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Summary

In the last years the share of distributed generation connected into distribution grids
has increased considerably. As their number increases, distribution and transmission network
operators are becoming aware on the risks DG can represent on the stable operation of
national power systems.

To cope with this, the grid code requirements are becoming more and more
demanding in order to ensure the secure and reliable supply of energy to the end users. Early
grid code requirements were asking Distributed Generation units to disconnect from the grid
when disturbances occurred. This was sufficient because the DG penetration was not so high.
Nowadays, when most of the European power systems must handle a large share of DG units,
more complex and stringent requirements must be fulfilled by the DG units. By reviewing
different grid codes this thesis, shows that the technical connection guidelines are varying
from country to country. Moreover as the grid connection of DG units with power electronics
interface become more widespread, new requirements have found their place in these grid
codes. Some of the new capabilities which non—synchronous DG units have to handle during
fault occurrence in the grid are: fault ride—through capabilities, reactive current injection or
absorption, power oscillations damping and synthetic inertia. In Europe and North America, a
regulatory harmonization approach is seen by the introduction of standards and grid codes for
large interconnected power systems, for example the ENTSO-E grid code and the IEEE 1547
standard. In Norway investments in small scale hydro units and wind turbines are numerous
and expected to increase also as a result of incentives as the green certificates market.
Approximatively 98.5 % of the electricity production originates from large hydro power
plants. But there is also a large potential for small scale hydro generation. As the distribution
grids in the regions where all this potential lies, are in general an ageing infrastructure, the
DSOs are concerned about the technical issues they will have to handle to integrate all DG
units.

The focus of this PhD work is to investigate the technical grid code requirements
related to the integration of small scale hydro generators in the future Norwegian active
distribution grids.

To narrow the research of this work, two main research topics were chosen.

L. The first was to investigate the Low Voltage—Fault Ride Through requirement and to
identify potential shortcomings of it. Two specific topics were studied:
1. The adequacy of the external power systems modelling for assessing the LV-FRT
capabilities of DG units
2. The impact of voltage phase angle variation on the LV-FRT capabilities of DG
units

II. The second research topic deals with the development of reduced order models of
Active Distribution grids (ADG). The aim is to develop practical methods for
establishing model equivalents of ADGs that can be applied by TSOs, when
performing systems studies. Also here two specific research areas were chosen:
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1. The development of dynamic equivalents of ADGs for rotor angle transient
stability analysis

2. The development of dynamic equivalents of ADGs for rotor angle small signal
stability analysis

Within these research areas the PhD work contributes with understanding on how the
dynamic equivalents for transient stability can be obtained for a test ADG. Moreover, it was
studied how the characteristics of a disturbances impact the identification of coherent
generators. For the case of small signal dynamic equivalents the work contributes to the slow
coherency theory, related to the identification of slow coherent groups of generators when the
modelling of synchronous generators are increased and when the excitation system is
included.

This research shows that for ADGs with large penetration of small scale hydro units,
the oscillation modes similar with the inter—area modes as for TPSs are the inter-machines
modes within ADGs. This is because of a good damping of these low frequency oscillation
modes. The thesis shows that for ADGs coherency among the DG units some show up within
different local plant modes. Linear analysis with simple models for generators fails to identify
correctly the groups of coherent DGs as the groups which can be recognized by running a
time domain analysis.

A method is proposed which uses time domain decomposition of the state variables
within inter-machines modes to determine the coherent groups. Having this method available,
the computation of phase and magnitude from the time response for a certain oscillation mode
can be done easily. For an ADG the complex Euclidean Distance can be then used to cluster
the units in coherent groups. The proposed method is later used to obtain the parameters of
equivalent groups of coherent generators. In the last part of this work this method is combined
with a model parameter identification algorithm to determine the parameter of aggregated
generators.

The thesis can be summarised as in the following:

1. First, an overview of different national grid codes for DG integration is presented and
some topics which were not covered in the LV-FRT requirement were identified and
investigated. These topics are the inadequacy of external power system modeling and
the absence of voltage phase angle variation. The study of these two research topics
(the inadequacy of external power system modeling and the absence of voltage phase
angle variation) are representing the main contributions of this PhD research to the
LV-FRT requirement.

2. In the second part of the thesis practical methods for establishing model equivalents of
ADGs were developed for the purpose of TPS studies. Dynamic equivalents for
transient and small signal stability were considered.

2.1 When computing the dynamic equivalents for transient stability it was observed
that they are dependent of the characteristics of a disturbance (e.g. location,
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duration and type. Although these equivalents are disturbance dependent, they
provide a good basis for estimation of the Critical Clearing Time (CCT) as well as
of the transient stability limits with respect to the original model.

For the case of dynamic equivalents for small signal stability, the classical method
of slow coherency was studied. Further it was shown how the level of modeling
accuracy of the synchronous generator and of the excitation system impacts the
identification of slow coherent generators. It was shown that the use of linear
analysis for simple models of synchronous generators fails to identify correctly
the groups of coherent DGs as seen by running a small disturbance time domain
analysis. To cope with this problem, a method is proposed which uses the time
domain decomposition of state variables to determine the coherent groups and to
obtain the parameters of equivalent generators.
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Chapter 1

Introduction

Transmission power systems (TPS) have evolved during last century to large
interconnected systems comprising thousands of buses covering long distances [1], [2]. Also
the distribution grids have evolved from only supplying load (consuming power from the
transmission grid) into active networks with increasing amounts of small scale generation
integrated at this level, named distributed generation (DG). The increasing share of DG units
is a result of the efforts to increase the share of renewable power generation and to reduce
carbon emissions. Favorable regulatory frameworks together with the corresponding
incentives create favorable conditions for the growth of DG units based on renewable sources
of energy [3].

In this new context, operational problems have been reported by both DG units’
developers and Distribution System Operators (DSOs). These problems are mainly related to
overvoltages, bidirectional power flows and intermittent power. In addition to this, DG had to
disconnect when disturbances occurred in the distribution grids [3].

The increased integration of DG causes new challenges to the existing power system,
to which transmission (TSO) and distribution system operators (DSO) are paying special
attention.

1.1. Background and Motivation

DG based on renewable energy resources are considered to play a key role in the
future energy system by reducing the dependence of the conventional, fossil fuel based, power
plants and creating the path towards a more sustainable and environmentally friendly energy
supply.

This aspect is very important within the Smart Grids concept, [4]. This idea is
highlighted as:

"The Smart grid will require extensive interaction between various actors in the electric
energy system e.g. centralized and distributed generation, transmission and distribution
networks, active end-users, market solutions and communication technologies, and holds a
significant benefit with regards to obtain a sustainable energy supply ." [4]

This PhD work was part of the research project “Optimal infrastructure for seamless
integration of distributed generation” (OiDG) supported by the Research Council of Norway
and 15 companies within electricity distribution in Norway.

The PhD thesis addresses some technical challenges which potential DG developers
and system operators must tackle from the power systems’ stability perspective.



The concept of Distributed Generation (DG) as defined by the CIGRE and IEEE, is:

According to [5], DG units are defined as units which are: "not centrally planned, today
not centrally dispatched, usually connected to the distribution network and smaller than 50-
100MW. (Not centrally planned or dispatched means that major influences such as unit
commitment or reactive power generation are out of control of the system operator)”, [5].

The Institute of Electrical and Electronics Engineers (IEEE) defines DG or DR
(distributed resources) in the Standard 1547-2003, as: "Sources of electric power that are not
directly connected to a bulk power transmission system. DR includes generators and energy
storage technologies”, [6].

A) Challenges regarding integration of DG units in Europe

In Europe as the energy sector represents the main source of greenhouse gases, the energy
policy problems and the desired solutions were presented in the 20/20/20 plan. The 20/20/20
plan is proposing an increase of energy use efficiency with 20% and an increase of the
renewable energy resources share at the EU level with 20% by 2020. Ambitious plans with
respect to this goal are presented also in other national energy policies of the G20 [7]. The
increased interest in distributed generation is also due to the fact that the cost of electricity
production of small distributed generation compared to the large conventional units has been
reduced by 30% to 60% in the time interval ranging from 1960-2000 [8] Figure 1.1 presents
the share of electricity generation having as primary source both fossil fuel and renewable
energy in the total electricity generation share in Europe in the last years. It can be observed a
growtkhl of renewables from 13.4% in 1998 to 18% in 2008 and 27.4% in 2010.

TW
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Figure 1.1. Gross electricity production by fuel, EU-27 [7]



Moreover, as presented in [4] the main challenges regarding the integration of DG units in
different national distribution grids are the bidirectional power flows in MV and LV grids and
the need for new control and protection solutions.

B) Challenges regarding integration of DG units in Norway

As presented in [3], Norway has to reach the goals of the EU 20/20/20 directive and it is
expected to increase the share of renewable energy generation to 67.5% in 2020 from 58% in
2005. Norway joined Sweden in 2012 in a common green certificate market. This is expected
to give an increase of 26.4 TWh of renewable in the two countries. But as presented in [4]
most of the Norwegian distribution grids are an ageing infrastructure and are operated by
approximatively 135 DSOs. As Norway is a mountains country rich in precipitation, 98.5% of
the electricity production to come from large hydroelectric power plants [9].

According to [4], in Norway DG is defined as generation or energy storage units up to
10MW. But the majority of DG units are small scale hydro units, divided into 3 categories of
generators:

— Micro units: smaller than 100kW
— Mini units: 100-1000kW
— Small units: 1-10MW

The research papers: [3] and [4] (are part of the same project as the PhD work: OiDG)
investigated the status of DG integration in Norway and the challenges which DSOs have to
tackle. According to [4] in 2008 there were approximately 800 small scale hydro units
installed in Norway, but this large number of units covered only 5% of the total installed
capacity.

[9] presents the estimated potential for DG integration in Norway to 18.5 TWh.

Figure 1.2 shows how this potential is distributed across Norway:



Figure 1.2. Potential for hydro energy DG in Norway with
development cost < 3 NOK/kWh (approx. < 0,4 € /kWh) [9]

Most of the possible DG units are located in sparsely populated areas where generally the
distribution grids are weak [4].

In the same study [4] a survey was presented in order to establish what are the main
problems and the main analyses performed by DSOs in order to tackle the DG penetration.
Figure 1.3 present the results of this survey.
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Figure 1.3. Type of operational problems experienced with
existing DG units [4]

The survey [4] concluded that in Norway the DG developers are already facing
different type of problems from the integration of DG units. Therefore, this PhD work
addresses the stability problems and investigates what are the gaps of the nowadays grid code
requirements related to DG.

1.2. Problem Statement

The existing power systems are challenged as the share of DG at MV distribution level
is increasing. In order to ensure the security of operation and power quality in these grids,
transmission and distribution power system operators have issued connection and operation
guidelines related to integration of distributed generation.

Grid codes are not new topics in the power systems literature. They started to appear
more than 15 years ago, for transmission systems, as a set of technical guidelines and
operation specifications which large conventional power plants needed to comply with. The
grid codes differed from country to country due to different regulations and different
characteristics of their national power systems. At distribution grid level, grid codes were
mainly used to specify and design the guidelines which the DSOs will apply in the planning
and development of distribution grids, with the compliance of end users (loads).

In today’s context, when generation has moved, also to lowest levels of the power
systems (medium and low voltage levels), some loads have transformed from passive
components into active ones and power systems into entities with a bidirectional energy and
information flow. When this change occurred in the distribution grids, the DSOs normally
assessed the DG integration by conducting simple integration studies (load flow, basic power
quality studies) because the amount of DG integration was small and the stipulated technical
guidelines were simple or even absent [10]. Currently, when the share of DG is increasing,
there is an awareness for the need to revise and upgrade the DG connection guidelines, in
order to achieve a stable and proper operation of the overall power systems.



As presented earlier, large amounts of DG at distribution level will likely have an
impact on transmission systems as well, and in order to study this impacts distribution system
cannot longer be modeled as simple load buses in stability transmission system studies.
Instead a more adequate representation is needed [11] [12].

This will greatly simplify the representation of ADGs in power system stability
studies, as it reduces the number of power systems elements that will have to be modeled.
This type of representation will allow different DSOs to exchange the models of these grids
without worrying about confidently issues.

In the last years, a harmonization work of grid codes related to DG has been carried
out at international level and the results are being shaped into a set of standards and
recommendations.

This PhD work addresses some of the key issues related to grid code requirements for
DG units.

1.3. Research Objectives

As mentioned in the previous Section, grid code requirements for DG units are of
interest for DSOs and TSOs, as well for DG developers. The overall objective of this PhD
work is to investigate different national grid codes related to DG and find the topics which are
not well covered and possible solutions to these. Namely, the objectives of this research are as
follows:

Part I of this PhD work addresses to the topics which are not well covered in Low
Voltage Fault-Ride Through (LV-FRT) grid code requirement related to power systems
analysis and modeling from a DSO perspective, which in detail means:

1. To survey and observe the new trends of national grid codes related to DG
integration. And to identify the topics which are not well covered in Low Voltage
Fault—Ride Through (LV-FRT) grid code requirement.

2. To investigate the adequacy of the external grid modeling when LV-FRT is
assessed for dynamic studies related to DG integration.

3. To investigate the impact of voltage phase angle changes on LV-FRT
performance of DG units.

Part II of this PhD work addresses the increased complexity of modelling of active
distribution grids (ADGs) for TSO studies. As the classical passive lumped load model cannot
be used to represent these grids under dynamic conditions, aggregated models as dynamic
equivalents of power systems can be an approach to model these grids for future TSOs
studies. Specifically, the research objectives tackled in the second part of this work are
classified depending on the nature of rotor angle stability investigated:

A. Dynamic equivalents of ADGs for rotor angle transient stability
1. To investigate dynamic equivalents theory used for the assessment of transient
stability into power systems.



2. To implement a model reduction algorithm into a simulation platform for a test
ADG.

3. To study the impact of disturbance duration, location and type on the
coherency identification of generators.

4. To assess the adequacy of the reduce model by validating against the original
model using different criteria.

B. Dynamic equivalents of ADGs for rotor angle small signal stability

1. To investigate dynamic equivalents theory used for assessment of small signal
stability into power systems.

2. To investigate the slow coherency concept for small scale hydro units into a
test ADG.

3. To study the impact of increasing generator modeling on the identification of
slow coherent small scale hydro units into a test ADG.

4. To investigate the impact of excitation systems on the identification of slow
coherent of small scale hydro units into a test ADG.

5. To propose a new method to cluster small scale hydro units which takes into
consideration both the magnitude and phase of time domain decomposition of
units’ signals. This method will allow observing how the non-linearity of a real
power system impacts the coherency phenomenon.

6. To propose an aggregation algorithm of the small scale hydro units and of their
controllers based on the state variables’ time domain responses and a parameter
model identification algorithm.

The analyses are done considering that a power system can be decomposed into 3
main areas for model reduction:
— An area representing the power system under study (internal power system),

— An external power system
— A remote power system

Figure 1.4 summarizes the research directions related to the model reduction
considered in this work.

a)  The adequacy of the external power system modelling (TPS) for assessing the
LV-FRT capabilities of DG units

a.1) DG unit is representing the internal area
a.2) TPS represent the external and remote power system

b)  The model reduction of ADGs for transmission power systems studies

b.1) TPS represent the internal area
b.2) ADGs represents the external and remote power systems
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1.4. Scope and Limitations

The main scopes and limitations of this PhD work are as follows:

1.

2.

3.

4.

Only power systems analyses were carried out to investigate the considered
contributions to the grid code requirements related to Distributed Generators.

DG units were limited to small scale hydro units specific to the Norwegian power
grids.

In the test transmission power system, only fixed speed wind turbines and hydro
power plants were considered as these are the primary energy resources in Norway.
DIgSILENT PowerFactory and Power System Toolbox — PST and standard models
available in PowerFactory have been used, as simulation platform

1.5. Main Contributions

The main contributions of this PhD work are as following:

1.

An overview of different national grid codes related to the integration of DG units is
presented in Chapter 2. Topics which were not covered in the Low Voltage—Fault Ride
Through requirement were identified and investigated further in Chapter 3. These
topics are:

1.1 The inadequacy of external power system modeling in the LV—FRT requirement

— The investigation has shown that by using a Thévenin equivalent to study a DG
unit integration, overall inaccurate LV-FRT results are obtained for the main
responses of DG unit (as rotor angle, voltage magnitude and angle variation,
active and reactive power). This is mainly due to the fact that a Thévenin
equivalent does not represent the electromechanical dynamics as a complete
model representation of power system would do. Therefore dynamic
equivalents based on Ward and Extended Ward were proposed as possible
solutions to represent the external TPS when this type of study must be done
by TSOs.

1.2 The absence of voltage phase angle variation in the LV—FRT requirement

— An analysis taking into account only the voltage change as the perturbation
will lead in many cases most likely to erroneous conclusions regarding the
transient stability of the unit and of critical clearing time value. In addition, the
study shows that the type (and parameterization) of the unit's automatic voltage
controller in this case have a significant impact on the unit's CCT.



2. The modelling of Active Distribution Grids (ADGs) for rotor angle stability
assessment. The contributions are:

2.1 The investigation of adequacy of the ADGs modeling using dynamic equivalents
for rotor angle transient stability analysis

— In Chapter 4, these types of equivalents were proposed in order to reduce the
order model of ADGs and to preserve the dynamics and the transient stability
limits of the original model. It was observed that these equivalents are very
much dependent by the characteristics of disturbance (as location, duration and
type) for which they are computed.

2.2 The investigation of adequacy of the ADGs modeling using dynamic equivalents
for rotor angle small signal stability analysis

— In the first part of Chapter 5 the main contributions relates to the slow
coherency theory. This theory was considered to produce these equivalents and
further it was investigated how the increased modelling of the synchronous
generator impacts the identification of slow coherent generators. It was
observed that by using the electro-mechanical and transient models the same
groups of generators were obtained. But by using simple models of
synchronous generators the algorithm fails to identify correctly the groups of
coherent generators as the one produced by running a time domain simulation
for a small disturbance. A contribution in this field is to include the excitation
system model; with this a similar grouping is obtained with the ones resulting
from running the time domain simulation.

— In the second part of Chapter 5 the main contribution is related to investigation
of why linear analyses cannot identify correctly the groups of coherent into an
ADG as the one produced by running a time domain simulation. This
investigation is related to ADGs connected to strong TPSs. This assumption
was confirmed by observing that for ADGs there are not unique modes in
which the same grouping of the coherent generators can be observed as by
running a time domain simulation for a small disturbance. It was shown that
groups of coherent generators, similar with the one identified in the time
domain simulation, are recognizable in several inter—machine modes. This
conclusion is true as the time domain simulation is the result of a mix of
multiple oscillation modes. Now, as the identification of coherent generators
using linear analysis is not any longer straightforward, the small signal time
response decomposition is chosen in order to obtain the groups of generators
and further to identify the parameters of equivalent generators. The
contribution of this Chapter is related to the mathematical manipulation of the
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time response decomposition which allows the computation of magnitude and
phase angle of a particular mode. The results of this mathematical manipulation
are further used to cluster the generators in the most observable modes of the
time domain simulation, by using the Euclidean Distance in polar coordinates
between each of the generators. In the end of Chapter 5, a method based on the
same time response decomposition is proposed to obtain the parameters of
equivalent generators. For each group of coherent generators, the equivalent
time responses of signals (within a selected range of modes) are computed as
the summation of time responses of each generator, but rescaled with the
participation factors corresponding to each selected mode. Further, the
equivalent time responses are used in a model parameter identification
algorithm, to obtain the parameters of equivalent generators.

1.6. Outline of the Thesis

The PhD thesis contains seven Chapters and six Appendixes. Each Chapter is divided in
Sections and Sub—Sections. The content it is organized as follows:

Chapter 1: Introduction

This Chapter introduces the reader to the status of DG integration in EU and in
Norway. Also, presents the main challenges of integrating DGs in Europe with a special
attention on the Norwegian case. It further presents the research objectives, scopes, limitations
and the main contributions of the PhD work.

Chapter 2: Grid Codes Requirements for Distributed Generation for Integration into
Power Systems

This Chapter presents the common grid codes requirements which are found in
different national grid codes. The overview of these requirements is done for both steady
state and dynamic conditions. A special attention is given to the review of the IEEE 1547 and
the ENTSO-E guidelines. The scope of this overview is for a complete treatment of the
subject. The main scope of this Chapter is to study LV-FRT grid code requirement and to
identify those topics which are not well covered by this requirement.

Chapter 3: New Contributions to the Grid Codes Requirements for Integration of
Distributed Generation into Power Systems

This Chapter presents proposed contributions of this PhD work related to the LV-FRT
grid code requirements. These main contributions are related to the modeling of the external
power systems and to the impact of the voltage phase angle variation on the assessment of the
LV-FRT requirements.
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Chapter 4: Dynamic Equivalents of Active Distribution Grids for Rotor Angle Transient
Stability Studies

Chapter 4 presents the contributions of this PhD work regarding the model reduction
of ADG for rotor angle transient stability. The first part of Chapter 4 introduces a test ADG
and presents a method to produce dynamic equivalents of ADG for investigating transient
stability in main transmission system. In second part the impact of disturbance duration,
location and type on the coherency identification of generators is investigated, quantify by the
disturbance impact index.

Chapter 5: Dynamic Equivalents of Active Distribution Grids for Rotor Angle Small
Signal Stability Studies

Chapter 5 contributes to the small signal equivalents methods to reduce ADGs. In the
first part of the Chapter, the classical method of slow coherency is investigated for the
introduced test ADG. This method of grouping the generators it is studied for different models
of synchronous generators and it is compared against a time domain simulation for a small
signal perturbation. In the second part, the problems which results from using the linear
analysis to cluster the DG units into an ADG are studied. And a new method based on the
time domain decomposition of DG’s signals is proposed to identify the coherent generators in
the test ADG. Based on this method a dynamic equivalent for the ADG is produced for which
the parameters of equivalent generators are obtained using a parameter identification
algorithm.

Chapter 6: Discussions

In Chapter 6 the main research contributions are discussed.

Chapter 7: Conclusions and Future Work

Some concluding remarks and suggestions for future work are presented in this
Chapter.

Appendix 1: Test Transmission Power System

Appendix 2: Test Radial Distribution Grid

Appendix 3: Test Active Distribution Grid

Appendix 4: The Impact of Generator and Excitation System Modeling on the Slow
Coherency Identification— Computed Eigenvalues
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Appendix 5: Dynamic Equivalents of Active Distribution Grids using a Model
Parameter Identification Method

Appendix 6: Magnitude and Phase Calculation Using the Time Decomposition of the
State Variables

1.7. List of publications

During the PhD work the following publications were written and submitted to
different international conferences. The chapters of this PhD thesis are based on the following
selected papers, which the author was main or co-author for. In chronological order the
research publications are:

Main author:

o Publication A: Preda, Traian Nicolae; Uhlen, Kjetil; Nordgard, Dag Eirik. (2012) "An
overview of the present grid codes for integration of distributed generation", CIRED 2012 Workshop:
Integration of Renewables into the Distribution Grid, Lisbon, Portugal, 29-30 May 2012. [13]

e Publication B: Preda, Traian Nicolae; Uhlen, Kjetil; Nordgard, Dag Eirik; Toftevaag,
Trond. (2012) "External Grid Representation for Assessing Fault Ride Through Capabilities of
Distributed Generation Units"”, 2012 3rd IEEE PES Innovative Smart Grid Technologies Europe
(ISGT Europe). [14]

o Publication C: Preda, Traian Nicolae; Uhlen, Kjetil; Nordgard, Dag Eirik; Toftevaag,
Trond. (2013) "Dynamic equivalents of active distribution power systems for investigation of transient
stability", CIRED 2013 Electricity Distribution Systems for a Sustainable Future. [15]

e Publication D: Preda, Traian Nicolae; Uhlen, Kjetil; Nordgard, Dag Eirik. (2013)
"Clustering Distributed Generation Using the Instantaneous Euclidean Distance in Polar
Coordinates”, 2013 4th IEEE PES Innovative Smart Grid Technologies Europe (ISGT Europe,
Lyngby, 6-9 Oct. 2013. [16]

o Publication E: Preda, Traian Nicolae; Uhlen, Kjetil; Hadjsaid, Nouredine. (2014)
"Dynamic Equivalents of Active Distribution Grids Based on Model Parameters Identification", IEEE
PES General Meeting 2014, National Harbor, Washington D.C., USA, 27-31 July 2014.

e Publication F: Preda, Traian Nicolae; Uhlen, Kjetil; "A Test Distribution Grid for Study of
Slow Coherency Concept ", IEEE PowerTech 2015, Eindhoven, Netherlands, June 29 —July 2, 2015.

Co-author:

e Publication G: Toftevaag, Trond; Marvik, Jorun Irene; Preda, Traian Nicolae. (2012)
"Impact of voltage phase angle changes on low-voltage ride-through performance of DG-units”,
CIRED 2012 Workshop: Integration of Renewables into the Distribution Grid, Lisbon, Portugal,
29-30 May 2012.
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e Publication H: Toftevaag, Trond; Preda, Traian Nicolae; Uhlen, Kjetil. (2013) "Impact of
voltage phase angle changes on low-voltage ride-through performance of small scale hydro DG
units", CIRED 2013 Electricity Distribution Systems for a Sustainable Future, Stockholm, Sweden,
10-13 June 2013.

These results are the basis for the chapters of this thesis.

During the PhD work other publications where written as part of the PhD study. Publication I
was written in addition to the PhD course: TET 8340-"Instantaneous Power Theories and
Compensation with Power Electronics”

Other publications not included in the PhD thesis:

e Publication I: Preda, Traian Nicolae; Uhlen, Kjetil; Nordgard, Dag Eirik. (2012)
"Instantaneous Harmonics Compensation using Shunt Active Filters in a Norwegian Distribution
Power System with Large Amount of Distributed Generation”, PEDG 2012: 3rd IEEE International
Symposium on Power Electronics for Distributed Generation Systems.
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Chapter 2

Grid Codes Requirements for Integration of Distributed Generation
into Power Systems

This Chapter presents a review of the common grid codes requirements of different countries.
The overview of these requirements is done for both steady state and dynamic conditions. A special
attention is given to the review of the IEEE 1547 and the ENTSO—-E guidelines. The focus is both
steady state and dynamic conditions and the main is to study the current Low Voltage—Fault Ride
Through grid code requirements and to identify those topics which are not well covered by these. This
Chapter is based on Publication A.

2.1. Introduction

This Chapter provides an overview of the most recent and comprehensive grid codes
regarding DG integration at distribution level. First a list of the reviewed grid codes regarding
DG integration at distribution level is presented. In Section 2.3 and 2.4 the grid code
requirements are divided by the type of studies they address: steady state and dynamic
operations, and examples are given for specific national grid codes. These examples are
presented for a complete cover of the subject. The main focus is to present existing LV-FRT
requirements and to identify topics which are currently not well covered by these. These
topics will be thoroughly investigated throughout the PhD work and are representing the main
contributions of this thesis.

2.2. Common Requirements for Grid Codes Related to
Distributed Generation

This Section reviews the following set of common technical connection requirements,
based on the operation states of an Active Distribution Grid (ADG):

a) Requirements for steady state operation (ch. 2.3):
— Frequency and voltage ranges
— Active power output control
Reactive power output control

b) Requirements for dynamic operation during grid disturbances:

— Low Voltage Fault Ride Through
— Grid voltage support during disturbances

15



— Reactive current injection or absorption for fast acting voltage control
— Synthetic inertial capability or inertia emulation

— Oscillations damping in ADGs

— Frequency control support

The grid codes reviewed are listed in the Table 2.1.

Table 2.1. Grid codes related to DG reviewed in paper A [13].

Country Grid Codes related to DG
Hydro—Québec | "Requirements for the Interconnection of Distributed Generation to
Canada (February 2009) | the Hydro—Québec Medium—Voltage Distribution System” [17]
Manitoba Hydro | "Interconnection Guideline for Connecting Distributed Resources
(January 2003) | to the Manitoba Hydro Distribution System” [18]
Denmark "Technical Regulation for Thermal Power Station Units larger than
(October 2008) 11 kW and smaller than 1.5MW" [19]
Germany "Guideline for generating plants’ connection to and parallel
(June 2008) operation with the medium—voltage network” [20]
o freland. b "EirGrid Grid Code” [21]
"Network Code for Requirements for Grid Connection Applicable
Norway . : . .
(October 2006) to generators Wlth maximum active power production less than 10
MW in (the) distribution grid.” [22]
"Technical requirements for wind power and photovoltaic
Spain installations and any generating facilities whose technology does
(October 2008) not consist on a synchronous generator directly connected to the
grid” [23]
United Kingdom "The Grid Code” [24]
(June 2009) "The Distribution Code” [25]

In addition, two international publications — on the technical requirements for DG integration
are also surveyed— see Table 2.

Table 2.2. International grid codes related to DG integration.

ENTSO-E "Requirements for Grid Connection
(January 2012) Applicable to all Generators” [26]

IEEE-1547 "Standard for Interconnecting Distributed

(July 2003) Resources with Electric Power Systems” [27]

2.3. Requirements for Steady State Operation

In steady state operation of a distribution grid, DG units are required to operate within a
defined range around the nominal voltage at the point of common coupling (PCC).

The steady state frequency—voltage operation ranges are presented in most surveyed grid
codes for the following four operating conditions:

e A range where a continuous operation is required

® A range where DG can operate but with output reduction (the restrictiveness and
scale limits of these operation areas differ from country to country)
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® A range where it is possible to operate but for which no output reduction or no
requirements are defined

® A range where immediate disconnection is required

The most demanding grid codes regarding frequency ranges are those from the UK [24],
Ireland [21] and Denmark [19]. The span of operation areas are between 47 Hz and 52.0-53.0
Hz. In terms of voltage limitations during normal steady state operation the most
comprehensive grid code is that of Hydro-Québec, where the requirements cover a range
between 0—140 percent of nominal line voltage.

The ENTSO-E code is one of the most comprehensive grid codes in respect to steady
state frequency ranges requirements for DG units connected below 110 kV. This grid code
covers almost the entire European synchronous area, stating voltage and frequency limits. The
ENTSO-E draft grid code from 2012 also states that DG units must disconnect for specified
voltages. Figure 2.1 depicts an example for voltage-frequency ranges related to steady state
operation of DG units, as defined by Denmark’s TSO, Energinet.dk. [19]
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Figure 2.1. Voltage-frequency steady state operation areas defined by Energinet.dk
(for thermal generation units between 11 kW and 1.5 MW)), [19].

Active power-frequency control in steady state operation can be defined in case of ADGs
with DG integration as the capacity of units to control the active power production in order to
keep the frequency within rated limits and to maintain the regulatory obligations
commissioned from the DSO [24]. This requirement is meant to ensure a stable operation
during islanding and is also related to the possibility of DG units to provide ancillary services.

Table 2.3 shows the requirement on active power ramp ranges requirements from
different grid codes.
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Table 2.3. Active power ramp ranges.

Country

Active power ramp range

Canada | Hydro-Québec | from minimum 0 MW (stopped) to maximum power

Ramp up or down in an adjustable 2 to 60 minutes,

plant output, [17].

Denmark

For voltages representing 0.9 pu and 1.1 pu of nominal
voltage, the reduction of maximum power must not be
greater than 10 %, [19]

Germany

Must be able to reduce active power in steps of 10 % of
the agreed capacity with the network operator [20]

Ireland

Requires from DG units to ramp up and down a
capacity of not less than 1.5 % of the registered
capacity per minute when the unit is in normal dispatch
condition, [21].

Spain

The ramp up rate value is maintained at 10 % and the
duration of this action is 250 ms, [23].

ENTSO-E draft code

Requires from the DG units ramp ranges between 2-10
% with a full activation time frame 6-30 sec, [26].

Regarding the control strategy related to the steady state operation: reactive
power—voltage (Q-U) can be defined as property of the DG units to maintain the voltage
level within limits at the PCC by injection or absorption of reactive power as long as the
voltage control equipment is not saturated [24]. In Table 2.4 some reactive power control

requirements which DG units need to comply with are summarized.

Table 2.4. Reactive power control requirements for DG.

Country

Reactive power control requirements for DG

Hydro-Québec

Must have the capability to exchange reactive power with ADG at an over-
excited or under-excited power factor less or equal with 0.95 [17]

Canada Manitoba Hydro

- DG based on synchronous generator, must control the PCC voltage in the
ranges within 95-105 % of the rated voltage [18]
- DG based on induction generators or a power electronics interface must
to correct the power factor to £0.95 or better [18]

Denmark

DG unit must ensure a reactive power production with power factor
(related to tan ¢) within the range —0.20 and 0.40 with respect to the rated
active power and within the rated limits for voltage [19]

Germany

DG unit can be operated with reactive power output corresponding to a
power factor (related to cos @) in the PCC between 0.95 underexcited and
0.95 overexcited [20]

Ireland

DG unit must to ensure at the maximum active power production a reactive
power of 30 % with respect to the rated one, in both leading and lagging
mode, power factor between 0.85 underexcited and 0.85 overexcited [21]

Norway

DG unit must be dimensioned to ensure a power factor of 0.95-1.0 at
maximum active power production [22]

Spain

DG unit must exchange reactive power with ADG at any active power
production up to 20 % from the rated value. Lower than 20 % the capacity
for reactive power exchange can decrease in a linear dependency down to
zero [23]

UK

DG units must ensure a transfer of reactive power in the PCC at rated
active power output at a power factor between 0.95-leading and
0.95-lagging. This reactive power limits applies for active power
production of DG units up to 20% of the rated active power [24]
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The ENTSO-E draft code [26] presents a survey of the aforementioned requirements
related to reactive power control requirements in steady state operation. In IEEE standard
1547 [6] there are no such specifications on this topic.

2.4. Requirements for Dynamic Operation During
Disturbances

An ADG is a dynamic system and is affected continuously by disturbances. In order to
remain stable after being subject to disturbances some requirements (during a fault occurrence
and post fault state) are imposed to DG units connected in distribution grids. Most of the
reviewed grid codes require that the operation of the unit continues during the fault even if the
voltage is dropping to inadmissible values or even to zero.

The LV-FRT is defined as voltage—time profiles presenting the course of grid voltage as
function of time in the PCC with the DG unit. This grid voltage in the PCC is considered for
the phase which sustains the largest voltage drop during the fault [26].This curve shows the
overall fault time range: before, during and after the fault occurs. Table 2.5 presents a
summary of LV-FRT capabilities is presented (including LV-FRT capabilities for wind
generators). Spain, Germany and ENTSO-E require DG units to support the grid during fault
by injecting a specified amount of reactive current.

Table 2.5. FRT requirements for DG in different national grid codes.

Low Voltage Fault ride-through capability

Post .
Country Duration Voltage fault Reactive
drop . current
of fault time e
level injection
recovery
Canada o . _
Hydro—Québec 150 msec | 0%Uruea | 0.18 sec
Denmark 50 msec | 20%Urated 1 sec -
Germany 150 msec | 0%Uratea 3 sec Up to 100%
Ireland 600 msec | 50%Uacea - -
Spain 500 msec | 20%Uraea | 0.5sec | Upto 100%
UK 140 msec | 15%Uraea | 1.2 sec =
ENTSO-E 40 msec | 15%Upuea | 1.5-3 sec | Upto 100%
IEEE 1547 = = = =

By conducting the survey related to the LV-FRT requirements it was observed that the
investigated grid codes do not cover topics as:
e External grid modeling
e Impact of voltage angle variation
e ADG modeling for TSO studies

These topics will be treated thoroughly in this PhD work.

As the current injection must be done fast, with the rapid increase of the reactive power
generation, the amount of active power must be reduced. Immediately after the fault is
cleared, the unit will restore the active power production prior to the fault in a ramp manner
within predefined values [20], [23], [26]. In the Spanish grid code the process of reactive
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current injection or absorption during a disturbance (when the voltage drops below 0.85
[p.u.]) is similar with the process of automatic voltage regulator for conventional synchronous
generation. In this case the controller is designed as a PI control, as presented in Figure 2.2.
The controller has as output the instantaneous reactive current /- limited by the saturation
values (dependent of voltage) I;max and I,min, Uc is the voltage set point, V is the voltage in the
PCC (all parameters are RMS values), [23].

V)

Ir,max

K

— ]
1+ sT r

UO Ir, min(v)

Figure 2.2. Simplified block diagram of an error proportional
regulator for reactive current injection or absorption as defined in the Spain’s grid code [23].

The ENTSO-E draft grid code defines the reactive current injection or absorption as fast
acting voltage control. According to this requirement the control is activated if the voltage is
deviating from the steady state value between 0 and £10 % [26]. By activating the fast acting
voltage control, a contribution of reactive current will be supplied at the low voltage side of
the first step up transformer. This contribution must be of a least 2 % of the rated current per
percent of voltage deviation and the DG unit must be capable of providing this reactive
current in 40 ms after the occurrence of disturbance. The ENTSO-E draft grid code requires
that, the supplied reactive current during the fault duration should not be less than 1 p.u. of the
short term dynamic rating of equipment, delivered when the voltage drops below 40 % of
steady state value at PCC. The principle of fast acting voltage control or fast reactive current
injection or absorption, is depicted in Figure 2.3.
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Figure 2.3. Voltage support principle as defined in
ENTSO-E draft grid code. [26]

Some new features are starting to appear in the recent grid codes, like inertia emulation
and oscillations damping in ADG [23] [26].
The inertia emulation is referring to capability of DG units (connected via frequency
converters) to generate active power variations with respect to the derivative of frequency in
the PCC or in the form of some predefined curves; reference [26] presents an example of such
acurve.

Regarding damping of oscillations in distribution grids, some grid codes state that the
DG units can be required to be equipped with power system stabilizers in order to damp
power oscillations in frequency range between 0.15-2 Hz, as reference [23] requires.

2.5. Summary

This Chapter reviews different national grid codes related to the integration of DG units.
The surveyed grid codes were from both transmission and distribution level of the power
system, as some of the countries introduce requirements for DG connection in their national
transmission grid codes. The national grid codes vary between countries and this is because of
the different degree of DG penetration into the national power systems. In the early versions
of the grid codes, DG units were requested to disconnect from the grid during perturbed
conditions, indifferent of the generation technology. This request has been replaced with more
complex specifications in the newer codes, which also makes a clear distinction between
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synchronously and non—synchronously generation units. Within EU, the ENTSO-E is trying
to level all the specifications into a common grid code already in action.

This review focuses on the Low Voltage Fault Ride-Through (LV-FRT) requirement
for DG units, and identified the following topics that are not well covered by this requirement:

1. External power system modeling when the LV-FRT requirements are investigated.

2. The impact of voltage phase variation on the synchronously DG units FRT capabilities.

3. Adequate modeling of the distribution grids with large penetration of DG units for rotor
angle stability studies, from a TSO perspective.

These topics are the main research topics for the next Chapters.
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Chapter 3

New Contributions to the Low Voltage Fault Ride — Through
Requirements for Integration of Distributed Generation into Power
Systems

The chapter is based on Publication B, D, G and H and presents the contributions of this PhD
work regarding Low Voltage Fault Ride Through (LV—-FRT) grid code requirements. In Section 3.2
different external power system models, used to investigate LV—FRT capabilities of small scale hydro
units are investigated by comparison with the Thevenin source proposed by the grid codes. These
models are proposed to replicate the dynamics associated with the bulk transmission grid. In Section
3.3, the concept of LV-FRT is extended by taking into consideration the impact of voltage phase angle
variation on the dynamic behavior of small generators.

3.1. Introduction

As presented in Chapter 2, the existing power systems are challenged as the share of
distributed generation (DG) at MV distribution level is increasing. In order to ensure the
security of operation and power quality in these grids, transmission and distribution power
system operators have issued guidelines for connection and operation of distributed
generation. Some of these guidelines are designed to assess LV-FRT capabilities when
dynamic studies are performed for distributed generation units. While most of the ongoing
research has addressed the LV-FRT capabilities of the DG unit when the most severe fault
occurs close to the point of common coupling, some research questions remain related to the
adequacy of the representation of the external grid and of the impact of the voltage phase
angle on the LV-FRT requirements. Therefore, Section 3.2 will compare several
representations of external grid proposed by different authors for achieving more accurate
results of fault ride—through capabilities of small scale hydro units versus the model proposed
by the grid code requirement (Thevenin source). And in Section 3.3, the concept of LV-FRT
is being extended by taking into consideration the impact of the voltage phase variation on the
capabilities of small scale hydro units. These two research topics represent the main
contributions of this PhD work to the LV-FRT requirement.
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3.2. External Grid Representation for Assessing Low Voltage
Fault Ride-Through Capabilities of Distributed Generation
Units

3.2.1. Low Voltage Fault Ride — Through Capabilities

In the distribution grid code [20], LV-FRT capabilities are related to the capacity of a
DG unit to maintain the rated values of the active power production and voltage at PCC in
pre— and post— fault conditions. Maintaining the rated voltage at PCC is done by injecting an
amount of a reactive current during the fault, [20] [26]. With respect to the voltage dip during
fault, a LV-FRT profile can be defined. According to [26], the LV-FRT capability is defined
as a voltage-time magnitude presenting the course of external power system voltage as
function of time for the point of common coupling (PCC) where the DG unit is connected,
when a fault emerges. Also, this refers to the phase which sustains the largest voltage dip
during the fault, [26].

In this work, the voltage dip profile for achieving the LV-FRT capability of a small scale
hydro unit is defined according to the distribution grid code in [20]. The voltage source
connected at the DG unit bus—bar emulates a voltage against time profile as illustrated in
Figure 3.1. The grid code requires that for voltages above the curve the DG must not be
disconnected, [20].
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Figure 3.1. Voltage magnitude against time profile
for assessing LV-FRT capability, [20]

3.2.2. Modelling of External Power System

In this Sub—Section, four modeling approaches of the external grid, proposed by [28], are
described and applied for investigating the impact on LV-FRT capabilities of a small scale
hydro unit. The results are shown in Sub—Section 3.2.3. These modeling approaches are:

1.Thévenin equivalent

2.Multi-machine power system
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3.Dynamic equivalents based on Ward reduction technique
4. Dynamic equivalents based on Extended Ward power system reduction techniques

A common approach for representing the external grid in LV-FRT studies is by using a
Thévenin equivalent [29] [30], for which a short—circuit power and an equivalent impedance
are specified. This modeling approach is used when the DG dynamic behavior is achieved
locally (around the PCC) with a simplified external grid representation [31]. However, in
order to reproduce the transient behavior associated with all generation units (including DG)
from the external grid and to obtain realistic information about stability margins, the infinite
bus—bar or single machine representation can be inappropriate [28] [31] [32]. Under these
conditions, a multi-machine power system and dynamic models for external grid (based on
Ward and Extended Ward power system reduction techniques) are considered, in other studies
[28] — [33]. The methods for obtaining these equivalents for steady state and dynamic studies
are investigated and described in detail in [28], [33] — [34], and are applied for a benchmark
power system, as detailed in Sub—Section 3.2.2 B.1).

3.2.2. A) Thévenin equivalent

According to the grid codes presented in [29] and [30] the external grid can be modeled
as a Thévenin equivalent consisting of a voltage source behind grid impedance. According to
[29] the voltage source shall emulate the LV-FRT profile as a certain voltage against time
curve, specified by the DSO or TSO. Moreover, the voltage source needs to provide at the
initial time of simulation a voltage equal to 1 p.u. in the PCC. The same reference states that
the grid impedance ratio Rgria/X¢ria should be 0.1 corresponding to a grid voltage angle of 84.3
degrees. Regarding the short circuit power, Sk, defined for the grid impedance, reference [29]
states that it should be ten times larger compared to the rated apparent power P, of the DG
unit, but according to the reference [30] this ratio should span between 20 and 50. A model
for the Thévenin equivalent used as representation of the external grid can be depicted as in
Figure 3.2 [29]:
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Figure 3.2. Thévenin equivalent for the representation
of external grid in LV-FRT studies. [29]

The dynamic analysis of the DG unit connected at bus 7100 in the benchmark power
system (shown in Figure 3.3) was first investigated when the external grid was modeled using
a Thévenin equivalent represented according to [30] (Rgria /Xgria=0.1, Sk /S,=20). The results
from this model is shown in Section 3.2.4.
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3.2.2. B) Multi-machine power system

According to [28] and [31] the representation of the external grid as a multi-machine power
system can offer a better representation of the dynamics associated with the external grid, and
also between the generation unit or FACTS [31] and the rest of the power system under both
steady state and dynamic conditions. Reference [28] presents a variation of the test power
system for integration of wind power into TPSs, proposed by [28] for integration of FACTS
devices in TPSs. In this Sub—Section the LV-FRT capability of a small scale hydro unit will
be assessed by connecting the DG unit into a benchmark power system (consisting of both
distribution and transmission) with mixed generation: wind and hydro power. This is
representing the full power system model.

However, in systems with a large number of buses and large amount of generation units
(including DG), the modeling complexity can be a drawback, [34] [35]. Therefore, dynamic
equivalents can be a better approach, [2] [36] [32] as will be discussed in Sub—Section 3.2.2.
B.2).The topology of this benchmark grid is presented in Sub—Section 3.2.2. B.1).

— Benchmark multi-machine power system for representation of the
external grid

The topology of the benchmark power system is depicted in Figure 3.3 and is based on a
research model developed in [37]. The generation units consists of four hydro units with high
installed capacity connected at 300 kV voltage level (buses 7114-300 kV, 7124-300 kV and
7130-300 kV), and two fixed speed based wind farms with medium installed capacities
(WG1-66 kV and WG2-66 kV).

In addition, two small scale hydro units are connected at 22 kV (buses 7110-22 kV and
7120-22 kV). The distribution power system is represented by the 22 and 66 kV voltage
levels, as the transmission power system is represented by the 300 kV voltage level. The line
data is given in Table Al.1 in Appendix A. All the hydro units are synchronous generators
based and their data is given in Tables A1.2 and A1.3.
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Figure 3.3. Benchmark power system for multi-machine
representation of external grid [37].

Fixed—speed based wind farms were implemented from the template examples of
DIgSILENT Power Factory© and modeled according to [38].

According to [39], the fixed—speed based wind turbines are modeled using a squirrel

cage induction generator, for which the active power production is controlled by using a
pitch—angle controller. According to the same source, capacitors banks are installed to
compensate for the reactive power consumption of the induction generator. The data for the
wind power plant is presented in Table Al.4.
The distribution power system (at 66 kV) is connected with the bulk transmission system via a
transformer between buses 7124—-66 kV and 7124-300 kV. The data for the transformers is
presented in the Appendix Al.5. The benchmark power system was simulated using
DIgSILENT Power Factory 14.0© platform. In the distribution power system two capacitors
banks are connected at the nodes 7300-22 kV and 7400-22 kV. This is done in order to
improve the voltage levels in these two load areas. The data of the two compensating systems
is provided in Table A1.6.

All synchronous generators units are modelled using the standard model of the
synchronous generator available in DIgSILENT Power Factory 14.00 platform. The hydro
units are equipped with automatic voltage regulators modeled as an AVR-EXNEBB and
hydro turbines and governors—based on HYGOV model, which are basic models implemented
from DIgSILENT Power Factory© Standard Models library [38]. The macro—blocks and data
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for the HYGOV is presented in Table A1.8. As for the EXNEBB and EXNI AVRs system is
given in Table A1.9 and A1.10.

The loads are modelled as constant power loads. Their corresponding data is given in
Table Al.6. In the next paragraph an introduction is provided regarding load modelling in
power systems modeling and analysis.

— Load characteristics and modelling
In general, modeling of load areas in power systems is a complex problem as their
representation as aggregate models must be done and updated correctly. The dependencies of
load’s active and reactive power with the voltage and frequency of connection bus, add
complexity to the problem.
As presented in [40] and [41] the static approaches are the most used techniques to model the

loads in power systems studies. In the static models, the load P and Q are depended of
bus—bar voltage and scales factors Kp and Ky, and can expressed as:

P=P(K,,U) (3.1)

0=0(K,.U) (3.2)

Generally, in the power systems literature two classical static approaches are used to model
the loads [40].

a) Exponential model

defined by the next expressions:

U Qp
P=K,R|— 33
»h Uo] (3.3)

U g
=K — 3.4
Q QQO[UO (34

Where: — K, and K, are scaling coefficients (equal with 1 in the base case)

—F,,0, and Ujare the reference active and reactive power, respectively the reference
voltage

— o, and o, are coefficients which describe the type of load and determine the
sensitivity of active and reactive power with the voltage
Depending of the values these coefficients, three types of load models can results (the ZIP
model), presented in Table 3.1.
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Table 3.1. Exponential load model.

Load Model Qp Q,
Constant Impedance (Z) 2 2
Constant Current (08 1 1
Constant Power (P) 0 2

b) Polynomial model

In practice, the representation of complex loads is done by summating the aforementioned
characteristics with the same o, and ay coefficients. In this case, the expressions of P and Q
become:

2
U U
P=K.Fap|—| +bp|—|+c 3.5
PO PUO PU() P ( )
2
0=K,0|a,|—| +b, Ylte (3.6)
0%0 QUo QUO 0 .

ap,bp, cp,ay,.b,,c, — represents the weights of each of the component from the ZIP model and
satisfies the next conditions:

ap+bp+cp =1 3.7)

g +by +cp =1 (3.8)

3.2.2. C) Dynamic Equivalents for Power Systems

Due to the high number of bus—bars and generation units, the complete representation
of the power systems is sometimes difficult to model [1] [2] [33]. So, different studies
propose or investigate steady state or dynamic reduced equivalents of wide area power
systems. According to [1], [33] [36], [42] and [43] these power system equivalents will
consist of three main areas: an area representing the power system under study (internal
power system), an external power system and a remote power system, as illustrated Figure
3.4. In Figure 3.4, the set DG unit—transformer and correspondent PCC (7100-66 kV),
represent the internal power system. The remote power system represented by the bus 7200—
300 kV is modeled as TPS.
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Figure 3.4. Differentiation of a power system
in areas of interest, [44

The boundary buses are defined according to the objectives of the power system analysis.
For dynamic equivalency of the external grid (considered outside of the boundary bus 7100),
the steps proposed in [43] and [45] are used. This method mainly consists in three steps [45]:

a) Identification of the coherent generators from external power system
b) Reduction of the topology of the external power system
¢) Dynamic aggregation of the coherent generators

In the next paragraphs some generalities regarding methods of coherency identification,
network reduction and synchronous generators aggregation are presented.

As presented above a wide area power system can be split in three zones (as presented in
Figure 3.4) and retaken in Figure 3.5:

1. Internal power system (area under study)
2. External power system
3. Remote power system

Internal Boundary Remote
Busés {I} Buses {B} Buses {R}

B #] :
B N
DG n@-]—lr —F% N
Internal External Remote
Power System Power System Power System

Figure 3.5. Power systems decomposition
in areas of interest.

Where: {I} —internal buses, {B} — the boundary buses and {R} —remote buses
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— Coherency Identification

As presented in the power systems literature, two generators are considered coherent if
their rotor angle difference is constant and small enough after a disturbance or multiple
disturbances emerged in the internal area, [40]. According to [40]: "an equivalent network
obtained for an initial state (pre—fault) is only valid for other states (transient or steady state)
if the transformation ratio (defined by (3.9)) can be assumed to remain constant for all nodes
in a given group”. Considering two nodes i and j € {A}, as presented in [40]:

=~ =—l=gq, (3.9)

With " denoting the initial state.
(3.9) can rewritten in a phasor manner as:

= e M =q, (3.10)

If the voltage magnitude is assumed to be constant (PV buses) [40], then (3.10) translates to:
8,(1)=8,(r)=¢, G.11)

For the generators represented using the classical model E il , 8,(t)and$  (r) represents the

rotor angles in the transient state.
But as the concept of coherency was revised by the author in Publication D the following
practices to address this concept mainly were found, [16]:

Considering two general recorded signals from the i and j* generators for which the
coherency needs to be investigated these signals, can be represented in polar coordinates as in
(3.12) and (3.13):

x(1)= X, (1)e") (3.12)

v, (1) =Y, (t)e"" (3.13)
where:
—X,(#) and Y,(r) are the instantaneous magnitudes of the rotor angle signals x() and y, (1)
— &, (¢) and ¢, (¢) are the instantaneous phases of the rotor angle signals x,(f) and y;(r)

Generally, the coherency concept is tackled in literature ((3.12) and (3.13)) by three main
groups of methods:
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e Coherency of magnitude [40]

X, -¥,00|<e,, 1=[1,.1,] (3.14)

As presented above, two generators can be recognized as electromechanically coherent if
the spatial positions of their rotors remain in synchronism over a time interval. This can be
mathematically expressed for the rotor angles as:

(1) =8, (1)| =80 (3.15)

or in the ideal case

8,(r)=8, (1) =0 (3.16)

The electromechanical coherency is presented in Figure 3.6 for three generators: i, j and
k, where generator i is coherent with j, as the rotor angle difference is small and constant.
Generator k is not coherent with the group of the other two. [40]

6“

6,()

8,(t)
6.(0)

> 1

Figure 3.6. Rotor angle variations in time of three generators
(generators i coherent wiht j and generator kin phase opposition) [40]
This approach is mainly used to identify the electromechanical coherency together with
the computation of the metric Euclidean Distance between the i and j* units, over a time
interval, as proposed in [46], by (3.17):

d;= [ (5,0-8,0) (3.17)

References [33] and [47] are proposing that two generators can be considered coherent if
the difference of their phases given in (3.12) and (3.13) must respect the condition:

e Coherency of phase



d>x,f(t)—d>),,i(t)‘<€¢ t=[ty.1,] (3.18)
e Coherency of magnitude and phase
For which both (3.14) and (3.18) need to be validated over a time interval r=[¢,.t,], were ¢,

and ¢, represents the starting and ending time of the signal recording [47] [48].

Then, the definition of each of electromechanical coherency concept can be summarized
as shown in Figure 3.7.

Coherency of magnitude and
phase

Coherency of magnitude
Em
ﬁ
N

\

F—
€

¢
Coherency of phase

Figure 3.7. Coherency concept: 1-of magnitude,
2-of phase and 3—of magnitude and phase

— Network Reduction

Two methods are investigated in Section 3.2.3 for reducing the distribution network,
specifically a Ward equivalent with current injections and an Extended Ward or Ward—PV as
known in the common literature. An extended comparison of the two methods was produced
in publication B for interconnected power systems. [14]

¢ Ward Equivalent with current injections

For a given separation of a power system (as presented in Figure 3.8) the Ward
equivalent with current injections can be computed as follows and as presented in [49] With
the general separation of the buses of a wide area power system into Figure 3.5: internal buses
{I}, boundary buses {B} and remote buses {R} the admittance matrix can be written [49]:
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Yie Yep O |Ug| |Lg
Yoo Y Yy |Ug|=|1 (3.19)
0 Y, Y,|U, |L
Considering just the boundary and remote buses, (3.19) becomes:
ZRR ZRB QR _ lR (320)
XBR XBB QB lB

With a Gauss mathematical manipulation on [Y,,]and [I,]matrices an equivalent
admittance matrix can be obtained:

[EBB] = [ZBB} - [ZBRHXRRTI [ZRB] (3.21)
With an equivalent injection of currents in the boundary buses:
[I—/B] = [13} - [ZBRHZRRTI [Le] (3.22)
Internal Boundary
Buses _\{I} Buses {B}

DG 1 =1 | HOEal
ot .'-. | :1 Ili , -
DG ki d-H et [V ] |3 4
: (Y
DGn@W et FOEqn
Internal Equi—valent

Power System Power System

Figure 3.8. Ward Equivalent representation
with current injections [49].

e Extended Ward Equivalent (Ward PV Equivalent)

As presented in [49] a Ward equivalent do not preserve the PV buses, therefore errors in
the reactive power control and voltage magnitude can show up. Therefore, the classical Ward
equivalent is extended in order to improve the reactive power flow. This is done, as explained
in [44], by attaching to each i boundary bus defined as PQ bus (load bus), a fictitious
admittance branch [y,] (which is the short-circuit admittance between the i boundary bus and
each generator from external grid) and voltage controlled bus (PV) (as presented in Figure
3.9). Initially, P=0 and U=U,y, so the fictitious generator bus does not contribute with any
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active and reactive power. When the operating conditions of the study power system changes
then these buses will contribute with an absorption or generation of reactive power [33] [44].

Internal Boundary
Busés {I} Buses {B}
\

DG 1 ymrmr s I S FOEq1
Pty ‘ ..,. E U g / TN
DG k"::".‘;-- ‘ 'y V. [Y_BB] -------- I_,‘:" Eq k
DGn(:)—]—' m 2 I {—@Eqn
=== (B, =0U,,=U,,)
Internal Equivalent
Power System Power System

Figure 3.9. Extended Ward Equivalent representation [49].

The Network Reduction tool provided by DIgSILENT Power Factory© produces a
power system equivalent of the external area, which contains only the boundary buses. After
the power system reduction process is finished the equivalent of the external grid will be
represented by using equivalent transfer impedances between all buses and voltage sources
connected at all boundary buses (voltage sources specified in the dynamic equivalents
diagrams as EW (Extended Ward equivalent)) [38].

— Aggregation of DG Synchronous Generator Units and Controllers

For reducing the order of the distribution grid model the aggregation of the DG units and
their correspondent controllers represent an important step. This is due to the high number of
differential equations which must be represented in the original model. The technique used to
reduce the generators from one coherent area is developed in [50] and is presented in the
following.

* Synchronous generator modelling and aggregation

Using a sixth—order representation of the synchronous generator, the differential equations
describing the operation of the i generator, are (3.23-3.24) [40]:

The differential equations which describes the mechanical operation:

M, =P,

m,i

=k

, 3.23
8; = wyw; ( :
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The differential equations which describes the electrical operation are:

Td,(),iEz;,i = Ef,i - E;O.i - Idj (Xd.i - XZI.i)
quo,iEc;,i = _Ec;O.i + Iq.i (Xq,i - X(:J')

"o gt " / n" (3'24)
Td(),iEq,i - EqO,i - qu,i - Id.i (le.i - Xd,i)
Y-Z[I(GIE;/I = Erlfo,i - E(/I,Ol + Iq‘[ (X;,; - X:,i)

Assuming that R,=0, the algebraic equations are:
Ud.i = Ec;,i + Xc;,ilq.i
3.25

Uq,i = E;.z‘ - Xz;.ild.i ( )

a.l) Equivalent parameters of the mechanical differential equations

Considering that a coherent area is formed by a number of m of coherent generators, as
presented in [50] the aggregated inertia parameter is given by following equation:

3 m M
M= "= (3.26)
- m
m P .
P =" (3.27)
m

i=1

a.2.) Equivalent parameters of the electrical differential equations. Synchronous (d,q)
reactances

In order to determine the equivalent parameters of the differential equations which
describe the electrical operation of generators, (3.25) is written in terms of d—g currents in
[50] as:

0o - ! 0 - !
;d,i _ Xz[,l Z{I,i Xd,i id,i (328)
9l 1 0 9, 1 0 (&
95 g
Or rewritten in a compact form:
I, =AU~ AU, (3.29)

The equivalent current model as presented in [50]is:
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I'=3"TAT ' U -[1,A-T,A,|[E-E,] (3.30)
i=1
With:
.|
=" (3.31)
Iy
cosd; —sind,
=1, & & (3.32)
sing;  cosd;
¢; =8, —9, (3.33)
Where 6, the rotor angle of the equivalent machine is defined as [50]:
Z v sin(28,)
i=1 Xqi Xy,
tan (26,) = -~ (3.34)
Z l—l]cos(%i)
i=1 Xq,i Xd,i
The A’ coefficient matrices are defined in [50] as:
AL AL &
A= RSN AT (3.35)
A Ay S
. . I 1 1
A, =—A,=—— —— ———[sin(2¢, 3.36
= A 221 X dei] (20,) (3.36)
* . 1 .2 1 2
Ay =—) |—sin (¢i)+7005 (d’,) (3.37)
i=1 q.i Xd,i
R 1,
A= ——c0s” (¢; ) +——sIn" (9; 3.38
y Z[ X (0 45 —sin (6 )} (3.38)

With these A" coefficient matrices the equivalent synchronous reactances are computed in
[50]as:

Xp=—— (3.39)
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Xp=—— (3.40)

The transient and subtransient reactances are computed in the same manner using the X/, X "

XjandXx).

e Excitation system aggregation

In this part a simplified the excitation system was used. This excitation system consists
just of one block which describes the transfer function of the voltage controller with the input
the error of the voltage (4U) and output the field excitation voltage (E,).Figure 3.10 presents
the simplified control scheme [49].

0
U g4>(g—>‘ u K, - E,

14T,

Figure 3.10. A simplified excitation
system model.

The differential equation describing the operation of the excitation system is [49]:
dE 1

T»tf":z[Ke(Uo—Ug)—Eﬂ} (3.41)

With d coefficient defined in [50]:

d=T'x" cos ¢,

i 40X d Xé,de,o,i (3.42)

. m K—i
Kp=> —5L (3.43)

-1 m

_—_—

) (3.44)

i=l TE:

The governor and turbine model were not considered in this case as it was assumed that
their dynamics are much slower comparing with the electromagnetic ones. These steps are
applied for the benchmark power system illustrated in Figure 3.3 as described in the
following:
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3.2.3. Study Case

3.2.3. A) Identification and dynamic aggregation of the coherent generators from
external power system

According to [35] and [46] this method consists of building coherent groups in which
generators swing together after a fault occurred in the area of study. In this study case a bolted
three phase symmetrical short-circuit cleared after 150 ms, as presented in [20] was
considered. This fault was applied at the boundary bus of internal power system (PCC of DG
unit). The identification of coherent generators and their corresponding areas was conducted
by using the concept of Euclidean distances, as described in [46]. According to [46], the
identification of the coherent generators from the external power system was based on
comparing the rotor angle signals between each two generators, except for the DG unit for
which the LV-FRT capabilities are investigated. The generators’ rotor angles were registered
as time series: di(t) for the i generator and dj(t) for the j" generator. The time series were
used to compute the Euclidean distance (ED in radians) between the i and j” generators as
given in (3.45) [46]:

T
d,; = 260 -8,0) (3.45)
1=t
Where:
0, (t) — represents the rotor variation of the i generator registered for each time instant ¢
8, (1) — represents the rotor variation of the j” generator registered for each time instant r.

A time step of 10 ms was used for the simulation. To obtain the Euclidean distances
between generator units a Dynamic Programming Language (DPL) [38] script was developed
in DIgSILENT Power Factory 14.0©. This script is an iterative process which identifies the
minimum FEuclidean distances between generators. The different steps of the DPL
identification and aggregation of the coherent groups of generators are depicted in the flow
chart in Figure 3.1.
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Start the Identification and
Aggregation of Coherent
Generators Algorithms

Y

STEP 1: Disturbance Event Simulation:
1.A) At t=0.1 [s] apply a 3phase symmetrical short-circuit at Bus 7100
1.B) At t=0.15 [s] clear the 3phase symmetrical short-circuit at Bus 7100

\

STEP 2: Synchronous generators class identification and rotor angle signals
matrix write:

2.A) Filter the class elements to identify the synchronous generators and insert

them into an DPL Object Map: Generator Map

2.B) Identify generator’s correspondent rotor angle and write into a matrix
(Rotor_Angles) at each time instant

»
o

»
.

DO

A/

STEP 3: Computation of ED define by (3.38)
3.A) Rotor angles are read from Rotor_Angles matrix and (3.38) is applied
3.B) EDs calculated at step 3.A are written into a square matrix:
Euclidean_Distances
3.C) A minimum function is applied to Euclidean_Distances matrix, to identify
the coherent generators (maximum error must be lower than 0.17 radians)

3.D) Read the names of identified coherent generators and insert them into

vectors of clusters

3.E) For each vector of clusters read the generators standard parameters

UNTIL {ED<0.17 [radians]}

\

STEP 4: Aggregation of coherent generators and their controllers

4.A) The coherent generators and their controllers are aggregated using the
method described in 3.2.2. B.2. C)

ELSE

\

Algorithms STOPs if the
dissimilarity between each two
generators > 0.17 radians

Figure 3.11. Flow chart depicting the steps of identification and aggregation of coherent
generators.
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In Figure 3.12 the rotor angles signals of both units from ADG and from TPS side are
plotted after the fault occurred at bus 7100-66 kV. The plots illustrate that generators 7114
and 7124 from ADG are coherent, resulting in the first coherent group of generators. The
second coherent group is represented by generators 7130-8 kV and 6.6 kV. For generators
7110 and 7120 the Euclidean distance in all three iterations was computed as 0.279 radians
which is larger than 0.17 radians, and indicate that the two generators are not coherent. The
coherent groups of generators in the areas of the benchmark power system are represented in
Figure 3.13.
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Figure 3.12. Rotor angles of generators
from 1st iteration of DPL script.

41



7600-132 kV

Q 7120-22 kV

7800-22 kV 66 kV
7700-22 kV

7300-22 kV

66 kV

7124-300 kV,
22 kV

—7114-300 kV 7130-300°kV =

7200-300 kV_L[L

=== Coherent Group 1

=== Coherent Group 2
--- Internal Area

Legend

Figure 3.13. Coherent groups of generators in the
benchmark power system after 1st iteration.

These coherent groups are validated by the first iteration of DPL script. By running the
second iteration with the same location of the fault, the script identifies that the new
generators corresponding to the aggregation of coherent groups 1 and 2 (AG1 and AG2) are
coherent. This is validated by plotting the rotor angles corresponding to the new aggregated
generators, as depicted in Figure 3.14. After computing the new aggregated generator
corresponding to coherent groups 1 and 2 (AG3), in the third iteration the script stops
meaning that no coherency is identified any longer in the external grid. This can be observed
by analyzing the rotor angles plots of the aggregated generator AG3, units 7110 and 7120, as
depicted in Figure 3.15.
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Figure 3.15. Rotor angles of generators
from 3 iteration of DPL script.

The coherency clustering process of the generating units in the benchmark power system
(other than the DG unit under study) is schematically represented in Figure 3.16.
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Figure 3.16. Coherency clustering of generation units
from benchmark power system.

The two wind farms were modeled as fixed speed wind turbine generators equipped with
squirrel cage induction generators. For dynamic aggregation of wind farms the concept of
single equivalent machine was used as described in [51], for which the equivalent apparent
power rating represents the sum of individual wind farms ratings. Likewise, the equivalent
compensating capacitor banks size will represent the sum of the individual wind farm
capacitor banks [51]. For the sake of simplicity, the controllers related to the operation of
synchronous units were selected identical, so no dynamic aggregation was needed. As for
wind farms the same models were used for aero-dynamic and mechanical turbine
representation, so also in this case no aggregation was needed. It is obvious that in distribution
grids where different types of generation and their corresponding controllers will be added,
the issue of dynamical aggregation of controllers must be rigorously considered.

3.2.3. B) Reduction of the topology of the external power system

In this part, Ward and Extended Ward methods for power system reduction equivalents were
investigated.

A complete presentation related to network reduction was introduced in Sub—Chapter
3.2.2. Some of the methods to reduce the grid model for Load Flow studies it will be
summarized again. This is done in order to make the literature of this work more
approachable to the readers with no experience in power systems model reduction.

According to [33] and [44], these methods of power systems equivalence are based on
reduction techniques of the nodal admittance matrix of the external power system and the
boundary buses. Also the same references states that the equivalent of the external power
system will be represented by a fixed admittance equivalent network and equivalent current
injections with respect to the original one at the boundary buses [44] [33]. The power system
reduction results from a Gauss elimination technique of the admittance matrix of the power
system to be reduced between the boundaries buses, by considering the representation of
loads as constant impedances, [46]. According to [44] and extensively detailed further, the
difference between these two methods is that an Extended Ward equivalent model takes into
consideration a more accurate reactive power control in the external power system, while a
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Ward equivalent does not. This is realized, as explain in [44] by attaching to each i boundary
bus defined as load bus, a fictitious admittance branch (which is the short-circuit admittance
between the i boundary bus and each generator from external grid) and voltage controlled
bus (PV). Initially, P=0 and V=V, so the fictitious PV bus do not contribute with any active
and reactive power. When the operating conditions of the study power system changes then
these buses will contribute with an absorption or generation of reactive power. [44] [51]

In this study case, these equivalence approaches were applied for the benchmark power
system presented in Sub—Chapter 3.2.2. B.1). Figure 3.17 presents the resulting wide area
dynamic equivalent based on a Ward network reduction of the original benchmark power
system. In this case for the boundary buses were selected next buses: the PCC of the DG unit,
the equivalent buses where the resulted aggregated synchronous and wind generators (AG3
and WAG-22 kV) were connected and the connection buses of the synchronous generators
7110-66 kV and 7120-66 kV. The equivalent buses correspond to the connection buses of the
largest generators to be aggregated. This equivalent was obtained by using the Network
reduction function of DIgSILENT Power Factory 14.0© platform [38]. According to [38],
this power system reduction tool is based on a method which ensures that all the sensitivities
(first order derivative of voltage magnitude and angle with respect to active and reactive
power) of the equivalent grid measured in each boundary bus will be equal with the
sensitivities of the original external area to be reduced. The Network Reduction tool provided
by DIgSILENT Power Factory© produces a power system equivalent of the external area,
which contains only the boundary buses. After the power system reduction process is finished
the equivalent of the external grid will be represented by using equivalent transfer impedances
between all buses and voltage sources connected at all boundary buses [38]. Moreover, a
validation of the benchmark power system equivalents is needed to be studied after the
process of power system reduction is complete. [32] The validation of benchmark power
system equivalents with respect to the original one was investigated by taking in consideration
the following two constraints:

1. The rotor angle of the DG unit under investigation must have the same swinging
pattern, under both original and reduced model (with rotor angle errors smaller than
10 degrees or 0.17 rad) [34]

2. Equivalent load flow calculations must provide errors smaller than 0.1% (user-

defined) [38]

To validate the first constraint, the considered short circuit at DG interconnection bus
7100-66 kV was applied for the detailed four cases of external grid representation: Thévenin
equivalent, benchmark power system, wide area dynamic equivalents based on Ward and
Extended Ward power system reduction techniques. In all four cases the rotor angle of DG
unit connected at bus 7100 was registered and plotted as shown in Figure 3.18. It can be
observed that the rotor angle curves in the cases when power system equivalents were used
overlap the case when the complete power system is modeled. The maximum error is of
0.0041 rad.
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Figure 3.17. Ward equivalent of original benchmark
power system for DG unit LV-FRT capabilities assessment.
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Figure 3.18. Rotor angles of DG connected to
different external grid representations.

For rotor angle variation response in the case when external grid is modeled using a
Thévenin equivalent, it can be observed that even the curve variation has a pattern close to the
curves obtained for detailed models of external grid, the initial value and then the entire range
of variation values for this parameter are erroneous. The maximum error with respect to the
original case is of 0.52 rad.

This can validate the assumption that the connection of a small scale generator unit to a
relatively strong power system equivalent cannot model properly the real dynamics,
especially the ones associated with the rotor angle swings of other generation units when
LV-FRT is investigated. The second constraint was also validated, as no error stating that the
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violation of constraint was produced after running the function for power system reduction in
the simulation platform.

3.2.4. Discussions

In this part the LV-FRT capabilities of DG unit will be discussed, considering all four
aforementioned approaches for modeling of the external grid are considered.

In this case the considered DG is a synchronous generator small scale hydro unit with an
installed capacity of 1.6 MVA, equipped with the same automatic voltage regulator and hydro
governor models as presented in Sub—Chapter 3.2.2. B.1). In terms of LV-FRT capabilities,
Figure 3.19 presents the voltage variation profiles at PCC when the same short circuit event
used in previous sections, emerged at bus 7100-66 kV (DG connection bus). The LV-FRT
capabilities are investigated when all four cases of external grid representation were
considered (Thévenin equivalent, benchmark power system, dynamic models based on Ward
and Extended Ward power system reduction techniques). These voltage profiles are compared
with the LV-FRT curve defined by the distribution grid code [3.1] as presented in
Sub—Chapter 3.2.1. As can be observed, the voltage profile corresponding to the case when
the DG unit is connected with a Thévenin equivalent crosses the LV-FRT profile defined in
[20] immediately after the fault is cleared, meaning that the unit cannot sustain a stable post
fault operating condition and must be disconnected. In the case when the external grid is
represented by a wide area dynamic equivalent based on a Ward power system reduction
method it is observed that the voltage rises above the LV-FRT profile define by the grid code
[20] defined profile, in the third stage of post fault recovery. The reason why a Ward power
system equivalent cannot achieve a LV-FRT curve close to the one produced by the
representation of the detailed model of power system is the non-accuracy of the reactive
power control of the equivalent grid.

>
]
P
S —Grid code FRT voltage profile
§ 0.47-I" -~ 1-DG connected to benchmark power system ||
—DG connected to Ward equivalent
0.2-[ -~ 1-DG connected to Extended Ward equivalent||
—QG connecte‘:d to Thevgnin equiva}ent
GO 1 2 3 4 5
Time [s]

Figure 3.19. Voltage magnitude variation curves of
DG unit connected to different external grid representations.

By considering the reactive power change with the change of state of internal power
system [33] [44] a more accurate voltage variation curve can be obtained. This curve is in the
area where no disconnection of DG unit is required and is associated with the representation
of external power system by a dynamic equivalent based on an Extended Ward power system
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reduction technique. As can be observed in Figure 3.19 this curve do not track rigorously the
curve obtained when DG unit is simulated in the real power system. This is due to the
combined effect of aggregation and power system reduction errors. Figures 3.20 and 3.21
present the variations of the DG unit’s active and reactive power after the fault is cleared. For
both power variations it can be observed that by modeling the external grid using a Thévenin
equivalent the actual dynamic behavior of small scale hydro power plant cannot be achieved.
Moreover, it can be observed that significant differences appear for the variations of active
and reactive power, when the external grid is modeled by using a Thévenin equivalent with
respect to the original or equivalents of benchmark power system. These variations are far
smaller compared with cases when external grid is modeled by using the complete model or
equivalents of the benchmark power system and not suitable to allow the DG unit to withstand
the fault. The smaller magnitudes registered for the oscillations associated with the
representation of the external grid by using a Thévenin equivalent can further result in
erroneous ratings of the generation unit and wrongly tuned controllers. In the case when large
numbers of DG units are integrated these combined effects can have a negative impact on the
overall stable operation of the ADG. It can be also observed that the time scales for which
new steady state values of critical parameters are obtained, differs from the case when a
Thévenin equivalent of the power system is considered with respect to the complete model or
equivalents.

When dynamic equivalent models of the external grid were used it can be observed that
in the first oscillation of the active power variation track very well the variation described by
the original power system. However, for the next two oscillations the magnitudes of the
variations related to the equivalent models are lower compared to the variation produce by the
original power system. This is due to the fact that the dynamic equivalents do not have the
capability of computing rigorously the active power losses as also presented in [35] [36]. For
the reactive power variations a large difference as observed between the peaks of the first
oscillations associated with the connection in the real power system of the DG unit and the
one associated with the Thévenin equivalent. This difference is of approximately 7.11 MVAr.
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Figure 3.20. Active power variation curves of DG unit
connected to different external grid representations.
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Figure 3.21. Reactive power variation curves of DG unit
connected to different external grid representations.

As Publications G and H presents, when LV-FRT capabilities of a DG unit are
investigated, just by taking into account only the variation of voltage magnitude erroneous
results can occur, and the research proposes that a careful analysis of the impact of voltage
angle variation when a fault emerged in the grid must be also considered, [52] [53].
Especially, that large excursion of the voltage angle will have a significant impact on the
active power flow in the power system. This investigation will be detailed further in Sub-
Chapter 3.3.In Figure 3.22 the voltage angle variations at the PCC of DG unit are presented
with different models for external grid representation. It can be observed that by using an
Extended Ward equivalent model of the external grid will track rigorously the curve produced
when the DG unit is connected in the benchmark power system. Also, it can be observed that
by using a Ward equivalent the same pattern as the one related to the benchmark power
system is tracked. By using the Ward equivalent some oscillations are observed. This is due to
the inaccuracies in the reactive power flow introduced by this model. When a Thévenin
equivalent is used, a large error (of approximately 3 degrees) is produced after the fault is
cleared. For the first swing in the time span between the fault is applied and cleared, the
dynamic equivalent models of external grid give a very good representation of the peak value
of voltage angle.
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Figure 3.22. Voltage angle variation curves of DG unit connected to different external grid
representations.
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3.3. Impact of Voltage Phase Angle Variation on the
Low—Voltage Fault Ride-Through Studies

3.3.1. General Introduction

The LV-FRT requirements are mainly addressed by the national grid codes as the
capability of the generation units to withstand to one or more voltage drops for certain
durations of time [29].

In Sub—Section 3.2.1 the LV-FRT requirement was introduced by defining a voltage
borderline for the voltage variation versus time. When faults occur in the grid, they create
both changes in the magnitude and phase of bus—bar voltages. This is the main contribution of
Publications G and H which investigated the possible impact of decoupling the voltage phase
angle variation from the voltage magnitude in the DG response and to present the
consequences of neglecting this impact in the LV-FRT curves.

3.3.2. The Impact of Voltage Phase Angle Variation on Low
Voltage—Fault Ride-Thorough Requirement

Using the test system presented in this Sub—Section, the following steps where
considered in order to observe the impact of both the voltage magnitude and phase angle on
the LV-FRT capabilities of the DG unit.

Step 1. Simulation of disturbance event. A three phase resistive short circuit is applied at
different bus—bars of the test grid.

Step 2. Recording of separate time series for the voltage magnitude and phase angle
variations at the DG bus—bar.

Step 3. The swing machine is replaced with a controlled voltage source for which the
input will be the time series of the voltage magnitude and, respectively, phase angle
variations.

Step 4. Investigation of the DG unit capabilities during simulations of voltage magnitude
and angle at the PCC are observed, together with the active and reactive power variations as
well the rotor angle.

3.3.2.1. Test Distribution Grid

The system model used in this research is presented in Figure 3.23. The system model
consists of a simple 132 and 66 kV radial regional grid, a 22 kV distribution grid and a 300
kV (swing bus). Two loads are connected in the system, at BUS22_1 and BUS66_1,
respectively. The loads are modeled as Z=constant. The synchronous generator is connected
to the 22 kV grid via a 0.69/22 kV transformer. Data for lines, transformers, loads and
generator are given in Appendices A2.1-A2.4.
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Figure 3.23. Single line diagram of system under study.

The synchronous generator model is equipped with a brushless excitation and an automatic
voltage regulator. This excitation system model corresponds to model Type AC8B in [54].
Data for the excitation system are given in Appendix A2.5. The generator is operated with
constant mechanical torque; therefore no turbine/governor model is included.

3.3.2.2.  Study Cases
The following study cases were considered to approach the problem:

Study Case 1. A three—phase resistive symmetrical fault applied to bus—bar Bus_66_1.
The value of resistive characteristic is established to 1.9 Q.

Study Case 2. A three—phase resistive symmetrical fault applied to bus—bar Bus_22_1.
The same resistive value for the fault is applied.

The instant considered for the fault inception is 1 s. In both cases, the fault clearing time
is 250 ms. The DG unit has the following setpoints: Psepoin=4 MW and Viepoin=1 p.u..

3.3.2.3. Results

Applying the fault events presented in Study Cases 1 and 2 the following variation of the
voltage magnitude at buses Bus_66_1 and Bus_22_1 are obtained, as shown in Figure 3.24.
The correspondent voltage angle variations are presented in Figure 3.25.
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Figure 3.24 shows large excursions in both variations of voltage magnitude and angle.
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Figure 3.24. Voltage amplitude on generator bus, Bus_GEN, in Cases 1 and 2.
Temporary 3-phase fault at Bus66_1 and Bus22_2, respectively. [52]
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Figure 3.25. Voltage phase angle on generator bus, Bus_GEN, in Cases 1 and 2. Temporary 3-
phase fault at Bus66_1 and Bus22_2. [52]

Figures 3.26 a), b) and 3.27 a), b) show the transient response of the DG unit in terms of
active and reactive powers.
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Figure 3.26.a). Response in generator's active power for
Case 1 (3-phase fault om Bus22_2). [52]
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Figure 3.26.b). Response in generator's active power for
Case 2 (3-phase fault om Bus22_2). [52]

These responses are compared for the basic case (when the DG unit is connected to the
full model) with respect to the cases where the changes in voltage amplitude (depicted in the
plots as Uampliude) and phase angle (depicted in the plots as Uphase) are applied.

The inputs for the voltage magnitude and angle variations used to control the voltage
source are presented in Figures 3.24 and 3.25.

From Figures 3.26 a significant difference can be observed between the full model
response in active power and the response obtained when only change in voltage amplitude
makes the perturbation can be observed, as to the fault in question. This pattern is not
observed between "full model” case and "voltage phase angle” case.

As for Case 2, the significant difference show up between the responses obtained when
only change in voltage angle makes the perturbation with respect to the full model and voltage
amplitude.

This happens during the second swing of the simulation. After this, the third and fourth
swings show the same pattern for the "full model” and "phase angle” cases. This is not the
same situation for "voltage magnitude” case swings, which are lower in magnitude and damps
much faster.
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Case 1 (3-phase fault om Bus22_2). [52]
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Figure 3.27.b). Response in generator's reactive power for
Case 2 (3-phase fault om Bus22_2). [52]

As presented in the above Figures, a significant difference between the full model
response in reactive power and the response was obtained when only change in voltage phase
angle is applied, for both Cases. Approximately identical responses it are observed between
"full model” case and "amplitude” case, except for the initial 600-700 ms after the fault
inception.
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3.3.3. The Impact of Voltage Phase Angle Variation on Critical
Clearing Time

Considering the same simulation model as presented in Figure 3.16, the impact of the
voltage magnitude and phase angle variations on the Critical Clearing Time for different study
cases were investigated.

To observe in addition how different types of excitation and AVR models impacts the
results, two types of excitation systems were chosen. A detailed presentation these two types
of exciter and AVR models are presented in [54] and [55] . Simulations for the next study
cases were performed using SIMPOW® [55].

Table 3.2. Exciter and AVR models [54].

Model 1 | IEEE AC8B
Model 2 Variation of the brushless excitation
ode system with DC commutator

The macro—blocks and data of these two excitations systems are presented in
Appendices A2.5 and A2.6.

To conduct the investigation, the following steps are applied:

Step 1. Computation of the CCT when fault occurs at different locations in the grid, using
the two excitation systems for the small hydro unit.

Step 2. Simulation of disturbance event with the same duration as the CCT computed at
Step 1.

A three phase resistive short circuit event is applied at different bus—bars of the test
grid.

Step 3. Recording of the separate time series for the voltage magnitude and phase angle
at the DG bus—bar variations.

Step 4. The swing machine is replaced with a controlled voltage source for which the
input will be separately the time series of the voltage magnitude and, respectively, phase
angle variations.

Step 5. Investigating of the DG unit capabilities during simulations Voltage magnitude
and angle at the PCC are observed, together with the active and reactive power variations as
well the rotor angle.

3.3.3.1. Study Cases

The following study cases where considered:

Study Case 1. The same as in Study Case 1 of Sub—Chapter 3.3.2.1. In this case the fault
resistance is Ry= 1.9 Q.

Study Case 2. A three—phase resistive symmetrical fault applied to bus—bar Bus_22_2.
The same resistive value for the fault is applied.

The instant considered for the fault inception is considered 1s. The study cases will be
investigated for both situations of the excitation systems as summarized in the Table 3.2.
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Table 3.3. Study cases.

Study Fault applied at Excitation
cases Bus: System
Model
Case 1A Bus66_1 Model 1
Case 1B Bus66_1 Model 2
Case 2A Bus22 2 Model 1
Case 2B Bus22 2 Model 2

3.3.3.2. Results

The following values for the CCT was obtained from the simulation of the above study cases:

Table 3.4. Critical clearing time [ms] for considered study cases.

CCT

Study cases [ms]
Case 1A 623
Case 1B 366
Case 2A 313
Case 2B 272

Appyling the faults described in the Cases 1A and 1B, the change in voltage amplitude
as function of time on the generator bus (Bus_GEN) as a result of is shown in Figure 3.28.
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Figure 3.28. Voltage amplitude on generator bus
(Bus_GEN) for Case 1A and Case 1B [53].

The corresponding change in voltage phase angle is given in Figure 3.29.
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Figure 3.29. Voltage phase angle on generator bus
(Bus_GEN) for Case 1A and Case 1B [53].

In Figure 3.30 and 3.31 the variations in voltage amplitude and phase angle, are shown for
Case 2A and Case 2B.
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Figure 3.30. Voltage amplitude on generator bus
(Bus_GEN) for Case 2A and Case 2B [53].

Figure 3.31 show that large difference of the voltage phase angle appears when the fault take
place at different locations in the grid: Bus_22_2 and Bus_66_1.
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Figure 3.31. Voltage phase angle on generator bus
(Bus_GEN) for Case 2A and Case 2B [53].

Figure 3.32 shows the DG unit rotor angle variation for the cases when a fault is
simulated in the distribution grid compared to the case of controlled voltage source. As
presented above, this voltage source has the input of the voltage magnitude variation obtained
for the fault with the duration of the CCT in the "full model” case.
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Figure 3.32. Rotor angle variations for Case 2A -
full model and defined voltage magnitude vs time profile [53].

3.3.3.3. Discussion

In Section 3.3, results which investigate the LV-FRT capabilities of a DG unit clearly
show that the expected transient response strongly depends on both changes in amplitude and
phase angle of the terminal voltage caused by a fault which occurs in the grid. The largest
error shows up in the active power response.

Therefore it can be concluded that an analysis taking into consideration only the voltage
change of the perturbation, will in many cases most likely lead to erroneous conclusions
regarding transient stability of the unit and critical clearing time.
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The results also show that the type of AVR poses a great impact on the computed CCT.
A depreciation of the transient stability is also observed in the case when a decoupling of the
voltage magnitude to the phase angle is considered.

3.4. Summary

In this Chapter, new contributions to the LV-FRT requirements were introduced.

These contributions addresses to the adequacy of the external power system modeling by
comparison to the model proposed by the grid codes (Thevenin source) and to the impact of
voltage phase angle variation on the LV-FRT requirement. It is observed that by using a
controlled voltage source to assess the LV-FRT capabilities of a small scale hydro unit,
erroneous results can be achieved. Better results were achieved by assessing the capabilities
of the DG unit by using a benchmark or a reduced order model dynamic equivalent. In the
second part, the impact of considering the voltage angle variation it was investigated when the
LV-FRT requirement is studied. It was observed that by using a voltage magnitude against
time variation profile, the capabilities and the transient limits are also erroneous. More
accurate results can be achieved when using a unified voltage magnitude—angle variation
against time.
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Chapter4

Dynamic Equivalents of Active Distribution Grids for Rotor Angle Transient
Stability Studies

The chapter is based on Publication C and presents the investigations of this PhD work
regarding the model reduction of ADG for rotor angle transient stability. In Section 4.2 the method to
produce dynamic equivalents of ADG for transient stability analysis in main transmission systems is
presented. Section 4.2.3 investigates the impact of disturbance duration, location and type on the
coherency identification of generators, quantify by the disturbance impact index. In the end of this
Chapter the steps to produce a dynamic equivalent for test ADG is studied and two criteria to validate
this type of equivalents are considered.

4.1. Problem statement

Distribution networks had evolved from passive systems, (meaning transferring the
electrical energy from main bulk system to the end users) into active systems with an
increased share of distributed generation. As most of this distributed generation is based on
synchronous generator technology, the dynamic response of these small scale generation units
and their controllers on the bulk transmission power system cannot be any longer neglected.

The transient stability study investigates if the reduced model preserves the voltage
magnitude and phase angle variation in the Point of Common Coupling (PCC) with the bulk
system. As the Critical Clearing Time (CCT) and transient stability limits are of interest when
transient stability analyses are performed, these criterions are used to validate this method for
the use of large transmission power systems studies.

The general idea of the work presented in this Chapter is to show that adequate modeling
of active distribution grids in transmission system transient analysis can be done by use of
reduced order dynamic equivalents.

4.1.1. The Concept of Rotor Angle Transient Stability

The study of transient stability relates to the analysis of the power system regarding how
it behaves when exposed to large disturbances as: outage of a line and/or generator, large
excursions of the load areas or emerging of severe disturbances (as short— circuits). In order
to solve the nonlinear set of differential equations an integration method with fixed or variable
steps are used. The most used numerical integration as described in [41] are:

1. Euler Methods
2. Runge—Kutta Methods
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The purpose for computing the transient state (or states) of a power system is to observe if

the transition from the original steady—state (x,,y,)to a new steady—state is stable (xl, yl). In

order to observe if a power system is stable or not, a time-domain simulation is used.

The first scope of this time-domain simulation is to observe the oscillation curves of the
generator’s corresponding relative rotor angle. For this, three possible characteristics can be
observed [41]:

1. The stable case— in which the rotor angle after some damped swings recover to a new
steady state value

2. The unstable case—or the "first swing unstable case” in which after the first oscillation
the rotor angle continues to increase steadily until the loss of synchronism.

3. The first swing is stable but the next ones are of increased magnitude.

The second scope is to compute the Critical Clearing Time.

Critical Clearing Time is defined in [49] as the maximum time interval between the instant of
time when the disturbance occurs and the instant of clearing, with the ability of the power
system to recover to a stable operation point.

A simplified method to compute the CCT can be done by using the Equal—Area Criterion,
which is an approximation of the time domain simulation way to obtain the CCT. Considering
Auce and Agec as the accelerating area, respectively deceleration area, the transient stability of
the power system is ensured if Aacc< Adec, as shown in Figure 4.1.

The case when Aucc= Adec is called the transient stability limit. Figure 4.1 shows depicted the
P=f{J) curves characteristics to obtain the Equal-Area Criterion.

As presented in [56], the rotor angle points used in Figure 4.1 are:

1. §,, is the unstable equilibrium point or (’K -6 P)
2. b, is the post—fault steady —state equilibrium point
3. b, is the same with the unstable (‘rv—@o)equilibrium point, if the pre— and post— fault

topologies coincide.

In the next lines, &, (corresponding to the critical rotor angle value) is calculated for the
Single—Machine Infinite Bus (SMIB). The topology of the SMIB case is presented in Figure
4.2 and consists of a machine connected to an infinite bus via a double circuit transmission
line with fault occurring on one of the circuits [40] [41]. The generator is modelled using the
classical model (a constant e.m.f E  behind the transient reactance) defined as (4.1):
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P O(pre*fau]t)

P ‘P(post*fault)

PF.D(during fault)

Figure 4.1. Equal-Area Criterion for obtaining
the Critical Clearing Angle. [56]

Figure 4.2. Single Machine Infinite Bus (SMIB) to assess transient stability in power systems.
a) Single line diagram. b) Faulted SMIB. [49]

E = E'e" @.1)
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Figure 4.3 is presents the phasor diagram corresponding to the transient operation of the

SMIB system.

Figure 4.3. Phasor diagram of the SMIB in transient state. [49]

Considering D=0 and:

d’  dw
e dt
The swing equation can be written:
2
2i d ')6 =Ly — I:)e = Pa
Wy dt”

(4.2)

4.3)

Doing the mathematical manipulation described, as described in [56] the stability condition is:

S, S,
[ P.do=[(B,~P)ds=0 with P,(5,)<0

b 8o
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In order to calculate the Critical Clearing Angle the two formulas related to the Aucc and Adec

areas are equaled Aacc= Adec, as presented in (4.5) and (4.6):

A= [{B. =Py (5)}ad “5)
5()
(m=0p)
Adec = f {PeP <6> - Pm}d6 (46)

o, ("T’hr)
[{B.~E,®)}as= [ {B,(5)-P,}as @7
[ %

Thus the Critical Clearing Angle (J.) becomes:

8, = arccos|(8,, — &, )sin (8, )+ cos (5, )] (4.8)
Using d. equation (4.8), the Critical Clearing Time (f. or CCT) can be computed, as detailed in [49]:
t = [——(6 —6 4.9
wORﬂ ( 0) ( )

Using (4.9) one of the transient stability margin (based on different time constants) formula
can be expressed as in [40]:

Krime = (410)
Where:
t,—1is the CCT

t— is the Actual Clearing Time, which takes into consideration the time constants of the
protection, of breakers and signals transmission.

The other formulas for the stability margin can be written [49]:

— Based on available deceleration area:
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A

dec

K'=——t— @.11)

dec,available

— Based on the difference between the deceleration and acceleration areas [49]:

—A .
K" — Ldec — Tace. 4.12)

4.2. Dynamic Equivalents of Active Distribution Grids for
Investigation of Transient Stability

Dynamic equivalents for power systems are very well established theories especially for
large interconnected power systems, but it can also be applied to active distribution power
systems as these systems are generally sparse and starting to accommodate an increasing
amount of small scale generation units. The basic idea is to separate the power system into
three main areas depending on the impact after a disturbance occurs, [2].

According to [40] these main areas are: the internal area, the external area and a remote
area. Figure 4.4 illustrates this differentiation.

Transmission Power
System

DPS1 DPS2 DPS3 DPS4
External Power Systems

Figure 4.4. Separation of TPS and ADG into internal and external areas.

The internal area is represented by the MV busbar of the HV substation were the ADG is
interconnected with the TPS. The external power system is in this case the entire ADG. A
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remote area is not defined as the overall response of the entire ADG is of interest, but it is
considered in the transient stability analysis of the TPS. The boundary buses are the MV
buses of the transformer of the ADG with the HV substation and the PCCs of DG units
connected in each active ADG.

To model the dynamic equivalency of ADG, the following steps are considered as in
[40] and detailed in next Sections:

1. Identification of coherent DG units in the ADG after a fault event in the internal area
2. Network reduction of ADG
3. Dynamic aggregation of coherent groups of generators

The proposed algorithm was implemented in DIgGSILENT Power Factory 14.1.6©
simulation platform, using DIgSILENT Programing Language scripts—DPL [38]. This
algorithm has a generalized character, so it can be applied to a TPS with more than one active
ADG (with high penetration of synchronously based DG units). Figure 4.5 summarize this

algorithm.

DPS
Selection

|

Fault Event
Simulation

] ¥
DG units DG units DPS
Coherency Dynamic Network
identification Aggregation Reduction

Dynamic Equivalent Validation:
* Voltage Variation LV Busbar Transformer Substation
o Transient Stability Margin

End

Figure 4.5. Algorithm to obtain the dynamic equivalent of ADG.

4.2.1. Benchmark ADG system and HV Substation Topology

The topology of the benchmark ADG and HV substation is illustrated in Figure 4.6. It
consists of 4 voltage levels: 0.69, 6.6, 22 and 132 kV and 11 small scale hydro units based on
synchronous technology equipped with exciters and governors. The data for the distribution
lines, transformers and generators are given in the Appendix 3, Tables A3.1-A3.6.

For simplification, an [EEE ESAC8B model was adopted to represent the AVR and
excitation system, and a HYGOV model from simulation platform library [38] was used to
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represent the hydro governor. The corresponding controllers’ data is provided in Tables A3.7
and A3.8.

The total length of the ADG lines is 51.55 km. The point of interconnection with TPS is
in the busbar TRAFO_TPS which is modelled as a double bus—bar with tie connection. The
topology of the busbar TRAFO_TPS is depicted in Figure 4.6.

A 132/22kV transformer interconnects the ADG with TPS. The model of the TPS is
simplified by considering the nearest medium hydro unit (Pc=35 [MW]), a local industrial
load (P.=0.721 MW) and a strong slack bus with S;"=6000 MVA.

|
- TRAF(JLBL‘S){V

——132kV

Legend 2KV

Figure 4.6. Test ADG topology.

4.2.2. Identification of coherent DG units in the ADG

For the identification of coherent DG units a mechanical coherency method based on the
Euclidean distances between DG units is applied, as described in reference [46]. The main
idea behind this method is to identify the DG units which are coherent or swing together after
a fault has occurred in the internal area. For this a bolted three phase short circuit is applied at
TRAFO_BUS_MV with duration of 150 ms. This study case will be refereed as the Base
Case. In the post-fault period the rotor angle of all DG units were recorded and the Euclidean
Distance — dj; (as in equation 4.13) between DG units i and j was computed in order to
identify the cluster of coherent generators [46].
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T

d, =Y (s0-50) (4.13)

According to [34], two synchronous generator units are considered to be coherent if the
distance between their rotor angle variations is smaller than 0.17 radians or 10 degrees.

Further, this method is applied for the benchmark ADG depicted in Figure 4.6 for a fault
event occurring at bus TRAFO_BUS_MV.

Figure 4.7 presents the rotor angle variations for all DG units connected in the benchmark
power system and Figure 4.8 depicts the clustering process of the DG units. In Table 4.1 the
matrix of Euclidean Distance between each of the generators is computed using (4.13).

|—DG1—DG2—DG3 —DG4 —DG5 —DG6 —DG7—DG8 — DG —DG10—DG11]
0.5

=]

Rotor angle [rad]

Time [s]

Figure 4.7. Rotor angle variation after fault occured at bus TRAFO_BUS_LV for CCT.
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— - - - Coherent Area 4

Coherent Area 5

Swing Bus

Figure 4.8. Decomposition of the system by the criterion of Euclidean Distance define as in (4.13)
(Fault: Symmetric Three Phase, Bus: TRAFO_BUS_MYV, CCT=150 ms)

As presented in [57] the coherency identification is impacted by the disturbance index
and by the system’s element significance. One can therefore observe that the coherency
identification will depend on these two factors. In Sub—Section 4.2.2.A.1, this observation
will be investigated in detail for the test ADG.

4.2.3. The Disturbance Impact Index

As shown in [57] the occurrence of a disturbance in a power system and the dynamic
behavior afterword is determined by the disturbance characteristics and by the electrical
distance between the points where the disturbance occurred and the affected element
(generator, load, line). Therefore this disturbance index can be expressed as in (4.14), with:

— A coefficient measuring the electrical distance of node 7, Y, ,

— A coefficient measuring the effect of disturbance at node i, AP,
Yiﬂ A})lt(?

 =—_fe 4.14
i o, 4.14)

i

With:
— t, the duration of the disturbance
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Disturbance Index
— AP the active power imbalance during the disturbance
- H,the inertia time constant of the generator connected at the i bus
- Y, the admittance value between the i bus and the location of disturbance a

By computing the disturbances for the test grid, the following values are obtained:

90-H48H6
90-ApS‘S

& g »
= N W
@ = &
= = =
S 13 13
X N X

90-4LI‘T
90-4S6°T

90-A91‘T
90-IE0°T
LO-H08°6

L0-401°T | DG 6

Figure 4.9. Disturbance Impact Indices defined by (4.14)
(Fault: Symmetric Three Phase, Bus: TRAFO_BUS_MV, CCT=150 ms)
Table 4.2. The Values of Disturbance Impact Index

Generator

7

9 11 2 4 10
~; 0.000009 0.000005 | 0.000005 0.000003 0.000002 0.000002
Generator 8 1 3 5 6 —
i 0.000002 0.0000012 | 0.000001 0.000001 0.00000011

The AP, of the DG 1 is computed based on the variation presented in Figure 4.10. a) and b).

10

Active Power [MW]
- -

()

=)

=

Figure 4.10. a) Active power variation of DG1

Time [s]

[ Y X |

(Fault: Symmetric Three Phase, Bus: TRAFO_BUS_MYV, CCT=150 ms)
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Active Power [MW]
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o

98 0.  0.102 0.104 0.106 0.108 0.11
Time [s]

S

Figure 4.10. b) AP; computation
(Fault: Symmetric Three Phase, Bus: TRAFO_BUS_MYV, CCT=150 ms)

As presented in the reference [57], this index can be used to reduce the modeling
complexity of different groups of generators in obtaining a dynamic equivalent of an
external power system.

Using this index, some study cases are investigated in order to study the impact of
the disturbance location and of magnitude—time duration on the identification of the
groups of coherent generators.

By using the same test system as in previous studies, the disturbance index will be
used to study the impact on the coherent generators identification process.

Three new study cases were carried out in order to investigate the above objectives are:

4.2.3. A) The impact of disturbance duration on the identification of
coherent generators

In order to quantify the impact of the disturbance duration on the process of the
identification of coherent generators a new study case was produced. This consists of
changing the fault duration from 150 to 15 ms (but keeping the fault location). The
corresponding rotor angle variations are presented in Figure 4.11.

The disturbance indices are presented in Figure 4.12.
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Figure 4.11. Rotor angle variations
(Fault: Symmetric Three Phase, Bus: TRAFO_BUS_MV, CCT=15 ms)
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Figure 4.12. Disturbance Impact Indices defined by (4.14)
Fault: Symmetric Three Phase, Bus: TRAFO_BUS_MV, CCT=15 ms
y

Table 4.3. The Values of Disturbance Impact Index

Generator 2 1 3 9 4 8

Vi 0.019543 | 0.008159 | 0.005867 | 0.004929 | 0.003182 | 0.00276
Generator 5 6 11 7 10 -

i 0.002429 | 0.002413 | 0.00276 | 0.001473 | 0.000963

Applying the fault as described above the following clustering of the DG is obtained, as
presented in Figure 4.13.
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Figure 4.13. Decomposition of the system by the criterion of Euclidean Distance defined as in (4.13)
(Fault: Symmetric Three Phase, Bus: TRAFO_BUS_MYV, CCT=150 ms)

Using the disturbance indices obtained in 4.3, the resulted coherent areas are depicted in
Figure 4.13, giving 4 coherent areas.

4.2.3. B) The impact of disturbance location on the identification of coherent
generators

In order to study the impact of the fault location on the identification the same fault as in

the base study case presented in Sub—Section 4.2.3.A it is applied at bus 23. With this new
location the calculated disturbance indices are as presented in Figure 4.14.
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Figure 4.14. Disturbance Indices defined by (4.14)
Fault: Symmetric Three Phase, Bus: 23, CCT=15 ms
y

Table 4.4. The Values of Disturbance Impact Index

Generator 11 8 1 9 2 3

i 0.00439 | 0.00178 | 0.001487 | 0.001313 | 0.000625 | 0.000569
Generator 4 6 5 7 10 -

~; 0.000455 | 0.000375 | 0.000281 | 0.000157 | 0.000114

In the same manner as above, the decomposition of the power system in coherent areas is
done as in Figure 4.15.
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Figure 4.15. Decomposition of the system by the criterion of Euclidean Distance define as in (5.22)
(Fault: Symmetric Three Phase, Bus: 23, CCT=15 ms)

4.2.3.C) The impact of disturbance type on the identification of coherent
generators
In this study case a single phase to ground (with zero fault resistance and reactance) was

applied at TRAFO_BUS_MYV in order to observe this impact. The calculated disturbance
indices are as presented in Figure 4.16 and the system decomposition in Figure 4.17.

=+ =+ <+ <+ wn wn wn wn w w0 w
< < < < < < < < < < <
= = = = = = = = = = =
S 3 Q = ) ) — < ) = =
= *® “ - = = a4 ~ ~ “ el
L - - - = [ =) ) ) o «

Figure 4.16. Decomposition of the system by the criterion of Euclidean Distance define as in (4.14)
(Fault: Single Phase to Ground, Bus: TRAFO_BUS_MYV, CCT=15 ms)
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Table 4.5. The Values of Disturbance Impact Index

Generator 2 1 3 9 11 4
i 0.00043 0.00018 0.00013 0.00011 0.00007 0.00007
Generator 8 5 6 7 10 —
i 0.00006 0.00005 0.00005 0.00003 0.00002
T Reaetor\L |
3 L9 - SGS
s Vi

. 3211333
118 =7

............. Coherent Area 1

— — - Coherent Area 2
— - — - = Coherent Area 3
— -+ — - Coherent Area 4

Swing Bus

Figure 4.17 Decomposition of the system by the criterion of Euclidean Distance define as in (5.22)
(Fault: Single Phase to Ground, Bus: TRAFO_BUS_MYV, CCT=150 ms)

These results show that the decomposition of the test power system is not unique. It also
shows that by applying different disturbances with different time duration, location or
disturbance characteristics, the identification of the coherent groups of generators will be
affected in a different manner.

4.2.4. Network reduction of ADG

The network equivalent was estimated using an Extended Ward equivalent because this
method can roughly preserve the original ADG network response both in terms of active and
reactive power flows, as discussed in Publication B [14]. The theory of network reduction for
obtaining the Wards and Extended Wards equivalents was presented in Subsection 3.2.2 C2).
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4.2.5. Dynamic aggregation of coherent groups of generators

Using the decomposition of the test power system present in Figure 4.11 and presented
in the next Table 4.6 the coherent groups of generators are as presented next.

Table 4.6. Coherent Groups of Generators for the Test Distribution Grid

Coherent Group 1 1 3 8 10
Coherent Group 2 4 2

Coherent Group 3 9 11

Coherent Group 4 5 6

Coherent Group 5 7

After the coherent groups of generators are identified, the equivalent sets of generators-
transformers are formed and the new equivalent parameters for these sets and their
correspondent controllers are computed. The new parameters for the equivalent synchronous
generators and controllers’ parameters are produced according to the method presented in
Sub-Section 3.2.2. B.2).

The parameters of the aggregated generators and of the exciter control systems are
presented in the Table 4.7:

Table 4.7. Parameteres of the Equivalent Generators and Excitation Systems

Equivalent | Equivalent | Equivalent | Equivalent | Equivalent
Parameters | Generator | Generator | Generator | Generator | Generator
1 2 3 4 5
Xy 0.4525 0.8396 0.9868 0.9908 1.5
X, 0.3382 0.6089 0.7576 0.7552 1
X} 0.0471 0.1212 0.1014 0.1009 0.15
X,; 0.0726 0.1484 0.1471 0.1479 0.3
. X 0.0316 0.0674 0.0510 0.0507 0.1
§ X, 0.0393 0.0741 0.0654 0.0973 0.1
S Td’,o 2.8374 2.9806 3.2107 3.8204 2
T, - - - - -
Td’f() 0.0193 0.0189 0.0203 0.0267 0.015
T, 0.0911 0.1691 0.1150 0.1500 0.1
H 6.2 32 2 2.5 0.5
g K 1 1 1 1.5 1
< T 0.5006 20.42 1.2866 1.2629 1.2

As can be observed from Table 4.7, the standard parameters of the equivalent generators
validate the conditions described in [41] regarding these parameters, namely:

X, 2X,>X,>X;>X/>X] (4.15)
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T;o>T/ (4.16)
T, >T), 4.17)

Figure 4.18 presents the resulting dynamic equivalent of the benchmark ADG based on
an Extended Ward network reduction of the original power system.

80



Eq_Gen_5

T Eq 5

15

Eq_Gen4
O+

T_Eq4
21

Eq_Gen3
HD

T_Eq3

29

T_Eq2 Eq_Gen2

Eq Genl T Eql

9

Swing Bus

Figure 4.18. Extended Ward equivalent of original benchmark
ADG for transient stability assessment into bulk TPS.
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4.2.6. Method Validation

Two criteria are considered for validating the dynamic equivalent of the benchmark
ADG. The first one refers to the preservation of the voltage magnitudes and angles variation
at the bay busbar were ADG is connected. Figures 4.19 and 4.20 present these two responses
for both original and the dynamic equivalent of the benchmark system.
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% 0.8 ] 7—\ 77777777777 _
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1 1 |-Casec |
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Time [s]
Figure 4.19. Voltage magnitude variations (original and reduced cases)

Voltage Angle [degrees]

—Base Case
—Case A
—Case B
—Case C

4 5

Time [s]
Figure 4.20. Voltage phase variations (original and reduced cases)
Figure 4.21presents the rotor angle variations of the equivalent generator 2 for the study cases
described in Sub—Section 4.2.2.
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Figure 4.21. Rotor angle variations for the equivalent generator 2. (for 4.2.2 cases)

The average error was computed for each of the two series of voltage magnitude and
angle variations. For the voltage magnitude variation, an average error of 0.0021 was obtained
while for the voltage angle the error was 0.0951.

Table 4.6. Average errors for voltage magnitude and phase angle (compared to the original
case)

Study Reduce Case Case Case
Case d 5.2.2.1. 522.1.b) 5.2.2.1.

) Case a) e c)

ey [%] 0.21 0.066 0.81 0.31
eV} [%]| g5 10.30 0.079 15.97

The second validation criterion is the transient stability margin, which gives information
about the reserve of deceleration area according to the Equal Area Criterion, detailed
described in [40]. According to this reference, the transient stability margin can be defined as:

I3 —t
K, _ CCT actual ,CCT (418)

ZCCT
The simulations for both the original and the reduced ADG (base case and additional
cases a),b),c), d)), showed the critical clearing time (CCT) as presented in Table 4.7.
Considering an actual clearing time of 64ms (2 cycle breaker clearing time: 36 ms, primary
and auxiliary relays times: 28 ms) [41], the transient stability margins, K;, presented in Table
4.7 are obtained.

Table 4.7. Transient stability margins

Study Original Reduce Case Case Case
Case Case d 3221 3-2.2.1. 52.2.1.¢)
Case a) b)
teer 18] 0.5006 0.497 0.1922 0.4088 0.1927
K [p-u.] 0.872 0.871 0.667 0.843 0.668
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4.3. Summary

Chapter 4 has presented a study regarding the adequacy of ADG modeling for rotor
angle transient stability for TPS studies. It was shown that the computed reduced order
models are disturbance dependent. The goal was to produce dynamic equivalents when a short
circuit occurred in the connection point between the TPS and the ADG. This is to ensure that
the dynamics associated with the DGs and their controllers will be preserved in the reduced
model. It was observed that the reduced models of the ADG are disturbance dependent. This
was assessed by looking into the disturbance impact index. The main conclusions to be drawn
is that the coherency identification among the DGs units is dependent of the fault duration,
location and type.
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Chapter 5

Dynamic Equivalents of Active Distribution Grids for Rotor Angle Small Signal
Stability

The chapter is based on Publication D, E and F and presents the investigations regarding the
model reduction of Active Distribution Grids (ADG) for small signal stability analysis. The Chapter
describes the small signal equivalents method. First, the classical method of slow coherency will be
investigated for the introduced test ADG. Then, a new method to identify the coherent generators in
ADG is presented. Based on this method a dynamic equivalent for the ADG is proposed using a
parameter identification approach.

5.1. Problem statement

The first part of this Chapter introduces a classical method to identify the groups of
coherent generators and to aggregate them in equivalent generators. This method is known as
the slow coherency and it was introduced in [58]. The method will be investigated further for
the test ADG by increasing the complexity of the generators modelling from the
electromechanical model to the transient model with excitation system. This is done in order
to observe the effect of using more complex generator models and including effect of the
excitation system on the slow coherency grouping algorithm.

As is presented in [57], the small signal equivalents (or modal equivalents, as presented
by other authors) present the advantage that these equivalents are not dependent on the
location, type and magnitude of the disturbance. In order to observe the adequacy of the
reduced models a small analysis is performed. The purpose of this analysis is to observe if the
reduced model preserve the main oscillatory modes of the original grid. Further in this
Chapter a new method is proposed to determine the electromechanical coherency between
synchronously based distributed generators. An investigation was conducted in order to
observe if the coherency phenomena shows up in the inter—area modes as in TPS. It was
observed that these modes are well damped for these particular grids and usually the
coherency show up within different modes with higher damped frequencies (corresponding to
the local plant modes). As the linear analysis fails to identify the coherent DGs within
different oscillation modes, a method based on the time domain decomposition of the state
variables for each oscillation mode is proposed. This method allows the computation of the
instantaneous Euclidean Distance in polar coordinates. This is done in order to cluster the DG
units in a test ADG. In the end of the Chapter the method is extended with a parameter
identification algorithm in order to aggregate the DG units from the test ADG.
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5.1.1. The Concept of Rotor Angle Small Signal Stability

5.1.1. A) Linearization

As presented in [40] and [41] the power system can be described by the set of algebraic and
differential equations, well known as the Differential-Algebraic—Equations (or DAE). The,
set of differential equations describe the dynamics associated with the operation of electrical
machines and their control devices. As the set of algebraic equations, describes the stator and
network equations [41].

This set of equations can be represented as in (5.1) [41]:

{)'c:f(x,y,u)

(5.1)
0=g(x,y,u)

x — state variables
y— algebraic variables

u — input variables

The linearized form of the system of equations (5.1) around an equilibrium operating
point (xo, uo) is [41]:

{AX:AA)(+BAy 52)

0=CAx+DAy

where:
A — state matrix
B - input matrix
C - output matrix
D - feed—forward matrix

5.1.1. B) Eigenvalues, Characteristic Equation and Stability

The solutions X\ of the A matrix is given by the non—trivial solution of the characteristic
equation:

det(A—NI)=0 (5.3)

Equation (5.3) can have n solutions: X,...\,which represents the eigenvalues of A. The

resulting eigenvalues can be real or complex. The complex ones show up in pairs.
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Complex eigenvalues show up in conjugate pairs and represents an oscillatory mode.
Equation (5.4) presents a complex conjugate pair of eigenvalues:

Ay =at jQ (5.4)
With the frequency of oscillation in Hz:
f== (5.5)

And damping ratio in 1/s:

Q

e 66

5.1.1. C) Eigenvectors and free motion time response

As presented in [41] for each X, eigenvalues a vector @, exist which satisfies the

following equation:

AD =)\® (5.7
This eigenvectors are called the right eigenvectors or the mode shape and they give the

relative activity of the state variable x; in the corresponding mode X, .

Similarly, left eigenvectors can be defined, ¥;:

WA = ¥\ (5.8)
The left eigenvectors measures the relative contribution of the state variable x; in the

corresponding mode X, .

Using the eigenvalues and right and left eigenvectors, the free motion time response of
the system can be written for the n modes of oscillation [41]:

Ax; (1) =@, Ax; (0)e™ +...+ @, T, Ax, (O)ex"l (5.9)

In order to make the time response presented in (5.9) real, the eigenvalues and
eigenvectors must have appropriate complex values.

87



5.2. Classical Methods — Slow Coherency Theory

As presented in Section 5.1, small signal equivalents are used to produce a reduced order
model and present the advantage that their computation is not dependent by the location,
duration and magnitude of the disturbance, as for the equivalent used in transient stability. All
of these methods of small signal equivalence techniques are based on the modal analysis
results: eigenvalues and eigenvectors.

In this Section the theory of slow coherency will be presented to observe how suitable
this method is to produce small signal equivalent for ADGs. Further it will be investigated
how the slow coherency grouping algorithm is affected by increasing the model complexity of
the generator and by including the excitation system.

The theory of slow coherency was developed by Dr. Joe Chow and is described in detail
in [59] and [60].

As presented in [59], a group of generators is considered slow coherent when they are
swinging against other groups of generators with respect to the slower inter—area modes. The
singular perturbation method is used in [58] to produce the separation of the time scale of the
slow variables (corresponding to the slow inter—area modes) from the faster (corresponding to
the local modes of oscillation within the areas).

5.2.1. Slow Coherency Theory. Generalities

The slow coherency concept involves two time scales, one of the slower inter—area
modes, and the second of the higher frequency local modes. The slow coherency is defined in
[58], as in the following.

Definition: According to [58], if N,...,\, are the slowest r modes of the system response, then

the i machine and the j machine are slowly coherent if the difference of their angles xi(7)
and x;(?), defined as:

x, (1) = x; (1) =2, (1) (5.10)

do not include any of the r slowest modes.

In this case, the slow inter—area dynamics and the fast intra—area dynamics are suitable
for two time scale analysis using the singular perturbation method, as presented in the same
reference [58]. This method can be applied to the systems in the state separable form:

dag

—==f(gn)

d .11
()

dt T

Where: ¢ — represent the "slow” states and v — represent the "fast” ones.
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With €=0 the separation between the two time scales will be large, then the system (5.11)
becomes [58]:

dg

—==1f(&m,

a ey (5.12)
0=g(&mn.1)

As presented by the same author system models don’t always appear in this form,
therefore a transformation of the state variables needs to be done in order to obtain a system in
the form of (5.12).

In the following some definitions are presented, which later will be used to describe the
grouping algorithm proposed by the authors in [58] and [59].

5.2.1.1. Ideal decomposable and non—exact decomposable r systems

According to [58], an ideal decomposable r system is defined as: "a system in which
the slow coherency is exact and the number of coherent areas is equal to the number of slow
modes". This definition is expressed by (5.10).

If there is a small contribution of the slower modes in (5.10), then this system can be
defined as a non—exact decomposable » system.

5.2.1.2. Reference and non-reference set of machines. Grouping matrix

In [58], an example is presented in order to define the reference and non—reference set of
machines and the grouping matrix. By using an arbitrary selection of the reference machines
angles (components of a r-vector x) and of the non—reference ones (components of a r-vector
x%), a grouping matrix can be defined as L, (of dimensions (n-r)x(r), with n being the total
number of machines angles). This matrix is used to assign machines to areas and it will have
the same number of columns in x* as the number of machines in x’ [58]. Using this, it can be

said that the machine x; is slow coherent with x’ if the (i,j) entry in L, is 1.

Example In [58] is presented an example which illustrates how the Ly matrix is produced for
a three area—five machine system

Xy X3 X5
0 01
1 00

_M

(5.13)

=
Xy
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This can be translated into that: the machine corresponding to x1 is from the same slow
coherent area as xs. Using the Ly matrix, (5.10) can be rewritten as:

& (1) =L (1) =2(1) (5.14)

Where 2*(t)are the corresponding functions z,(t)and are defined as:

(5.15)

With the particular transformation of coordinates, (5.14) can be rewritten as (with L not
necessarily a grouping matrix) [58]:

1

1
X

I Ofx

—L I

- (5.16)

2
Z

2
X

More of the general transformation of coordinates can be found in [58].

5.2.2. Slow Coherency Grouping Algorithm

In [58] and [59] the grouping algorithm for identification of the slow coherent areas, is
presented for a non—exactly r decomposable systems. As presented above for these type of
systems, (5.10) is approximately satisfied, meaning that there are some small contributions to
the z, (). Resulting from this it can be concluded that i and j™ are near—coherent [58]. As

presented in [59], the scope of the slow coherency grouping algorithm is to find the L; matrix
which will be approximate in the form of L,. Where Ly is the dichotomic matrix solution of
Ricatti equation R(L)=0.

STEP 1. The computation of the V basis for the sub-matrix Ao (A defined
further in Section 5.3)

Geometric representation

As presented in [58], considering V a (nxr) general matrix representing the basis of the
eigensubspace V corresponding to the slow modes of A, (Aw defined in the next Section 5.3
being a sub—matrix of the system matrix A):

14
V= (5.17)
VZ
where V; (dimensions rxr) represents a submatrix of V.
Then,
Ly=L =V, (5.18)
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represents the only solution of the Ricatti equation R(L). Submatrix V; is non—singular if no
machines from the same area are in x'. If V; is singular, Ls does not exist and these represent
the advantage of this grouping algorithm: two reference machines cannot be allocated to the
same coherent area.

In order to find the near—coherent areas, one has to find the r "most linearly independent
vectors”. With the matrix V rearranged as submatrix V; containing the row vectors
corresponding to the reference machine (5.17), it can be re—written:

(5.19)

As presented in [58], in each row of L, the entries can show up as:

— close to 1 which corresponds to the projection of the vector on the corresponding
reference vector

— close to 0 which corresponds to the projection of the vector on the other reference
vectors

STEP 2. Gaussian elimination of V

To find the most  linear independent row vectors (used further as reference rows) a Gaussian
elimination, with complete pivoting of V is applied [59].

STEP 3. Computation of Ls

Computing V; from above, the Ly is found using :

vi'e, =v) (5.20)
STEP 4. LU decomposition of V; and approximation of Lsby an L

In the final step a LU decomposition of V; is produced and the grouping matrix L,
(having just 0 and 1 values) is approximated based on the resulting L.

Next, the algorithm of slow coherency grouping will be applied for the reduced system
matrix A, of the test ADG. In the following it is described how to compute the reduced
system matrix A, for different models of synchronous generators.
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5.3. Electromechanical Models of Multi—-Machine Active
Distribution Grids

In this Sub—Chapter these different models to represent a multi machine ADG will be
described the "classical”, transient and transient with excitation system models.

5.3.1. Electromechanical (or "Classical”) Model of Multi-Machine
Active Distribution Grids

As presented in [61] and [62] the multi-machine model is the simplest one to represent
the power system dynamics. This model was generally used in the slow coherency grouping
algorithm and is represented by the two electromechanical equations:

M, =P, ; —F,; — Dw, (5.21.a)
8, = wow; (5.21.b)
Where the electrical output of each of generator is defined as:
N 2
Py= D EE] By sin(b, ~b; ) + EGi (5.22)
I
i
With i=LN and:
E’ —the voltage behind the transient reactance (assumed constant)
G/ and B/ are the real and imaginary parts of the reduced Y, matrix to the internal
nodes of the generators.
Linearizing (5.21) and (5.22) around the equilibrium point (BSO)MSO)) with [63]:

A§, =5, — 5 (5.23.2)
Aw, =w, —w!” (5.23.b)

i

The system of equations (5.21) becomes (considering AP,;=0), considering g

m,i

generators:
Ay =04, (5.24.2)
1
Aw; =—I AP, — D,Auw;
Wi M, W, (5.24.b)
Where AP,; are commonly known as the "synchronizing coefficients” given by:
Ok, .
AP, =>" o A i1, (5.25)

Jen,
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(5.25) can be expanded into:

OF.; =E/E]B cos(8,—5;), i,j=ln,,i=j

6, Pl e
Ksy=BEs=10p, 0P, = (5.26)

99, 95, ’ e

i /en
J=i

As presented in [63], a state space representation can be defined by introducing the following
notations:

Ab=[28,..08, | . (n, x1)

Aw= {Aw] Aw, }T (n ><1)

T
1 ] n,xn,) F=0n (5.27)

AP, 7[A ez/} (ngxng)
Using (5.24) a state space model can be derived as in [64]:
0 QI

AS| (n,xn, ) |[ AS
Aw| M~'AP, M D ||Aw (5.28)
_ - @ o=
X X X

The reference names this model as the electromechanical model with damping and A the state
matrix with damping.
If D=0 the electromechanical model without damping becomes [62] [65]:

as] |0 QL | A8

Aol [map, 0 [Aw (5.29)
X X

X ~

In the first part of this work the purpose is to study the slow coherency grouping for the
reduced matrix A ,, defined by:

A,=M'AP, (5.30)
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5.3.2. Transient Model of Multi-Machine Power Systems

In the previous Section the "classical” or electromechanical model of the synchronous
generators was used to compute the reduced system matrix A,. As this model does not
represent the rotor dynamics, it can be assumed that grouping of DGs by the slow coherency
algorithm can produce slightly different areas compared to more detailed models. Therefore,
this Section presents the transient model for small signal analysis of a multi-machine ADGs
with high penetration of DG units. The model is presented in [64].

The reference [64] describes two formulations of the small signal multi—-machine model:

1. using the current balance form of the network equations, also known as the EPRI
approach

2. using the power balance form of the network equations, also known as the
Generalized Heffron—Phillips model

In the following, the second formulation will be considered for the presentation of the
transient small signal multi-machine of ADGs.

In this model the synchronous machine is represented as a two axis model with a field
winding on the direct axis and a damper winding on the quadrature axis.

The electrical and mechanical dynamic equations for the two axis model are described in

the following, (correspondent to each i machine, i=Lmwith m being the number of
machines).
The mechanical dynamic equations are the same as 5.21:

Mw,=F,,—F,—Dw (5.31.a)

{Si = Wol; (5.31.b)
The electrical dynamic equations are:

TioiByi=—Eyi—(Xas = X)L +E s (5.32.0)

|Tq/0‘,E[’,ﬁ,. =—Ej +(X,; = X,;)1,, (5.32.b)

Or in a general form (5.31) and (5.32) becomes:

Mé=P, —P, —Dw (5.33.2)
§=0w (5.33.b)
T;oE, = —E; — (X, — X} )I, +E (5.34.2)
T,k =—E; +(X, - X; )1, (5.34.b)

Where:
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. . . T
Ad= {Aﬁl...Aén‘v ] (ngx1)
T
A6 =[A0,. A0, | (n, x1)

q.n

AR, =[AE]AE] ] (n, x1)

AR, =[AE),.AE) ] (n, x1) i (5.35)

M! =diag [2;{ ) (ng Xng)

D= diag(D,.), (ng Xng)
AP, :[AR&IY], (ng Xng)
The electrical power output P.,;is defined by:

k= Ez’l,ilzl.l + E(;,ilq,i - (Xz;‘i - Xz;,i>1d,ilq,i (5.36)

(S1) Simplification 1:
For small time constantsTy, ., E;, becomes very fast and (5.34.b) becomes and algebraic

equation:
gy =(X,i= X0l (5.37)

With Simplification 1, the dynamic equations becomes (general form):

Mo =P, —P, —Dw (5.38.2)
d=ww (5.38.b)

And
Td/oE; = _E; - <Xd -X; )Id +E, (5.39)

The stator algebraic equations becomes:

U,sin(8, =0,)+ R, 1, — X, I,, =0
| ' ( )‘ ool (5.40)
E,;,-U, cos(bi —6; ) R, 1, —X,1;,,=0
The stator algebraic equations are written with the following notations:
Ud.i:Uisin(ﬁi—Oi) 541
qui:U,.cos(éi—Oi) 54D

Network equations are represented using the power balance form (the balance of real
and reactive power at the generator buses) [64]:
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1,.U, sin(ﬁi —6,)+I,N-Ui Cos((‘ii —Qi)-&-PLJ(U,-)

—ZUiUkKk cos(0; —6, —ay; ) =0

k=1

=1, 5.42
Id,,.Ul.cos(B,.—Gi)—IqViUisin(ﬁ,—ei)—i—QL.l-(Ui) ' " ( )

_ ZUiUkY,.k sin(6; =6, —oy; )=0

k=1

And:

0
Ji=m+1Ln (5.43)
0

B (Ui)*ZUiUkYik Cos<ei —0; 70‘:’1\')

k=1

0. (Ui)* ZUiUkyik Sin(ei — 6, *Oﬁk)
k=1

= The model corresponding from (5.30) to (5.39) without the equation of the excitation
system will be mention further as the transient model of the multi-machine ADGs.

As the set of variables presented in (5.36), is not adequate for the future investigation of
effects of field circuit dynamics excitation and excitation system, (5.39) can be rewritten in
terms of field flux and inductances (according to the references [41] and [49]).

This is needed as the simulation environment uses the approach described in [41] and the
following set of variables to model the synchronous generators.

The complete set of variables to model the synchronous generator according to [41] is:

(08,8 401510, (5.44)

The signification of each variable is presented in the List of Symbols.

In order to obtain the adequate model of representation of the synchronous generator (for
considering the effects of synchronous machine field dynamics), (5.34.a) can be simplified by
introducing the following notations:

The emf £/ behind the transient reactance X for each of the i machine is defined as
[45]:

EI _ Luds.i
i = Wo L 'q) fd i (545)

i
fd i

Where:
L, ;—inductance of the excitation winding fd

Considering U,,; defined by:
U, Zwoy, (5.46)

And as:

96



Vg =—Lyily; + eri,ilf,i
Results:
Ui =—wolyly; +wolyg il ==X, 1, +Ey;
For open—circuit operation Iy;= ;=0

E

_ ~
Iqi — U WoLia i fi

g4 =
In the transient operation, Uy,;equals:

U, =—Xi1,,+E!

q.i q.i
From (5.48) and (5.50) results:

E :(Xd,i _X{S,i>1d.i +E,

Ig,i q.i

Considering (5.51), (5.31.a) can be rewritten as:

_Ez;.i _(Xd,i - Xi,i)ld,i +Efd,i

E =
! Td’O,i
Or
E-/ _ Efd.i - Elq,i
qi T’

do,i
Considering (5.46), (5.50) and that 7, is defined as:

Td/(),i = Ll

R‘/d

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

(5.52)

(5.53)

(5.54)

Then (5.53) which describe the dynamics of the excitation flux, can be simplified to:

P fdi = Yo (E_/H.i - Rfd.ilﬁl,i)

R, ;,—resistance of the excitation winding fd
Or in a general manner for all n machines:

¥, =, (E/d - Rﬁ/I/d>
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5.3.2.1. Effect of the field flux linkage on the synchronizing torque

In this Sub-Section the steps to compute the synchronizing torques
AP, = [AP ] (n X0 g) are presented, included the effect of field flux variations. The theory

e.ij

behind this phenomenon is detailed in [41] and resumed as in the following.

(S2) Simplification 2:

The amortisseur effects are neglected

(S3) Simplification 3:

The machines are operated with constant field voltage

(54) Simplification 4:

At =1 [p.u.] Pe= Te.

(S5) Simplification 5:

A constant mechanical power/torque is considered (APm= ATn=0).

The set of state variables in this case is:
[wi’éi’wfd,i}
(@80 4 07) (5.57)

(5.5

By linearizing the set of equations (5.38) to (5.56) (by considering w, =1p.u.then P =T)

with this, the following linearized equations can be written (in a matrix form), as presented in
[41] for each machine:

Ad Ay Ay g Aw; by,; 0

i i

ASi =la,,; O 0| AS |[+|0 0
Aﬂr)fd,i 0 ay, ay; A"@fdi 0 by,

mi

(5.58)

AE,;
The linearization constants|[ay,;,a, ;s ;.0 a5, and [by, by, ; |are defined as in
[41].
By linearizing the stator algebraic equation (5.42) it can be observed that:

Al =f (Aéi’Alb fdi ) = O%,Aéi + a\\x,{,.,A"b fd.i (5.59)

Where: a5 —linearization constant due A,
«,,, ~linearization constant due A,
These linearization constants can be obtained as presented in [41].
Inserting the definition of Al,;in the network equations (5.44), it can be observed that

square matrices can be calculated between each i and j machines, as the form of:
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A
Ay =lay] =

11

all,mn
In a generalized manner, (5.60) can be rewritten as:

Aw Ay Ay Al Aw B, 0
A |=|A, 0 0 As|+[0 o0

AW, 0 Ay, AylA¥, 0 B,

m

AE,

(5.60)

(5.61)

From the above equations the next linearization constants can be written as they are

defined in [41] by using a generalized manner:

K =-MA,
K,=-MA
K3 — _h
Ay
K4 — _ﬂ
B,
- L
A33

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

With these constants of linearization, the block diagram representation with constant Ej
of the synchronous machines can be presented as shown in Figure 5.1.

K, [«

Ad

AE, =0 + Y- K, I Aw: &
I+5T, Ms+D )
Field Circuit
K, [«

Figure 5.1. Generalized block diagram representation with constant Eg [41].
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As presented in Figure 5.1 and according to [41], the field flux variations are caused by
variations of the rotor angle feedback, through the linearization constant Ky.

According to [41], the changes in AT,due to A\, cause by A§ can be expressed as, for
the i machine:

AT, K, Ky K,
AS |, ay Ty STy, (5.67)
For s=jw=0, a steady state limit can be defined [41] from:
AR, =AT,; ducto Ay —K,, Ky Ky A, (5.68)
This limit is:
K, K3 Ky =K, (5.69)

In [41] the contribution of A, to the synchronizing and damping torque components
depending on the oscillating frequency is described.

For the interest in this work is the total steady—state synchronizing torque coefficient,
taking into consideration the effect of field flux linkage, this can be defined for each i
machine as [41]:
=AP =K,

due 10 A & | due 1o Aty Lij

K

2,ij

K

3.

K,; (5.70)

K

Therefore, a similar matrix as the one defined in (5.29) can be obtained in a generalized
manner:

A, =K -KKK, 5.71)

According to the same author, the overall impact, over the synchronizing torques, by
considering the effect of field flux linkage, is to: "reduce slightly the synchronizing torques
component and to increase the damping torques component” [41].

5.3.2.2. Effect of the excitation system on the synchronizing torque

In order to observe the impact of the excitation system on the slow coherency
identification, the machine model is completed with the one of the excitation systems. In this
case, a thyristor excitation system (or the IEEE ST1A model [54]) is considered. This model
will replace the IEEE ESAC8B model used to describe the AVR in Chapter 4.

As presented in [41], the system is represented by a high exciter gain Ka (without
transient gain reduction or derivative feedback) and a voltage transducer with the time
constant Tr. Figure 5.2 presents the macro—blocks of this excitation system.
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¢ F.MAX
U, 1 v, Y+
) -0k, E,
1+ T, g
EF,MIN

Figure 5.2. A simplified excitation system model.

In this Sub-Section the set of equations (5.30-5.57) is extended so that the equations
describing the dynamics of the excitation system are included. The main scope is to observe
how the synchronizing torque definition is impacted by the linearizing constants which results
from this model extension.

The new state variables are:
(w0028 a1 (5.72)
The excitation system dynamic equation is given by:
Ty, =—Ep;+ Ky (Up, =U,,) (5.73)
Or in a general formulation:

T,N=-E, +K,(U,~U,) (5.74)

Where:

st o
T
A — [Awl...AQnX] g (ng Xl)
. . . T
AT, :[Awfa.r"Awf“] ,(ng Xl)
AN=[A0,. A0, [ (n, x1) R

(5.75)

Ml_diag[zil] ,(ng><ng) g
D= diag(Di), (ng xng)
AP, :{AP ], (ng ><ng>

e.ij

= The model corresponding from (5.39) to (5.41) without the equation of the excitation
system will further be mentioned as the transient model with the excitation system of the
multi—-machine ADGs.

As presented in [41] by considering the excitation system equation, the system presented
in (5.39, 5.58 and 5.41) can be linearized and have the following form:

101



A Ay A a0 Aw; by,

ASi a,; 0 0 0 | A§, 0
= +| |[AT,,] (5.76)

A‘bﬁi,i 0 ayn; ay; ay,||AY fd.i 0

Av; 0 ap; ay; au| Ay 0

The rest of the linearization constants [aw,am ,a43vi,a44_i} can be calculated as in [41].
Again, by linearizing the stator algebraic equation (5.42) it can be observed that:

Al = f(Aé,,Albdei,Av,‘) = oy, Ad; + OLMJAw it oa\,lAv,‘ (5.77)

Where: oy —linearization constant due AS,

a, —linearization constant due Ay,
fd i El

v
a, -linearization constant due Av,

v

As in Sub—Section 5.3.2, the equations (5.76) can be written in a generalized manner:

Aw Ay Ap Ay 0 Aw B,
AS | |Ay 0 0 0] Ad 0

= -
A‘Ilfd 0 Ay Ay Ay A\PﬁI 0 [
AN 0 A, A, Ayj|AN 0

AT, ] (5.78)

In addition to the linearization constants presented above (in Sub—Section 5.3.2), two
others must be defined, in order to obtain the block diagram scheme.

K, =A,T, (5.79)

And
K, =A,T, (5.80)

Where: TR:diag(TR',.)—diagonal matrix representing the time constant of the voltage
transducer for each i excitation system.

With the definition of the new linearization constants, the extended and generalized
block diagram can be presented as in Figure 5.3, according to [41]:
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Figure 5.3. Generalized block diagram representation with excitation system [41].

With this, the steady state synchronizing torque coefficient definition (impacted by the
effect of the excitation system) is of interest. Considering the equations of the field flux and
air —gap torque variations due to the change in Av ,,, as defined in [41]:

Then, the synchronizing torques due to A, are:

K _ _Kz,in3,Ay' (K4.[j + KS,[jKA.[> (5.81)
S5 | due 10 Ay 1 + K},if K6,ii A ’
And, the total synchronizing torque can be defined:
K;U:fl =K+ K due to A (5.82)
A, =K{" =K, +K; (5.83)

due to AV

As presented above, the overall impact, of including the effect of the excitation system over
the synchronizing torques, depends on the sign of the constant Ks, [41].
® Ks positive: "introduces a negative synchronizing torque and a positive damping
torque component”
® Ksnegative: "introduces a positive synchronizing torque and a negative damping
torque component”

Comments:

e In this Section, three definitions of the synchronizing torque of the synchronous
generator were obtained for multi-machine power systems. These three definitions
correspond to the three models considered in this research: electromechanical, transient with
constant excitation flux and transient with excitation system.

e In Section 5.4, these definitions will be used to investigate the impact on the
grouping of generators in a grid, by using the aforementioned slow coherency concept.
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5.4. Identification of Slow Coherent Distributed Generators
in a test ADG

In the first part of this Sub—Section the "tolerance—based grouping” produced by Dr. Joe
Chow in [59] is resumed. In the next parts, an analysis is performed in order to observe the
impact of model selection for multi-machines in the ADG on the identification of slow
coherent groups. The three models as obtained in Sub—section 5.3 will be considered.

In the continuation of this Section the impact of excitation system modeling is
investigated on the identification of slow coherent distributed generators (by using the
subtransient multi-machine model).

5.4.1. Tolerance-Based Grouping Algorithm

In order to obtain accurate coherent groups of generators the "tolerance—based grouping”
algorithm developed by Dr. Joe Chow in [59] is used.

The "tolerance—based grouping” algorithm, as presented in [59]develops a measure of
the slow coherency between the generators. The algorithm is based on the right—eigenvectors
columns, which are normalized to unity.

A distance measure is introduced between the i and j® rows of the V
(right—eigenvectors), corresponding to machines 7 and j. This distance is defined by (5.84):

th

=v; (v
d =vy; (Vi

v)) (5.84)

For perfectly coherent generators dj=1 meaning that vi= v; . As presented in [59],
typically a tolerance coefficient is defined (~= 0.9 —0.95), for two machines to be considered
coherent, ifd; >~.

Using this, a coherency matrix can be defined, to be used in the slow coherency identification
algorithm:
(Cu)y=d;—n (5.85)

The contour plots of Cy, for the test ADG will be presented for the different models of
the generators.

5.4.1. A) Electromechanical (or "Classical”) Model of
Multi—-Machine Active Distribution Grids

Considering the same test ADG introduced in Chapter 4 shown in Figure 5.4, the system
is modeled and linearized using Power System Toolbox—PST, [66].
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Figure 5.4. Test ADG topology.
With the definition of A, as next, as (5.29):
A,=M'AP, (5.86)

The sub—matrix A, and the corresponding right—eigenvectors for the “classical”
electromechanical model is presented in following pages. The eigenvalues of the A, are all
real as the A, is symmetrical:
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—7.058
—6.984
—6.110
—2.695
—1.732
—-1.712
NA,]= —1.468
—1.089
—0.816
—0.710
—0.652
—0.484

—7.002 (10‘9)

The contour plot of Cy, for the test ADG (by considering the electromechanical model) is
presented in Figure 5.5. This contour was produced for the 7 slowest modes.

0.35
0.3

0.25

m

0.2

0.15

0.1

Coherency measure (C )

0.05

Figure 5.5. G, values for the test ADG
(with the representation of generators using electromechanical model)

By considering the desired number of slow coherent areas to be 7, the following
grouping matrix Lgis obtained for the machines, as presented in Table 5.1.
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Table 5.1. Grouping matrix L, for the 7—area partition
(with the representation of generators using electromechanical model)

12100 0]01]0O0
1 000|070
31001000
L= 12]0]0]0]0]o0
4156|0010
7189 |10]11]0
13/0[0|0]01]0O0
Based on the grouping matrix is presented in Table 5.1. Figure 5.6 presents the 7

slow—coherent areas in the ADG topology.
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Figure 5.6. 7-areas partition of the ADG
with the representation of generators using electromechanical mode
ith the rep i fg ing el hanical del
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5.4.1. B) Transient Model of Multi-Machine Active Distribution
Grids

In this Sub—Section, the results referring to the matrix of the transient synchronizing
torque coefficients (defined by (5.73)) are presented. Considering the same number of groups

(7 coherent areas), the grouping matrix L, is obtained similar as for the electromechanical
case. See Table 5.1.

The contour plot of Cy, for the test ADG (by considering the electromechanical model) is

presented in Figure 5.7. This contour was produced for the 7 slowest modes and by
considering~=0.8 .
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Figure 5.7. C, values for the test ADG
(with the representation of generators using transient model)

5.4.1. C) Transient Model with Excitation System of
Multi-Machine Active Distribution Grids

Further, the matrix of the transient synchronizing coefficients considering the excitation
system (defined in (5.86)) is used to observe how the grouping of machines is impacted.

Considering the same number of groups (7 coherent areas), the grouping matrix L, is obtained
as in Table 5.2.
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Table 5.2. Grouping matrix L, for the 7—area partition
(with the representation of generators using transient model with
excitation system)

2] o] oo
1 o [ o] o
3 o [ oo
L= | 2 0 0 0
4 | 5 6 | 0
8 9 0 | 0
13 7 [10] 1

This contour was produced for the 7 slowest modes and by considering~ = 0.6 .
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Figure 5.8. C,, values for the test ADG
with the representation of generators using transient with excitation system model
P g g y

This grouping is shown in Figure 5.9. It can be observed from the contour plot that
between DG 10 and 11 there exist a tight linkage. If the tolerance coefficient is decreased to
0.6 then it is shown that between the group of DGs 10 and 11 and 7 there exist relative good
linkage combined with the one of swing machine. For practical reasons, the swing machine
will be isolated from the cluster of generators 7, as this machine is modeled as a strong grid.

109



Coherent Group 1
------------ Coherent Group 2
—— — Coherent Group 3
Coherent Group 4
Coherent Group 5
—— — Coherent Group 6
- — Coherent Group 7

'\4

3271y33

Reactor |

L6 27 {LI7 2 |

—

Load3 [26 N

'/
Q p: 12
DG6 (T9¢ Lz
N

w_-
"

[nge i

£

TRAFO_BUS_HV

Legend

- =132 kV
—— 22kV

Figure 5.9. 7-areas partition of the ADG
wi e representation of generators using transient model with excitation system
ith the rep tation of g t ing transient model with excitation syst

110




£00°0~ 2000 1000°0 | S0-H98°S | 8¥1000°0 | TOT0000| SO-H9 |8T1000°0| TT0000 | TI000°0 | 8100070 | £+000°0 | STOO00 | €T DA
1190 9%9°0- 2000 100°0 €000 ¢C00'0 | <1000 2000 2000 000 €000 6000 000 | TI DA
Sev'e LTTO 6C1'9- 80C°0 181°0 89¢°0 ¥90°0 9¢1°0 1210 £€cro ¥61°0 LSO 6vc0 | I 9d
L96C 681°0 0LT°0 §68°9- (Ul SL6°0 0500 801°0 9600 860°0 9¢1°0 §9¢0 c0T0 | 0T DA
0CI'l 6900 2010 ¥9T0 elee L8E0 9100 9¢0°0 €00 £€0°0 €600 ro €L0°0 6 Od
0s0°1 $90°0 960°0 €0C0 SO0 T 9100 ¥€0°0 1€0°0 1€0°0 1500 9110 690°0 $ Od
L08'C €81°0 6800 ¢s0°0 gero 160°0 2969~ 8L9°0 6650 090 S€6°0 ¥¢s0 LLTO L Od
€660 €00 S10°0 800°0 00 S10°0 €900 Y0S'1- 89C°0 L81°0 881°0 60°0 €500 9 Od
68¥°0 1€0°0 €100 8000 0200 €100 ¢c0’0 £€9C°0 LSET- ¥91°0 991°0 ¥80°0 LY0°0 S 0d
€670 1€0°0 €100 L00°0 6100 €100 9600 981°0 So1°0 L8T1- 891°0 ¥80°0 Y00 ¥ Oa
yre0 00 10°0 S00°0 7100 0100 6¢0°0 £80°0 €L0°0 ¥L0°0 CLLO- 190°0 €€0°0 € 9d
96¢0 9200 (4100 L00°0 8100 €100 I10°0 €200 0200 00 €00 £€69°0- 690°0 ¢ Dd
ev'o L200 100 L0070 L10°0 cloo 0100 00 6100 00 1€0°0 evlo SSL0- I 5d
€U DA [ DA | 11 DA | 0T 9d | 6 DA 8 9d L Od 9 9Hd S Dd ¥ Od € Dd 7 9d I 9d

‘[PPOW SUTYORW-T[NU [EDIURYISWOLID [ed1ssed 10y Ty ) XLjew—qng "¢'q 3[qe],

111



90-498°¢- | SO-H6L'8- | SO-HIE S| 90-HICI- | TO0'0- 100°0- LLTO
1000°0- S00°0- €000~ 000 ££6°0 §90°0 LLTO
2000 L200 6000 100°0- ¥000°0 0c1o LLTO
€000 €00 100 £€8000°0~ 000 [44N] LLTO
¥00°0 7700 L10°0 £€9000°0~ 000 vel’0 LLTO
S00°0 9%0°0 8100 L0000~ 000 LETO LLTO
L0070 101°0 800°0- Ly1°0- £€50°0- 1¢C0 LLTO
o 0 910°0- 98C°0- £60°0- 91¢0 LLTO
0850 66s0 6100~ 01¢0- 001°0- (430 LLTO
9LL 0~ 69¢°0 610°0- €1e0- 001°0- ee0 LLTO
800°0- 8¢°0- 0600~ 6L9°0- ¥81°0- 14940 LLTO
100°0- LY0°0- 1LE0- G8¢°0 S61°0- 6¢1°0 LLTO
100°0- 8¥0°0- 6’0 00¢0 LST°0- 86¢°0 LLTO

“[PPOW [edIURYDAWONDI [edISSe Jo @y Ay 03 Surpuodsaiiod s10309auadie 13K 'S 9[qe L.

]

112



¥00°0- 200°0 | 1000°0 | SO-H98°S | ST000°0 | 10000 | SO-H9 | 10000 | 10000 | TI0000 | 8T000°0 | ¥000'0 | 20000 | €1 DA
119°0 | ¢¥9°0- | 2000 | CTIOOO €000 | ¢C000 | 1000 2000 2000 2000 | 8¢000 | 6000 000 | <1 DA
seve LTTO | 680°9- 80C°0 18+°0 89¢°0 ¥90°0 9¢1°0 1210 €Cro ¥61°0 LSO 6vC0 | 11 Dd
L96°C 681°0 | 0LTO 1€8°9- (VA SL6'0 050°0 801°0 9600 860°0 9¢1°0 §9¢°0 S0T0 | 0T DA
0cI'L 6900 | ¢010 ¥9T0 6T L8€°0 9100 9¢0°0 €00 £€0°0 £50°0 lo €L0°0 6 Od
0S0°1 900 | 9600 €0C0 SO0 | viTT 9100 €00 1€0°0 1€0°0 [1S0°0 | 911°0 6900 8 9d
L08'C €81°0 | S80°0 ¢s0°0 §eIo 160°0 1L8°9- 8L9°0 6650 2090 S€6°0 ¥2s0 LLTO L Od
£56°0 ¥€0'0 | S100 800°0 00 S10°0 €900 | cov'l- 89C°0 L81°0 881°0 ¥60°0 €600 9 Od
6870 €00 | €100 800°0 0200 €100 §s0°0 £€9C°0 8YE'l- ¥91°0 991°0 ¥80°0 Ly00 s 0d
€610 €00 | €100 L0070 6100 €100 9500 981°0 So1°0 | 08T~ 891°0 ¥80°0 Ly0'0 ¥ Oa
Pre0 0’0 | 0100 S00°0 ¥10°0 0100 6£0'0 £80°0 €L0°0 ¥LO0 CLLO- | €1900 | €£0°0 € Dd
96¢°0 9200 | C100 L0070 810°0 €100 1100 €200 0200 0200 00 6¥9°0- | 6900 7 Hd
€70 L200 | T100 L00°0 L1070 100 0100 00 6100 0200 1€0°0 evlo SSLO- | T OHA

EUODA [ TrHDA (ITHDA| 0r9Hd | 6O | $OA | LOA | 9ODd | §90 | ¥HA | €Dd | TOA | T OHA

‘[PPOW SURJPRW-J[NW JUSISULT 10] O} XIeW-qns 'g'G d[qe],

113



€00°0- | £200°0 | 80000 | £000'0 | 80000 [ 80000 | L0000 [ 80000 | 80000 | 80000 [ 68000°0 [ 11000 [ 60000 [ €1 DA
8V9'0 | 9090~ | 8€00 | LE00 | 6£00 | 8€00 | LEO0 | 6€00 | 8€00 | 8€00 | OPO0 | P00 | 1¥00 | ZL OA
TESE | ¥9T0 | 1S09- | S¥T0 | 6IS0 | 90¥0 | 1010 | €10 | 8510 | 0910 | €0 | v6v0 | 9820 | 1T DA
LS6'T | 0810 | 19T0 | 0v89- | 101 | 9960 | 1¥00 | 6600 | L800 | 6800 | LPI'0 | SSE0 | 9610 | OF DA
LL80 | €L10- | 6€1°0- | 1200 | S€6°T | SPI0 | $2¢0- | 90T0- | 0IT0- | 60T0- | 8810~ | 0210~ | 891°0- | 6 DA
€160 | 0L00- | 6£00- | £900 | 620 | IS€T | 0CI'0- | 10I0- | SOI0- | $0I'0- | §80°0- | 6100~ | 9900~ | 8 DA
8Y8'T | $TTO | STI0 | €600 | 9910 | TEI'0 | 0£8'9- | 6IL0 | OP9'0 | €490 | 9L60 | S9S0 | 8IE0 | L DA
€570 | $900- | ¥80°0- | 160°0- | LLOO- | ¥80°0- | LEOO- | T6STI- | LOTO | L80'0 | 8800 | 900°0- | L¥OO- | 9 OA
8270 | 6200~ | L¥00- | €50°0- | 1¥0°0- | L¥O'0- | S000- | 20T0 [ 60¥'I- [ €010 | #0I0 | €200 | €100~ | § Oa
pPP0 | LI00- | ¥€00- | #0°0- | 8200~ | ¥E00- | £L000 | LELO | 9110 | 8Z€T- | 6110 | S€00 | 1000- | ¥ Od
PPE0 | 00 | 0100 | S000 | #1000 | 0100 | 6€0°0 | €80°0 | €L0°0 | ¥LOO | TLLO- | 1900 | €€00 | € DA
Ser0 | $900 | TS00 | L¥OO | 8500 | €500 | 0S00 | 2900 | 6500 | 0900 | IL00 | 6090~ | 6010 | TOA
€70 | LZ00 | TI00 | £000 | LI00 | TIO0 | 0100 | 2200 | 61000 | 0200 | 1€00 | €p10 | SSL0- | I ODa
€190 [2r9a 1D [0r9d | 650 | §5d | LDA | 994 | §5d | ¥5A | €5 | T5HA | T 54

“TOPOW SUIYOLWI-[ N WA}SAS UOTIRIIOXD M JUSTSUET} 10 VY XLIFeu WoisAs—qng '9'G a[qe],

114



with 3 different models for the clustering identification (with respect to the original model)

Figure 5.10 shows the eigenvalues when the 3 models of the generators are used for DGs
clustering: original, electromechanical model for generators, transient model and transient
model with excitation system. The equivalent models of the grid are preserving the original
electromechanical eigenvalues in a good manner. For a better observation of this in Table 5.7,
the electromechanical modes are represented both by the damped frequency Hz and damping
ratio [p.u.]. The errors of damped frequencies and damping ratio are presented in Tables 5.8
a) and b) and 5.9 a) and b). From these Tables it can be observed that by modeling the
excitation system, the Modes 1, 5, 6, 7 and 8 present a better approximation compared to the
electromechanical and transient models. In Appendix 4 the full list of eigenvalues are
presented.
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Figure 5.10. The eigenvalues of the equivalents models computed

Table 5.7. Identified original eigenvalues in the equivalent models

Original Eledr%“;;;‘;;‘::tcal and Transient with Excitation
Model Model System Model
Dampin Dampin Dampin
Fre[qI_lIlZe]ncy Ra:)io g Fre[(g;ncy Ra{)io g Fre[q}lllze]ncy Rago g

[p.u] [p.u] [p.u.]

Mode 1 1.954 0.189 1.947 0.184 1.952 0.183
Mode 2 1.837 0.204 1.857 0.195 1.873 0.198
Mode 3 1.602 0.215 1.597 0.218 1.600 0.223
Mode 4 1.565 0.191 1.564 0.195 1.568 0.197
Mode5 | 0415 0.542 0.416 0.541 0.416 0.541
Mode 6 | 0.188 0.703 0.188 0.695 0.189 0.691
Mode 7 0.145 0.996 0.160 0.995 0.156 0.995
Mode 8 0.1443 0.701 0.116 0.717 0.117 0.715
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Table 5.8. a) Damped frequencies errors of the original model with
respect to the electromechanical and transient models

Original Electromechanical
M(%(llel and Transient Error
Model
Frequency Frequency (%]
[Hz] [Hz]
Mode 1 1.954 1.947 0.7
Mode 2 1.837 1.857 2
Mode 3 1.602 1.597 05
Mode 4 1.565 1.564 0.1
Table 5.8. b) Damped frequencies errors of the original model with
respect to the transient with excitation system model
Original Transient with
M g del Excitation System Error
ode Model
Frequency Frequency (%]
[Hz] [Hz] ¢
Mode 1 1.954 1.952 0.2
Mode 2 1.837 1.873 3.6
Mode 3 1.602 1.6 0.2
Mode 4 1.565 1.568 0.3
Table 5.9. a) Damping ratios errors of the original model with respect
to the electromechanical and transient models
Original Electromechanical
M g del and Transient Error
ode Model
Damping Damping
Ratio Ratio [%]
[p.u.] [p.u.]
Mode 1 0.189 0.184 0.5
Mode 2 0.204 0.195 0.9
Mode 3 0.215 0.218 0.3
Mode 4 0.191 0.195 0.4
Table 5.9. b) Damped ratios errors of the original model with respect to
the transient with excitation system model
Original Transient with
M(% del Excitation System Error
Model
Frequency Frequency (%]
[Hz] [Hz] ¢
Mode 1 0.189 0.183 0.6
Mode 2 0.204 0.198 0.6
Mode 3 0.215 0.223 0.8
Mode 4 0.191 0.197 0.6
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5.4.1. D) Impact of Excitation System on the Identification of Slow
Coherent Areas

In this Sub—Section, the impact of the excitation system on the identification of slow
coherent areas in the test ADG is investigated. The scope is to observe how the change in the
amplifier gain K4 impacts the slow coherent areas identification. Therefore, a variation of

K, :[400;1000; 2DOO]is produced for the excitation system of DG 4.1t can be observed from

Figure 5.11 that by increasing Ka, generator DG 4 is excluded from the coherent area,
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a)Ka=400 p.u.
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b)Ka=1000 p.u.

consisting of DG 4, DG 5 and DG 6.
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Figure 5.11. Impact of Excitation System on the Identification of Slow Coherent Areas

As can be observed from Table 5.8, usually in distribution systems with small scale
hydro units the low frequency inter-area modes are well damped with respect to the
transmission system. Therefore it can be seen that for ADGs with high penetration of small
scale hydro, units the coherency phenomena occurs for DGs at modes with higher damped
frequencies, which can be confirmed by running a small signal time domain analysis. Usually
these oscillation modes are associated with local plant modes. When DGs are subject to small
disturbances (small variations in load or generated power) it can be observed that the
coherency between DGs happens within oscillations modes with higher damped frequencies
and the groups of generators show up coherent within different oscillation modes. Normally
the magnitude of excitation is so small that by observing the time response of some state
variables these groups of coherent generators are very difficult to identify.

As in this case the coherency happens within different oscillation modes, the linear
analysis fails to identify properly these groups as they results from the small signal time
domain simulation. Therefore a tool is needed to decompose the time responses and to
observe the magnitude and phase for each oscillation mode in order to determine how
coherency happens in this case. In the next Section such a tool is proposed which allows the
identification of coherent generators and the modes which now can be considered having a
grid wide perspective.
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5.5. Clustering Distributed Generation by Instantaneous Euclidean
Distance in Polar Coordinates

5.5.1. Introduction

As presented in Sub—Section 5.4.1. D) the particularity of ADGs with high penetration
of small scale hydro units make the linear analysis not sufficient to determine the coherent
groups of generators. Therefore a new method is proposed in this work which can determine
the coherent generators using the time responses of the state variables for each oscillation
mode. The first part of this Sub—Section addresses the definitions of the electromechanically
coherency concept between the synchronous generators, presented in Sub—Chapter 4.2.1. Two
generators are called electromechanically coherent after a disturbance occurs if their
correspondent rotor angles or speed variations exhibits the same trend of oscillation, [67].
This can be quantified by calculating the difference between two rotor angles and comparing
it with an admissible tolerance, [33]. The approach is simple and easy to apply, if the
aforementioned signals are known a priori. However if generators are equipped with different
types of exciters systems, this approach is not valid, [68]. In this case, even if the magnitudes
of oscillations are comparable, it can happen that the phases of these oscillations are not the
same, as demonstrated in [48] and [68]. Therefore, one can conclude that the
electromechanical coherency concept is a concept dependent on both magnitude and phase
variations of the rotor angle oscillations [68]. As presented in Sub— Section 4.2.1, the methods
developed to investigate the coherency concept address this by mean of the magnitude, of the
phase or by a mix concept of the two, [40] [68]. In this Section a new method is proposed to
identify the concept of the electromechanical coherency between DG units. The proposed
method allows the computation of the instantaneous Euclidean Distance in polar coordinates
for clustering Distributed Generation units in a test power system. This is done by taking into
consideration, both the magnitude and the phase of oscillations (in a unified tool). As will be
demonstrated, the proposed method gives better results with respect to the metric Euclidean
Distance. The method is based on electromechanical modes decomposition (or "free motion
time responses”) of the state variables for small hydro units, as presented in [11]. This
approach was chosen, due to the simplified manner in which the computation of the
instantaneous magnitude and phase can be performed.

There are several transforms available to compute the phase of a real signal; the most
popular are the following three, [69]:

1. Fourier Transform
2. Hilbert Transform
3. Wavelet Transform

However, in this case as the system state representation is known, the "free motion time
responses” represents a very simple tool to decompose the time responses of the state
variables for each of the oscillation modes. The magnitude and phase computation will then
be straightforward as for general complex numbers.
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5.5.2. Method Description

5.5.2.1. Electromechanical coherency concept overview

This Section summarizes the concepts of the electromechanical coherency as discussed
in4.2.1.
Two recorded signals from the i™ and j™
in (5.87) and (5.88):

generators can be represented in polar coordinates as

% (1) =X, (1) (5.87)

v, (1) =Y, (1)e"" (5.88)

where:
- X,(t) and ¥,(¢) are the instantaneous magnitudes of the rotor angle signals x,(t)and y, ()

—¢,,(r) and ¢ ,(r) are the instantaneous phases of the rotor angle signals x; (t)and y,(2)
Generally, the coherency concept is tackled in literature by three main groups of methods:

Coherency of magnitude [40]
X, (1)=Y, (1) <<

i

e 1E[toot,] (5.89)

This approach is mainly used to identify the electromechanical coherency together with
the computation of the metric Euclidean Distance between i” and j” units, over a time interval,
as proposed in [46], by (5.90):

4,y = >[5 (0= () (590)

Coherency of phase this is presented in [33] [47]

d)x.i(t)_d)y,i (I)‘<€m’ te[t()’tn] (591)

Coherency of magnitude and phase [47] [48] for which both (5.89) and (5.91) need to be
validated over a time intervalr € [to,tn] , were f,and f, — represents the starting and ending time
of the signal recording.

5.5.2.2. Clustering DG units via Instantaneous Euclidean Distance in Polar
Coordinates

Why clustering of DG units using the Instantaneous Euclidean Distance in Polar
Coodinates?
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1. Why instantaneous?

As power systems are dynamic systems, these systems are changing continuously their state
of operation during a time period, due to small or large disturbances. Different disturbances
will excite certain oscillation modes visible in some state variables, due to a higher relative
activity of the state variables in those modes. This is quantified by the mode shapes or the
observability eigenvectors. As will be presented next, the time domain response of certain
states are defined as the sum of the state’s responses for each oscillation mode. So, for
identifying how generators can be cluster in coherent groups after a disturbance, time
responses of this disturbance during a time interval are used. In this time interval certain
dominant oscillation modes can be recognized, for which the instantaneous magnitudes and
phase angles are of interest. There are several methods to compute the magnitude and phase
of a real signal. The most known are Fourier and Hilbert Transforms, detailed in [67] and
[70].

According to [70], the Hilbert transform of a function x() is defined as:

H(f(1)= féf(t) (5.92)

This further can be expressed in integral form as:
L f)
H =—— | —2%d .
(£(1) ﬁ:[ont . (5.93)

As presented in [70], in order to compute the imaginary part of a real signal described by a
periodic function, the Hilbert transform will produce a phase shift of n/2 which will result in
an analytic signal in complex form, as:

z(t)=x(t)—iy(r) (5.94)
Where
y(t)=H(x(r)) (5.95)

With this the instantaneous amplitude a(f) and phase ¢(#) of x(¢) can be computed [70]:
alt)=x(e)" + y(e)’ (5.96)
t
kp(l) = arctan& (5.97)

x(1)

In this PhD work a method based on the time domain decomposition is proposed to
compute the magnitude and phase of a real signal. In this case the real signal is the time
response of a state variable for a certain dominant oscillation mode. The method is validated
against the Hilbert transform.
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2. Why Euclidean Distance in Polar Coordinates

As presented above the concept of electromechanical coherency was treated separately
into two different concepts: the coherency of magnitude and of phase. Euclidean Distance in
polar coordinates allows the computation of the coherency as a unified concept.

This Section presents a new method to investigate the electromechanical coherency of
magnitude and phase concept.

The method is based on the computation of the instantaneous Euclidean Distance —
ED(t) in polar coordinates at each instant of time 7. The method is based on modes
decomposition time responses of the state variables for obtaining the instantaneous magnitude
and phase and computation of ED(t), as discussed in [41].

In this approach only the electromechanical modes with the frequency of oscillations
between [0.25 — 2] Hz is considered for the time domain decomposition. [11]

The idea is to use the time responses of modes decomposition of speed of the DGs, in
order to identify the number of clusters of DG units, when the test ADG is affected with a
small disturbance. The secondary frequency control is not modeled in this research.

Considering that the speed registered for each of the DG units can be expressed in terms
of the electromechanical oscillatory modes, right and left eigenvectors as described in [41],
then for the i and j* generators:

Aw,; (1) = ;16 + ;50,6 +-- 4+, ¢, 0™ (5.98)

Aw; ()= q)jvlc/.’lex" + <I>j'zcj'zew +o 4 @»,»'kcj’kex"’ (5.99)

Where: Aw,(f) and Auw; (1) are small variation of speed of the DGs, & and @;are the

right eigenvectors, cx — represent the magnitude of the excitation of k” mode and N\, —

represent the k™ oscillatory mode.
Or, rewriting (5.98) and (5.99) in the complex form:

Aw, (1) =0, " + T " 4 " (5.100)

Aw, (1) =T, e+ e oo b T e (5.101)

where: ¥, ,,¥;, and 1, ;,\; , represent complex numbers having the form: o+ j3 .

In order to identify the electromechanical modes of oscillations, the "free motion time
responses” of the speed registered for each of the DGs should be calculated as discussed in
[41]. If the topology of the ADG is known, then this time response can be easily modeled in a
simulation platform, by running a modal analysis and registering the right and left
eigenvectors and electromechanical modes of oscillations. This method it is suitable for off-
line studies and the computation of instantaneous magnitudes and phases is done by running
an iterative modal analysis for the known ADG, at each time step ¢. After the dominant
electromechanical modes of oscillation are identified, their correspondent instantaneous
magnitudes and phases can be computed, considering that the real and imaginary parts for
each free motion time response coefficient can be written as in (5.102) and (5.103):
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Re{Auf | = Re{‘Ill.vke“"*r} (5.102)

Im{Auf } =Imfw "} (5.103)

With (5.102) and (5.103), the instantaneous magnitudes A, (r)and phase ¢, (¢t) of each k"
electromechanical mode of oscillation and for each i DG unit, can be computed as:

A1) :\/ (Re{‘l’,-,keu“”})z +(Irn{\1',-,ke“‘*’})2 (5.104)

b (1)=tan™ (5.105)

Im {\Ili‘ke""”}]

Re {\Il.ﬁkew"“}

i

Using the instantaneous magnitudes and phases as defined in (5.104) and (5.105), the
average instantaneous Euclidean Distance — ED,; , between generators i and j" can be written

as:

T

S 1)+ 4 (1)~ 28, () A (e)eos(o, 1), (1)

— =1
ED; = |+ - (5.106)

Where N is the number of samples registered at each time instant ¢
Then, by computing the ED; between each i" and j™ generators with i, je I (where T is

the set of generators from the external area), the i and j"* generators can be recognized as
electromechanically coherent, by identifying the minimum averaged instantaneous Euclidean
Distance —ED,; :

min(ED; ) (5.107)

Or in other words, (5.106) can be calculated for each instant of time ¢ and the i and "
generators can be considered electromechanical coherent if the ED;, for each k” mode of

oscillation validates the condition from (5.107).

5.5.2.3. Study Case

In this Section the DG units connected to the test ADG used in this work are clustered
by using the method described in Section 5.5.2.2. The test model for the ADG was already
introduced in Chapter 4. The system were simulated and implemented using DIgSILENT
Power Factory 14.1.6® platform.
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In this research the TPS is modeled as the internal power system (represented by the
strong TPS behind the bus 7500_132 kV).The ADG simulation model is presented in Figure

5.12.

|
Rczg:tgrj
|
3
L19 DG8

1
3277133
LI8 ——

——132kV

Legend 22 kv

Figure 5.12. Test ADG topology.

To validate the proposed method to determine electromechanical coherency between DG
units, a small disturbance was introduced to the test ADG. This disturbance is represented by
an increase of 5% of the speed reference of the medium size hydro power plant connected at
the bus 3. The speeds of al DG units were recorded and are presented in Figure 5.13.
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Figure 5.13. Speed variations of DG units after a small disturbance

If we investigate the DG units which belong to Cluster 1 in Figure 5.14, one can
observe that the magnitudes of the oscillations are comparable but their phases are shifted.

After computing the metric Euclidean Distance defined by (5.103) between each real
valued signal representing the speed of the DG units, the following clusters were obtained:

Table 5.10. Clusters of DG Units By Using the Metric Euclidean Distance

Clusters DG Units
Cluster 1 DG 1,DG2,DG 3
Cluster 2 DG 4,DG 5, DG 6, DG 7
Cluster 3 DG8,DG9,DG 11
Cluster 4 DG 10
1.0001 ; : : 1
| | | - |7DG1
1.0001 | | | |
= ‘ |
2 ! ;
= |
21 '
m I
0.9999 : : .
0 | | |
0-999% 1 2 3 4 5

Time [s]

Figure 5.14. Speed variations of DG units after a small disturbance
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e Identification of the dominant electromechanical modes

To identify the dominant electromechanical modes, a filtering technique was used to
select the modes with the frequencies of oscillations between 0.25 and 2 Hz. Running the
modal analysis for the test ADG, the dominant electromechanical modes, presented in Table
5.11 were identified.

Table 5.11. Dominant Electromechanical Modes of Oscillations

Electromechanical Real Imaginary Damped Damping
Modes Part Part Frequency Ratio
- [1/s] [rad/s] [Hz] [%]

Mode 1 -2.375 +12.283 1.971 18.984
Mode 2 -2.413 +11.546 1.874 20.457
Mode 3 —2.223 +10.069 1.602 21.558
Mode 4 -1.916 +9.834 1.565 19.123
Mode 5 -3.730 +3.423 0.545 73.670
Mode 6 -9.477 +3.172 0.505 94.829
Mode 7 —1.688 +2.613 0.416 54.262
Mode 8 -9.518 +2.569 0.409 96.543
Mode 9 —11.627 +2.546 0.405 97.685

4. Coherency identification in ADGs: Time domain simulation versus Observability
eigenvectors

As presented above, the coherency among generation units can be identified by running
a time domain simulation, or a modal analysis. When the modal analysis is chosen to identify
coherency among the generation units, observability eigenvectors (also called mode shapes)
are of interest.

This is not any longer true for ADGs as those modes corresponding to the inter—area
modes for TPSs are well damped. For these types of grids the coherency can be recognized
within several local plant modes. This can be proven by looking in the list of the eigenvalues
presented in Tables 5.11 and 5.14.

Considering speed as a state variable and by plotting the observability eigenvectors for
some of the local plant modes, the coherency among DG units can be identified. This can be
observed by plotting the observability eigenvectors for modes 2 and 3 (see Table 5.11) and
modes 14 and 17 (see Table 5.14) as in Figure 5.17.

Normally for TPSs the clusters of coherent generators can be identified by running a
time domain simulation of a small disturbance or by observing the phase of the observability
eigenvectors. For the case of the test ADG it was shown that there aren’t oscillation modes
similar with the inter—area modes for TPSs for which the same coherency can be recognized
as by running a time domain simulation. As presented above for ADGs the coherency
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observed in a time domain simulation (see Figure 5.15) can be similarly identified by looking
in particular local plant modes, as presented in Figure 5.15.

a) Mode 2 (1.874 Hz)

) Mode 14 (3.117 Hz) d) Mode 17 (2.38 Hz)

Figure 5.15. Observability eigenvectors for different local plant modes.

From the time domain simulation presented in Figure 5.13 two oscillation modes can be
identified as dominant: mode 3 — 1.602 Hz and mode 4 — 1.565 Hz. Let us investigate the
observability of eigenvectors of these modes are investigated in Figure 5.16.
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a) Mode 3 (1.602 Hz)
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DG 13

b) Mode 4 (1.565 Hz)

Figure 5.16. Observability eigenvectors for Modes 3 and 4.

From Figures 5.16 a) and b) it can be observed that even the magnitudes of the
observability eigenvectors are similar with the magnitudes of oscillations recognizable in the
speed signals from Figure 5.13, the phase angles of the observability eigenvectors and the
time instants where the speed oscillations points are different, as can be observed from Figure
5.17.
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Figure 5.17. Speed signals of DGs.

This happens as in the time domain response defined by (5.92) the observability (right)
eigenvectors are multiply with the corresponding controllability (left) eigenvectors, so a phase
shift appears. This product between the right (observability) and left (controllability)
eigenvectors corresponds to the participation factor, defined according to [41] as:

Pri = Pui (5.108)

According to [41] the participation factors measures the net participation of the k" state
variable in an i mode. In Figure 5.20 the participation factors (complex values) are depicted
for the Modes 3 and 5 presented in Table 5.11. From these Figures it can be observed that a
same clustering of the DG units is produced as by the proposed method presented in Table
5.12. As generators 2 and 12 are dominant in modes 3 and 4 they were neglected in Figures
5.18 a) and b).

0
-0.02;

-0.04;

Participation Factors

-0.06

a) Mode 3 (1.602 Hz)
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b) Mode 4 (1.565 Hz)

Figure 5.18. Participation factors for modes 3 and 4.

Therefore in the proposed method a mathematical manipulation of the time response
decomposition presented in (5.92) is used to obtain the magnitudes and phases of the
electromechanical modes of oscillations. Further these magnitudes and phases are used to
cluster the DGs using the Euclidean distance in polar coordinates. A complete description of
the mathematical manipulation of (5.92) and of the manner in which the magnitude and phase
is computed for the pair complex of conjugate eigenvalues is presented in Appendix 6.

¢ Modes decomposition

As shown in [41], the time response of a state variable which describes the operation of
the synchronous machine can be modelled by a linear combination of k dynamic modes (as
done for example in (5.95) and (5.96) for the speed signals of two DG units).

The instantaneous magnitudes and phases can be calculated applying the decomposition
of the speed signals for each DG unit and for the dominant electromechanical modes.

By using equations (5.101), the real electromechanical coherency between DG units can
be achieved. Figure 5.19, shows the time responses and the correspondent magnitudes of the
Mode 1 for the speed signal of the DG units 1, 2 and 3. Figure 5.20 shows the phases of the
Mode 1 for the speed signal of the DG units 1, 2 and 3.
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Figure 5.19. Mode 1 - magnitude of the speed signal of DG 1, 2 and 3

Mode 1 Phase [radians]

Time [s]

Figure 5.20. Mode 1 - phase of the speed signal of DG 1, 2 and 3
Figure 5.21 shows that the phase shift between the phase angles of DG 1, 2 and 3 for
Mode 1 (presented in Figure 5.20 with respect to DG 1) are constant in time. Figure 5.22
shows the instantaneous difference between the phases computed with the method based on
the time domain decomposition and compared with Hilbert transform.
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Figure 5.21. Phase angle differences of DG 2 and DG 3 with respect to DG 1.
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Figure 5.22. Phase angle difference using

the proposed method versus the Hilbert transform
As it is shown in the above Figures 5.20 and 5.21 presenting the modes of oscillation
associated with the complex conjugate pairs of eigenvalues 1-2 and 5-6, DG 1 and 3 are
oscillating coherent against DG 2.
Using the proposed method to compute the instantaneous Euclidean Distance in polar
coordinates— between all DG units for Modes 5 and 6, the following DG clusters can be
identified:
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Table 5.12. Clusters of DG Units By Using the Instantaneous Euclidean
Distance in Polar Coordinates

Clusters DG Units
Cluster 1 DG 1,DG 3
Cluster 2 DG 4,DG 5,DG 6
Cluster 3 DG 7,DG 10, DG 11
Cluster 4 DG 8, DG 9
Cluster 5 DG 2

In Table 5.13 presents the ED matrix in absolute values between all DG units for Mode
5 and 6:
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5.6. Dynamic Equivalents of Active Distribution Grids Based on

Model Parameters Identification

5.6.1. Generalities

In the Section a new method is proposed to compute dynamic equivalents of ADGs to be
used for small signal stability studies of the main grid. The scope of the method is to produce
simplified models which will preserve the dominant electromechanical modes of oscillations
of ADGs. The computation of dynamic equivalents is based on the method published in [16]
and described in Section 5.5 were clusters of coherent DG units are identified by calculating
the instantaneous Euclidean distance in polar coordinates. The method of Section 5.5 will be
extended to identify the clusters of DG units and the dominant modes in which DGs exhibits
coherent behavior.

Furthermore, the time responses of the state variables associated with equivalent
generators will be built within the identified dominant electromechanical modes. Using a
model parameter identification tool available in commercial power system software, the
parameters of equivalent generators and automatic voltage regulators will be obtained, based
on the computed new state variables. To validate the method a new small signal stability
calculation is produced.

5.6.2. Electromechanical modes identification

In order to identify the dominant electromechanical modes, a filtering technique was
used for selecting those modes with an oscillation frequency between 0.2 and 2 Hz, [41].

A modal analysis was performed using DIgSILENT PowerFactory© for the test ADG.
The dominant electromechanical modes are presented in Table 5.11 in Sub—section 5.5.2.3.
O).

As will be shown during the following Sub—Sections, the proposed method performs
well in identifying the dominant modes of oscillations. But when performing a clustering of
units as it will be described later, the method will not consider the local plant oscillations
modes.
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Further the clusters presented in Sub—Section 5.5.2.3 will be considered and the set of
modes used to reconstruct the equivalent signals will be extended to the set of local plant
modes, presented in Table 5.14:

Table 5.14. Dominant Electromechanical Modes of Oscillations

Electromechanical Real Imaginary | Damped Damping
Modes Part Part Frequency Ratio
- [1/s] [rad/s] [Hz] [%]
Mode 10 —12.631 | +33.876 5.391 34.936
Mode 11 —16.006 | *31.575 5.025 45.214
Mode 12 —12.493 | #£30.870 4.913 37.514
Mode 13 -6.622 +22.514 3.583 28.217
Mode 14 -4.270 +19.588 3.117 21.298
Mode 15 —-5.606 +18.064 2.875 29.639
Mode 16 —5.886 +16.068 2.557 34.396
Mode 17 —3.854 +14.954 2.380 24.956

5.6.3. Method Description

In the following the steps of computing dynamic equivalents based on model parameter
identification are presented.

5.6.3.1. Clustering of DG units and dominant electromechanical modes
identification

In this step the number of clusters of DG units which exhibit a coherent behavior both in
magnitude and phase of oscillations, are identified using the method introduced in [41] and
detailed in Sub—Section 5.5.2.2. As presented in [6], the time responses of a state variable x
(in this case the speed) for each of i and j DG unit can be modelled as a linear combination of
k dynamic modes, as shown in (5.109) and (5.110):

Axy (1) =@, 16,8 + Py 508"+ 4 Dy e (5.109)
Ax;(1)= (D/.lc/.lex't +¢j.2("j.2€>\2[ T+ +q)j,kcj,ke>\kt (5.110)
Where:
- Axi(t) and Ax,(r) are the DGs small speed variations, . and ®;are the right
eigenvectors

—  cxrepresents the magnitude of the excitation of the k" mode
— N represents the k' oscillatory mode.
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Or, rewriting (5.109) and (5.110) in the complex form [4]:

Ax, () =T "+ e b B e (5.111)

A (1) = Wy e e By e (5.112)

Where:

- ¥,%, and {;;,;, represent complex numbers having the form: o+ j2 .

Using the theory described in Sub—Section 5.5.2.2 is possible to compute the
instantaneous Euclidean Distance — ED,(r) between generators i and j”. A set of clusters
will be identified for each k™ electromechanical mode.

The dominant electromechanical modes will be recognized as those modes in which

DG units are clustered as similar. Or, in other words, dominant electromechanical modes are
those modes in which DG units exhibit coherent behavior.

5.6.3.2. Computation of time responses of equivalent state variables

After the numbers of DG clusters and their compositions are determined, the time
response of equivalent state variables associated with each clusters equivalent generator are
computed. The time response of equivalent state variables is computed using a weighting
function representing the sum of the linear combinations in the n dominant modes multiplied
with normalized participation factors for each cluster m and DG unit i. The equivalent state
variables for which the time response is computed are equivalent speed (w,, ), rotor angle  (
6,, ), excitation flux (b, ), flux in the damping D axis (1, ,, ), and flux in the damping Q
axis (1, ). In this case, the amortisseurs in the generator model are included, and the system

of equations is as in (5.113) [41]:

1

sw=——-I (T, —T, —Kpw

2H( m e D )
56 = wyAw

wORfd .
sUy = Egy —woRyig (5.113)
‘adu

sy =—woR iy
sy, = —Wo Ry, i,
Swzq =—WyRy 0,

As presented in [41], the model includes one d and ¢ axis amortisseurs as shown in
Figures 5.23 a) and b).
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Figure 5.23. Synchronous machine equaivalent circuits with one d and g axis amortisseurs [41]

The time response of an equivalent state variable Ax, of a cluster m, is defined as:

PDG,,M

P

n,max

Nt

e } (5.114)

M N
Axrq,m (t) = Z Z‘éDG,,nCDG,,n

DG=1 n=1

Where:
DG, — represents " DG unit belonging to cluster m
n — represents the dominant electromechanical mode
P, ,— represents the participation factor of the state variable x of DG unit i, in dominant

mode n
P, o =max (P, ) (5.115)
Where:
P, ..« — Tepresent the maximum participation factor of state variable x in dominant mode n

for each DG unit i belonging to cluster M
m — number of DG units from cluster M
n — number of dominant electromechanical modes

5.6.3.3. Reference machine definition

The reference machine of the cluster m is defined as the DG unit with the maximum
participation factor of state variable x within the dominant mode n. The parameters of the
reference machine will be used in the next steps as an initial guess in the Model Parameter
Identification function of DIgSILENT PowerFactory®©.

5.6.3.4. Parameters identification of equivalent generators

Using the computed equivalent state variables for each clusterme M , the parameters of
an equivalent generator associated with an AVR with the cluster m are identified using the
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Model Parameter Identification function of DIgSILENT PowerFactory© [38]. In order
to identify the parameters of equivalent generators based on the computed state variables from
(5.110), a benchmark grid needs to be used. This benchmark consists of a "stiff” voltage
source connected to the generator-transformer (GT) set, to which the parameters have to be
identified. The resistance and reactance defined in the "stiff” voltage source are the external
resistance and reactance measured (by a frequency sweep) at the terminal of the GT set of the
reference machine. The benchmark grid model is presented in Figure 5.24. The reference
frequency signal in per-unit of the "stiff” voltage source is controlled using the computed
equivalent speed. In this way the equivalent generator will be "forced” to reproduce the same

dominant oscillation modes preserved in the computed signals. The equivalent signals (w,, ,
0 0y >V i ag s Widooq » Vig.eq ) @r€ passed from a measurement file together with the corresponding

simulated signal to a comparator which tunes the equivalent generator’s parameters by
minimizing an objective function. According to [38], the parameters identification algorithm
is based on a least square method and the objective function is computed as in (5.116):

n

> (M, =8, )w ] (5.116)

i=1

— M, is the measured response (equivalent signals)
—  S;is the simulated response

—  w; is the weighting factor (user defined)

— pisthe power (user defined)
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s
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Figure 5.24. Benchmark grid for parameters identification of equivalent generator

The identification process diagram is presented in Figure 5.25.
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Figure 5.25. Parameter identification process diagram

The nominal apparent power S, [MVA], active power setpoints P, [MW] and inertia

H, [s]of the equivalent generator (correspondent to the cluster m) are computed as:

S =D 5 (5.117)
DG,
Py= Pug (5.118)
DG,
HDG
Hy, =) =" (5.119)
DG,

Where:
m — number of DG units from cluster M

5.6.3.5. Network reduction

After identifying the parameters of the equivalent generators on the basis of the
computed state variables, the ADG network is reduced to an Extended Ward Equivalent. A
detailed description of the network reduction methods can be found in Sub—Section 4.2.1. B).
This equivalent was chosen due its ability to roughly preserve the active and reactive power
flows, as discussed in [14].
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5.6.3.6. Method validation

In this step a new modal analysis computation is produced for the dynamic equivalent
connected to the transmission power system. The scope is to observe if the dominant modes
of oscillation were retained in the equivalent model of the ADG.

5.6.4. Results

5.6.4.1. Dominant Modes Dynamic Equivalent

In this Section, the steps described in Section 5.6.3 are applied for the test ADG, in order
to obtain a dynamic equivalent which will reproduce only the dominant modes of oscillation.
Using the method described in 5.6.3.1, for clustering of DG units and dominant modes
identification, the following sets of clusters resulted for each of the electromechanical modes,
shown in Table 5.15.

Table 5.15. Clusters of DG Units for all Electromechanical Modes

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

DG 1 Cluster 1 | Cluster 1 | Cluster 1 Cluster I | Cluster 1 | Cluster 1
DG 2 | Cluster2 | Cluster 1 Cluster 1 Cluster 1 Cluster 1 Cluster 2
DG3 | Cluster2 | Cluster 1 Cluster 2 Cluster 1 Cluster 1 Cluster 1
DG4 | Cluster2 | Cluster2 | Cluster 2 Cluster 2 | Cluster 2 | Cluster 3
DG5S | Cluster2 | Cluster2 | Cluster 2 Cluster 2 | Cluster 2 | Cluster 2
DG 6 | Cluster2 | Cluster 1 | Cluster 3 Cluster 2 | Cluster 2 | Cluster 2
DG 7 | Cluster | Cluster 2 | Cluster 2 Cluster 3 | Cluster 3 | Cluster 4
DG8 | Cluster I | Cluster2 | Cluster 1 Cluster 3 | Cluster 3 | Cluster 5
DG9 | Cluster 1 Cluster 3 | Cluster 4 Cluster 3 | Cluster 3 | Cluster 5
DG 10 | Cluster 1 Cluster 2 | Cluster 3 Cluster 2 | Cluster 2 | Cluster 3
DG 11 | Cluster 1 Cluster 3 | Cluster 3 Cluster 3 | Cluster 3 | Cluster 4

It can be observed from Table 5.15 that DG units present a coherent behavior in modes
4 (1.602 Hz) and 5 (1.565 Hz), in which the clustering is similar. Therefore, these two modes
are defined as dominant modes and are used to compute the state variable of the equivalent
generators, as described in 5.6.3.2. The reference machines were identified based on (5.115)
for each of the three clusters, as presented in Table 5.16:

Table 5.16. ReferenceMachines in Clusters 1, 2 and

Reference
Machine
Cluster 1 DG 2
Cluster 2 DG 6
Cluster 3 DG 9
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Using equation (5.115), the state variables (w,,,0,,, Uy s Viges Vyy.,) Were

computed for all three equivalent generators. Figures 5.26 and 5.27 present the computed state
variables: speed and excitation of the equivalent generator 1 based on (5.114). A small
increase of 5% was produced at the reference speed signal of the HYGOV main hydro power
plant hydro—governor.
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Figure 5.26. Computed speed of equivalent generator 1
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Figure 5.27. Computed excitation flux of equivalent generator 1

After network reduction is completed, the ADG is represented by a set of equivalent
impedances between each of the retained buses. Voltages sources are connected at each
retained bus in order to preserve the active and reactive power flows [38].

The equivalent generators are connected to the retained bus bars of reference machines
presented in Table 5.16 via equivalent transformers (the nominal apparent power for each
machine is as defined in (5.117)).

The structure of the dynamic equivalent is presented in Figure 5.28.
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Figure 5.28. Dynamic equivalent model of the test ADG
A new small signal analysis was computed and the new electromechanical modes of
oscillation are presented in Table 5.17. The dominant modes of oscillation (modes 1 and 2)
were identified in the list of modes, validating the dynamic equivalent technique for the
dominant modes of oscillations recognized.

Table 5.17. Electromechanical Modes Using the Dynamic Equivalent Model

Electromechanical Real Imaginary | Damped Damping
Modes Part Part Frequency Ratio
- [1/s] [rad/s] [Hz] [%]
Mode 1 —2.331 +10.005 1.592 22.690
Mode 2 -2.115 +9.964 1.585 20.763
Mode 3 —1.448 +8.162 1.299 17.467
Mode 4 —49.636 +8.147 1.296 98.679
Mode 5 —2.345 +5.238 0.833 40.861
Mode 6 —0.451 +5.129 0.816 8.759
Mode 7 —1.861 +4.021 0.640 42.001
Mode 8 —2.103 +3.827 0.609 48.159
Mode 9 -1.671 +2.534 0.403 55.051
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Figure 5.29 presents the speed time responses for all of the three equivalent generator
units.
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Figure 5.29. Speed responses of the equivalent generators

Figure 5.30 presents the eigenvalues for the original and reduced models. As can be
observed, the equivalent preserves the modes with the following frequencies: 1.592, 1.585
and 0.403 [Hz]. These frequencies are the approximation of the modes: 1.6026, 1.5651 and
0.416 [Hz].
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Figure 5.30. Eigenvalues for the original and reduced models.
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Table 5.18 presents the frequencies and damping ratios of the recognized modes for the
equivalent model from the original one of the ADG. The errors and the average error are

Table 5.18. Electromechanical Modes Using the Dynamic Equivalent Model

Damped Frequency Damping Ratio
[Hz] [%]

Original Equivalent Error Original Equivalent Error
Model Model [%] Model Model [%]
1.6026 1.592 1.06 21.561 22.69 1.129
1.5651 1.585 1.99 19.126 20.763 1.637
0.416 0.403 1.3 54.256 55.051 0.795

presented in [%].

5.6.4.2. Multi-Modes Dynamic Equivalent

In this Section the list of electromechanical oscillation modes presented in Table 5.11 is
extended with the local plant modes presented in Table 5.14. The equivalent speed signals
rebuilt with these complex conjugate modes are presented in Figure 5.31.
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Figure 5.31. Speed responses of the equivalent generators
As presented in Section 5.6.3.3, reference generators must be defined in order to identify
the parameters of the equivalent generators.
Table 5.19 presents the reference generators. The clusters of generators are referred to
Table 5.19 from Sub—Section 5.5.2.3. C).
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Table 5.19. Reference Machines in Clusters 1, 2, 3 and 4

Reference

Machine
Cluster 1 DG 3
Cluster 2 DG 6
Cluster 3 DG 10
Cluster 4 DG 9

In Figure 5.32 the eigenvalues of the equivalent and reduced model are plotted. From
Figure 5.34 it can be observed that this equivalent provides a better approximation of the
original modes: 1.6026, 1.5651 and 0.416 [Hz].
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Figure 5.32. Eigenvalues of the equivalent and reduced model

Figure 5.33 presents the speed time responses for all of the three equivalent generator
units.
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In Table 5.20 the frequencies and damping ratios of the dominant modes for the original and
multi-modes equivalent model of the ADG are presented. The errors and the average error are

Figure 5.33. Speed responses of the equivalent generators

presented in [%].

Table 5.20. Electromechanical Modes Using the Dynamic Equivalent Model

Damped Frequency Damping Ratio
[Hz] [%]

Original Equivalent Error Original Equivalent Error
Model Model [%] Model Model [%]
1.6026 1.572 3.0125 21.561 20.633 0.987
1.5651 1.557 0.3521 19.126 23.757 4.633
0.4158 0.416 0.0709 54.256 54.030 0.161
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5.7. Summary

In Sections 5.3 and 5.4 a classical method to cluster generators was presented. This
method is based on the slow coherency theory developed by Dr. Joe Chow in [59]. Using the
slowest inter—area modes to group the generators into areas it was observed for the test ADG
that by modeling the synchronous generators using the electromechanical and transient
models, the resulting groups of generators differ from the ones when the excitation system is
included. Including the excitation more accurate groups of coherent generators are obtained
similar with the ones observed by running a small signal time domain simulation. This has to
do with the modeling of the excitation systems and with the particularity of ADG systems.
This particularity is that for distribution grids with high penetration of small scale hydro units
the inter—area modes are very well damped. Therefore the groups of coherent generators show
up in local plant modes. The coherency recognition in these particular grids become more
complex as the coherency is not identifiable in just one mode, but in a mix of several modes.

From this point the linear analysis fails to identify correctly the groups of generators
and a new method as the one proposed in Section 5.5 can give better results. This method is
based on decomposition of the state variables’ time domain responses for each of the
oscillation modes. By using this, magnitude and phase of the state variable can be observed
over a time range for each of the modes. By using this information, further a simple method
can be used to determine the groups of coherent generators in the ADG. This method allows
also the identification of the oscillation modes which now presents a grid wide perspective.
The time domain decomposition is a powerful tool which can allow the aggregation of
coherent groups of generators. This method is extended in order to compute the equivalent
signals of the aggregated generators as presented in Section 5.6. The dynamic parameters of
these generators can be determined using model parameter identification algorithm.
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Chapter 6
Discussions

In this Chapter; the results presented in the previous Chapters are discussed.

6.1. Grid Code Requirements: similarities, harmonization and
drawbacks

In the first part of Chapter 2, an overview of different national grid codes related to the
integration of DG units has been presented. The surveyed grid codes are from both
transmission and distribution level of the power system, as some of the countries introduce
requirements for DG connection in their national transmission grid codes.

This is mainly due to the fact that DG penetration grade in their national power system is
not so high and the need for a distinct distribution grid code has not been necessary. In the
survey a comparison and analysis of the main steady state and transient requirements was
conducted. Some similarities were observed through this survey and a trend towards a
harmonization of the European codes which nowadays is in the act and known as the ENTSO-
E grid code.

It was observed that the technical connection guidelines in the national grid codes are
varying from country to country. The principle reasons for this are the degree of DG
penetration and the robustness of the national power systems. It can also be concluded from
the overview that in the most recent grid codes related to DG integration, system operators are
asking for more demanding capabilities during fault occurrence in the grid (fault ride through,
reactive current injection or absorption).

These requirements were absent in previous versions of grid codes, where a
disconnection of the DG unit was permissible. It was observed that most of the grid codes
(especially those issued in countries with large amount of DG penetration) are making a clear
distinction in the requirements between DG units which presents a power electronic interface
and those based on synchronous generators. Also, the trend is to divide these requirements
with respect to the specifics of the generation site where DG units are installed e.g.: onshore
and offshore requirements (offshore requirements are related to wave energy and offshore
wind power plants). Some international publications (from IEEE and ENTSO-E) were also
investigated, having a regulatory harmonization approach and presenting some new features
for DG connection requirements.

In the first part of Chapter 3, the main topics which were not covered in the grid codes’
LV-FRT requirements were found as the inadequacy of external power system modeling and
the absence of voltage phase angle variation. These drawbacks were investigated in detail and
main discussions are summarized in the following.
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Four models were considered for modeling of the external grid, especially concerning on
the capabilities of a DG unit to withstand a three phase fault are investigated:
e aThévenin equivalent
e a multi-machine power system
e dynamic equivalents based on Ward and Extended Ward

Computer based simulations were carried out to achieve the dynamic response of the DG
unit (modeled in this case as a small scale hydro unit) when a three phase fault occur at the
PCC, using all four aforementioned models for external grid representation. For the Thévenin
equivalent the model described in the existing grid codes was used, and for the multi-machine
power system a benchmark power system was studied.

To obtain the wide area dynamic equivalents of the benchmark power system, a dynamic
aggregation of synchronous generators technique based on the coherency method was applied.
As for the power system reduction, Ward and Extended Ward equivalency methods were
applied. The results show that by using a Thévenin equivalent, overall inaccurate LV-FRT
results are obtained for the main parameters of DG unit (rotor angle, voltage magnitude and
angle variation, active and reactive power).

This is mainly due to the fact that a Thévenin equivalent does not represent the
electromechanical dynamics as a complete model representation of power system would do.
In terms of active and reactive power variations after the fault, it was observed that the first
oscillations present smaller magnitudes with respect to the connection of DG unit in the
benchmark power system and in corresponding equivalents. This can be a critical observation
as these magnitudes will be used by the DG developers to choose the generator ratings and
controllers. The benchmark power system was modeled to represent all dynamics associated
with an ADG and TPS as well the inter-area dynamics between these power systems. It is
obvious that by increasing the detail in the power system representation, the accuracy of the
results will increase. But a trade-off must be performed between the range of
electromechanical dynamics covered by the complexity of the model, the effort to simulate
the model in a commercial software and simulation time. By using wide area dynamic
equivalents of the benchmark power system it was observed that the original response was
roughly preserved, mostly by using a dynamic Extended Ward equivalent. This is mainly due
to a more accurate representation of reactive power flow. Some errors are introduced by the
equivalency process, mainly due to the aggregation method used and the process of power
system reduction technique.

In the second part of Chapter 3, it was shown from dynamic computer simulations of the
system under study that the expected transient response of a hydro power DG-unit equipped
with a synchronous generator strongly depends on both change in amplitude and phase angle
of the terminal voltage caused by the fault in question, especially the active power response.
An analysis taking only voltage change as the perturbation will in many cases most likely lead
to erroneous conclusions regarding transient stability of the unit and critical clearing time.

In addition, the study shows that the type (and parameterization) of the unit's automatic
voltage controller in this case have a significant impact on the unit's Critical Clearing Time.
Also, it was observed that by decoupling the magnitude and phase angle of voltage, there will
be large differences in rotor angle excursions meaning that the appreciation of the transient
stability margin is erroneous.
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6.2. Dynamic Equivalents of Active Distribution Grids for
Rotor Angle Transient Stability

In Chapter 4, methods usually used to obtain dynamic equivalents of wide area TPSs are
applied to a benchmark ADG with an increased share of small scale hydro units.

The scope is to produce a simulation model suitable for representation of ADGs in
transient stability studies of TPSs by taking in consideration the dynamics associated with DG
units connected. In order to reduce the ADG network, an Extended Ward equivalent was used,
and to aggregate dynamically the DG units a mechanical coherency method based on rotor
angle variation was applied.

To validate the algorithm two criteria were proposed. The first looks at the preservation
of the voltage magnitude and angle variations at the busbar in the internal area (in this case
the MV busbar of the bay transformer where the ADG is connected). These variations are of
interest when considering the AVR and load modeling influence on the transient stability
study.

The second criterion looks at the preservation of the transient stability margins as an
important indication of the rotor angle dynamics associated with the synchronously connected
DG units. The study have shown that the dynamic equivalent obtained for ADG preserves the
original response, in terms of voltage magnitude and angle variations when a fault emerged at
the bay’s transformer MV busbar.

Regarding the transient stability margins, a small increase was observed compared to the
original one. This small difference is due to the process of aggregation of transient,
subtransients and exciter parameters of the synchronous DG units.

In Chapter 4 an investigation regarding the impact of disturbance duration, location and
type on the coherency identification of DGs were carried out. It was observed that the
composition of clusters is very much influenced by these three factors. Therefore, it can be
concluded that these type equivalents are to be obtained and used for each particular study
case. Their dynamic content cannot be used for general studies of the main PTS. However, all
the disturbances gives a general indication regarding which DG units are coherent for the case
when a small signal equivalent is needed.

6.3. Dynamic Equivalents of Active Distribution Grids for
Rotor Angle Small Signal Stability

Chapter 5 presented a method to obtain dynamic equivalents of ADGs for small signal
stability studies. This method is based on the slow coherency theory developed by Dr. Joe
Chow in [62]. In this theory the main idea is that the identification of coherent generators
arises in slow inter—area modes due to weak connections between the generators. The main
advantage of this method compared with the one described in Chapter 4 is that this method
produce the groups of coherent generators independent by the disturbance (location, duration
and type). The theory behind this concept used in the singular perturbation method and a
tolerance based algorithm developed in the same reference was used to group the small scale
hydro units in the test ADG.
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In the first part of Chapter 5 it was investigated how the modeling of the synchronous
generator impacts the identification of slow coherent generators. In this analysis three models
were considered:

e electro—mechanical model
e transient model
e transient model with excitation system

For these models the general equations of synchronizing torques in multi-machine
power systems were developed. Using these equations the reduced system matrices to the
internal buses of generators were used to compute the eigenvalues and right eigenvectors.

Then by using the tolerance based algorithm described in Section 5.4.1 the coherent
groups of generators are obtained. It was observed that by using the electro-mechanical and
transient models the same groups of generators were obtained. By including the excitation
system a grouping similar to the one produced by running a time domain simulation for a
small perturbation in the system was observed.

This similarity is showing that by increasing the generator modeling and including the
excitation system a better approximation of the synchronizing torques values are obtained,
which is important to have a better image over the similarity or dissimilarity between the
generators.

By modeling the excitation system and varying the amplifier gain Ky it was shown that
generators from the same coherent group can be excluded from the group for large values of
K. This is due to decreasing the synchronizing torques.

In the second part of Chapter 5 a new method for clustering DG units in a test ADG is
proposed. This method allows the computation of the instantaneous Euclidean Distance in
polar coordinates for clustering Distributed Generation units, and is based on modes
decomposition and "free motion time responses” computation, as presented in [11]. This is
done to obtain the instantaneous magnitudes and phases for the state variable used to
recognize the coherency between DGs. This method can be applied to off-line studies of
power systems and the computation of instantaneous magnitudes and phases is done by
running iterative modal analyses of the known ADG, at each time step ¢.

The advantage of this method is that by using the ED(t) in polar coordinates, both the
coherency of magnitude and phase can be achieved with one tool.

The method produces an accurate clustering of DGs. However, the main drawback is
that the topology of the ADG needs to be known, in order to run iterative modal analysis. And
a trade—off must be done between the number of equivalent generators to be obtained and the
accuracy of the eigenvalues of the equivalent model. This method is a time domain method
and the clustering is very dependent of the magnitude of the excitation. Lower magnitude of
excitation will give a smaller number of equivalent generators and a smaller degree of
dissimilarity between them. Higher magnitude of excitation will give opposite results.
However, high excitation can make certain controllers to reach their limits; therefore a
thorough investigation must be done to choose the right value of excitation and the right
variable to which this excitation have to be applied. Good values of the excitation are
0.01-0.02 p.u. and the recommended signals for which this excitation can be applied are the
ones with the highest participation factor in the considered mode. As one is mainly interested
in the electromechanical modes it is advisable that the selected signal to be mechanical torque
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or reference speed of the governor and respecting the rule that the controllers’ do not reach
their limits.

Later in Chapter 5, the proposed method is extended so that it can be used to compute
equivalent signals from the eigenvectors and participation factors of coherent generators. This
equivalent signals are computed for certain eigenvalues which have to be retained. The scope
of rebuilding these equivalent signals from the eigenvectors and participation factors of the
coherent generators (within certain eigenvalues) is to obtain the parameters of the equivalent
generators. This is done by using a parameter identification method and fitting these
equivalent generators’ parameters on the equivalent signals.

It was observed that by applying the method described above to identify the clusters of
DGs for all the electromechanical modes, the inter—area modes can be recognized. It was also
observed that for these modes the clusters composition show up the same.

However, it was observed that the aggregation method based on the equivalent signals
performs well and retains the modes needed. The higher the number of modes used to
compute the equivalent signals, the higher are the retained modes and they are also more
accurate. This type of equivalents presents the advantage that can be obtained not only from
computed signals (as speed, rotor angle etc) but also from measured signals (voltage, current
and power).
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Chapter 7

Conclusions and Future Research

This Chapter summarizes the main findings of the research presented in this thesis and presents
some suggestions for future work with respect to this work.

7.1. Main Conclusions

Power systems are passing through profound changes, mainly due to the liberalization of
electricity markets, the depletion of primary energy resources and the concern about climate
change. These premises have created a favorable framework for development of distributed
energy resources. As a result, the level of integration of distributed generation (DG)
technologies, especially in distribution networks has increased. In order to counteract the
impact of DG on the stability and reliability of power systems, the transmission and
distribution systems operators have started to reconsider and update their national grid codes.

After surveying different national grid codes related to DG integration, some general
conclusions can be drawn:

e The surveyed grid codes were from both transmission and distribution level of the
power system, as some of the countries introduce requirements for DG connection
in their national transmission grid codes. This was mainly due the fact that DG
penetration grade in their national power system is not so high and the need for a
distinct distribution grid code has not been necessary. It was observed that the
technical connection guidelines in the presented national grid codes are varying
between different countries. Sometimes, new requirements (LV-FRT, reactive
current injection or absorption) makes the most recent grid codes more stringent
than the previous versions where DG units were asked to disconnect during severe
perturbations. The main reasons for this are the grade of DG penetration and the
robustness of the national power systems.

e The new grid codes are making a clear distinction in the requirements between DG
units which presents a power electronic interface and those based on synchronous
generators. Also, the trend is to divide these requirements with respect to the
specifics of the generation site where DG units are installed e.g. in onshore and
offshore requirements (offshore requirements are related to wave energy and
offshore wind power plants).

e Some international publications (from IEEE and ENTSO-E) were also found
interesting, having a regulatory harmonization approach and presenting some new
features for DG connection requirements.

As presented throughout of this thesis the PhD work address grid codes requirements
related to DG integration. The research done in this work is divided in two main parts:
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i.  Investigations related to the LV-FRT requirement
ii.  Investigations related to the ADG modelling from a TSO perspective

However, special attention was given to the LV-FRT requirement for DGs during this
survey, and some topics which were not covered by this requirement were found. These topics
became research topics for this work:

The adequacy of the representation of the external grid
The impact of the voltage phase variation on the capabilities of small scale hydro units

With respect to the adequacy of the representation of the external grid the following main
conclusions can be drawn:

By using a Thévenin equivalent, overall inaccurate LV-FRT results are obtained for
the main parameters of DG unit (rotor angle, voltage magnitude and angle variation,
active and reactive power). This is mainly due to the fact that a Thévenin equivalent
does not represent the electromechanical dynamics as a complete model representation
of power system would do.

By using dynamic equivalents of the benchmark power system it was observed that
the original response was roughly preserved, mostly by using a dynamic Extended
Ward equivalent. This is mainly due to a more accurate representation of reactive
power flow. Some errors are introduced by the equivalency process, mainly due to the
aggregation method used and the process of power system reduction technique.

By studying the impact of the voltage phase variation on the capabilities of small scale
hydro units, the following main results can be presented:

The transient response of a hydro power DG-unit equipped with a synchronous
generator strongly depends both on change in amplitude and phase angle of the
terminal voltage, resulting from a fault in the system.

The type and parameterization of the unit's automatic voltage controller have a
significant impact on the unit's CCT. Also, it was observed that by decoupling the
magnitude and phase angle of voltage, there will be large differences in rotor angle
excursions meaning that the appreciation of the transient stability margin is erroneous.

Regarding the second research topic the main findings can be resumed as follows:

By using dynamic equivalent for transient stability, it was shown that these
equivalents obtained for ADG preserves the original response, in terms of voltage
magnitude and angle variations when a fault emerged at the bay’s transformer MV
busbar. Regarding the transient stability margins, a small increase was observed in
comparison with the original one. It was observed that the composition of clusters is
very much influenced by the disturbance location, duration and type. Therefore, it can
be concluded that these type equivalents are to be obtained and used for particular
study case.

By using dynamic equivalents for small signal stability based on slow coherency
theory, disturbance independent equivalents of the ADG can be computed. For this,
the impact of the synchronous generator modelling over the slow coherent groups’
identification was studied. It was observed that by using the electro—mechanical and
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transient models to produce the reduced system matrices, the same groups of
generators were obtained. By including the excitation system more accurate coherent
groups are obtained. These groups of generators being similar with the one obtained
by using a time domain simulation.

e By including the excitation it was observed that the slow coherent groups of
generators are dependent by the amplifier gain constant K value. High values to the
amplifier gain can significantly change the composition of the coherent groups. It was
also observed that when including the excitation system the electromechanical
eigenvalues computed for this equivalent model are more accurate than by using
simple models of the generator.

e [t was seen that for ADGs with high penetration of small scale hydro, units the
coherency phenomena occurs for DGs at modes with higher damped frequencies,
which can be confirm by running a small signal time domain analysis. Normally the
magnitude of excitation for a small signal time domain analysis is so small that by
observing the time response of some state variables these groups of coherent
generators are very difficult to identify. Therefore a new method was proposed for
clustering DG units in the test ADG. This method allows the computation of the
instantaneous Euclidean Distance in polar coordinates for clustering Distributed
Generation units, and is based on modes decomposition and "free motion time
responses” computation.

e The advantage of this method is that by using the ED(?) in polar coordinates, both the
coherency of magnitude and phase can be achieved with one tool. However, the main
drawback is that the topology of the ADG needs to be known, in order to run iterative
modal analysis. And a trade—off must be done between the number of equivalent
generators to be obtained and the accuracy of the eigenvalues of the equivalent model.

e Also as this method is a time domain method the clustering is very dependent by the
magnitude of the excitation. Lower magnitude of excitation will give a smaller number
of generators and a smaller degree of similarity between them. Higher magnitude of
excitation will give opposite results. However, it was observed that the aggregation
method based on the equivalent signals performs well and retains the modes need it.
The higher is the number of modes used to compute the equivalent signals, the higher
are the retained modes and more accurate.

7.2. Future Work

Active Distributions Grids are an important topic in the agenda of DSOs and TSOs as
the degree of penetration of DG units is expected to increase. Therefore it can be expected
that the research related to the integration of such units in the future power systems will be
more visible in the next years. Moreover, the grid code requirements will play an important
role in ensuring that the security and reliability of supply will not be violated by integrating
DG units in the distribution grids. Many aspects of these requirements must be further
clarified. For example, in terms of LV-FRT capabilities an investigation is needed related to
the adequacy of external grid modelling when integrating non-synchronous generators (as
wind and photovoltaic generators) and storage devices. In this regard, an important topic to be
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studied is how the dynamics and control strategies for these types of units are affected when
increasing the modelling complexity of external grid model.

As presented in Chapter 3 by decoupling the voltage magnitude variation to the
variation of the voltage phase angle, erroneous results can be obtained when the LV-FRT is
investigated. Aspects related to this assumption were thoroughly investigated in Chapter 3 and
the assumption was validated for synchronously based small scale hydro units. But an
important question remains related to how the control strategies of non—synchronous
generators units must be adapted to comply with the voltage phase angle variation when
LV-FRT capabilities are assessed.

In the last years it was observed an increase attention to the development of large
HVDC projects.

Therefore it can be expected that future large transmission power systems will be
representing a mix of AC and DC electricity transmission technologies. An important aspect
to be studied can be related to how the slow coherency theory can be adapted to build
dynamic equivalents of the future transmission power systems. Further, an algorithm can be
developed based on the slow coherency theory to identify the slow areas consisting of non-
synchronous generators (wind, PV). Moreover, new methods used to produce on-line
equivalents of large interconnected power systems can be found adequate for reducing the
ADGs models.
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APPENDIX 1

Test Transmission Power System

In this Appendix are presented the single line diagram (SLD) and the data of electrical
components of the test transmission power system used in Chapter 3, as in [37].

In Figure Al.I the SLD of the test transmission power system is depicted.
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Figure Al.1. SLD of the test transmission power system [37]

In the next tables the data of electrical components of the test transmission power system are
given. In Table Al.1 the line parameters are presented:
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Table A1.1. Line data

Name Bus Bus R X B Length Number of
From To [Q/km] | [Q/km] [uS/km] [km] Circuits
L1 7100-66 | 7110-66 | 0.151 | 0.386 6.63 22. 1
L2 7110-66 | 7700-66 0.1 0.373 6.81 15 1
L3 7700-66 | 7120-66 0.1 0.373 6.81 22 1
L4 7120-66 | 7400-66 0.1 0.373 6.81 15.7 1
L5 7400-66 | 7300-66 0.1 0.373 6.81 17. 1
L6 7300-66 | 7800-66 | 0.257 | 0.405 6.42 15.5 1
L7 7300-66 | WG2-66 | 0.191 | 0.394 6.54 9 1
L8 7800-66 | WGI1-66 | 0.151 | 0.386 6.63 20 1
L9 7800-66 | 7500-66 | 0.061 | 0.358 7.02 24 1
L10 | 7500-66 | 7900-66 | 0.151 | 0.386 6.63 22.7 1
L11 | 7900-132 | 7600-132 | 0.098 | 0.398 6.64 37.2 1
L12 | 7600-300 | 7130-300 | 0.019 | 0.238 10. 42 1
L13 | 7130-300 | 7200-300 | 5.085 | 53.865 295.65 1 1
L14 | 7200-300 | 7114-300 | 0.801 | 10.035 95.94 1 1
L15 | 7114-300 | 7124-300 0.9 11.205 107.91 1 1
L16 | 7124-300 | 7130-300 | 1.503 | 18.792 179.73 1 1
In Table A1.2 the dynamic data of generators are presented:
Table A1.2. Generators data
Name X4 X, Xg Xy Xy Tio Ty Tio Ty H
[pu] | [pu] | [pu] | [pul | [p.u] | [sec] | [sec] [sec] [sec] | [MVA/sec]
G-7130_6.6 | 0.9659 | 0.5814]0.2982|0.1734|0.17344.6686| — 0.05 0.15 6.18
G-7130_8 1.01 0.62 | 026 | 0.17 | 0.17 53 - 0.05 0.15 6.18
G-7114 1.17 | 0.68 | 0.167 |0.1073]0.1073| 7.3 - 0.05 0.15 6.5
G-7124 1.0556 | 0.6213]0.2754|0.1956 | 0.1956 | 6.5087| — 0.05 0.15 6.5
G-=7100 1.5 1. 0.21 0.2 0.2 | 1.428 - 0.0105 0.1 0.45
G-7110 1.5 5. 0.4 0.3 0.4 3. - 0.02667 | 0.75 2.
G-7120 1.5 2.5 0.3 0.2 0.25 2. - 0.03 0.2 1.683
In Table Al.3 the load flow data of generators are presented:
Table A1.3. Generators data
Sgen Pgen Qlim,mzL{ Qlim,min U g.nom Bus
[MVA] | [MW] | [MVAr] | [MVAr] | [kV
G-7130_66 74 53 -40 20 66 7130_6.6
G-7130_8 180 149 —180 180 8 7130_8
G-7114 900 | 78911 -20 20 66 7114
G-7124 100 | 66.047 | -100 100 66 7124
G-7100 1.6 0.8 -1.6 1.6 22 7100
G-7110 50 42 =50 50 22 7110
G-7120 10 9 -10 25 22 7120
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Table A1.4. Wind power plant data

In Table Al.4 the dynamic data of the wind power plants are presented:

No. No. of
U, S f, P, of Ry X X H Rotor )
Name n generators
[kV] | [kVA] | [Hz] | [MW] | Pole | [pu] | [pu] | [pu] | [kgm™2] |  Type
Pairs
WPP-1 | 0.69 | 2222. | 50. | 2 2 |00l | 01 | 35 | 75 Single 20
Cage
WPP-2 | 0.69 | 2222. | 50. | 2 2 | oot | o1 | 35 | 75 | Single 20
Cage
In Table Al.5 the data of the transformers are presented:
Table A1.5. Transformers data
Name Bus Bus S, U, v U, v X (Sbase=St)
From To [MVA] | [kV] [kV] [p.u]
T1 7100-22 7100-66 15 66 22 0.03
T2 7110-22 7110-66 10 66 22 0.03
T3 7114-22 7114-300 80 300 66 0.03
T4 7120-22 7120-66 15 66 22 0.03
T5 7124-22 7124-300 100 300 66 0.03
T6 7130-6.6 | 7130-300 56 300 66 0.03
T7 7130-8 7130-300 600 300 8 0.03
T8 7300-22 7300-66 30 66 22 0.03
T9 7400-22 7400-66 30 66 22 0.03
T10 7500-22 7500-66 15 66 22 0.03
T11 7600-132 | 7600-300 100 300 132 0.03
T12 7700-22 7700-66 20 66 22 0.03
T13 7800-22 7800-66 45 66 22 0.03
T14 7900-66 7900-132 70 66 132 0.03
T15 | WGI1-0.69 | WGI-66 50 66 0.69 0.05
T16 | WG2-0.69 | WG2-66 50 66 0.69 0.05
In Table A1.6 the data of the loads are presented:
Table A1.6. Loads data
p Q
IMW] | [MVAr | BUS
L1 400 - 7200_300
L2 4.669 0.948 7300_22
L3 10.962 | 2.226 7400_22
L4 6.395 1.299 7500_22
L5 -31.7 4 7600_22
L6 4.568 0.92 7700_22
L7 14.313 2.906 7800_22

In Table Al.7 the data of the shunt elements are presented:
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Table A1.7. Shunt elements data

Q [MVAr] Bus
Cl +7.2 7300_22
Cc2 +7.2 7400_22
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Table A1.8. HYGOV governor data [38]

Value
Parameter
G-7130_66 | G=7130_8 | G-7114 | G-7124
Permanent Droop R [p.u.] 0.05 0.05 0.05 0.05
Temporary Droop r [p.u.] 0.4 0.4 0.4 0.4
Governor Time Constant 7, [s] 8 8 8 8
Filter Time Constant 7¢[s] 0.05 0.05 0.05 0.05
Servo Time Constant T [s] 0.2 0.2 0.2 0.2
Gate Velocity Limit Ve [p.u.] 0.2 0.2 0.2 0.2
Maximum Gate Limit Gy
Minimum Gate Limit Gyax 1 1 1 1
Water Starting Time 7', [s] 1.2 1.2 1.2 1.2
Turbine Gain A, [p.u.] 1.1 1.1 1.1 1.1
Frictional losses factor pu D [p.u.] 0.3 0.3 0.3 0.3
No Load Flow gu[p.u.] 0.1 0.1 0.1 0.1
Turbine Rated Power(=0—>PN=Pgn) 0 0 0 0
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Table A1.9. AVR EXNEBB data [38]

Value
Parameter
G-7130_66 G-7114
Measurement Delay T 0 0
Voltage Controller Gain K; 300 300
Controller 1th Delay Time Constant 7, 15 15
Controller 1th Derivative Time Constant 7;; 1 1
Controller 2th Delay Time Constant 73 0.03 0.03
Field Current Controller Gain K> 4.8 4.8
Controller 1th Delay Time Constant 72, 0.03 0.03
Controller 1th Derivative Time Constant 73; 0.2 0.2
Controller 2th Delay Time Constant 753 0.09 0.09
Minimum Field Current Ir v 0 0
Maximum Field Current Iryax -4 -4
Controller Minimum Output Erp, ynv 0 0
Controller Maximum Output Erp, max 4 4
Selector for Solid(=1) or Bus (=0) Fed 0 0
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Table A1.10. AVR EXNI data [38]

Value
Parameter
G-7130_8 G-7124
Filter Time Constant Tk 0.06 0.06
Controller Gain K4 150 150
Controller Time Constant T4 0 0
Stabilizer Gain Kr 0.018 0.018
Stabilizer Time Constant 1 Ty 0.64 0.64
Stabilizer Time Constant 2 Tp, 0.32 0.32
Controller Minimum Output Vg umwv -4 —4
Controller Maximum Output Vg max 4 4
Selector for Solid(=1) or Bus (=0) Fed (switch); 0 0
Crowbar resistor factor R 10 10
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APPENDIX 2
Test Radial Distribution Grid

In this Appendix are presented the single line diagram (SLD) and the data of
electrical components of the radial distribution grid used in Chapter 3 to

investigate the impact of the voltage phase angle variation on the LV-FRT
requirement.

In Figure A2.1 the SLD of the test transmission power system is depicted.
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Figure A2.1. SLD of the radial distribution grid [52]

In the next tables the data of electrical components of the test transmission
power system are given [52].

In Table A2.1 the line parameters are presented:
Table A2.1. Line parameters

R X B Length
NAME | 10/km)] | [Q/km] | [uS/km] | [km]
L1 0.359 0.373 3.0756 25
L2 0.395 0.415 1.98 30
L3 0.098 0.398 2.8934 55.2
L4 0.098 0.398 2.8934 36.5

In Table A2.2 the dynamic parameters of the DG unit are presented:

179



Table A2.2. DG parameters

Parameter DG model
X, [pu] 2.04
X} [pul 0.238
X! [pu] 0.143
X, [pu] 1.16
X! [pul 0.137
I, [pu] 0.00219
X [pul 0.13
T), [s] 2.38
T), [s] 0.0117
T, [s] 0.11

H [s] 1.0

V1D [pul] 1.0
SEID [pu] 0.1
V2D [pu] 1.2
SE2D [pu] 0.3

In Table A2.3 the parameters of the transformers are given:

Table A2.3. Transformers parameters

Su Un1 | Unz | ER12 | EX12
NAME | \\ival | vl | V1 | [pu] | [pu]
T1 5 | 069 | 220 | 0.005 | 0.100
™ 50 | 129.0 | 67.0 | 0.005 | 0.125
e 20 | 62.0 | 23.0 | 0.005 | 0.100
T4 70 |290.0 | 135.0 | 0.005 | 0.125

In Table A2.4 the loads data is presented:

Table A2.4. Loads data

Pload Qload
NAME [MW] | [MVATr]
Load 1 20 7.5
Load 2 16 4

Next are presented the two models of excitation systems used for the investigation
in the Chapter 3, Sub—Section 3.3.
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Table A2.5. Voltage regulator Model 1: IEEE AC8B Type [54]

Parameter Description

Kp [pu] | 120.5 | PID proportional gain

Ki [pu] | 165.5 | PID integral gain

Kb [pu] | 24 | PID derivative gain

To [s] 0.01 | PID derivative time constant

Ka [pu] | 1.0 | Voltage regulator gain

Ta [s] 0 Regulator time constant
Vemax | [pu] | 35 | Maximum regulator output
VRmin [pu] 0 Minimum regulator output

Ke [pu] 1.0 | Exciter constant

Tk [s] 0.5 | Exciter time constant

SE1 [pu] | 1.346 | Saturation curve value at point 1

E: [pu] | 2.222 | Voltage value at point 1

Se2 [pu] | 1.9 | Saturation curve value at point 2

Ex [pu] | 2.962 | Voltage value at point 2
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Table A2.6. Voltage regulator Model 2 [55]

Parameter Description
Ta [s] | 0.05 | Regulator amplifier time constant
Ts [s] | 0.01 | Time constant
Tc [s] 0.01 | Time constant
Kr [pu] | 500.0 | Voltage transducer filter gain
Tr [s] 0.10 | Voltage transducer filter time constant
Kr [pu]l | 0.04 | Regulator stabilizing circuit gain
Tk, [s] 0.7 | Regulator time constant 1
Trp [s] | 0.05 | Regulator time constant 2

Vemax | [pu] | 35 | Maximum regulator output

Vrmin | [pu] 0 | Minimum regulator output

Ke [pu] | 0.8 | Exciter constant
Te [s] 0.4 | Exciter time constant
Sk [pu] | 0.0 | Saturation curve value at point 1
E: [pu] | 1.59 | Voltage value at point 1
N [pu] | 0.0 | Saturation curve value at point 2
Ex [pu] | 2.12 | Voltage value at point 2
EC, [pu] | 6.2 | Limit-parameter for saturation 1

EC, [pu] | 0.01 | Limit-parameter for saturation 2
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Appendix 3
Test Active Distribution Grid

In this Appendix the data of the test active distribution grid is presented. The
test ADG is a common Norwegian distribution grid and it was provided by one of
the DSOs participating in the OiDG project. This grid was first introduced in
investigation [den] conducted within the same project (OiDG) as the PhD work.
The grid comes from Mid—Norway part, namely from the Namsskogan area where
circa 40 MW are planned to be built. [4] The excerpt from the map is presented in
Figure A3.1. Information regarding this grid was obtained from the local DSO and
the grid was used further as a benchmark grid for the research produced in this
PhD work.

Figure A3.1. Excerpt from the map of the Namsskogan distribution grid [4]
The SLD of this test system is presented in Figure A3.2
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Figure A3.2. Namsskogan distribution grid

In the next lines the data of the electrical equipments are presented in the
next Tables:
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Table A3.1. Line parameters (physical units).

Bus Bus
From To R X B Length Number of
[Q/km] [Q/km] [1S/km] [km] Circuits
L1 1 2 0.076 0.365 3.173008 7.7 1
L2 2 4 0.076 0.365 3.173008 7.7 1
L3 5 6 0.141 0.32 2.965663 0.9 2
L4 6 7 0.141 0.32 2.965663 22 1
L5 7 9 0.359 0.373 3.074099 1.8 1
L6 6 11 0.141 0.32 2.965663 0.9 1
L7 11 12 0.359 0.373 3.074099 1.3 1
L8 11 14 0.721 0.395 2.895 0.3 1
L9 11 16 0.19 0.35 3.2694 2.5 1
L10 16 17 0.721 0.395 2.895 1.3 1
L11 16 19 0.19 0.35 3.2694 2.5 1
L12 19 21 0.721 0.395 2.895 0.9 1
L13 5 23 0.19 0.35 3.2694 4 1
L14 23 24 0.721 0.395 2.895 0.9 1
L15 23 26 0.359 0.373 3.074099 13.7 2
L16 26 27 0.359 0.373 3.074099 1.5 1
L17 27 29 0.721 0.395 2.895 1.5 1
L18 26 31 0.359 0.373 3.074099 10 1
L19 31 32 0.721 0.395 2.895 1 1
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Table A3.3. Generator load flow parameters (physical units).

N gen Pgen Qgen Q]im,max Qlim,min Uls’v’wm Bus
[MVA] | [MW] | [MVAr] [MVAr] [MVAr] [kV]
Gl 8 5.2 - 2.518474 -1.709157 6.6 10
G2 15 10 - 4.84322 —3.28684 6.6 8
G3 8 6 - 2.905932 -1.972104 6.6 13
G4 4 2.6 - 1.259237 —0.8545784 | 6.6 18
G5 5 34 - 1.646695 -1.117526 6.6 20
G6 6 3.9 - 1.888856 —1.281868 6.6 22
G7 1.6 1.3 - 0.6296186 —0.4272892 | 0.69 15
G8 4 2.6 - 1.259237 —0.8545784 | 6.6 33
G9 5 3.6 - 1.743559 —1.183262 6.6 30
G10 1.6 1 - 0.484322 —0.328684 | 0.69 28
Gl1 2 1.5 - 0.726483 —0.493026 | 0.69 25
G12 45 35 - 16.95127 —11.50394 6.6 3
Table A3.4. Transformer Parameters (per unit values Spase = Snom)-
Bus Bus S,om U, mv U, v X,
From To [MVAr] [kV] [kV] [p.u.]
T1 2 3 50 132 6.6 0.1
T2 4 5 50 132 0.1
T3 7 8 14 22 6.6 0.09
T4 9 10 14 22 6.6 0.09
TS 12 13 14 22 6.6 0.09
T6 14 15 2 22 0.69 0.06
T7 17 18 5 22 6.6 0.07
T8 19 20 5 22 6.6 0.07
T9 21 22 8 22 6.6 0.08
T10 24 25 2 22 0.69 0.06
T11 27 28 2 22 0.69 0.06
T12 29 30 8 22 6.6 0.08
T13 32 33 5 22 6.6 0.07
Table A3.5. Load Data
p Q
[MW] | [MVAr]
L1 0.702 0.143
L2 0.2116 | 0.043
L3 0.0074 | 0.0018
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Table A3.6. Shunt elements data

Q
[MVAr] Bus
Cl1 +8 5
B2 -2 32
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Table A3.8. HYGOV governor data [38]

Parameter Value
Permanent Droop R [p.u.] 0.04
Temporary Droop r [p.u.] 0.1
Governor Time Constant T, [s] 10
Filter Time Constant T¢[s] 0.05
Servo Time Constant T, [s] 0.3
Gate Velocity Limit Ve [p.u.] 0.29
Maximum Gate Limit Gvn 0
Minimum Gate Limit Gyax 1
Water Starting Time Ty, [s] 1
Turbine Gain A[p.u.] 1.15
Frictional losses factor pu Dum [p.u.] 0.01
No Load Flow qu [p.u.] 0.08
Turbine Rated Power(=0->PN=Pgnn) 0
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APPENDIX 4

The Impact of Generator and Excitation System
Modeling on the Slow Coherency Identification—
Computed Eigenvalues

In this Appendix the eigenvalues computed for the equivalent models of the
ADG are presented in the next Tables. The equivalent models are produced as in
Sub—Section 5.1 from Chapter 5 with the scope of observing how the modeling of
the generators and excitation system impacts the slow coherency grouping. In the
end of this investigation the computed electromechanical modes were compared for

Table A4.1. Complex Conjugate Eigenvalues of the Original
Model
Electromechanical Real Imaginary Damped Damping
Modes Part Part Frequency Ratio
- [1/s] [rad/s] [Hz] [%]
Mode 1 —12.631 +33.876 5.391 34.938
Mode 2 —16.006 +31.575 5.025 45.213
Mode 3 —12.493 +30.870 4913 37.514
Mode 4 —6.622 +22.514 3.583 28.218
Mode 5 —4.270 +19.588 3.117 21.299
Mode 6 —5.606 +18.064 2.875 29.642
Mode 7 —5.886 +16.068 2.557 34.396
Mode 8 —3.854 +14.954 2.380 24.956
Mode 9 -2.374 +12.283 1.954 18.982
Mode 10 -2412 +11.546 1.837 20.455
Mode 11 —2.223 +10.069 1.602 21.561
Mode 12 -1.916 +9.834 1.565 19.126
Mode 13 -3.730 +3.423 0.544 73.678
Mode 14 —9.476 +3.171 0.504 94.828
Mode 15 —-1.687 +2.612 0.415 54.256
Mode 16 -9.517 +2.569 0.408 96.544
Mode 17 —11.626 +2.546 0.405 97.685
Mode 18 —-1.168 +1.183 0.188 70.264
Mode 19 -11.120 +0.913 0.145 99.664
Mode 20 —0.891 +0.908 0.144 70.042
Mode 21 —-0.832 +0.676 0.107 77.570
Mode 22 —0.880 +0.666 0.106 79.745
Mode 23 —0.855 +0.642 0.102 79.947
Mode 24 —-0.796 +0.641 0.102 77.885
Mode 25 —0.752 +0.621 0.098 77.103
Mode 26 -1.309 +0.526 0.083 92.774
Mode 27 -3.332 +0.185 0.029 99.845
Mode 28 —-0.203 +0.022 0.003 99.385
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each of the equivalent models in order to observe if the damped frequencies and
damping ratios are preserved. Next are presented the complete list of the computed

eigenvalues for each equivalent of the ADG.

Table A4.2. Complex Conjugate Eigenvalues of the

Electromechanical and Transient Models

Electromechanical Real Imaginary | Damped Damping

Modes Part Part Frequency Ratio

- [1/s] [rad/s] [Hz] [%]
Mode 1 —5.226 +22.801 3.628 22.343
Mode 2 —2.968 +15.855 2.523 18.402
Mode 3 -2.302 +12.236 1.947 18.493
Mode 4 -2.323 +11.668 1.857 19.529
Mode 5 -2.252 +10.034 1.597 21.898
Mode 6 -1.955 +9.827 1.564 19.518
Mode 7 —1.684 +2.615 0.416 54.146
Mode 8 —1.144 +1.184 0.188 69.501
Mode 9 —-10.827 +1.005 0.160 99.571
Mode 10 —-0.751 +0.729 0.116 71.740
Mode 11 -0.750 +0.630 0.100 76.573

Mode 12 —0.028 | +£0.0000004 | 0.00000006 100

Table A4.3. Complex Conjugate Eigenvalues of the Transient Model
with Excitation System
Electromechanical Real Imaginary Damped Damping

Modes Part Part Frequency Ratio

- [1/s] [rad/s] [Hz] [%]
Mode 1 —13.674 | *34.491 5.489 36.855
Mode 2 —1.141 +22.949 3.652 4.966
Mode 3 -2.930 +18.381 2.925 15.744
Mode 4 —2.290 +12.265 1.952 18.359
Mode 5 -2.387 +11.771 1.873 19.881
Mode 6 -2.303 +10.058 1.600 22.327
Mode 7 —1.988 +9.855 1.568 19.782
Mode 8 —-1.683 +2.614 0.416 54.131
Mode 9 —-1.139 +1.191 0.189 69.101
Mode 10 -10.925 +0.986 0.156 99.595
Mode 11 —0.754 +0.736 0.117 71.579
Mode 12 —-0.752 +0.631 0.100 76.591
Mode 13 —0.086 +0.0152 0.002 98.497
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APPENDIX 5

Dynamic Equivalents of Active Distribution Grids using
a Model Parameter Identification Method

In the first part of this Appendix the complete list of eigenvalues computed for
the dynamic equivalents produced using method proposed in Sub—Section 5.6 of
the Chapter 5 are presented. In the second part the standard parameters of the
equivalent generators produced using this method are given.

Table A5.1 presents the complete list of eigenvalues of the dynamic equivalent
produced using the dominant modes.

Table A5.1. Complex Conjugate Eigenvalues of the Dominant Modes
Dynamic Equivalent Model

Electromechanical Real Imaginary | Damped Damping
Modes Part Part Frequency Ratio
- [1/s] [rad/s] [Hz] [%]

Mode 1 —2.331 +10.005 1.592 22.690
Mode 2 =2.115 +9.964 1.585 20.763
Mode 3 —1.448 +8.162 1.299 17.467
Mode 4 —49.636 +8.147 1.296 98.679
Mode 5 —2.345 +5.238 0.833 40.861
Mode 6 —0.451 +5.129 0.816 8.759
Mode 7 —1.861 +4.021 0.640 42.001
Mode 8 -2.103 +3.827 0.609 48.159
Mode 9 -1.671 +2.534 0.403 55.051
Mode 10 —0.705 +1.204 0.191 50.524
Mode 11 —0.738 +1.183 0.188 52.926
Mode 12 —0.823 +1.079 0.171 60.637

Table A5.2 presents the complete list of eigenvalues of the dynamic
equivalent produced using multi—modes.
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Table A5.2. Complex Conjugate Eigenvalues of the Multi-Modes Dynamic

Equivalent Model
Electromechanical Real Imaginary | Damped Damping
Modes Part Part Frequency Ratio
- [1/s] [rad/s] [Hz] [%]
Mode 1 —11.105 +18.348 2.920 51.779
Mode 2 —4.811 +17.540 2.791 26.450
Mode 3 —13.568 +16.969 2.700 62.450
Mode 4 =5.154 +13.371 2.128 35.971
Mode 5 -2.083 +9.880 1.572 20.633
Mode 6 -2.393 +9.785 1.557 23.757
Mode 7 0.417 +6.792 1.081 —6.138
Mode 8 —1.680 +2.616 0.416 54.030
Mode 9 —3.081 +2.241 0.356 80.869
Mode 10 —-1.598 +1.942 0.309 63.532
Mode 11 -2.079 +1.912 0.304 73.611
Mode 12 —25.933 +1.689 0.268 99.788
Mode 13 0.582 +1.458 0.232 —37.090
Mode 14 —-1.141 +1.125 0.179 71.192
Mode 15 —0.380 +1.071 0.170 33.473
Mode 16 0.055 +0.881 0.140 —6.251
Mode 17 -27.131 +0.841 0.133 99.951
Mode 18 -0.793 +0.8052 0.128 70.192
Mode 19 —-1.557 +0.714 0.113 90.893
Mode 20 -11.138 +0.580 0.092 99.864
Mode 21 —0.563 +0.550 0.087 71.532

204




Table A5.3. Equivalent Generators and AVRs Parameters

(Dominant Modes)
Parameters Equivalent | Equivalent | Equivalent
Generator 1 | Generator 2 | Generator 3
H [s] 7.5 4 3
X, [pul 2.109 2.404 2.44
X, [pu] 1.388 1.612 1.301
X [pu] 0.5474 0.438 0.316
X7[pa) 0.08 0.04 0.05
X/ [pu] 0.1519 0.327 0.203
Ty [paul 2.9842 3.8891 3.973
T7, [pa] 0.0151 0.0413 0.0201
T/ [pa] 0.203 0.226 0.2254
Parameters AVR 1 AVR 2 AVR 3
K, [pu] 197.47 199.85 200.016
T, [s] 0.02 0.02 0.019
K. [pa] 0.5003 0.5 0.5
T, [s] 0.3537 0.35 0.349

Table A5.4. Equivalent Generators and AVRs Parameters (Multi-Modes)

Parameters Equivalent Equivalent Equivalent Equivalent
Generator 1 Generator 2 Generator 3 Generator 4
H [s] 2,5 1,5 0,5 1,
X, [pu] 2,714211 2,719104 2,001728 3,830842
X, [pu] 2,219677 2,1765 0,901892 2,873131
X [pa 1,211266 1,877289 0,500058 0,383084
XJ[pa] 0,15 0,1 0,1 0,1
X/[pu.] 0,981541 0,30868 0,12613 0,383084
77 [pu.l 4,711583 6,885344 0,942531 7,661684
77 [pu. 0,46245 0,340882 0,056278 0,038308
T/ [pa] 0,892286 0,3047 0,042744 0,43097
Parameters AVR 1 AVR 2 AVR 3 AVR 4
K, [pu] 200,7127 143,7795 459,1889 383,0841
T, [s] 0,732607 0,027474 0,045522 0,038308
K. [pa] 1,211268 0,818316 0,715221 0,95771
T, [s] 1,062633 0,602576 0,828648 0,670397
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APPENDIX 6

Magnitude and Phase Calculation Using the Time
Decomposition of the State Variables

With j represent the imaginary unit and ¢ representing the time vector

Considering the right eigenvector &,, of the i state variable corresponding

to the k" eigenvalue \, defined as:
P, = ¢i’kej“’"* =dy (cos(‘\piyk)Jr jcos(up[_k )): a+ jb (A6.1)

In the same manner the left eigenvector ¥, of the i state variable

corresponding to the k™ eigenvalue \, defined as:
T, =, e =, (cos(xiyk ) + jsin (Xi,k )): x+ jy (A6.2)
With the eigenvalue X\, defined as:
Ne =0y + 8 (A6.3)
The following time response of the i state variable can be written
Ax, (1) =0, ¢, + D, 50,8+ + D, 0, (A6.4)
For a particular eigenvalue £ this time response become:
Ax, (1) =0, 0, & =, T, Ax(0)e™ (A6.5)
With (1), (2) and (3), then (5) can be rewritten as:

Ax, (1) =D, W, Ax(0)e™ = (a+ jb)(x+ jy) Ax(0)™ ™) (A6.6)
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Ax,, (1)=(a+ jb)(x+ jy)Ax(0)el™ /) =

1

[(axfby)ntj(aerbx)}Ax(O)e“k' [cos(th)+jsin(th)]

With:

Ax, ()= Ax(0)e™' (A+ jB)(M(r)+ jN(r))

= Ax(0)e™'[(AM(£) — BN(r))+ j(AN(r) + BM(1))]
Ay (1) = {Ax(0)e™ (AM (1) — BN(1))} +
H{Ax(0)e (AN(r)+ BM(r))}
Then the real and imaginary parts are:
Re{Ax;, (1)} ={Ax(0)e™ (AM(r)- BN(1))}

Im{Ax; , (1)} ={Ax(0)e™ (AN(r)+ BM(r))}

With (11) the magnitude and phase can be computed as:

X, (1)= 2 (Re{ s (O} +(im{Ax (1))
Im{Axi (t)}
Re{Axi (t)}

P, (t)=arctan

(A6.7)

(A6.8)

(A6.9)

(A6.10)

(A6.11)

(A6.12)

The real and imaginary parts are computed at each time instant #; and further the

magnitude and phase are calculated.
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