerical
simulations are conducted for different values of the control gain J;. These analyses are
performed for a two-area system under a typical load step-change around 0.03 p.u at 3 s.
The dynamic response of system frequency are presented and compared in Figures 5.20
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and 5.21, where it can be observed that the peaks in frequency of both areas is reduced

as the value of J is increased from 0.1 to 2.9.
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Figure 5.20. Frequency response in Area 1 and 2 for different values of the control gain J;.
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Figure 5.21. Frequency characteristics: (a) Peak overshoot, and (b) Settling time.

The effects of the control gain J; over the damping and the frequency of oscillations in

the oscillatory modes are also presented in Table. 5.5 and 5.6. These tables evidence that

better damping with less oscillation is obtained by increasing the control gain J;.

Table 5.5. The damping value of oscillatory modes for different control gain.

Damping of
oscillatory modes Ji1=038 Ji=15 Ji=2.2 J1=2.9
614,5 0.5252 0.5446 0.5524 0.5666
{/17,3 0.6273 0.6933 0.7114 0.7290
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Table 5.6. The Frequency of oscillatory modes for different control gain.

Frequency of _ _ _ _
oscillatory modes J1=0.8 J1=1.5 J1=2.2 J1=2.9
fags 0.3024 0.3017 0.3013 0.3010
farg 0.0377 0.0354 0.0350 0.0349

Analyzing dynamics, it is worth to remark that the overshoot of frequency in both
areas decreases and the settling time increases as the control gain Ji is increased. This is
evidenced in Figure 5.22. Therefore, as previously mentioned, there will be a trade-off
between amplitude and dynamic constrains for selecting the proper value for control
gain of the derivative control method. As shown in Figure 5.22, a proper settling time
could be achieved for values of J; around 0.8. However, for higher values, the settling
times will radically increase from 40 s to 80 s, which is not desirable.
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Figure 5.22. Output power of each generation unit: (a) GENCOI1, (b) GENCO2, (¢) GENCO3
and (d) GENCO4.
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Figure 5.23. Settling times of active power response for GENCO1 and GENCO2.
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Figure 5.24. Powers generated by the derivative control method: (a) ESS1, (b) ESS2.
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Figure 5.25. Comparisons of peak power during virtual inertia emulation for different gains.
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The relationship between the reference powers generated by both derivative
controllers, for different value of J, is depicted by Figures 5.24 and 5.25. Since the load
step-change (disturbance) occurs in Area 1, most of the contribution comes from J; (in
the same area of disturbance). This contribution is achieved by increasing the control
gain value J; to a reasonable value.

5.3.2.1 Eigenvalue sensitivity

Normally, the state matrix A is a non-diagonal matrix and therefore, the evolution of
one state variable will be coupled to the evolution of several state variables. Any square
matrix can be diagonalized, or at least brought to Jordan canonical form, by solving left
or right eigenvalue problem. This fact is related to the eigen-decomposition of square
state matrix A in the system [1].

Considering a given eigenvalue 2;, the related column vector of @; which can fulfill
the following equation can be considered as the right eigenvector of the state matrix.

And similarly, a related row vector W;, which can fulfill the following formula can be
considered as the left eigenvector of the state matrix in the system.

Obviously, eigenvectors obtained from these equations are not unique, as they can be
rescaled by multiplying or dividing the elements by a nonzero number. Eigenvectors
describe the mutual relation between modal and original variables. Analysis of the right
eigenvector will give us the mode shape. The mode shape is the relative activity for any
state when a specific mode is excited.

Due to the natural scaling of physical-related state space, which usually is not globally
normalized, it is not possible to compare how much different variables participate in an
oscillation. Therefore, a very useful modal index is the Participation Factor (PF).

The PF is an indicator of the related participation of any state in any mode and also
any mode in any state. Thus, it shows which machine and particular state greatly affects
a given eigenvalue of interest. The PF is a non-dimensional indicator that mixes the
right eigenvectors with left eigenvectors, like this:
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Py; b1
P, = |2 = 2i¥iz (5.33)
Pni cIDniI'FL'n

where
bri = k" element of the right eigenvector ¢;
;.= k™ element of the left eigenvector ¥;

Therefore, Py; is a measure of the related participation of the k' state of the system in the
i modes of the system.

The participation matrix for multi-area model under study in this work is calculated in
the following.

Participation factor Matrix:

0.00 0.00 0.157 0.814 0.814 03975 0.453 0.453 0.632 0.089 0.00 0.007 | Aw,
0.00 0.001 0.036 0.401 0.401 0.220 0.544 0.544 0.050 0.003 0.004 0.00 Aw,
0.00 0.00 0.00 0.008 0.008 0.032 0.013 0.013 0.017 0.518 0.00 0.485| | APy
0.00 0.00 0.00 0.008 0.008 0.032 0.014 0.014 0.015 0.485 0.00 0.517] | APy,
0.00 0.00 0.00 0.007 0.007 0.022 0.048 0.048 0.369 0.003 0.750 0.00 APy
0.00 0.00 0.00 0.010 0.010 0.023 0.050 0.050 0.849 0.027 0.258 0.00 AP,
0.00 0.00 0.00 0.031 0.031 1.257 0.318 0.318 0.014 0.032 0.00 0.00 AACE;
0.00 0.00 0.00 0.087 0.087 0.177 0.570 0.570 0.187 0.011 0.004 0.00 AACE,
0.00 0.00 0.00 0.366 0.366 0.150 0.121 0.121 0.0346 0.011 0.00 0.00 APtieac
0.00 0.003 1.105 0.056 0.056 0.00 0.00 0.00 0.005 0.001 0.00 0.00 APp¢
0.99 0.00 0.008 0.002 0.002 0.003 0.00 0.00 0.00 0.002 0.00 0.00 APgss1
L0.00 1.01 0.008 0.004 0.004 0.001 0.00 0.00 0.005 0.00 0.00 0.00! | APess2

A A A A A e Az Ag Ao Ao A A

Based on the resulting terms in the participation matrix, it can be clearly observed
which states have more participation in sensitive or critical modes. For example, two of
the oscillatory modes are related to the eigenvalues A, and A5, and by checking the
participation factor matrix, it becomes clear thatAw; and Aw, have the most
participation in those modes.
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Another objective of performing the analysis for eigenvalue sensitivity will be the
identification of related sensitivity for specific eigenvalues to each element of the state
matrix A in the system under study.

For this purpose, a differentiation can be made from (5.31) with respect to each kj"
element of the matrix A:
0A 0d;  IN 0d;

P+ At = Y
¢ aakj aakj : laakj

ij (5.34)

After multiplication of both sides of this equation by left eigenvector with considering
that ;¥; = 1 and W;(A — A; I) = 0, then we have:

qiia—Acbi _ O (5.35)
aak]- aak]-

0A . . .
All the elements of 5. are zero except for the element in k™ row and j* column which
kj

is equal to one. Thus, the sensitivity matrix (Pyeps) is like this:
d04;

Y. P, = —>-
ik aakj

i (5.36)

Therefore, it becomes clear that the sensitivity of each specific eigenvalue A; to any
element ay; of the state matrix of the studied system will be equal to the production of
the left and right eigenvector elements. This indicates that the best way to change the i
mode is to apply a control to the state variable such that the above sensitivity has the
largest participating factor.

In order to apply such analysis for the two-area power system under study in this work,
the state matrix A is partitioned as follows:

A11

A (5.37)

A= [a
(12x12)

Therefore, each sub-matrix will be as follows:
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-1 0 B1 Kpr 0 0 0 Xpr K K
Ty Tp1  Tp1 Ty Tp1  Tp
0 -1 0 o X2z Kz 0 Kp2  Kp2 0o 2
Tps Tpz  Tpa Tpz  Tps Tps
-1 -1 —Kp1
— 0 — 0 0 0o —= 0 0 0 0 0
2mR1 Tegq Ttg1 Teg1
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2
T “:2 9 0 0 0o 0o 0 0 0 0 0
2 2
L2l 29 0 0o o0 0o 0 X 2 o 9
L Tpc Tpc Tpc Tpc -
(5.38)
and
Ao, = ai11 0 a113 Q114 0 0 0 0 @110 @110 U111 0 ]
21 0 A12,2 0 0 Q25 Q26 0 0 a9 Q1210 0 A12,12
(5.39)

As identified in state space presentation of the global system, the terms associated to
the derivative control appear in the sub-matrices A,; , which are related to the derivative
control’s state variables. In fact, these parameters are presented in 11" and 12% rows of
the global matrix A and could be used for analyzing the system performance.

Therefore, the elements of interest in matrix A are the elements which contain the
control gains of the derivative control (J; and J») in sub-matrix A,;. The elements in the
11% row, which are associated to Ji, are:

a -1 _ 1 Kps _ 1 Kps _ J1Kp1
R Tpy s~ 1Tp1 147, 1Tp1 119 Tess1Tp1’ (5.40)
a J1 Kp1 a _ 11 Kps -1
11,10 — 11,11 —
10 Tess1Tp1 ’ Tess1Tpr  Tess1

The results regarding sensitivities to this relevant elements in state matrix Aaxi2) are
presented in Tables 5.7 and 5.8. In these tables, the absolute value for the sensitivity of
each mode to the elements of sub-matrix A,;, which are of our interest, is presented.
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Table 5.7. Absolute value of sensitivity of each mode for elements in the 11" row of A matrix.
A 0.0243 0.000 0.000 0.000 0.000 0.9982
A, 0.000 0.000 0.000 0.000 0.000 0.000
A 0.0041 0.000 0.000 0.000 0.096 0.0088
Ay 0.020 0.000 0.000 0.000 0.0044 0.0029
As 0.020 0.000 0.000 0.000 0.0044 0.0029
A 0.0097 | 0.0021 0.0021 0.000 0.0011 0.0038
y 0.0111 0.000 0.000 0.000 0.000 0.0014
Ag 0.0111 0.000 0.000 0.000 0.000 0.0014
Ao 0.0016 0.000 0.000 0.000 0.000 0.000
Ao 0.0022 | 0.0019 0.0017 0.000 0.000 0.0028
A1 0.000 0.000 0.000 0.000 0.000 0.000
I 0.000 0.000 0.000 0.000 0.000 0.000

From the presented information in Table 5.7, it can be concluded that the sensitivity for
@111 1s higher than other elements. For this element of matrix A, the first
mode (A;) has the highest sensitivity, which matches previous results obtained from the
eigenvalue analysis. From the participation factor matrix, it could be realized that this
mode is related to 11" state (APygqq).

Similarly, the elements from the 12" row of matrix A,;, which are associated to >, are:

a —J2 a _ J2Kp2 _ J2Kp2 _ J2Kp2
12,2 — 12,5 — 12,6 — 129 —
Tessz Tz’ TessaTpz' 20 TessaTpa’ 27 TessaTypa’ (5.41)
a _ J2Kp2 a _ —J2Kp; -1
12,10 — 12,12 — .
10 Tess2Tp2 ’ ! Tess2Tp2 Tess2

The sensitivity of the system modes to these elements is presented in Table 5.8.
From this table, it can be observed that, the most of the elements have very low
sensitivities except for the a;; ;, element, since the second mode of the system (4,) has
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the highest sensitivity for this element. Therefore, from the participation factor matrix, it
can be indicated that the 12 state (AP, ) has the main participation for this mode.

Table 5.8. Absolute value of sensitivity of each mode for elements in the 12" row of A matrix.

A 0.000 0.000 0.000 0.000 0.000 0.000
Ay 0.0780 0.000 0.000 0.000 0.0069 1.0051
Az 0.0049 0.000 0.000 0.000 0.0183 0.0087
Ay 0.0317 0.000 0.000 0.0022 0.0131 0.0041
As 0.0317 0.000 0.000 0.0022 0.0131 0.0041
As 0.0170 0.0015 0.0015 0.0012 0.0024 0.0012
A, 0.0421 0.0033 0.0031 0.0033 0.0045 0.0022
Ag 0.0421 0.0033 0.0031 0.0033 0.0045 0.0022
Ao 0.0040 | 0.0059 0.0085 0.000 0.0069 0.0059
Ao 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.0017 0.000 0.000 0.000 0.000
Ao 0.000 0.000 0.000 0.000 0.000 0.000

A summary of eigenvalue sensitivity analyses is presented in Table 5.9. As shown by
the sensitivity matrices, modes A; and A, present the main sensitivities. Considering the
results of participation matrix, it can be stated that the 11" and 12" states are the most
important states in the design of the control for these modes.

Table 5.9. Summary of eigen sensitivity analyses.

Elements of A matrix Sensitive modes Participant states

a11,11 A APegsq

A1212 Ay APqss
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As explained before, these two states (APygs1and AP.g,) are affected by their control
gains Ji and J», respectively. Therefore, with proper selection of these two gains, the
desired dynamic response could be obtained.

To finalize the sensitivity analysis, it is required to investigate the proper range of
control gain parameters. Therefore, a complete test of system characteristics (damping
and frequency of oscillatory modes) over a wide range of variation for Ji and J> is
performed in the following.

As shown in Figure 5.26, the 3-D plot shows the values of frequency for oscillatory
modes regarding the variation of derivative control parameters in p.u. This figure shows
that the oscillatory index of the system could be minimized for different values of two
control gains. For example, the minimum values for the oscillatory index of the studied
system can be obtained for the region defined by /; > 1 and J, < 0.5 .

From Figure 5.27, it could be also observed that the proper range of Ji and J» for
achieving the maximum damping will lead to the same result by Figure 5.26. These
ranges could be also verified through eigenvalue trajectories during parameter changes
which were presented before.
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Figure 5.26. Three-dimensional presentation for sum of the frequencies of oscillatory modes (Hz)
for different values of both control gains (J; and J,).
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Figure 5.27. Three-dimensional presentation for total damping of oscillatory modes for change in
both control gains (J; and J,).

To summarize, these results show that a relatively acceptable performance can be
obtained for low values for J2, while the system performance will be sharply degraded
for the high values for J> and very low values for J;. In the system under study, it have
been considered that appropriate results could be obtained for J; > 0.6 and J, < 0.1.
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5.4 Dynamic effects of measurements
5.4.1 Dynamic model of PLL

A phase-locked loop (PLL) is one of the methods commonly used for grid
synchronization of grid-connected converters [5.27]. The PLL is one of the
synchronization components of power converters and the delays introduced by some
elements can be compensated by just advancing the phase-angle detected by the PLL
[5.27].

A general control structure of grid-connected converter with DC link and PLL is
shown in Figure 5.28.

Converter component
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Figure 5.28. A typical control structure of grid-connected converters.

As shown in Figure 5.28, the reference values for active and reactive powers are
coming for the higher level control actions, like droop control or the derivative control
for emulating the inertia in the two-area interconnected power system. Related current
references could be obtained based on the concept of Instantaneous Active-Reactive
Control (IARC). The inner current loop controller is used for providing the reference
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voltage for converter control. The angle of the grid voltage is estimated and provided by
a PLL. This estimation is very important for proper action of the inner current controller.

As explained before, the dynamics of the power converter and the HVDC bus could
be modeled by a first-order transfer function with a proper time constant, imitating the
control time of this component. In this Section, in order to evaluate the dynamic effects
of PLL and delayed measurements, a more detailed model of the power converter
control is considered by adding an additional transfer function, which models the
dynamics of PLL measurements. The general block diagram of the derivative control
with the PLL is presented in Figure 5.29.
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Figure 5.29. Block diagram of derivative inertia emulation strategy.

For defining a proper model imitating the dynamics of a PLL in higher level control
analysis, a brief review is presented over the normal components of PLL. The general
configuration of PLL is presented in Figure 5.30. It contains a Phase Detector (FD), a
Loop filter (LF) and a Voltage-Controlled Oscillator (VCO).
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Figure 5.30. The basic structure of a PLL.

The phase detector is responsible for checking the phase differences between input
and output signals of the VCO. In the output of VCO block, an AC signal will be
generated, being its frequency shifted from a given central frequency according to the
output of the LF block. Usually, this filter could be in a form of a PI controller, which
will determine the dynamics of the PLL. The linearized model of a common PLL is
presented in Figure 5.31.
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Figure 5.31. Small signal model of a basic PLL.
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Considering unitary values for PD and VCO gains of this closed-loop system (kp,q =

kyco = 1), the following characteristic transfer functions can be obtained:

Open-loop phase transfer function:

1 k
ky(1+72)  kys+-+
p T; p T; 5.42
Fo(s) = PD(s). LF(s).VCO(s) = C= ©:42)
Therefore, the close-loop transfer function:
kys + 2
For(s)  "p® o

H(s) = = (5.43)
© 1+ Fou(s) s2+k s+—kp
pStT

This second-order transfer function can be presented in a normalized form, like this:

2{wys + w2
H = 5.44
P (5) §%2 4+ 20w,s + w? (>4
where
wy, = kTii and C=—“k;’n

As the dynamic response of second-order is studied in many references, the following
assumption can be used as an initial estimation of the settling time () for reaching 1%
of the steady-state response [5.27]:

t; =467 with 7= {L (5.45)

n

This simplification based on the second-order model is completely sufficient to
determine the power system requirements of the dynamic analysis in the AGC systems.
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Therefore, a second-order block with a zero will be considered for imitating the
dynamic of remote PLL, its measurements and communication delay during inertia
emulation of the power converter in the two-area AGC power system.
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5.4.2 Model of two-area system with derivative control and PLL
dynamics

In a real practice of derivative control implementation, measurement of frequency is
very important. For estimating or measuring the frequency, different components like
the PLL can be used. These components will introduce some delay with specific
dynamics to the system. In control systems, it is well known that time delays and
dynamics from measuring components can degrade the system’s performance and even
causes system instability [5.28]. So it would be important to take into account these
effects for obtaining more accurate analysis in term of the derivative control
implementation on the frequency regulation of the transmission system. As explained
before, a second-order function could be considered for dynamic behaviors of PLL in the
derivative control method. The modified model of two-area power system with the
derivative control method adding the PLL is depicted by Figure 5.32.
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Figure 5.32. Higher level model of AC/DC system with derivative control and PLL dynamics.
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It should be mentioned that, this dynamic block is added just to imitate the dynamics
of remote PLL with communication delays during inertia emulation. Since the behavior
of the PLL. measurements is like a second-order function, the dynamic transfer function
for measurement should be a second-order block as well.

As shown in Figure 5.32, for each area one specific derivative controller is assigned.
Therefore, two second-order dynamic models are added into the two-area system. As
explained before, in the second-order transfer function, there is one zero in the
numerator. This zero will exhibit some overshoots in the system response.

The relationship between input and output signals in this second-order system with
one zero in the numerator could be identified as follows:

J+ 2{w,y + w2y = 2{w,t + w2 u (5.46)

The input signal, u(t), is the grid frequency Aw; which is related to the other states of
the global multi-area system and the output signal will consist of two states variables.

AYp = APggsp =

Axl“’] (5.47)

Ax; p

Based on classic control concepts, this second-order system could be represented by a
set of two linear state equations.

Axl,P _ 0 1 Axl‘P 0 0 Al
AJ.CZ,P] - [_w% _Zg(l)n:l AxZ,P] + Iizgwn wrzl:l [Au] (548)

Therefore, considering the input signals (Aw;) for the i area (i = 1:2) of the two-
area interconnected system, the complete state equations of these new states could be
written as follows:

Axl'pi = Axllpi (549)

Axy pi = B1,i Aw; + Boi APy + B3 APricacij
+ B4,i APpc + PBs,i APgss,i
+ Be,i Axypi + B7,i Axap;
+ Bsi APy

(5.50)

where
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Since, one of the input signals of DC link system and storage devices is the frequency
detected by the PLL second-order function, the equation of DC power (APp) and the
emulated inertial power of ESS (APgss ;) used in previous sections should be modified.

Therefore, based on the presented information about adding new second-order blocks,
the complete linearized mathematical presentation of the studied two-area system could
be updated as follows:

AX = Apr + BpAu (5.52)
where the state variables are chosen as follows:

X = [Aw; Aw, AP,y APy, APy AP, AACE; AACE, APyoscq, APpc

(5.53)
APgssy APgss; Axqp1 Axpp1 Axypp sz,Pz]T
and control inputs are load changes in each area:
_ [AP4
u= [APLZ] (5.54)

The A, state matrix is the new state matrix considering the dynamics of PLL and

measurements in the whole system with the derivative controllers.

(5.55)

A A
_ p11 p12
A | |

Ap21 Apzz (16x16)

Therefore all the sub-matrices are as follow:
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Finally the sub-matrices of B,, matrix could be presented as follows, where the control

vector consists of the load variations in each area:
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5.4.3 Analyses the dynamic effects of second-order PLL on AGC
response

In this Section, the dynamic effects of the frequency measurement, mainly related to a
second-order remote PLL, is analyzed. A general comparison between the system of
inertia emulation by the derivative controller with and without PLL is presented. To have
a fair comparison for high-level application, a range between 100 ms to 700 ms delay
could be assumed for the time response of the second-order system, which is assigned
for the measurement delay and remote PLL effects together [5.29]-[5.32]. As shown in
Figure 5.33, the frequency response of the system in Areal is plotted for the original AC
system (the red trace), the system with an AC/DC interconnection line (the blue trace),
the system with an AC/DC interconnection line and without PLL (the green trace), and
the system with an AC/DC interconnection line and with PLL (the black trace).
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Figure 5.33. System frequency deviations with and without PLL effects. A) Area 1, B) Area 2.
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From these responses shown in Figure 5.33, it could be concluded that adding a PLL,
with a time constant of around 0.4 s, affects the dynamic performance of the system.
Note that, because of the zero in the numerator of a second-order PLL model, the system
exhibits more overshoots in dynamic responses. In Figures 5.34 and 5.35, the variation
of the power delivered by ESS and DC power deviations are presented, respectively.
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Figure 5.34. Dynamic response of ESS power reference with and without PLL effects.
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Figure 5.35. Dynamic response of DC power for different systems.
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The results are compared for the system with and without PLL. As observed in these
plots, the ESS device will exhibit more oscillations on the DC link when the effect of the

PLL is added to the model.

Another comparison regarding the eigenvalue of the system with and without
considering the PLL effects are presented in Table 5.10. It is clear in this table that by
adding the PLL dynamics, the number of oscillatory modes is increased from 4 to 8,
which can deteriorate the dynamic performance of the overall system by increasing the
oscillations and settling time of the system. Some of these oscillatory modes are also

close to zero.

Table 5.10. Eigenvalues comparison for different systems.

Modes AC/DC System with AC/DC with Derivative Control
Derivative Control and PLL Effects

VP -209.32 -134.07

y P -52.96 -39.375

A3 -22.63 -23.740

Ay -1.1+1.91 -0.791 + 1.9611
A5 -1.1-1.91 -0.791 - 1.9611
A -0.201 -0.450 + 0.5201
A5 -0.1+0.21 -0.450- 0.5201
Ag -0.1-0.21 -0.341 +0.5011
Ay -2.30 -0.341-0.5011
A0 -2.50 -0.0781 + 0.5031
41 -2.70 -0.0781 - 0.5031
A2 -2.63 -0.2102

Ay | -2.041

A | 2423
As | - -2.631
A | - -2.690

In order to analyze the dynamic effects of the PLL in the system, further numerical
analysis is presented in the following. These analyses are performed to check the
response of the system for various changes in the parameters of the PLL second-order
function. In this comparisons, it is assumed that both PLLs (each one located in one
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area) are using the same values for their parameters ({; = {, = { and Wy = Wyy =
w,). The frequency responses in Area 1 and 2 are presented in Figure 5.36. In this
figure, it is assumed that the value for { is equal to 1.2 and the other parameter, w,,, takes
several values to imitate different time constant of the PLL and measurement dynamics.
It is worth to mention in this regard that the time response of PLL is inversely
proportional to w,, [5.27].

In fact, with lower values of w, the system performance will be deteriorated and
more oscillatory modes will appear. High values of w,, result in a fast reacting system
and in such situation, the actual positive effects of the virtual inertia control could be
visible. However, very high values of w,, would result in a very noisy system.
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Figure 5.36. Response of frequency deviations.
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The dynamic responses for the power deviations generated by the derivative control in
both areas and DC link response are also presented by Figures 5.37 and 5.38. Based on
the presented results, the effects of the PLL can be explained based on its time response.
When the time constant is too high, (which means very low values for w,, according to
(5.45)), it can be observed that the real effects of the derivative control can be canceled
out. Therefore, there is no possibility to take any advantage from the derivative control if
the time constant of the PLL is too high, and more oscillation and even un-stability could
occur.
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Figure 5.37. Power deviations generated by derivative control, A) ESS1, B) ESS2.

The responses of the DC link for different systems is also presented in Figure 5.38. In this
figure, the response of the normal AC/DC system is depicted by a blue trace, the
dynamics response of the system with the derivative control is depicted by a green trace
and the ones related to the system with PLL effects are also presented by black traces.
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The comparisons show how the high time constant for PLL (low values for w,) make
the system response unacceptable and oscillatory.
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Figure 5.38. Dynamic performance of DC link power, considering PLL effects (black curves).

As a conclusion, the PLL has important effects on the dynamic performance of the
derivative control technique for emulating the inertia in the system. If the PLL
measurements are affected by long delays, the effects of derivative control will be
decreased. The PLL malfunction can also deteriorate the dynamic of the overall system
during the inertia emulation task.






CHAPTER

0.

Virtual Inertia Emulation for
Interconnected Systems using VSP

his Chapter is devoted to the implementation of the VSP control concept into the
Thigh control layer of AGC, needed in modern interconnected power systems. This
control technique is suitable for power oscillation damping and frequency support
applications in large-scale AGC interconnected power system. The studied model consists of
parallel AC and HVDC lines and it is assumed that the HVDC transmission counts on a high
controllability degree due to the use of advanced high power converters, with the capability
of storing energy for performing inertia emulation functionalities. This study provides an
essential model to be used for modelling and analyzing the behaviour of large complex
HVDC interconnected systems in power industry. It shows how, and in which level, the
maximum advantages can be taken from the system components through interconnected
power systems. A model of AC/DC interconnections in dynamic AGC model with a new
approach based on VSP for providing inertia is presented. The proposed model should
provide a systematic modelling and control technique for large scale interconnected power
system, with parallel AC/DC transmission lines and VSP technologies under AGC operation
in an electrical network. In this Chapter, a new application of VSP technique for high level
applications in AGC power system oriented to provide inertia for performing frequency
support and POD tasks will be presented. By means of the proposed technique based on VSP
control, a better dynamic performance compared to other methods of inertia emulation, like
derivative control, is obtained. The proposed control of VSP is based on providing
synchronous generation functionalities taking advantage of the high controllability of
electronic power converters based systems, which would permit them to be naturally
synchronized with the electrical grid by balancing the exchange of power with AC grid, as
well as to provide inherent support the network. By means of this approach it is not required
to use any external synchronization system, such as a PLL, to work, hence all the limitations

and dependencies linked to the use of PLLs and frequency measurements will be avoided.
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6.1 Review and SOA in the subject

The growth and rapid extension of AC systems into multi-area interconnected
scenario, considering the increasing level of high power converter applications in
modern power systems, is giving rise to a very complex and challenging issue, which
will affect the overall power system and particularly the frequency control in AC/DC
systems [6.1]. AGC of a multi-area power system during load and resource variation is a
very important mechanism that can facilitates various tasks like: frequency restoration,
tie-line power flow control between authority areas and economic dispatch of generation
units [6.2]-[6.3]. Multi-area interconnections can be provided by AC or DC tie-lines
enabling the scheduled power exchange between different control areas and also to
provide sufficient support in case of abnormal conditions [6.2]. Because of several
limitations associated with AC lines, especially for long distance connections, HVDC
links have received an increasing attention over the last years. HVDC interconnection is
one of the main applications of power converters in multi-area interconnected power
systems, which could bring beneficial advantages like: fast and bidirectional
controllability, POD and frequency stability support [6.4]-[6.6]. HVDC systems can
essentially improve the reliability of complex interconnected systems and could act as a
kind of firewall against cascading disturbances to prevent global blackouts. For these
reasons, in some parts of the world, HVDC or hybrid interconnections, consisting of
parallel AC and DC interconnections became already the preferred solution [6.7]-[6.9].

Usually, conventional generators with droop capability can provide inertia and
governor responses against frequency deviations. Until now, several classical and
advanced control techniques have been implemented to solve load frequency control
problem [6.10]-[6.14]. But in case of renewable generations, the lack of sufficient inertia
will be the main limitation of grid connected renewable electrical energy systems, which
will give rise to negative impacts on the power system operation [6.15]-[6.16]. A
widespread installation of distributed renewable energy generators over a given power
system, with stochastic behaviour and high variability, makes difficult to guarantee
power balancing in the system under specific operating conditions. In such complex
AC/DC modern power system with the low inertia, controlling the power exchange
through tie-lines of multi-area interconnected systems makes frequency regulation more
complex with several stability problems [6.16]-[6.17]. It is obvious that the matter of
modelling and controlling considering the methods for providing virtual inertia to the
system is critical, and the role of advanced technologies such as the use of modern
power processing systems, energy storage, and advanced converters in HVDC links will
be essential. Power electronic based components, which are used through the AC grid
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should be provided with specific functionalities to make them compatible with the
operational principles of synchronous power systems and thereby effectively achieving
their large-scale integration.

Recently, for improving the dynamic performance of AC/DC systems, several efforts
have been carried out to make grid-connected converters behave like synchronous
generators, by providing more inertia to the system [6.18]-[6.21]. This virtual inertia is
emulated by using advanced control of power converters considering their short term
energy storage, [6.20] which gives rise to the possibility of having a higher amount of
distributed generation systems, connected to the grid through power converters, without
hindering the system stability. However, the application of this kind of converters are not
restricted to low power applications or generation parts. For instance, it can be an
advantageous solution for HVDC power converters. Therefore, thanks to these
improvements in control concepts like Virtual Synchronous Generator and new
converter technologies, the ability of simultaneous damping and inertia emulation could
be another advantage of HVDC systems in addition to the previous mentioned ones.

In this work, a new application of VSP concept through the converter stations of
HVDC link is applied in multi-machine AGC system. The used VSP is based on the
concept of synchronous controller, which was patented in 2012. This control strategy is
proposing a new method in power converter control behaving as a synchronous
generator with the ability of emulating synchronous inertia without the drawbacks of
conventional generators [6.21]-[6.22].

The main objective of this work is to propose a new approach of frequency stability
analysis in multi-area AGC system adding the VSP concept in HVDC links of
interconnected systems. In the last decades, traditional LFC models have been modified
and revised to add different functionalities in reformulation of conventional power
systems. Most of those modifications are related to AGC in a deregulated market
scenario [6.23], different types of power plants like renewable generation [6.24] and
recently the demand side dynamic models [6.25]. There are also some works considering
the DC link effect which are limited without considering the new abilities of inertia
emulation by power converter stations in HVDC link for AGC modelling [6.26].
Therefore, the general model of multi-area AGC system will be modified by introducing
VSP control strategy in HVDC links (VSP based HVDC) of AGC model for high level
frequency control studies.
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6.2 Higher level control technique for inertia emulation
by VSP

6.2.1 Virtual synchronous power strategy

In this section the concept of Virtual Synchronous Power (VSP) which is based on the
control of voltage source converter though an active power synchronization loop and a
virtual admittance is presented.

The general structure of synchronous power control for each converter of VSC-
HVDOC line is presented in Figure 6.1. This control structure stems from programming
the electrical performance of a Synchronous Generator (SG) in a digital framework
which is responsible for controlling the VSC-converter. However, it is worth to point
that the this synchronous controller does not aim to faithfully mimic the response of the
synchronous generator, but it overcomes the drawbacks of the inherent oscillatory
response of the conventional synchronous generator in case of perturbation and
fluctuations by introducing a second-order over-damped response [6.21]-[6.22].

Averaged converter
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Figure 6.1. The configuration of simplified synchronous power controller.

It should be note that, in this scheme the protection controllers are not included. The
DC energy storage element represented by capacitor in Figure 6.1, is in charge of
absorption of any transient unbalance between the two power converters connected to
the DC link. This energy storage element can be inserted in the converter topology or
implemented by any additional power converter storage.
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By modifying the swing equation of conventional synchronous generator, the general
electromechanical control loop for VSP application in transient contingencies can be
presented based on the diagram of Figure 6.2.

This diagram represents a PLL, in which any variation between the delivered power
by the converter (Pou) and the input power, (Pin) is processed by a Power Loop
Controller (PLC) to set a relative frequency that should be added to the synchronous
frequency of the grid, for generating the rotating frequency of a virtual rotor. The
integral of such frequency gives the angular position of the virtual rotor leading to the
power delivered by the power converter.

Y

PLC

v:i®

Figure 6.2. Electromechanical representation of synchronous power controller.

The transfer function of a simple controller for PLC which will represent the
mechanical behaviour of synchronous generator might be written as:

N(s) _ wii/Pnax

= (6.1)
D(s) s+2{w,

PLC(s) =

where ¢ is damping factor, w,, is the natural frequency and P, , is the maximum value
of the active power that can be delivered:

EV

P = —- (6.2)

where E, V and X are internal emf voltage, grid voltage and overall impedance,
respectively. Usually, the values for E and V are close to the rated ones and the value for
the load angle (§), uses to be very small. Under such conditions, the value of sin(§) can
be simply approximated by &, and thereby the delivered electrical power can be

approximated to (P, = EX—VS). The transmitted power could be easily adjusted by

shifting the output voltage phase of the converter forward or backward. A
straightforward analysis of such electromechanical model leads to the flowing transfer
function describes the dynamic relationship between the input and output powers [6.21]:
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where P;y,, Poyt» J, k and wg are input power, delivered active power, the moment of
inertia, damping constant and synchronous frequency respectively. From this transfer
function, the relationships of natural frequency, w,, and the damping factor, {, of the
virtual electromechanical system to the rest of parameters would be given by:

Pmax
w, = 7 o, 6.4)
k
(=—F— (6.5)

2\/Pmax]ws

Therefore, the virtual inertia (J ) and desired damping of the system could be
emulated by a proper selections of these control parameters of VSP strategy.
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6.2.2 Modelling of VSP based inertia emulation in AC/DC
interconnected AGC system

In this section the concept of VSP will be implemented in multi-area interconnected
AGC system which contains HVDC links.

As explained in the previous section, the dynamic relationships between input and
output power of each converter station could be a second-order transfer function. The
relationship between input and output signals in this second-order system could be
identified using its characteristic equation of the VSP dynamic model:

J+2{w,y + w2y =wiu (6.6)

The input signal, u, is the reference DC power which is related to other state of the
global multi-area system and the output signal will consist on two states variables.

Axp,VSP]

6.7
Axgysp ©.7)

AYysp = APpcysp =

where AX), ,sp represents the injected power (APpcysp) and (AXfygp) is the derivative
term of this power for each VSP, respectively. Based on classic control concepts, this
second-order system could be represented by a set of two linear state equations.

1o 1

[ = |
—w; —2{w, Axgysp

Ax
. p,VSP] n [ 0
Axrysp

‘Urzl] Au (6.8)

where u is the reference signal coming from a higher level control which is define as:
Au = APpcrer = KriyspAw; + KppyspAwy + KacAPieac,ike (6.9)

As the HVDC line is located between Area i and Area k, the frequency deviation of
those areas is the most suitable control signals. This selection of control signals are also
analysed through the sensitivities analysis presented in Section 4.3. In case of parallel
AC/DC lines, the AC tie-line power deviation could be used as another control signal in
order to achieve suitable coordination between two lines. This state space presentation
will be part of the global system and it could be added to the rest of state space model of
a multi-area AGC system.
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Figure 6.3. Basic frame of AGC in multi-area systems with a VSP based AC/DC transmission.

As shown in Figure 6.3, it is assumed that there is a parallel AC/HVDC link between
Area i and Area k, where both converter stations of the HVDC link are facilitated by
VSP functionalities. The dynamic equations of these two AC/DC interconnected areas
considering the dynamic of VSP based HVDC link in the Laplace domain will be as

follows:
Kpi
Aw; = TSTM [APp — APy — (APieac,i + Axpyspi)] (6.10)
ka
Awy = TsTpk [APpy — APy — (APgjeac i + Axp yspi)] (6.11)
ACE; = BiAw; + [APyjepc,i + Axp yspil (6.12)

ACEy = BrAwy + [APrieack — Axpyspi] (6.13)
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S Axp,VSPi = Axf,VSPi (6.14)
Kpivspn; Kivspwi 2
SAxf ysp; = B — Aw; + o Awy + [Kacysp®ii|APeicac,ik 6.15)
— WhiAxy yspi — 20 WniAxXp ysp;
s Axpyspk = DX yspi (6.16)
Kfi,VSPwrzlk ka,VSPwTZLk 2
SAXsyspk = T om Aw; + ~on Awy + [KAC,VSPwnk]APtieAC,ik 6.17)

2
— WaAxpyspr — 28 WnAXfyspr

It should be mentioned that, the dynamic equations of other AC areas which are
connected with AC lines will be the same as the ones presented in the previous section.

Therefore, in a two-area AC/DC interconnected power system, which will have two
synchronous controllers, four new states variables of synchronous controllers will be
added to the system. The overall system will have thirteen state variables as it is written
as follows:

X = [Aw; Aw, AP, AP,, AP,s; AP,, AACE, AACE, (6.18)

APiieaciz Mxpyspr Dxryspr Axpyspz Axf,VSPZ]

and control inputs are load changes in each area:

u=[AP,; AP, ]T (6.19)

The complete state matrix A of the two-area power system including the synchronous
power control technique is presented in the following:
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1 0 Sl g g o o fmoo 0 0

Tp1 Tp1 Tp1 Tp1 Tp1
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Tp2 Tp2 Tp2 Tp2 Tp2
-1 -1 -Ki1
0 Lo o0 0Xryp 0 0 0 0 0

2R Teg1 Ttg1 Ttg1

- 0 020 0Xryp 0 0 0 0 0
21Ry Tr g2 Ttg2 Ttg2

0 1 0-—Lo o X 0 0 0 0 0

2nR3Trg3 Ttg3 Ttg3
0 L 00 02X 0 0 0 0 0
A= 2Ry Tga Ttga Ttga

f—; 0 00000 O 1 1 0 0 0

0 f—jr 00000 O -1 0 0 -1 0

21—; —% 00000 O 0 0 0 0 0

0 0 00000 O 0 0 1 0 0
Krivsp wi, K f2,VSP w3, 2 2

Py Py 0000 0 0 Kjyspwni —Wn1—2Gwy 0 0

0 0 00000 O 0 0 0 0 1
Kpivspwhs Kpavspwhy 2 2

o P20 0 0 0 0 0 Kyyspwi, O 0 —w2, 20wy, |

As shown in this model, we will have more control gains ({; and w,,;) related to VSP
controller in each station of the HVDC link. Usually, it would be possible to define a
cost function in a two-are AGC system for obtaining the optimum values for all of these
gains. These gains could be defined based on the optimization theory by minimizing the
following common cost function [6.1]-[6.5]:

] = f [ACE? + ACEZ] dt (6.20)

This cost function is the regular function which is based on the ISE (Integral Square
Error) method [6.5]. It should be noted that the ACE is the area error which consisted of
the frequency and tie-line power deviations in each area. These control gains (; and
wy;) could be obtained using the optimization toolboxes from MATLAB. The
FMINCON solver can be used as a classical optimization algorithm, which implements
the SQP and the interior-point method for optimization of LFC problem. The gradients
of the objective and constraint functions can be provided as the user-defined functions.
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6.2.3 Generalized AGC with multiple VSP based HVDC links

The previous formulation, can be generalized for a multi-area system with multiple
VSP based HVDC links shown in Figures 6.4 and 6.5. As depicted in Figure 6.4, N
areas can be connected with different AC, DC or parallel AC/DC lines.

Area (i+1)

Figure 6.4. The basic frame of multi area system with multiple VSP based AC/DC transmission.

Therefore, considering Figure 6.5, the generalized formulation for the frequency
deviation in Area i (i=1:N) with several DC interconnection (L=1:M) adding the
modified HVDC with VSP concept can be expressed in the Laplace domain by the
following equations:

K. :
Aw; = ﬁ [APp; — APy — APy — APpc_ysp,] (6.21)

where the APpc_ysp,;is the total VSP based DC transmitted by the Area i. Also, the
modified ACE signal (ACE, ;) considering this new VSP signals will be modified as

follows:
ACE,; = Bidw; + [APyie; + APpc—ysp,i] (6.22)
and the set-points can be defined as follows:

ACE,;

BPrepy; = —"* (6.23)
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Figure 6.5. Control frame of the i" area in AGC implementation connected to multiple VSP
based AC/DC lines

In the case of multiple VSP based HVDC links, the total output of VSP based DC

transmitted power (APp¢_ysp;) by the i area, can be:

M
APpc_yspi = Z APpc_ysp,it (6.24)
=1
1#i
where, APpc_ysp,; 1s the output power state (AX,_ygp ;) for each second-order VSP
controller between Areas i and /. Therefore, the generalized equations of this state is as

follows:

AXp_vsp,i = Z AXp—vsp,il (6.25)

=1
(£

where the complete state space form of the generalized system in the Laplace domain

will be as follows:
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SAXp—vspu = DXr_vspu (6.26)

2 2
Kr_yspuwn i Kr_yspiiwn i
SVSPATRL Ay 4 |[LYSPEEA 5y

21 21
2 2
+ [Kac-vspi @3 ]APen — @5 DX p_vspu

— 28w AXr_yspu

SAX¢ _yspi = [
(6.27)

where [ = 1: M and is related to the other areas which are connected by a VSP based
HVDOC link to the Area i. The rest of the dynamic equations from the AC interconnected
system will be the same as before.
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6.3 System analysis

In this section, the dynamic effects of inertia emulation using virtual synchronous
power concept in a two-area AGC interconnected model, is analysed by performing the
numerical analysis, parameter sensitivity and eigenvalue (modal) analysis. As explained
before, the studied two-area power system contains on two generation units and one load
demand center in each area (Figure 4.12).

The parameters of the studied two-area power system are given in Tables 4.1 and 4.2,
shown in previous chapters, and the control parameters for this study case are presented
in Table 6.1. These values are obtained using the equation (6.20) and the classical
FMINCON (find minimum of constrained function) of Matlab. The generic non-linear
optimization routine FMINCON solver has been used as a classical optimization which
implements the SQP (Sequential Quadratic Programming) and the interior-point method
for taking care of the optimization of the LFC problem. For doing the optimization
process depend on the system requirement, available stored energy and control limitation
design, various constraints can be added during minimization of the objection function.

Table 6.1. Control parameters for studied two-area AC/DC model with VSP.

Parameters Value
Krivsp 3.5
Kroysp -1.61
Kacysp 3.1

Wn1 6.9
Wno 0.022
<1 1.30
0 1.01

6.3.1 Eigenvalue analysis

Likewise, based on the obtained linearized model of two-area power system in a state
space form, the system can be analyzed through the use of eigenvalues and eigenvectors.
As it was explained in section 5.2.4.1, the stability of power system can be guaranteed if
all the eigenvalues are located on the left-hand side of the imaginary axis of the complex
plane; otherwise it will be unstable. The analysis of eigenvalues is one of the most
popular methods that permits to analyze the effects of system parameter changes.
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Considering the system parameters given in Table 4.1 and 4.2, the eigenvalue of such
system for different parameters of VSP control gains can be obtained. In this section the
effects of each of the control parameters of two VSP controllers over the system
behavior are evaluated by means of the eigenvalue analyses.

6.3.1.1 FEigenvalues under VSPI parameters changes

As explained before, the main parameters of VSP1 are w,,; and {; . In the Table 6.2,
the values of all the modes for the system with synchronous power control are compared
for different values of control gain wy,; (VSP1 is located in area one). It should be
mentioned that all the parameters for both VSPs are the same as the ones presented in
Table 6.1 and each time one specific parameter is changing and the effects are analyzed.

From the information presented in this table it could be observed that the fourth and
fifth modes, 4, and A5 , have the highest variation indicating their sensitivity to the
parameter changes in the Area 1. As shown in this table, the real part of these modes are
positive (unstable) for very small values of w,,;. If the value of w,; increases they will
move these two modes to the stable region of the s-plane.

Table 6.2. Eigenvalues of two-area system for different values of w,,q .

Modes W, =0.2 w,; =0.9 w1 =2.9 w,; =6.9

A4 -1.8204 -0.214 +1.259i -7.2356 -15.1962

y -2.1075 -0.214 - 1.259i | -1.203 + 1.0651 -10.2239
A3 -2.6872 -0.222 +0.5041 | -1.203 - 1.065i -1.4311

Ay 0.010 +0.987i | -0.222-0.504i | -0.201 + 0.549i -0.958 +0.491i
A5 0.010 - 0.987i -0.7598 -0.201 - 0.549i -0.958 - 0.491i
Ag -0.716 + 0.098i -0.4759 -0.9246 -0.191 + 0.561i
A, -0.716 - 0.098i -0.0469 -0.5775 -0.191 - 0.561i
Ag -0.258 +0.498i -0.0088 -0.0472 -0.6072

Ay -0.258 - 0.498i | -2.070 +0.041i -0.0088 -0.0473
10 -0.2898 -2.070 - 0.041i -2.1199 -0.0088
41 -0.0419 -2.5810 -2.8428 -2.1129
A2 -0.0097 -2.6877 -2.6886 -2.6873
A43 -2.6316 -2.6316 -2.6316 -2.6316




142 6. Virtual Inertia Emulation of Interconnected Systems using VSP

This issue is also investigated by plotting the eigenvalue trajectory over the change of
wqy - This trajectory is presented in Figure 6.6. As shown in this figure, for the values of
wn1 , Which are between 0.14 and 0.36 (0.14 < wy,q < 0.36), two modes of the system
(44 and A5) will be in the unstable region of the s-plane. Therefore, for the design
process, it is better to keep higher values for w,;. This issue is also justified by the
sensitivity analysis presented in the next sections considering that for the studied system

the bigger values for w,; are preferable.
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Figure 6.6. Eigenvalue trajectory of dominant modes for w,,; variations.

Eigen index properties like total damping and total frequency of oscillatory modes are
compared in Table. 6.3. As shown in this table, for larger values of w;,;, a higher

damping with less oscillation is achieved.
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Table 6.3. Eigen index for different values of w1 .

Index Wnp1 = 0.2 Wp1 = 0.9 Wp1 = 2.9 Wnp1 = 6.9
Damping of critical 9.8791 10.1416 11.1857 11.4254
eigenvalues
Frequency of oscillatory 05144 0.5749 0.5140 03352
modes

The effects of the damping parameters in VSP1 over the system behavior is also
investigated by means of the eigenvalue analysis of the system. The eigen-trajectory of
the system modes for the damping parameter of VSP1( {;) variations are plotted in
Figure 6.7. In turn, the comparative analysis is presented in Table 6.4. This analysis are
useful for finding the proper range for damping. Based on the presented results, it is
obvious that always a minimum damping is required to keep the system in the stable
situation. As shown in the figure, the system for values lower than 0.075 will have

positive modes (1; and 4,) in the s-plane.

15

Figure 6.7. Eigenvalue trajectory of system modes for {; variations.
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Table 6.4. Eigenvalues of two-area system for different values of {; .

Modes | ¢y =0.05 71 =0.1 7 =2 i, =6
A | 0121+13.532i | -0.220+13.5i -38.0970 -108.73
A, | 0.1211-13.532i | -0.220-13.5i -3.5577 -0.610 + 1.220i
A3 2.1110 -2.110 2.1157 -0.610 - 1.220i
A -1.6430 -1.643 -1.162 + 0.693i -1.970
s -0.183 +0.570i | -0.180+0.560i | -1.162 - 0.693i -2.101
A -0.183-0.570i | -0.180-0.560i -0.196 + 0.556i -2.691
A, | -0.781+0457i | -0.780+0.45i -0.196 - 0.556i | -0.210 + 0.530i
Ag -0.781 - 0.457i -0.780-0.45i -1.0735 -0.210 - 0.530i
Ao -0.6255 -0.6250 -0.5935 -0.8010
Ao -0.0440 -0.04730 -0.0472 -0.5301
A -0.0094 -0.0089 -0.0088 -0.0510
Az -2.6872 -2.6801 -2.6874 -0.0101
A 2.6316 -2.6316 2.6316 2.6316

Based on the presented information in Table 6.4, the results of the eigen trajectory is
also confirmed by checking the exact location of each mode for different values of
damping for VSP1. It is clear that the first and second modes have the highest
sensitivity. These modes are in the right side of the s-plane for very small values of
damping.

The total damping of eigenvalues and the frequency of oscillatory modes are also
compared in Table 6.5. Based on the obtained results the most suitable value for
damping VSP1 is around 1.3. In this value the system reached a higher damping and a
lower frequency of oscillation. This range is also justified by the sensitivity analyses of
the studied system in the next section.

Table 6.5. Eigen index for different values of {; .

Index {1 =0.05 {1 =01 {1 =13 {1 =6
Damping of critical
eigenvalues 9.3199 9.380 11.3850 10.4622
Frequency of
4.6343 4.6210 0.3970 0.5582

oscillatory modes
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6.3.1.2 FEigenvalues under VSP2 parameters changes

Regarding the parameters of the second synchronous power control, VSP2, another
set of eigenvalue analyses is performed to identify the effects of w,, and damping
{, over the system modes and its stability. These results are presented in Tables 6.6 and
6.7.

In Table 6.6, the eigenvalues of the system for different values of w,, in VSP2, is
presented. In order to evaluate the results, the total damping and also the frequency of
oscillatory modes in Table 6.6 are calculated and presented in Table 6.7. Based on the
results presented in Table 6.7, it is obvious that the lowest value for w,, will provide the
best results. When the value of w,;is low, the number of oscillatory modes are lower.
When the value of w,, is high, a huge increase on the oscillatory modes occurs. The
lower frequency values for the oscillatory modes in Table 6.7, are achieved with a low
value of w,, . These results are also confirmed by the sensitivity analyses performed in
the next section.

Table 6.6. Eigenvalues of a two-area system for different values of w,,,.

Modes w,z =0.1 w2 =0.3 w2 =4.9 w,; = 8.9
A -15.1973 -15.2064 -17.9106 -21.6555
A, -10.2217 -10.2021 -8.726 + 6.6591 | -11.477 +10.6741
A3 -0.188 +0.5661 | -0.197 + 0.6011 -8.726 - 6.6591 -11.477 -10.674i
Ay -0.188 - 0.5661 -0.197-0.6011 | -0.313+0.4171 -0.291 + 0.413i
As -0.958 +0.491i -0.1012 -0.313 - 0.4171 -0.291 - 0.413i
y» -0.9586 - 0.4912i | -0.957+0.4891 | -0.983 +0.478i -0.975 + 0.478i
y. -0.0378 -0.957 - 0.4891 -0.983 - 0.4781 -0.975 - 0.4781
Ag -0.2245 -0.633 + 0.0851 -0.5092 -0.5274
A -0.6051 -0.633 - 0.0851 -1.4199 -1.4247
10 -1.4311 -1.4307 -2.168 + 0.074i -3.0777
A1 -2.1129 -2.1130 -2.168 - 0.074i -2.1231
A2 -2.6873 -2.6873 -2.6844 -2.6913
A3 -2.6316 -2.6316 -2.6316 -2.6316
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Table 6.7. Eigen index for different values of w,,, .

Index Wy = 0.1 Wy = 0.3 Wy = 4.9 Wy = 8.9
Damping of critical 11.4112 11.3857 11.5867 11.4109
eigenvalues
Frequency of oscillatory | 3366 0.3744 2.4289 3.6819
modes

The effect of various changes in the damping parameter of VSP2 ({,), which is
located in the second area are presented in Table 6.8 and 6.9. As in the previous case, the
minimum damping is required, while the higher values for this damping parameter will
lead to higher damping for the system modes. Based on the results presented in Table
6.9, higher values for the total damping are achieved when the value of damping is
higher than 1. The same conclusions are obtained performing the sensitivity analyses in
the next section.

Table 6.8. Eigenvalues of two-area system for different values of {,.

Modes | 7, =0.01 =11 {=5 {,=8
9 -15.1973 -15.2064 -17.9106 -21.6555
A -10.2217 -10.2021 -8.726 +6.6591 | -11.477 +10.674i
A3 | -0.188+0.566i | -0.197 +0.601i | -8.726-6.659i | -11.477-10.674i
A, | -0.188-0.566i | -0.197-0.601i | -0.313+0.417i | -0.291 +0.413i
As -0.958 + 0.491i -0.1012 -0.313-0.417i | -0.291-0.413i

2 -0.9586 - 0.4912i | -0.957+0.4891 | -0.983 + 0.478i -0.975 + 0.478i1

A -0.0378 -0.957-0.489i | -0.983-0.478i | -0.975-0.478i
g -0.2245 -0.633 + 0.085i -0.5092 -0.5274
2o -0.6051 -0.633 - 0.085i -1.4199 -1.4247
Ao -1.4311 -1.4307 -2.168 + 0.074i -3.0777
A -2.1129 -2.1130 -2.168 - 0.074i -2.1231
Aa -2.6873 2.6873 -2.6844 -2.6913

A3 -2.6316 -2.6316 -2.6316 -2.6316
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Table 6.9. Eigen index for different values of 5.

Index {,=001| (=11 (=5 (=8
Damping of critical | ¢ 4757 10.7736 11.4254 11.4254
eigenvalues
Frequency of 0.3417 0.3401 0.3353 0.3353
oscillatory modes

A general comparison of eigenvalues for different inertia emulation methods,
derivative and VSP based control, is presented in Table 6.10. As shown in this Table, the
damping and oscillations of the overall system modes improves significantly after using
the VSP based control method. Moreover, a higher damping with less oscillations is
achieved using the synchronous power controller.

Table 6.10. Eigen index comparison for different methods of emulating the inertia.

Methods Damping of critical Frequency of oscillatory
eigenvalues modes
Derivative Control 10.3349 0.6790
VSP Control 11.4254 0.3352

6.3.2 Sensitivity analyses

In order to analyze the effects of synchronous power control gains, (wyq1, {1, Wn2,
and {,), on the system behavior, numerical simulations are performed with different
values of control gains in the VSP controllers. These analyses are performed for two-
area system under a large load step-change, around 0.03 p.u, at = 3.5 sec. The effects of
each VSP controller in the system behavior is presented.

6.3.2.1 Effects of variations in VSP1 parameters

As explained before, the VSP1 has two important parameters, {; and w,4. The effects
of w,, on the system's behavior are presented in Figure 6.8-6.11, considering an
increase of w,; from 0.3 to 6.5. As it is shown in the Figure 6.8, the dynamic
performance can be improved by increasing the w,; of the VSP1. This is evidenced
when comparing the results depicted in Figure 6.9, where it can be seen that after
increasing w,; the transient peak value decreases and, at the same time, a lower settling
time is achieved.
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Figure 6.8. Frequency deviations in Area 1 and 2 for difference control gain values.
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Figure 6.10. Active power generations. a) GENCO1, b) GENCO?2, ¢) GENCO3, d) GENCO4.
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Figure 6.11. Settling times of active power response for GENCO1 and GENCO2.
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The effects of the damping parameter ({;) in VSP1 is presented in Figures 6.12-6.15.
In this study case the damping factor has changed from 0.08 to 2.6 and the system
response for each situation is presented and compared. As shown in Figure 6.12, lower
values of damping will be translated into various oscillation in frequency in Areal.
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Figure 6.12. Frequency deviations for different damping factors in VSP1, a) Areal, b) Area2.

Therefore, for having a suitable dynamic response, a proper damping is necessary. By
means of comparing the results in Figure 6.13, it can be concluded that the best value for
damping is around 1.3, which will provide the best dynamic performance with less
oscillation and minimum settling time.



6.3. System analysis 151

0.1
3
0.08 &

o s (1= 0.08 g s {1=0.08

= 0.06 z ;

g wii=13 = w(i=13

< 0.04 s = -

3 g 61=2 E= Q=2
5} -

- ={1=2.6 o =0=2.6

= =

Afy af; Af Af;

Figure 6.13. Frequency characteristics: (a) Peak overshoot, (b) Settling time.

The dynamic response of the injected power by the VSP1 (Ax,, yspq) is also presented
in Figure 6.14. It is obvious that a lower damping will give rise to high oscillations,
which is totally unacceptable. On the other hand, by increasing the damping of the VSP1
a better dynamic response can be achieved.
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Figure 6.14. Power variations of the VSP1.
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6.3.2.2 Effects of variations in VSP2 parameters

The effect of the second synchronous power controller, which is located in the second
area, is presented. In this case the control parameters are w,, and {,. The frequency
deviations for different values of w,,, are presented in Figures 6.15 and 6.16.

By means of increasing the w,, value the participation of VSP2 can be higher
compared to the one of VSPI, but since in the studied system the load contingency is in
Area 1, this increase will not have a positive effect in the overall system behavior.
Therefore, a lower value of wy,, in VSP2 is desirable.

As shown in the next figures, the value of w,, is increasing from 0.02 to 8. It is
observed that lower values for w,, are preferable, as high values of w,, give rise to a
high overshoot during the transients.
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Figure 6.15. Frequency deviations in Area 1 and 2 for difference control gain values.
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Figure 6.16. Frequency characteristics: (a) Peak overshoot, and (b) Settling time.

The effect of the damping parameter ({,) of VSP2 is also presented in Figures 6.17-
6.18. The damping factor has changed from 0.3 to 5 and the system response for each
situation is presented and compared.

As it was expected, damping is necessary to reach a better and a more stable dynamic
performance. As shown in Figure 5.17, lower value of damping in VSP2 is leading to
steady state error with unacceptable performance.
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= AC/DC-VSP: {,=1

Frequency deviation in area 1

------------ AG/DC-VSP: =2 =

Figure 6.17. Frequency deviations in area 1 for different damping in VSP2.

Figure 6.18, is also presenting the response of the power state emulated by VSP2
(Axpysp2) for different values of damping. As shown in this figure, higher values for

damping in VSP2 will bring a better response with less time response.
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VSP2 State Deviation (p.u.MW)

Figure 6.18. Power variations of VSP2 for different damping values.

6.3.2.3 Eigenvalue sensitivities

Based on the explanation given in section 5.2.4.3, in order to perform eigen sensitivity
analyses, the matrix of participation factors should be calculated. The participation
matrix for the two-area power system studied in this case is calculated in this section.
Based on the obtained result, it can be concluded which states have a higher
participation in sensitive or critical modes.

For this study case the participation factor is shown in the following:

ri.75 2.55 049 0.76 079 0.05 0.05 0.11 0.00 0.00 0.00 0.00 0.007 Aw,
0.00 0.00 0.00 0.00 0.00 057 0.57 0.37 0.00 0.00 031 0.00 0.00 Aw,
0.00 0.00 1.13 041 041 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.50 AP,
0.00 0.00 112 041 041 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.49 APy,
0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.10 0.00 0.00 045 0.69 0.00 AP,5
0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.11 0.00 0.00 0.82 031 0.00 AP,
0.01 0.06 139 140 140 0.04 0.04 0.02 0.00 0.00 0.00 0.00 0.00 AACE,
0.00 0.00 0.01 0.01 0.01 049 049 033 0.00 0.00 0.04 0.00 0.00 AACE,
0.039 0.08 0.02 0.11 0.11 0.27 0.27 049 0.00 0.00 0.00 0.00 0.00 APyig ac
0.55 0.76 0.62 049 049 0.01 0.01 0.07 0.00 0.00 0.00 0.00 0.00 Axpysp1
3.28 2.29 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Axgyspr
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 1.21 0.00 0.00 0.00
L0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.22 0.22 0.00 0.00 0.00-

Axy ysp2

Axgysp2

A A A A A5 A A Ay Ae A A A Agg
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Another objective in eigenvalue sensitivity analysis is to identify the sensitivity of
eigenvalues to each element of state space matrix A of the system. As it was explained
before, the sensitivity matrix of the elements in matrix A can be written as follows:

Peens = "Uik¢ji =35 (6.28)

where, the sensitivity of the eigenvalue A; to the element a;; of the state matrix A will
be equal to the product of the left eigenvector element W;,and the right eigenvector
element ®@j;. This tells us that the best way to change the i mode is to apply a control to

the state variable such that the above sensitivity has the largest participating factor.

In order to apply such analysis for the studied two-area power system, the state space
matrix A of the studied two-area system with VSP is partitioned as shown in the

following:
A11
A [ ] 6.29
Az (13x13) (6.29)
Each sub-matrix are written as follows:
- 0 oy g o o Femlerg g g
Tp1 Tp1 Tpi Tp1  Tpi
0 20 0 Bl g oo Koy g 2oy
Tp2 Tpz Tpz Tp2 Tp2
-1 -1 —-Ki1
0 =0 0 02X 9 0 00 0 0
2nR1Trg Ttg1 Ttg1
e 0 0 =2~ o o 0 0 0 0 O
2R3 Trg2 Ttg2 Ttg2
Au=| o L 0 0 =20 0 X 9o 00 0 0
2nR3Ttg3 Ttg3 Ttgs
0 L 0 0 0 == 0 X 9o 00 0 0
21R4Trga Ttga Ttga
f—; 0 0 0 0 0 0 0 1 10 0 0
0 f—jr 00 00 0 0 -1 00 -10 (6.30)
e Tz g p0 0 0 0 0 00 00O
21 21 -
0 0 000O0O0TO0 0 0 1 0 0
A, = A111 Q11,2 000 O0 OO Q119 QA1110 411,11 0 0
2 ) 0 000O0O0OTO0 O 0 0 0 1
;31 a3 0 0 0 0 0 0 ag 0 0 A1312 413,13
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As identified in the state space presentation of the global system, the parameters of
the synchronous power control appeared in the sub-matrix A4 , which are related to the
VSP control state variables. In fact, these parameters are presented in the 11" and 13™
rows of the global system matrix A, and could be used for analyzing the system’s
performance. Therefore, the elements of interest in matrix A are the elements which
contain the control gains of the VSP control components (w1, Wy2, {1 and {,) in the
sub-matrix A,q. These elements are written as follows:

2 2
_ Kriyspwns a _ Kravspwna

_ 2
ai11 = Py > 11,2 = > Q11,9 = Kacyspwag

, n (6.31)
Q11,10 = —Wn1 > A1111 = —2§1Wny

The results of sensitivities to the state matrix Au2x12) parameters are presented in
Tables 6.11 and 6.12. In these tables the absolute sensitivity value of each mode to the
elements of the sub-matrix A,q , are presented.

Table 6.11. Normalized sensitivity of each mode for important elements of the A matrix.

Sen?ilt)isv(;i;tzf A 11,1 11,2 Q11,9 Q11,10 ai11,11
A 0.3120 0.0003 0.0003 0.065 1.001
9 0.3138 0.0007 0.0005 0.0679 0.697
A3 0.0020 0.000 0.000 0.0036 0.0036
Ay 0.0044 0.0003 0.000 0.0035 0.0036
As 0.0044 0.0003 0.000 0.0035 0.0036
Ag 0.0020 0.0029 0.000 0.000 0.000
A; 0.0020 0.0029 0.000 0.000 0.000
Ag 0.0011 0.0016 0.000 0.0004 0.000
Ay 0.0004 0.0004 0.000 0.000 0.000
Ao 0.0004 0.0004 0.000 0.000 0.000
A1 0.000 0.000 0.000 0.000 0.000
A1z 0.000 0.000 0.000 0.000 0.000
A3 0.3120 0.0003 0.0003 0.065 1.001

From the presented information in Table 6.11, it is obvious that the sensitivity for
ai11 and a;q 11 are higher than for other elements. For these elements of matrix A, the
first and the second modes (1; and A,) have the highest sensitivities. From the
participation factor matrix it can be observed that these modes are related to the first,
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10" and 11" states of the system (Aw;,Ax,ysp; and Axgygpq). Likewise, the
sensitivities to the rest of elements are presented in Table 6.12. These elements are the
ones from matrix A,q which contain VSP2 parameters:

Qg = Kfivspwhs, 4y = Kfavspwas, Q30 = Kuc VSP‘UZ
13,1 — s U1 - s 1 - n2 »
’ 21 ’ 21 ’ ’ (6.32)
— 2 —
A1312 = —Wpy Q1313 = —20Wpy

From the presented information in Table 6.12, it can be observed that most of the
elements have a considerable sensitivities to 9" and 10" modes (1 and 1,4). From the
participation factor matrix it can be indicated that the 12" and 13" states (Axpysps and

Axg yspy) have the main participation for these two modes.

Table 6.12. Normalized sensitivity of each mode for important elements of A matrix.

Senlsizs\l(;i;tzf A 13,1 13,2 139 13,12 13,13
A4 0.0012 0.000 0.000 0.000 0.000
9 0.0025 0.000 0.000 0.000 0.000
A3 0.000 0.000 0.000 0.000 0.000
Ay 0.0002 0.000 0.000 0.000 0.000
As 0.0002 0.0026 0.000 0.000 0.000
Ag 0.0301 0.0435 0.0025 0.000 0.000
A5 0.0301 0.0435 0.0025 0.000 0.000
Ag 0.0035 0.0053 0.0007 0.000 0.000
Ay 0.9920 0.9001 0.0941 0.1529 0.0076
A0 1.001 0.9810 0.0941 0.1529 0.00135
Y 0.0004 0.00122 0.000 0.000 0.000
Ay 0.000 0.000 0.000 0.000 0.000
A3 0.000 0.000 0.000 0.000 0.000

The summary of eigenvalue sensitivity analysis is presented in Table 6.13. As
shown by the sensitivity matrices in Tables 6.11 and 6.12, A1, A2, A9 and Ai¢ have the main
sensitivity. Considering the results of the participation matrix, it can be concluded that
controlling the 10", 11, 12%, and 13% states (the states of both VSP controllers) is most
important target.
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Table 6.13. Summary of eigen sensitivity analysis.

Sensitive modes to . .
. Participant states

A matrix elements
A

1 Axyysp1 » Axpyspr , Awy

Az Axpyspr » Bxpyspr , Awy
Ao Axpyspz » Axpyspa
Ao Axpyspz » Axpyspa

As explained before, the VSP states (Axy ysp1, AXfyspr, Axpyspz and Axg ysp,) are
affected by their control gains. So with a proper selection of the control gains, the
desired dynamic response can be obtained.

In the last part of the analyses, in order to analyze the effects of VSP based HVDC
parameters on the system performance and to identify their proper ranges, another
analyses for modal characteristics (like damping and frequency of oscillatory modes) of
the studied system, considering parameter variations of VSP stations, are performed in
the following. The relationship between the w,, gains (w,; and w,,,) of the synchronous
controllers and the total damping of modes is presented in Figure 6.19.

Total damping of modes

Figure 6.19. 3-D presentation for damping of the system for different values of w,; and w,,.
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The 3-D presentation shown in figure 6.19, indicates the area with highest damping. As
shown in this figure, the highest damping will be achieved for high values of w,; and
low values for w,,,. Therefore, for the studied two-area case, the values of w,,; should be
higher than 5 and the values for w,, should be lower than 1. This result is exactly the
same than the one obtained from the eigenvalue analyses presented before.

For investigating the proper range of damping in VSP1, another plot is presented in
Figure 6.20. In this figure, the relationships between the control parameters of VSP1
(wyq and ;) and the system’s damping is also presented. As shown in this figure, the
highest damping is achieved for the area with damping values higher than 1 and lower
than 3. For the other parameters of VSP1,w,;, the range are the same as the ones
presented in Figure 6.19.

=
ANANAN ‘
‘.‘z‘t“zs‘:;““:
W“’ =
“::”00“’

Total damping of modes

Figure 6.20. 3-D presentation for damping of the system for different values of w,; and {;.

For investigating the proper range of damping in the second VSP controller, another
plot is presented in Figure 6.21. In this figure, the relationships between the damping
ratio parameters of both VSP controllers ( {; and {,) and system damping is presented.
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Total damping of modes
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Figure 6.21. 3-D presentation for damping of the system for different values of {; and {,.

As shown in Figure 6.21, the highest damping in the system’s modes is achieved for
the area with values higher than 0.5 for {,. The proper range for the other damping
ratio, (i, is the same as the one from Figure 6.20.

Therefore, based on the presented analysis, the acceptable range of VSP parameter
variations, which will guaranty a stable and acceptable dynamic response in the studied
case, can be summarized as follows:

Wp1 > 5
Wy < 1
1< <3
¢, >05
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6.4 Comparison and simulation results

6.4.1 Two-area system with comparisons

In order to validate and evaluate the positive effects of the proposed VSP-based
AC/DC system on the AGC dynamics and to show how the proposed approach can
contribute positively to the system dynamics during contingencies, a common scenario
for the two-area test system which was explained in the previous sections is considered.
In this case it is assumed that the contingency is a sudden load variation in Area 1
around 0.03 pu at 3 sec.

Several comparisons are performed during this simulation. These comparisons are
related to the normal AC system, the normal AC/DC system, the AC/DC system with
derivative control based virtual inertia and the proposed model for AC/DC system with
VSP based inertia emulation. Considering these simulations, the positive effects of the
VSP method will be identified. It should be note that in the model of AC/DC system
with derivative control, the PLL effects is also considered. Considering the disturbance
that was previously mentioned, the frequency deviations in both areas are presented in
Figure 6.22.
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Figure 6.22. Dynamic response of frequency deviations; a) Areal, b) Area2.
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Figure 6.23. Output power generation; a) GENCO1, b) GENCO2, ¢) GENCO3, and d) GENCO4.

The output power generated by each unit is also presented in Figure 6.23. It is clear
that by means of using the inertia emulation it would be possible to change the dynamic
response of the system and the final response will be smoother than in a normal system
without storage capabilities. This is especially relevant when comparing the results with
the AC/DC system with a derivative control method, as it is clear that the synchronous
power control technique offers a better performance.

As it was discussed before, in the synchronous power control technique there is no
need of using a PLL or frequency estimation, and considering the fact that simultaneous
damping and inertia can be emulated, a powerful method for improving the system
dynamics during the contingencies is proposed.

The dynamic behaviour of different methods for performing inertia emulation are
also presented in Figure 6.24. The comparison is made between the derivative method
with PLL effects and the proposed method based on synchronous power control. Based
on the obtained results for the studied two-area system, it is obvious that a better
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performance could be achieved using the synchronous power control method. Since the
load change occurs in Area 1, it can be foreseen that the controller in Areal will have a
higher and a faster contribution compared to the second controller in Area2. As shown in
Figure 6.24.a, in both methods the maximum injected power is less than 2% of the rated
power. With a close comparison, it could be observed that this maximum peak using
synchronous power controller is less than the one obtained from the derivative control
method for inertia emulation. This improvement is clearer in Figure 6.24.b, that
corresponds to the performance in the second area. It is also obvious that using the
synchronous power controller the dynamics of the injected power has a lower
oscillation, which is very important during the operation of the system.
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Figure 6.24. Power deviations with the derivative method and the VSP control method); a)
Controller in Areal, b) Controller in Area2.
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Another comparison regarding the eigenvalues of the system, considering different
methods of inertia emulation, is presented in Table 6.14. It is clear that the method based
on synchronous power strategy has a better performance with less oscillatory modes and
a higher damping. In general, the advantage of the VSP method over the other methods
like derivative based methods is obvious.

Moreover, the proposed control of VSP is naturally synchronized with the electrical
grid by balancing the exchange of power with such grid. Therefore, it does not require
any external synchronization system, such as a PLL, to work. Therefore, in addition to
the dynamic improvements, all the limitations and dependencies derived from the use of
PLLs and frequency measurements will be avoided.

Table 6.14. Eigenvalue comparisons for different two-area systems.

Modes AC/DC with AC/DC with AC/DC with
Derivative Derivative and PLL VSP method

A -209.32 -134.07 -15.1962
A, -52.96 -39.375 -10.2239
A3 -22.63 -23.740 -1.4311
A4 -1.1+1.91 -0.791 + 1.9611 -0.9586 +0.49131
As -1.1-1.91 -0.791 - 1.9611 -0.9586 - 0.49131
A6 -0.201 -0.450 +0.5201 -0.1916 + 0.56181
y. -0.1+0.21 -0.450 - 0.5201 -0.1916 - 0.5618I
Ag -0.1-0.21 -0.341 +0.5011 -0.6072
Ay -2.30 -0.341-0.5011 -0.0473
A0 -2.50 -0.0781 +0.5031 -0.0088
A1 -2.70 -0.0781 - 0.5031 -2.1129
A1z -2.63 -0.2102 -2.6873
Ay | -2.041 -2.6316
Aa | - 2423 | e
Ag | 2631 |
e | 000 2690 | e
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6.4.2 Case study of three-area system

In this part of study, a more complex system, a network with more areas as the well-
known 3 area 39-bus system is considered. This system is widely used as a standard
system for testing of new power system analysis and control synthesis methodologies.
Figure 6.25 shows a single-line diagram of the test system.
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G11

G12 G13 G21

Area 1l Area 2

Figure 6.25. The configuration of the three-area power system with HVDC link.

This system consists of 3 areas, 10 generators and the system parameters are shown
in Table 6.15 [1.5].The total load in this system is assumed to be 5.483 GW for the base
system of 100 MVA and 60 Hz. More details about this system data can be found in [1.5]
and [5.28]. As mentioned, the main objective of this paper is to propose an effective
LFC scheme with a desirable performance in the presence of the VSP based HVDC
system. Therefore, the case study is updated by adding a VSP based HVDC line between
Areal and 3. As shown in Figure 6.25, the tie-line flows are used for control studies. In
this simulation, the important inherent requirement such as governor dead band and
generation rate constraint imposed by physical system dynamics are considered.
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In this scenario, it is assumed that the main contingency happened as a load change in
Area3 by increasing to 0.1 p.u. at r = 3 s. All generators participate in LFC with equal
participation factors. In the simulation, the parameters of the VSP based HVDC system
are obtained using optimization theory as explained in previous sections. These values
are presented in Table 6.16.

Table 6.15. Parameters of the three-area test system. (Base power of 100 MVA).

Area GENCO H Xa Xq T’ a0 Xi
1 Gl11 70.0 0.02 0.019 7.0 0.003
G12 30.3 0.295 0.282 1.5 0.035
G13 35.8 0.249 0.237 1.5 0.030
2 G21 28.6 0.262 0.258 1.5 0.029
G22 26.0 0.67 0.620 0.44 0.054
G23 34.8 0.254 0.241 0.4 0.022
G24 26.4 0.259 0.292 1.5 0.032
3 G31 24.3 0.290 0.280 0.41 0.028
G32 34.5 0.261 0.205 1.96 0.029
G33 20.0 0.10 0.069 0.0 0.012

Table 6.16. Control parameters for studied 3-area AC/DC model with VSP.

Parameters Value
Kr1vsp (puMW/rad) 1.8
K3 vsp (puMW/rad) -4.5

Kicysp (puMW) 0.015
Wy, (rad/sec) 1.3
wy3 (rad/sec) 4.1

¢ (pw) 0.8
{3 (pw) 26

It is worth to mention that, it is not necessary to equip all the converters with the VSP
control during AGC task. In fact, the number of converters which are facilitated by VSP
control will be depended on grid topology and specific conditions and requirements of
each area in terms of ancillary services. In our work, we assumed that both converters of
HVDC line are equipped with VSP control to improve local and global stability of the
system.

The simulation results of the three-area test system including VSP based HVDC line
are also compared with the system including a normal DC and normal AC lines. In
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Figure 6.26, the frequency deviation of all areas following the applied load disturbances

in Area 3 is presented. These figures show the superior performance of the proposed

VSP based method to the classical model in deriving the frequency deviation close to

zero with a better dynamic.
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The dynamic responses of generated power for all the generation units in different
areas are depicted in Figures 2.27-6.29. It is clear that the units in Area3, the area with
0.1 pu load change, are responding equally to regulate their area control error.

0.015

........... AC System

-=--==-- AC/DC System R

AC/DC VSP based System
I

0.015 T T T T T T
. : : : T AC System
0_01771-:"-7{777,;,,,,,‘(,,,,#‘, ----- AC/DC System .
‘:'"' | e AC/DC VSP based System

Pmi2

[ERELECIILE AC System
AC/DC System i
= AC/DC VSP based System

Pm13

Figure 6.27. Power generations in Areal; A) GENCO11, B) GENCO12, and C) GENCO13.
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The tie-line power of all areas are shown in Figure 6.30. It can be seen that the tie-
line power flows in the normal systems without VSP, show more oscillations and poor
performance in keeping the tie-line power interchanges in the scheduled values.
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Figure 6.30. Tie-line AC power exchanges; A) Line 1-2, A) Line 1-3, and A) Line 2-3.

The power variations of each VSP station is also presented in Figure 6.31. Based on
the obtained result for this case, the main part of the generated power is related to VSP3
located in Area3, the area with contingency. Based on the obtained results, the reference
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power for VSP system is clarified in Figure 6.31. Based on each study case and
considering the worst case scenario, the proper ratings of power converters with the
required amount of energy can be obtained which will be helpful for pre-design stages.
In practice, the required energy for emulating sufficient virtual inertia in period of ¢ can
be directly calculated according to the following equation for period of t:

t
Eyspi = f Pyspi(t)dt + Eyspo,; (6.33)
0

where Pygp; was the instantaneous power of VSP components (AX), ysp;) and Eygpg; is
the initial energy. For this study, the energy trace is depicted by Figure 6.32. The
required energy for VSP1 is 0.1 p.u. and the energy for VSP3 is equal to 0.22 p.u. Thus,
knowing the base values for each application, the real values of energy with the required
DC capacitance can be calculated.

T
I
= === Pysp1
e P P
‘ ‘ ‘ Pvsp3
= | | | | |
P ol e M e e e 7
= I I I I I
‘1;-‘ | | | | |
3 0 -7 [ r-—- """ - """~~~ 17
o I I I I I
3 | | | | |
8 PN T 1o [ r-—- """ - """~~~ 17
= I I I I I
5 I I I I I
o 0.05 Attt ettt i - |ttt Sttty Rttt 1
%) I I I I I
> I I I I I
0
I
I I I I I
-0.05 - = = === == e St Bl 1=
80 100 120 140 160
time (s)
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Figure 6.32. Required energy by VSP based HVDC stations (p.u.).



6.4 Simulation results 173

6.4.3 Case study of four-area system

As shown in the Figure 6.33, a generic four-area power system based on 12-bus multi
machine benchmark which consists of four Gencos (Generation Companies) and four
Discos (Distribution Companies) is implemented. The basic parameters of this system,
for the base power grid of 100 MVA and the frequency of 60 Hz, are shown in Table
6.17 [6.17]. The 12-bus model is coming from North America, representing the
Manitoba Chicago network, is adaptable with the power system of other countries like
US, UK and Germany as simplified power system model [6.27]. The studied HVDC link
is located in parallel with AC line between Area 1 and 3, with 600 kV of rated DC side
voltage. In this scenario, it is assumed that there is a load change around 0.1 p.u. in Area
3 and the effects of this change on dynamic response considering normal AC system,
AC/DC system and VSP based AC/DC system are discussed and compared.

Area 4
Areal Bus® pys12
- —f@ Area 3
Bus 1 DISCO4 i
Tie 1-4 GENCO4 Tie 3-4
,?‘ Bu|£-9 DISCO3.2
m‘ Bus5
GENCO1 Q %
DISCO2.2 Tie 2-3
AC Line
Tie 1-2 AC Line (double)
I
[ | Bus 2 Bus 3
DISCO1
Bus 8
AC tie line 1-3
"W
HVDC tie line ¥ < GENCO3

DISCO3.1

Figure 6.33. Single-line diagram of the studied four-area interconnected system.

Mathematical equations for this case study is written based on the generalized
formulation presented Section 6.2.3 (the AC/DC line is between Area 1 and 3, where
i=1, [=3). The linearized state space representation of a four-area AGC model with the
VSP based DC connection could be as follows:

Ax = AAx+ B Au (6.34)



174 6. Virtual Inertia Emulation of Interconnected Systems using VSP

Ay = CAx

where X is the state vector matrix, u is the input vector, A is the system matrix, B is the
input matrix, C is the output matrix and y is the system output.

Table 6.17. Parameters of the studied four-area interconnected system.

Parameters Area 1 Area 2 Area 3 Area 4
Kpi (radipu MW) 76 141.7 139.6 114.2
Tpi (sec) 14.4 19.1 9.39 9.12
Ri Hzpu) 3 3 3 3
Bi pu.mz) 0.416 0.377 0.378 0.388
Kii 0.131 0.131 0.131 0.131
Tigis) 0.38 0.38 0.38 0.38
1220029 1 0 009 | D201 1 6 0099
Tij (puirad) T15=0.0143 T2=0.0205 T5,=0.0205 T14=0.0089
T14=0.0099 ) T54=0.0089 )

State variables consist of frequency deviations of four areas (Awq.4), generated
power deviations of Gencos (APp,1.4), power set-points coming from ACE (APpefy1.4),
group of states related to tie-line power deviations (AXye), and states related to VSP
based DC connections (Axysp ) are as follows:

X = [Awq4| APy 4l APrefv1:4|Axtie| Axysp ]T (6.35)
where:

T
AXgie = [APric12 APrio1s DPricia DPrioas  APrigal

T

Axysp = [AXp—yspa3 DXp_yspas DXp_yspzr AXr_ysp ]

Based on different types of these state variables, the system matrix is partitioned as
follows:

[A11 Agz 0 A14]
[Az1 Azz Azz 0 |
A=|Ay; 0 0 Ay (6.36)
A,y 0 0 0O
s 0 0 Asdy,y

Therefore, each sub-matrix will be as follows:
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. -1
Aq; = diag (a.

-1 -1

Tp2'  Tpz'  Tpa”’
_ oaio et Kp2z o Kps o Kpa
Ay, = diag (Tpl’ Toz' Tps' Tya)
. -1 -1 -1 -1
Az = diag (zmlethg,1 " 27R,Trgs’  2mRsTrgs’ 277:R4Ttg‘4)’
= di -1 -1 1 -1
Az, = diag (Ttg,l ' Teg2'  Tegs’ Ttg,4)’
. —-Kppapfi —Kip apf —K3 apfs —Kjsapfy
Azz = dlag( Ttga Ttg,2 Ttg,3 Ttg,a )’
—diag(Pr Bz Bz B
Az = dlag (Zn’ 2n’  2mn’  2n’’
1 1 1 0 0 1.0 0 O
A, = -1 0 0 1 0O 0 0 0 O
34 0 -1 0 -1 1 0 0 -1 0f
0 o -1 0 -1 0 0 0 O
K K 1 g g Xt g 0] (6.37)
Tp1 Tp1 Tp1 Tp1
29 0 ZE 0 0 0 0 0
p2 p2
A=l km o Km Km  o fm o|°
Tp1 Tp3 Tp3 Tp3
0o o0 = o X 9 o o o
| Tp1 Tp1 -
T12 _T12 0 0 0 0 0 0
T13 0 _T13 0
a 0 a 0
|7 0 0 _T A.. = 2191 19,3
A41 14 141 » 51 0 0 0 0 )
0 T23 _T23 0 a 0 a 0
0 0 T34_ _T34_ 21,1 21,3
0 0 0 0 O 0 1 0 0
A 0 ap1sa 0 0 0 a918 Q919 0 0
54~ 1o 0 0 0 O 0 0 0 1
0 azqe 0 0 O 0 0 Az120 Q21,21

As identified in the state space presentation of the system, the parameters of the VSP
are appeared in sub-matrices Asq and Ag4 which are related to VSP state variables.

2 2
_ Ky_vspi13wnas _ Ky_vsp310n13

_ 2
Q191 = o y Q193 = o , Q1914 = Kac_vspa3wn a3,
a = —w? a = 203w
19,18 = n,13 19,19 = 13Wn,13 (6.38)
2 2 .
_ Kr_yspa1zwnzi Ky _yspziwn 31 _ 2
azi11 = — o az13 = — o az1,14 = Kac_vsp,13Wn 31
_ 2 _
az1,20 = —Wn,31 , A121 = —2431Wn 31
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Finally the B matrix and the input vector u could be presented as follows:

B
B = [ﬁ] ,
0 l21x4)

—Kp1 —Kp2 —Kp3 —Kpa
Tp1

B11 = dlag ( ) ),

Tpz ' Tpz ' Tpa

u=[AP, AP, APj; APL4]T

(6.39)

(6.40)

For the high-level controller design of the AGC, which its main concern relates to

inter-area modes, the first task is to validate the selection of suitable control signal inputs

in the supplementary controller of the HVDC link. For doing this, the eigenvalues of the

studied four-area system are presented in Table 6.18.

Table 6.18. Eigenvalues of the studied four-area system.

A Eigenvalues Damping f(Hz)
A4 -18.8045 1.000 0.000
Y -2.612+1.622i 0.849 0.258
A3 -2.612-1.622i 0.849 -0.258
Ay -2.522 1.000 0.000
As -2.460 1.000 0.000
g -2.303 1.000 0.000
A5 -1.826 1.000 0.000
Ag -0.170+1.153i 0.146 0.183
Ay -0.170-1.153i 0.146 -0.183
A0 -0.091+0.905i 0.109 0.144
A1 -0.091-0.905i 0.109 -0.144
A1z -0.095+0.809i 0.117 0.128
A3 -0.095-0.809i 0.117 -0.128
A1 -0.799 1.000 0.000
A5 -0.338 1.000 0.000
A6 -0.200 1.000 0.000
A7 -0.105 1.000 0.000
Ag -0.069 1.000 0.000
A9 -0.030 1.000 0.000
A0 -0.0001 1.000 0.000
A5 -0.0001 1.000 0.000
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These eigenvalues will be used for Eigen-sensitivity analysis of the system. The
residue sensitivity analysis is applied to check the suitable control signals that can be
used for introducing the supplementary damping control strategy.

From sensitivity analysis presented in Figure 6.34, it was observed that A1 and Ai4,15

have the maximum sensitivities regarding the VSP based HVDC link parameters in 19%
and 21" rows of the state matrix A.

30 - ' ) o )
25 | '
20 |

Figure 6.34. Sensitivities of important elements to the system modes. (A) VSP elements in 19"
row of A matrix, (B) VSP elements in 21" row of A matrix.

Then from the mode shapes presented in Figures 6.53(a) and 6.35(b), it will be
obvious that the states involved in Area 3 and 1 (Genco3 and Gencol) are the main
participants on those modes (A12 and Ai4,15). Thus, the effective higher level control

signals for DC power reference, should be selected from Area 3 and Area 1 which are
the ones connected to the HVDC link.



178 6. Virtual Inertia Emulation of Interconnected Systems using VSP

A (B)

Figure 6.35. Mode shape. (a) L1z (b) Adiais.

In order to show the effectiveness of the proposed approach in LFC problem, a
comparative study is presented between the obtained results from the proposed VSP-
based AC/DC system, the normal AC/DC system without VSP and the classic AC
interconnected systems. Based on the analysis presented in the previous parts, the
appropriate values of the VSP based DC link parameters can be similar to the ones
presented in Table 6.19.

Table 6.19. VSP based HVDC control parameters in studied 4-area system.

Parameters Area 1 Area 3
Wn,13 027 | e
wn3t | - 5.92

{3 .83 | e

(3] ------ 1 .70
Kr.vsp 13 -0.255 | e
Kfvspzr | - -1.018
Kac-vsp 1.91 1.91

As explained, it is assumed the base power of the system is 100 MVA, the rated pole
to pole voltage of DC link is 600 kV and the frequency is 60 Hz. The base power of each
unit in Areal, 2, 3 and 4 are 750 MW, 640 MW, 388 MW and 474 MW, respectively.
One step load change around 10% occurs at # = 5 s in Area 3.

The frequency deviations, the generated power of all units, AC tie-line variations and
VSP output variations are depicted in Figure 6.36-6.38, respectively. As shown in Figure
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6.36, the frequency oscillations are quickly damped out to reach zero steady state error.

It should be noted that the normal DC link is contributing just in damping of oscillations

without especial improvements in first overshoot. But after implementing the VSP

concept, a simultaneous inertia emulation could be possible and huge improvements in

the first overshoot with a damping are accessible.
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Figure. 6.36. Frequency deviations of different areas (radian/sec). (A) Areal, (B) Area2, (C)
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The damping factor and virtual inertia are very important terms for tuning the VSP
based HVDC system. From the presented figures, it can be observed that the peak values
of oscillation in Area3 are higher than other areas. This is due to the fact that, load
change is happening in Area3. The dynamic response of the generated power for
different GENCOs are also depicted in Figure 6.37. Based on the presented results in
Figure 6.37, it is clear that the steady state output of the GENCO3 will be equal to the
load variation in the same area (0.1 p.u.).
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Figure 6.37. Generated power deviation of all generation units (p.u); (A) GENCOI, (B)
GENCO2, (C) GENCO3 and (D) GENCO4.
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The AC tie-line power flow response is depicted in Figure 6.38. These figures show
the superior performance of the proposed LFC scheme with a VSP based HVDC system
compared to the conventional AC/DC model.
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Figure 6.38. Deviation of AC tie-line power for different lines (p.u).
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From these figures, it is obvious that significant dynamic improvements are achieved
during step load variation. The oscillation of tie-line power is also quickly damped
because of the contribution of DC link. The fast controllable HVDC links helped to
transfer sufficient emergency power to the disturbed Area 3 with a satisfactory dynamic
performance. As a result, better dynamics with more reliability on AC line power
transfer capability can be achieved.

The dynamic behaviors of generated power by VSP based HVDC stations (X, _ysp, 13
and X,,_ysp31) are also depicted in Figure 6.39. Based the obtained result, for this case
study, the maximum peak of variation is related to the VSP31 close to Area 3 (the area
with the step load) which is less 6% of the rated power. These values can identify the
ratings of converter stations in DC link. The energy trace is also depicted by Figure 6.40
in p.u. The required energy for VSP13 is 0.026 p.u. and the energy for VSP31 is equal to
0.57 p.u.
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CHAPTER

7.

Conclusions

he concept of virtual inertia and the associated methods for emulating it are

extremely important for modern power systems. As it has been shown throughout

this dissertation, the electrical power system is facing a great challenge due to the
high penetration of generation systems based on renewable energy sources with low inertia.
Therefore, it is necessary to devote more research effort at different levels, in order to make
this compatible with the evolution of the future electrical network. In this framework, the
research conducted in this Ph.D. work has intended to contribute on improving the control of
HVDC interconnected networks in terms of AGC and frequency control.

Since the role of AGC is very important in the future modern power systems, it is
necessary to perform proper adaptions and modifications to take into account new scenarios
like a liberalized market, the high penetration of renewable generation or the inertia
emulation by means of using power converter devices. In this thesis, different approaches for
implementing the virtual inertia in multi-area AC/DC interconnected AGC system have been
proposed and analyzed. The main conclusions and possible future work are explained in this

Chapter.

7.1 Introduction

As it was explained, due to increasing level of power converter based component and
high penetration of renewable resources, the structure of conventional power system is
changing. The lack of sufficient inertia is the main limitation of the grid connected
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renewable electrical energy systems, which can give rise to negative effects on power
system operation. In such complex scenario, with the lack of inertia, controlling the
power exchange through tie-lines of multi-area interconnected systems makes the
frequency regulation more complex, with several stability problems. It is obvious that
there is a research gap in the transition from conventional to modern structure of power
systems and more detailed analysis considering these new terms, like virtual inertia
emulation, is necessary. Based on these concerns, this research work tried to take into
account some of the important concerns and main questions in term of multi-area
AC/DC interconnected AGC systems.

®  Modelling of complex interconnected systems and frequency control

AGC of interconnected systems are experiencing different challenges and it is obvious
that the matter of modelling and control, considering the methods of providing virtual
inertia to the system, is a critical issue and the role of advanced technologies such as the
use of modern power processing systems, energy storage, and advanced converters in
HVDC links will be essential. Considering these new challenges, one of the main
concerns is related to modeling and control of such complex interconnected system in
terms of frequency and active power control stability. Therefore, the main question
would be: “What would happen to the frequency regulation and the AGC requirements if
a significant amount of power electronics based DC parts is joined to the current
generation portfolio?” It is very important to explore a model which is very useful for
pre-evaluation and analysis for dynamic effects of converter stations in high level
control design in power systems applications. In a modern power system, it would be
valuable to have a clear idea about the required energy through the transmission line,
with proper dynamic analysis, considering worst case studies.

e  HVDC links and coordination

The need for transmitting power over long distances with low losses and high stability
has been always the main challenge for transmission technologies. Because of several
limitations associated with AC lines, especially for long distance connections, and in
parallel recent developments of renewable energy integration and super-grid
interconnections, a lot of attention has been attracted to HVDC (High Voltage Direct
Current) transmission. HVDC links are recognized as a proven tool for dealing with new
challenges of the future power system. The HVDC interconnection is one of the main
applications of power converters in multi-area interconnected power systems, which
could bring beneficial advantages, like fast and bidirectional controllability, Power
Oscillation Damping (POD) and frequency stability support. In modern power systems
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however, the main focus is not just having long distance HVDC links for
interconnecting the system. The main challenge and concern is related to coordination of
this DC part to the rest of AC system, especially when a new DC line is installed in
parallel with other previous AC lines. In this sense, the design of proper high-level
control methods to achieve the maximum benefit from these equipment is vital.

o Different techniques for providing virtual inertia

Usually, conventional generators can provide inertia and governor responses against
frequency deviations. As it was explained in previous Chapters, several classical and
advanced control techniques have been implemented to solve Load Frequency Control
(LFC) problem. But in order to cope with the matter of inertia, research for exploring
different ways/techniques of providing virtual inertia by power converters is crucial to
improve the response of the overall system. Therefore, one important concern will be
related to the method of implementing such inertia into multi-area interconnected
system. This virtual inertia is emulated by advanced control techniques for power
converters equipped with some short-term energy storage system, which make possible
to have a huge amount of power converter based stations without comprising the system
stability. Therefore, in order to emulate virtual inertia, an energy source is required.
Such energy can be supported from neighboring areas of the interconnected system or
from an installed storage capacity.

7.2 Main conclusions and thesis achievements

The work presented in this Ph.D. dissertation addresses the control and analysis of
HVDC interconnected systems in terms of frequency and active power control with
capabilities for emulating inertia.

The starting point of this Ph.D. dissertation was to analyze and to control a multi-area
interconnected system with parallel AC/DC lines with a proper high-level AGC
operation and coordination of the overall system. Since the amount of power generation
systems whose connection is based on power electronics has increased exponentially in
large-scale interconnected power systems, it is necessary to develop proper models of
their power converters to perform appropriate analyses and design controllers.
Therefore, as it was explained in Chapter 3, different models of voltage source
converters for grid applications have been developed. As demonstrated in this work,
each of these models could be used for different applications. The simplified model is
useful for a large-scale multi buses simulation to reduce the simulation time. The small
signal model is useful for AGC analyses and frequency stability studies.
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As it was mentioned, the objective of this Ph.D. work was not just to add a DC link
for long distant power transfer into the system. The main objective was the coordination
and proper high-level control of the AC/DC interconnections to obtain the maximum
benefits from such element, which means that the HVDC link had be controlled in a
proper and coordinated manner. Therefore, the concept of AGC is used and
implemented at high-level control of the AC/DC coordinated system. In this way, a
complete explanation about fundamental of frequency control and AGC for an
interconnected system was presented in Chapter 4. For achieving a generalized model
and coordinated approach, a complete mathematical model of multi-area AGC system,
with the AC and DC interconnections, was obtained and presented. The concept of
SPMC was introduced and implemented at the DC links of interconnected AGC
systems. This enabled the investigation of the dynamic effects of HVDC links in the
system considering active power and frequency control issues. After implementing this
AC/DC model for the AGC, it was easy to understand and observe the real effects of the
HVDC link on shifting the eigenvalues of the system for better damping of oscillatory
modes. From this knowledge, it was possible to go in further details considering
different approaches of inertia emulation for improving dynamics. This allowed to
improve the response of the system by damping of oscillations, but without considerable
improvement in first overshoot of the system. This issue is very important, especially
considering a situation with high uncertainty, which might bring a critical situation that
would compromise the system stability. For overcome such a critical situation, it is very
important to provide inertia to the system, especially during the primary frequency
control and first overshoot responses.

Therefore, from the first control approach, a new model for AGC interconnected
systems with the capability of virtual inertia emulation was proposed. This approach is
based on derivative control, where the derivation of the grid frequency is used to provide
virtual inertia to the system. In addition to incorporating the coordinated model of DC
link in AGC model, this method was one of the first contributions of this Ph.D. work.
Detailed explanations of the proposed idea for inertia emulation in AGC interconnected
systems were presented in Chapter 5. For better understanding and deep insight into
different effects of control gains of virtual inertia controller considering the required
energy, a complete eigenvalue and sensitivity analysis were performed.

Once the derivative control model was developed and analyzed, the effects of the PLL
and frequency measurements were taking into account in the implementation of the
derivative control method. Since inertia emulation based on the derivative control
method relies heavily on frequency measurements, it was considered necessary to get in
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depth in the analysis of the effects of dynamic response of the PLL on the system
performance. This study gave rise to another contribution by proposing a complete
model of the interconnected AGC system considering PLL and virtual inertia emulation
effects.

Based on the studies conducted in this Ph.D. work, it can be concluded that the use of
derivative control for emulating inertia in AC/DC interconnections can help the system
during severe contingencies. In this sense, it was proven through analyses and
simulations that proposed approach improves significantly the stability of the system. At
the same time, it was possible to show that PLL brings several limitations on the system
performance that can deteriorate its response until reaching unacceptable levels. This
made necessary to find a proper solution to cope with this limitation.

A novel solution based on virtual synchronous power strategy was proposed to
overcome limitations of frequency measurement in the previous approach. In Chapter 6,
a general approach for implementing the virtual synchronous power strategy in HVDC
links (VSP based HVDC system) of multi-area interconnected AGC systems is
proposed. The concept of VSP stemmed from the synchronous power control (SPC)
method, which proposes a new way for controlling power converters to behave as a
synchronous generator, with the ability of emulating synchronous inertia, but without the
drawbacks of conventional generators. In this method, the electromechanical control
loop for virtual synchronous power concept is presented as a second-order function that
describes the relationship between input and output power of the power converter. The
characteristic equation of the VSP is added to the AGC interconnected model, which
leaded to a generalized AC/DC interconnected model of an AGC system with the
capability of emulating virtual inertia. This new approach for AGC operation in
interconnected power systems was presented in detail in this Ph.D. dissertation.
Likewise, a detailed analysis in terms of parameter sensitivities and eigenvalues shows
the dynamic effects of the different parameters of the VSP-based controller on the
system performance. Based on these analyses, it was possible to define the proper ranges
of control parameters for maximizing the system response improvement.

From the results obtained in simulation, it can be concluded that the VSP-based
control approach significantly improves the stability of the system. The importance of
proposed approach for inertia emulation is more relevant on the presence of severe load
variations, especially when the variation of frequency or tie line power become higher
than allowable values. This situation would be even worse in a system with high
penetration of renewable generation, which suffers from the lack of inertia. During such
disturbances, if the system does not have enough inertia, the multi-area interconnected
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power grid would definitely go to instability. In such situation, the VSP-based AC/DC
system can help the system during sever contingencies.

The study conducted in this Ph.D. dissertation demonstrated that the virtual inertia
provided by the VSP-based control method adds an additional degree of freedom to the
system dynamics, since it permits to reduce the overshoot in the transients in addition to
damping characteristics of the HVDC links. By comparing the results of the derivative
control method and the VSP-based method regarding inertia emulation, it was possible
to prove that the VSP technique provides a better performance for emulating the inertia,
which is due in great extent to the fact that the VSP technique doesn’t need PLL for
frequency estimation.

The implementation of virtual inertia emulation in a power converter indeed implies
the need of having some power reserve capacity, which can be based on stored energy or
fast control of some primary reserves in the neighboring areas. The way in which such
inertia is implemented, permits the VSP-based HVDC transmission to participate
naturally in the grid frequency regulation.

This Ph.D. dissertation has introduced some relevant aspects regarding the inertia
emulation concept in AGC structure of multi area interconnected systems. However, a
lot of research and development is still required in this field to reach a widespread
solution considering different aspects of power systems. Some of the ideas not discussed
in this Ph.D. dissertation but deserved to be explored in future works are described in the
next Section.

7.3 Future works

The topic of AGC and frequency control in large-scale power systems is a very
interesting and challenging area, especially considering new concepts and ideas coming
from the exploitation of power electronics. At this time, the control and operation of the
power grid in all of its aspects, including the AGC and frequency regulation are
experiencing essential changes. These changes are mainly due to deregulation,
expansion of new functionalities, high penetration of renewable sources and the
developments of new kinds of technologies for power generation and consumption.
Therefore, the infrastructure of the future modern grid should efficiently provide the
possibilities of supporting different types of ancillary services, like AGC system and
frequency control from different sources of energy.
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Based on the work presented in this Ph.D. dissertation, some relevant fields for further
research could be identified as follows:

e Extension of the current control approaches to more complex interconnected
models

The control approaches presented in this Ph.D. dissertation are prone to be extended
to perform dynamic frequency response analysis from different point of views in the
system. In this sense, it would be interesting to define the system model bigger and more
complex, considering several DC links, with modified AGC models, and high
penetration of different renewable energy sources. Detailed dynamic analyses for AGC
studies, with a combination of power electronics based components, would be one of the
key topic to give a much better understanding about the dynamic effects of the virtual
inertia in the large-scale power systems. In this way, it would be also interesting to
analyze the model with virtual inertia in more complex benchmarks with more areas.

o Applying advanced controller/regulators

Designing an advanced regulator/controller in a scheme of hierarchical control for the
presented approaches of inertia emulation in this Ph.D. dissertation is another field of
research for obtaining a better performance considering overall system states. In this
way, better coordination between different components could be achieved, especially
with mixing centralized and decentralized approaches in the system.

This type of control is also advantageous in terms of better coordination. Coordination
with advanced regulators would be very important. Since the time response of the power
electronics based component is very fast, any contingencies will be responded by power
electronics before mechanical parts of conventional generation units. But, maybe in real
practice, the fast power exchange of power electronics could be slow down to some
extent, for reaching more optimum states in the overall system. This issue could be
possible with better coordination between distributed generations and conventional units
in the AGC system.

e Application of intelligent based techniques

Another interesting aspect that could be taken into account is the application of
intelligent based technologies for online training and tuning of the proposed controller in
multi-area interconnected systems. In response to the previously mentioned challenges,
intelligent control certainly plays a significant role. It will not be possible to integrate large
amounts of renewable resources or distributed generation based virtual inertia into the
conventional power systems without intelligent control and advanced regulation systems.
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® [nvestigate different methods for virtual inertia emulation

Considering rapid advancement in power electronics based technologies, much more
technologies with different power processors for emulating inertia are predictable.
Therefore, it is also interesting to extend investigation in this field.

It should be noted that, a better understanding of reliability considerations through
effective integration techniques is also vital to identify a variety of ways that bulk power
systems can accommodate the large-scale integration of power electronics based
components. Additional flexibility will be required from various dispatchable
generators, storage, and demand resources, so the system operator can continue to
balance supply and demand on the modern bulk power system.

e [mprovement of computing techniques and measurement technologies

Another field for further research is related to intelligent meters, devices, and
communication standards. These technologies should be properly designed and
implemented to enable flexible matching of generation and load. Furthermore, an
appropriate framework must be developed to ensure that future flexible supply/demand
and ancillary services have equal access and are free to the market.

The AGC system of tomorrow must be able to handle complex interactions between
control areas, grid interconnections and distributed generating equipment. These efforts
are directed at developing computing techniques, intelligent control, and
monitoring/measurement technologies to achieve optimal performance. Advanced
computational methods are opening up new ways of controlling the power system via
supervisory control and data acquisition (SCADA)/AGC centers. Therefore, extensive
research could be done in these fields to reach a suitable platform for implementing
adaptive/intelligent strategies in the modern power system.
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