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Kurzzusammenfassung

Die steigende Anzahl an dezentraler Stromerzeugung erzwingt die Benutzung von Blind-
leistung zur lokalen Spannungsregulierung, was wiederum zu einem ungewollten und
unkontrollierten Blindleistungsfluss fithren kann. Dieser unkontrollierte Blindleistungs-
fluss hat Auswirkungen auf das iiberlagerte Hochspannungsnetz und modifiziert das
Verhalten des Mittelspannungsnetzwerks. Im Rahmen dieser Diplomarbeit wird die Span-
nungsstabilitdt im Hochspannungsnetz bei einer Erhohung der Anteile der dezentralen
Erzeugung untersucht. In den letzten Jahren ist die Tendenz festzustellen dezentrale
Erzeuger mit lokalen Reglern aufzuriisten, um die Spannung innerhalb der erlaubten
Grenzen zu halten. Die Einfithrung von zahlreichen lokalen Q(U) Reglern in das Verteil-
netz (sei es Mittel- oder Niederspannungsnetz) modifiziert das Verhalten des Verteilnetzes
oder vielmehr die Charakteristik der Last vom dariiberliegenden Hochspannungsnetz aus
betrachtet. Dadurch kann die Spannungsstabilitdt nicht mehr so angenommen werden

wie dies bisher der Fall war.

Zuerst wurde ein vereinfachten Zwei-Bus Stromnetz untersucht. Desweiteren wurden die
Auswirkungen der dezentralen Stromerzeugung auf die Lastkennlinie und Spannungsstabi-
litdt in einem komplexen IEEE Testnetz gezeigt. Zuletzt wurde ein reales Stromnetz, das
Netz des Landes Salzburg, analysiert. Die Spannungsstabilitidt, die Spannungssensitivitat
und die modifizierte Charakteristik der Last wurden mit Hilfe von Lastflussberechnungen
untersucht. Alle Simulationen wurden mit dem Lastflussprogramm PSS Sincal und PSS

Netomac durchgefiihrt.

Die Nachforschungen haben gezeigt, dass das Lastverhalten am Netztransformator nicht-
linear wird wenn die Anzahl an dezentraler Stromproduktion steigt. Dadurch kann
die Lastcharakteristik nicht mehr als starr bezeichnet werden. Die statische Lastcha-
rakteristik hangt stark von der dezentralen Stromproduktion ab und ist deshalb eine
Funktion des Wetters. Die Spannungsstabilitit sinkt fiir den Fall dass Wirkleistung vom

Mittelspannungsnetz in das dariiberliegende Hochspannungsnetz gespeist wird.
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Abstract

The increased share of the distributed generators has forced the use of the reactive power
for the local voltage control, which causes an unwanted and uncontrolled reactive power
flow. The last one has an impact on the superimposed high-voltage network and modifies
the distribution network behaviour. This thesis investigates the voltage stability on high
voltage grid by an increased share of distributed generation. Distributed generators,
except run of river power plants, are usually connected on the grid through inverters,
which are normally upgraded with local voltage controller to keep the voltage within the
limits. The introduction of the numerous Q(U) local controllers in distribution grid (be
medium or low voltage grid) modifies the distribution network behaviour or rather the
load characteristic seen from superimposed high voltage grid. Therefore voltage stability

behaviour is no longer as it was previously known.

Firstly, the voltage behaviour its stability of a simplified two bus power network has
been studied. Secondly, the impact of the distributed generation on the characteristic
of the load and the voltage stability has been analysed in the IEEE 30 Bus Test case
network. Thirdly, a real power network, the Salzburg power grid, has been investigated.
The voltage stability, voltage sensitivity and the modified characteristic of the load has
been studied by performing load flow analysis. All simulations have been performed by
using the PSS Sincal and PSS Netomac.

Investigations have shown that the load behaviour on supply transformer level is becoming
non-linear by increasing the amount of distributed generation production and can’t be
considered as stiff any more. The static load characteristic depends strongly on the
distributed generation production and therefore is a function of weather conditions. The
voltage stability margin decreases if active power is injected from medium voltage grid

into the high voltage grid.

v



Contents

1

3

Introduction

1.1 Background . . . . . . . ..
1.2 Motivation . . . . . . . . . e
1.3 Objectives . . . . . . . . .
1.4 Scope . . . . e
1.5 Thesis Structure . . . . . . . . ...

Theory - Power System Stability

2.1
2.2

Power System Overview . . . . . . . . . . ... ...
Power System Operation . . . . . . . .. ..o oL
2.2.1 Rotor Angle Stability . . . ... ... ... 0oL
Small Disturbance Rotor Angle Stability . . . . . . ... ... ...
Transient Stability (Large Disturbance Rotor Angle Stability) . . .
2.2.2  Frequency Stability . . . . . . ... ... L
2.2.3 Voltage Stability . . . .. .. ... .. o
Definition of Voltage Stability . . . . . . . ... ... ... .....
Large Disturbance Voltage Stability . . . . ... ... ... ....
Small Disturbance Voltage Stability . . . .. ... ... ... ...
2.2.4 System Loadability Limit . . . . ... ... ... ... ... ...
2.2.5 Voltage Sensitivity and Static Load Characteristic . . . . .. . ..
2.2.6 Local Controller . . . . ... .. ... ... ... ... .. ...,
227 Q-UCurve . . ... . . .
2.2.8 Native Load Behaviour . . . ... ... ... ... ... .....
2.29 Load Modelling . . . . .. .. ... ... .

Voltage Stability and Sensitivity

3.1

3.2

3.3

Simulations Methodology . . . . . . .. .. .. .. .. ... ......
3.1.1 Extraction of Static Load Characteristic . . . . . . ... ... ...
3.1.2 Extraction of Power System Sensitivity and Stability . . . . . . . .
Two Bus Test Network Simulations . . . . . . . .. ... ... .......
3.2.1 Extraction of the Q(U) Load Behaviour . . . . .. ... ... ...
Scenario Definition . . . . . . . . ... ... oL
Simulation Results . . . . . . ... ... ... ... ... ......
3.2.2 Voltage Stability and Power System Characteristic . . . . . . . ..
Scenario Definition . . . . . . . . . ... Lo
Simulation Results . . . . . . . .. ... ... ... ... ... ...
IEEE Test Network Simulations . . . . . . . .. . ... ... ........
3.3.1 Q(U) Load Behaviour of different grid levels. . . . . ... ... ..
Simulation Scenario . . . . .. . ... ... oL
Simulation Results . . . . . . . . . ... ... .. .. ... ...,
3.3.2  Q(U) Load Behaviour of different Medium Voltage Grids . . . . .
Scenario Definition . . . . . . . . ... Lo



Contents

VI

Simulation Results . . . . .. ... ... ... ... ... .....

3.3.3 Voltage Stability and Power System Characteristic . . . . . . . ..
Scenario Definition . . . . . . . . . ... ... L
Simulation Results . . . . . .. ... ... ... . 0.
Equilibrium Point Analysis . . . . ... ... ... ... ... ..

3.4 Real Network Simulations . . . . . . . ... ... .00
3.4.1 Extraction of the Q(U) Load Behaviour . . . . ... ... ... ..
Simulation Scenario . . . .. .. ... Lo
Simulation Results . . . . . .. ... ... ... 0.

3.4.2 Voltage Stability and Power System Characteristic . . . . . . . ..
Scenario Definition . . . . . . . . . .. ... ...
Simulation Results . . . . ... ... ... ... ... ... .....

4 Conclusion

4.1 Static Load Characteristic . . . . . . . .. .. .. ... ... ..
4.2 Voltage Stability and Power System Characteristic . . . . .. ... .. ..

4.3 Further Work
5 Bibliography
List of Figures

List of Tables

53
99
99
60
66
67
71
71
73
82
82
83

88
88
89
90

91
93

96



1 Introduction

1.1 Background

The Earth’s climate change and its negative effects are a common concern of the hu-
mankind. On 12th of June 1992, 154 countries signed an international treaty, the
Framework Convention of the United Nations Convention on Climate Change (UN-
FCCC), with the purpose to reduce the Greenhouse Gas emissions which are emitted
worldwide [1]. Last Obamas Speech concerning climate change presented a plan ("The
Clean Power Plan") which shall lead to 30 percent more renewable energy generation
until the year 2030 [2]. The EU commission signed treaties about climate change and
energy autarchy which focuses on energy from renewable energy resources. The European
2020 targets involve a 20% increase in energy efficiency, 20% of energy from renewable
energy resources and a reduction of greenhouse gas emissions of 20% lower than 1990
[3]. These political targets are driving the further integration of renewable resources
in Europe and worldwide. The integration of energy produced from renewable energy
resources into the electrical power network is a major technical challenge. This thesis is
focused on the effects of the distributed generators on the voltage stability in the high
voltage grid.

1.2 Motivation

Due to the political decisions and the advances in technology the electric power system is
facing an increasing amount of distributed generation in all voltage levels of distributed
networks. An uncontrolled reactive power flow from the distribution network (medium
voltage grid) into the transmission network (high voltage grid) has been observed when
the distributed generation production capacity reaches a critical mass. [4, 5, 6]

In this Master Thesis the effects of the reactive power and voltage interdependencies
between the high and medium voltage grid is analysed as well as the impact of the
distributed generation on the static load characteristic and voltage stability. The large
scale penetration of distributed generation causes a notable uncontrolled reactive flow on
the high voltage grid, which affects the voltage stability. These issues are not apparent

and have been hardly investigated for the following reasons:

e Nowadays the distributed generation penetration is still often limited. The high
voltage grid is well sized and their impact on voltage stability in high voltage grid
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is not clearly perceptible. A large scale penetration of distributed generation may

highlight the voltage stability issue.

e Normally research projects are limited to one model region. The effects of dis-
tributed generation are analysed focusing either on the high voltage grid or the
medium voltage grid. The dependencies of the high voltage grid and the medium

voltage grid have not been in focus.

In this Master Thesis both factors are considered:
e A large scale penetration of distributed generation.

e The interdependencies between high and medium voltage grids.

1.3 Objectives

The object of this thesis is the analysis of transmission grid operation due to the large
share integration of distributed generation and how this issue affects the voltage stability.
The main objective is the adequate modelling of the distribution grid with a large share
of distributed generation for the voltage stability investigations.

The static load characteristic, as well as on the behaviour of the load, seen from
different voltage levels (bus bars) is investigated. The lumped load behaviour is being
changed due to the presence of distributed generation and their local controller effect.
The influences of these Q(U) controller on the voltage stability of the high- and medium
voltage grid are investigated carefully. The voltage stability has been analysed using Q-U
curves in each high voltage bus bar. The investigation is performed by using the software
PSS Sincal version 11.0 and PSS Netomac version 11.0 developed by Siemens PTI. Even
though power system stability is a multifaceted phenomena [7], this thesis is limited to

the study of small disturbance voltage stability.

1.4 Scope

This thesis focuses on the high and medium voltage grid but the effect of the distributed
generation penetration on the low voltage grid including the distributed transformers is
taken into account as well. The low voltage grids are represented as a lumped load and/or
an injection. The high voltage grid and the medium voltage grids are connected via
on-load tap changer transformers which have an impact on the voltage level on medium
voltage grid and on the reactive power flow to the high voltage grid.

Firstly the voltage sensitivity and voltage stability study is performed in a very basic

power network, which consists of a generator, a transmission line, an on-load tap changer
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transformer, a native load and a distributed generator. Secondly, the IEEE 30 bus
test network case which includes a transmission grid and several distribution grids with
distributed generation penetration is simulated and analysed. Thirdly a real power
network, the Salzburg grid is simulated and analysed. The Salzburg grid consists of a
sub-transmission grid (110 kV) and several medium voltage grids (30 kV, 20 kV, 10 kV).
Additionally the transmission grid, controlled by the Austrian Power Grid, which consists
of different voltage levels (380 kV, 220 kV) is simulated. The investigation focus is put
on one specific medium voltage grid region. The complete distribution grid of the test
region is simulated as well as the complete sub-transmission grid. The other medium
voltage grids connected to the high voltage grid are simulated by reducing it to a lumped
medium voltage load and /or injection. The low voltage grid connected to the analysed

distribution grid is simulated as a low voltage lumped load (see 2.2.3).

1.5 Thesis Structure

The thesis consists of 5 chapters as follows:

In chapter 1, Introduction, the background and the motivation of this work are presented.
An overview of the state of the art, the objectives as well as the scope of the work is

given.

In chapter 2, Theory - Power System Stability, a definition of Power System Stabil-
ity is presented. An overview of the different power system stability criteria like voltage
stability, frequency stability and rotor angle stability is given. The background theory of
voltage stability, focussing on small disturbance voltage stability is presented in detail. A

description of how these terms have been defined and used in practice is also provided.
In chapter 3, Voltage Stability and Sensitivity, the different test scenarios as well as the
test results of all three analysed power networks are presented. The voltage stability,
the Q(U) behaviour of the load and the Q(U) sensitivity of the load, the static load
characteristic, is being analysed.

In chapter 4, Conclusion, the conclusion and an outlook on further work is given.

Finally, chapter 5 presents the literature which has been used creating this work.



2 Theory - Power System Stability

This chapter gives a detailed illustration of the theory which is needed and used in this
thesis. A general overview of the structure of an European power system is given as well
as an explanation and definition of power system stability (Frequency, Rotor Angle and
Voltage Stability) and sensitivity. Finally the theory of system loadability, Q(U) curves,
load characteristics and the Q(U) controller of distributed generators are presented. A
general overview of the power grid can be seen in Figure 2.1 which shows the different

voltage levels of an European power grid.

Figure 2.1: General schematic overview of the power grid
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2.1 Power System Overview

High voltage AC transmission is used to transport and to distribute electrical energy.
Therefore different voltage levels connected via transformers have been established.
Electric-power transmission is the bulk transfer of electrical energy, from generating
power plants to electrical substations located near the demand. This is distinct from the
local wiring between high-voltage substations and customers, which is typically referred
to as electric power distribution. Transmission lines are interconnected with each other
fulfilling the n-1 security, which means that the transmission network keeps functional
in case of a failure of one component. The combined transmission and distribution
network is known as power grid. The high voltage grid and the medium voltage grids are
connected via on-load tap changer transformers which have effects on the reactive power
transfer through the transformer. The low voltage grids and the medium voltage grids
are connected via no-load tap changer transformers, which means the tap status must be
changed manually and that’s why the reactive power flow between the low voltage grid

and the medium voltage grid can be assumed as independently from the transformer.

¢ Transmission network: 220 kV, 380 kV

— meshed

e Distribution network: 110 kV

— meshed

e Medium Voltage network: 10 kV, 20 kV, 30 kV
— meshed network
— ring structure

reserve feeder

express feeder

radial network

e Low Voltage network: 400 V
— radial network

— meshed (grid islands)

A wide area synchronous grid connects a large number of generators to a large number
of consumers. The different high voltage grids are connected with each other building one
large grid for most of continental Europe. The whole power system has the same relative
frequency (50 Hz), but almost never the same relative phase. The power interchange

is a function of the phase difference between two nodes in the network. If no power is
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Transmission Network -
mashed - 380kV

A
A o
Distribution Network -
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%

Figure 2.2: General layout of the main voltage levels of the power grid
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changed between two nodes then there is no degree difference. Any phase difference up
to 90 degrees is stable but above 90 degrees the system is unstable. The frequency should
always be close to 50 Hz, and the phase differences between any two nodes significantly
less than 90 degrees. If 90 degrees are exceeded then a system separation is executed,
and the system remains separated until the failure has been corrected.

Electricity is transmitted at high voltages (mostly 380 kV) to reduce the energy losses in
long-distance transmission. The electrical power is usually transmitted through overhead
power lines. Underground cables have a significantly higher cost and greater operational
limitations but is sometimes used in urban areas or sensitive locations. Figure 2.2 gives a
graphical explanation of a European power grid as well as a general layout of the main

voltage levels [8].

2.2 Power System Operation

Power System Stability is an important problem for secure system operation. Many
major blackouts caused by power system instability have shown the importance of this
issue [9]. Figure 2.3 gives the overall picture of the power system stability problem,
showing its categories and subcategories. The focus in this master thesis is on Small
Disturbance Voltage Stability, but nevertheless a short theoretical overview about Rotor
Angle Stability and Frequency Stability is given in 2.2.1 and 2.2.2. A definition about
the power system stability proposed by Leonard L. Grigsby [10]

Definition Power System Stability:

o "Power System Stability denotes the ability of an electric power system, for a given
initial operating condition, to regain a state of operating equilibrium after being
subjected to a physical disturbance, with all system variables bounded so that the

system integrity is preserved."

o "Integrity of the system is preserved when practically the entire power system
remains intact with no tripping of generators or loads, except for those disconnected
by isolation of the faulted elements or intentionally tripped to preserve the continuity

of operation of the rest of the system."

o '"Instability is a run-away or run-down situation."

Another definition of Power System Stability proposed by IEEE, CIGRE Joint Task
Force on Stability Terms and Definitions [11]

o "Power System Stability is the ability of an electric power system, for a given initial

operating condition, to regain a state of operating equilibrium after being subjected
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to a physical disturbance, with most system variables bounded so that practically

the entire system remains intact.”

In other words stability is a condition of equilibrium between opposing forces. If the
power system is stable it will reach a new equilibrium state, keeping the whole system
functional, in case of a transient disturbance. These disturbances can be caused by
faulted elements or a loss of connected loads. Automatic controls and/or operator actions
will restore the system to normal state if the system is stable. In case of instability a so
called run-away situation will occur. An example of this is an uncontrolled increase in
angular separation of generator rotors, or an uncontrolled increase or decrease in bus
voltages. An unstable system could lead to outages, a shutdown of major parts of the

power system, or even a complete blackout of the power system.

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient Stabilit Large-Disturbance Small-Disturbance
Angle Stability y Voltage Stability Voltage Stability
Short Term Short Term Long Term
Short Term Long Term

Figure 2.3: Classification of power system stability

2.2.1 Rotor Angle Stability

Rotor angle stability refers to the ability of synchronous machines of an interconnected
power system to remain in synchronism after being subjected to a disturbance. A funda-
mental factor in this problem is the manner in which the power outputs of synchronous
machines vary as their rotor angles change. In a stable situation an equilibrium between
the input mechanical torque and the output electromagnetic torque of each generator,

and the speed remains constant. The phenomenon of rotor angle instability is normally
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separated into small-disturbance angle stability and transient stability. Rotor angle
stability is the ability to restore equilibrium between electromagnetic torque and me-
chanical torque of each synchronous machine in the system in case of a disturbance. In
case of instability some generators loose synchronism with the other generators when
perturbed and results in a run-away situation due to torque imbalance. Instability occurs
in the form of increasing angular swings of some generators leading to their loss of
synchronism with other generators. If one generator temporarily runs faster than another,
the angular position of its rotor relative to that of the slower machine will advance. An
angular difference is the result which transfers part of the load from the slow machine
to the fast machine, depending on the power-angle relationship. This tends to reduce
the speed difference and hence the angular separation. The power-angle relationship
is highly non-linear. Instability results if the system cannot absorb the kinetic energy
corresponding to these rotor speed differences [11].

Some past studies have shown that a moderate integration (e.g. 30%) of power generated
out of renewable energy resources do not significantly affect the rotor angle stability, but
depending on the grid characteristic, it may be necessary to limit the penetration of

renewable energy sources [12].

Small Disturbance Rotor Angle Stability

Is concerned with the ability of the power system to maintain synchronism under small
disturbances, which means the disturbance must be sufficiently small that a linearization
of the system equations is permissible. The stability depends on the initial state of
the power system. Small disturbance rotor angle stability is usually associated with
insufficient damping of oscillations. It is either local or global in nature. Local issues
include a small part of the power system and are associated with rotor angle oscillations
of a single power plant against the rest of the power system. Global problems include a
group of generators in one area oscillating against a group of generators in another area.
Such oscillations are called interarea mode oscillations. The interesting time frame is on

the order of 10 to 20 seconds following a disturbance [12].

Transient Stability (Large Disturbance Rotor Angle Stability)

Transient stability traditionally is concerned with the ability of the power system to
maintain synchronism when a severe disturbance occurs, such as a short circuit on a
transmission line. The power system responds to large disturbance with large excursions
of generator rotor angles. Transient stability depends on the initial operating condition,
the severity of the disturbance and the strength of post-fault transmission network.
Instability is usually in the form of aperiodic angular separation due to insufficient

synchronizing torque [11].
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2.2.2 Frequency Stability

Frequency Stability refers to the ability of a power system to maintain steady frequency
(within a nominal range) following a disturbance resulting in a significant imbalance
between system generation and load. In other words, Frequency stability is the ability
of a power system to compensate for a power deficit. Frequency instability that may
result occurs in the form of sustained frequency swings leading to tripping of generating
units and/or loads. The frequency stability in large interconnected systems can result
in the system splitting into one or more island. In smaller networks (island system),
disturbances could generate frequency stability problems, which could cause a significant
loss of load and/or generation. In small island grids are large frequency deviations
after a disturbance as there is a small reserve of rotating mass. In large interconnected
power systems is the frequency a controlled global parameter, including a inertial reserve
(energy stored in rotating masses of all generators), the primary control (lost power is
compensated by an increase in production of primary controlled units), the secondary
control (frequency and are exchange flows re-established) and a re-dispatch of generation.
The integration of power generated out of renewable energy resources have effects on
the frequency stability. An important factor is that renewable energy sources are often
connected via a converter interface and have no inertia (transient energy storage). That
means by replacing synchronous generators with sources using a converter interface, e.g.
Photovoltaic, reduces the total system inertia and the whole system is more sensitive to

frequency deviations [10, 12].

2.2.3 Voltage Stability

Voltage stability is normally described as the ability of a power system to maintain steady
voltages at all buses in the power system after a disturbance. Or in other words, the
voltage stability studies how changes of the reactive power () affects the voltages U in
the system. A disturbance could be an increase or decrease in load demand or a change
in the power system topology (Circuit Breaker disconnects or connects a line, failure
of a line). This could cause a progressive and uncontrollable fall or rise in voltage of
some buses. A key factor to analyse voltage stability is the reactive power of the power
system as the reactive power is closely connected to the voltage. That’s the reason why a
main factor causing voltage instability is the inability of power system to keep a balance
between reactive power control actions and voltage control actions. A driving factor for
voltage instability is the load and especially the characteristic of the load, hence, voltage
stability is sometimes also called load stability. There are many voltage regulation units
available, like on load tap changer transformers or FACTS. It is hardly possible to analyse
a complete power system completely because of the immense size of it. Normally the
power system is divided into sensible parts which are modelled in detail and others which

are replaced and represented by a lumped load and/or injection. Normally if the study
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focus shall be the distribution network, the transmission network is treated as a source
and/or load at a given voltage. On the other hand, when the transmission network should
be analysed, the distribution networks are replaced by a load and/or an injection, which

is called a composite load [11].

Definition of Voltage Stability

There are several definitions of voltage stability. A definition given by IEEE/CIGRE

Joint Task Force on Stability Terms and Definitions [7] reads as follows:

o "Voltage stability refers to the ability of a power system to maintain steady voltages
at all buses in the system after being subjected to a disturbance from a given initial

operating condition.”

Another proposed definition from Van Cutsem and Vournas [7] describes the voltage

instability as:

o "Voltage instability stems from the attempt of load dynamics to restore power con-

sumption beyond the capability of the combined transmission and generation system."

A system is in voltage stable state if at a given operating condition, for every bus in
the system, the bus voltage magnitude increases as the reactive power injection at the
same bus is increased. On the other hand the system is said to be unstable if for at least
on bus in the system, the bus voltage magnitude decreases as the reactive power injection
at the same bus is increased. In other words the Q(U) sensitivity for every bus bar must
be positive in a stable power network. If the voltage sensitivity for at least one bus is
negative, the power system is declared as unstable. A related term for voltage instability
is voltage collapse. It is the sequence of events following voltage instability which leads
to abnormally low voltages or even a black out of the power system.

According to figure 2.3 voltage stability can be divided into two subcategories; Large
Disturbance Voltage Stability and Small Disturbance Voltage Stability [11].

Large Disturbance Voltage Stability

Large disturbance voltage stability refers to the ability of a power network to keep the
voltage stable after a large disturbance, such as a loss of generation, system faults or a loss
of lines. This ability is depending on the characteristic of the load and discrete controls
and protections. The study period of this phenomenon extend from a few seconds up
to tens of minutes. It requires the examination of the non-linear response of the power
system over a period of time. The performance and interactions of devices as motors,

on-load tap changer transformers and generators must be considered [11].
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Small Disturbance Voltage Stability

Small disturbance voltage stability is the ability to maintain a stable power system when
small perturbations, such as incremental changes in the system loads, occur. The small
disturbance voltage stability is depending on the load characteristic as well as discrete and
continuous controls at a given time. To analyse this phenomenon the system equations
can be linearized. Non-linear effects, such as tap changer control (time delays, deadbands,
discrete tap steps), don’t fall into account. In this thesis the Q-U curves are used to
analyse the effects of small disturbance voltage stability in power system networks. A
detailed explanation of the Q-U curves is given in chapter 2.2.7 [11].

A distribution network is connected to the transmission network at the grid supply
point where a change in voltage may cause complicated dynamic interactions inside the

distribution network itself due to:
e voltage control action arising from transformer tap changer

« control action associated with reactive power compensation and/or small embedded

generators

e a low supply voltage causing changes in the power demand as a result of induction

motors stalling and/or the extinguishing of discharge lighting

« operation of protective equipment by overcurrent or undervoltage relays, electrome-

chanically held contactors and so on

e reignition of discharge lighting and self-start induction motors when the supply

voltage recovers

The effect that actions such as these can have on voltage stability is examined using
the static characteristics of the composite loads. This analysis will help to give an
understanding of both the different mechanisms that may ultimately lead to voltage
collapse and the techniques that may be used to assess the voltage stability of a particular
system. These techniques can then be extended to the analysis of large systems using

computer simulation methods [12].

2.2.4 System Loadability Limit

A general explanation of how the generation and the load are connected in a power
system is given in this chapter. Figure 2.4 shows the most simple equivalent circuit,
which consists of a generator, an ideal transmission line and a composite load. Normally
there are limits on the power that can be supplied, which is an important factor on the

stability of the system [12]. The load is represented by his voltage characteristic, another
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term is load characteristic. It describes the dependence of the reactive power of the load
and the voltage, as well as the dependence of the active power of the load and the voltage.
A short theoretical overview of how to get the power network equations and where the
limits of the power network are is given in this chapter.

Voltage instability normally occurs when the power system is operated close to the
maximum power transfer level and then a disturbance causes this limit to be exceeded.
In the network shown in Figure 2.4 the load is assumed as independent of the voltage.
The resistance of the generator and the losses of the transmission line are ignored and it

is assumed that the generator can keep the voltage on the generator bus E constant.

(~—CDH Il

P, +jQ. X |
© ST

E (~) u P+iq,

Figure 2.4: Equivalent circuit of a simplified power network

The real and reactive power absorbed by the load Pr(U) and Qr(U) is determined by

the power flow equations of the system (Equation: 2.1 and 2.2) which gives:

PL(U) = E)'(U sin & (2.1)
. 2
QL) = EXUCOS(S — Uy (2.2)

The angle § between the generator voltage E and the voltage of the load bus U phasors
can be eliminated using the identity sin? § 4+ cos? = 1.

()" = PO + Q) + (2:3)
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Solving equation 2.3 and eliminating Qr(U) by Qr(U) = Pr(U) - tan ¢ gives the
opportunity to express the load voltage as a function of the active power of the load and

the power factor of the load.

B2 £
U=y — X Protang iy [Zm = X2 PE- X B2 Protang (24)

By norming the load voltage and the active power of the load in Equation 2.4 using

2
u:%andp:PL/EY:

1 1
u:\/2—p~tan¢i\/4—p2—p-tan¢ (2.5)

Qr
tan ¢

a function of the reactive load power and the power factor of the load very similar to

By replacing P, with Pp, = in equation 2.4 the load voltage can be expressed as

Equation 2.4.

E? Bt
U:JZ—X~QL1 4—X2-<tfrf¢)2—X-E2-QL (2:6)

By norming the load voltage and the reactive power of the load in Equation 2.6 using

2
u:%andq:QL/ET:

u:\lé—qi\/i—(taqup—q (2.7)

If the equation for the Q-U curve should be independent from the power factor, then
Equations 2.1 and 2.2 are normalized using v = %, q= QL/EY2 and p = PL/%. One

obtains:
p=u-sind (2.8)

q=u-cosd — u’ (2.9)

Squaring and rearranging gives:

u? - ((sin6)? + (cos6)?) = p* + (q + u?)? (2.10)
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And the positive real solutions of u from 2.10 leads to the well known equation of the
Q-U curve:

1 1
Y + 4/ —p2 = 2.11
u \/2 q 1 p°—q ( )

Equations 2.4 and 2.5 are the basis of the P-V curves and equations 2.6, 2.7 and 2.11
are the basis of the Q-U curves [7, 12].

2.2.5 Voltage Sensitivity and Static Load Characteristic

Voltage sensitivity is referred to as the slope of the voltage by varying reactive power.
The voltage sensitivities are expressed in per units and are normalized to the operating
point [12].

kpy = 22 (2.12)

kou = 20 (2.13)

The voltage sensitivity is separated in two different terms in this thesis. The voltage
sensitivity seen from the system is given in equation 2.14 and the voltage sensitivity of
the load is given in 2.15 and referred as the static load characteristic. The static load
characteristic refers to the slope of the voltage by varying reactive power seen from the
load.

PG + jQG X Psyﬂem(u) SVSte”é(U)

.

E (~) U P,V QoY)

Figure 2.5: Equivalent circuit for determining the reactive power characteristic of the
system
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To distinguish between the power supplied by the system (source) at the load node
and the power demand of the load itself, the reactive power demand of the load has been
separated from the power supplied by the system. Figure 2.5 shows this separation. The
real power is always connected to the transmission grid, which holds Proaq = Psystem-
To analyse the voltage stability the link between Qroqq and Qsystem is opened using a

fictitious synchronous condenser (see chapter 3.1.2) [12].

6QSstte7n
ksc = —20 (2.14)
Uy

6QLoad

ksrc = ?g (2.15)
To

To analyse the voltage stability of a real network the impact of the load characteristic

should be considered. The load characteristic is defined as following [12]:

o "In the steady state the demand of the composite load depends on the bus bar voltage
U and the system frequency f. The functions describing the dependence of the active
and reactive load demand on the voltage and frequency P(U,f) and Q(U,f) are
called the static load characteristics. The characteristics P(U) and Q(U) taken at
constant frequency, are called the voltage characteristics while the characteristics

P(f) and Q(f), taken at a constant voltage, are called the frequency characteristics.”

The static load characteristic is in the scope of this thesis, while the frequency charac-

teristic of the load is not being considered.

Voltage sensitivity of the system characteristic is an important factor to analyse the
voltage stability of a power system. The power system is defined as stable if the voltage
sensitivity of the system characteristic is positive for every bus at the operating voltage.
On the other hand, the power system is unstable if the voltage sensitivity of the system
characteristic is negative for at least one bus. A load is called stiff if the static load
characteristic is small. The static load characteristic of an ideally stiff load is zero,
which means that the power demand (reactive and active power) is independent from
the voltage. Previous reports have shown that due to the Q(U) controller of distributed
generators, the load characteristic is becoming less stiff [4]. A high load characteristic
means that small changes on the load voltage results in high changes of the reactive
power demand of the load. Usually the Q(U) characteristic of the reactive power demand

is higher than the Q(U) characteristic of the active power demand [12].
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A positive value of the voltage sensitivity means that the voltage of the bus is increasing
if the power system transfers more reactive power to the bus. The system is voltage
unstable if the voltage of the bus is decreasing if the power system transfers more reactive
power to the bus. All control systems, like on-load tap changer transformers, generators
and FACTS assume that increasing reactive power will increase the voltage of the bus. If
this assumption is wrong, the control systems will behave incorrectly and cause a voltage
collapse.

The classic voltage stability criterion 0AQ/dU is based on the derivative of the surplus
of reactive power (see equation 2.16). Generally, for a multi-machine system, it is not
possible to give an analytical formula for the AQ/JU stability criterion, but using a
fictitious synchronous generator the load node is treated as a PV node and executing a
load flow program several times for different voltage values of the node gives the system

characteristic and the load characteristic [12].

5(QSystem - QLoad) 6QSystem 5QLoad
5U <bor o oU

(2.16)

2.2.6 Local Controller

Traditionally distributed generators which are connected either to the low voltage or
medium voltage grid by producing only active power (cos¢ = 1). Previous studies [4]
have shown that the distributed generators must be upgraded with local Q(U) controller
to provide the needed reactive power, which is needed to control the voltage. Figure 2.6
shows the characteristic of the local controller. The reactive power of the distributed
generation is controlled from the Q(U) controller and functions as following. The reactive
power is only depending on the voltage at the bus bar of the photovoltaic cell. If this
voltage is high (about 1.05 p.u.), compared to the optimal operating voltage (which is
between 1.02 p.u. and 1.05 p.u.), the Q(U) controller consumes inductive reactive power.
The power factor cos ¢ changes continuously from 1 to —0.95. If the bus bar voltage
of the distributed generation is lower than the operating voltage (about 1.02 p.u.), the
Q(U) controller produces capacitive reactive power. The power factor cos ¢ changes
continuously from 1 to 0.95. The purpose of the Q(U) controller is to influence the voltage
of the distributed generation bus bar and to keep the voltage near the optimal operating
voltage. The needed reactive power is produced locally only if it is needed. Additionally
the Q(U) controller reduces the network losses, as the reactive power through the lines
is reduced. The following equations show the relationship between the reactive power,

active power and the power factor [5, 12].

5% = P? +Q? (2.17)
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S=V3.-U-1I (2.18)
P=25-cos¢ (2.19)
Q=29 sing (2.20)
Q=P tan¢ (2.21)

As presented in equation 2.17 to 2.21 the reactive power of the Q(U) controller is highly
dependent of the nominal active power of the photovoltaic cell. The power factor cos ¢

is changing from —0.95 to 0.95 which includes a change of the reactive power from
Q = P - (40.32868).

1.2 T T T T T T

0.8 - .

0.4 - -

Q/Qmaz

~-1.2 | | | | | |
0.96 0.98 1 1.02 1.04 1.06 1.08 1.1

Operating Voltage U in p.u.

Figure 2.6: Q(U) controller of the distributed generator

2.2.7 Q-U Curve

The Q-U curve can be used to analyse voltage stability in a very effective way. Equations
2.6 and 2.7 are the mathematical basis for a Q-U curve. A major advantage of the
Q-U curve analysis (compared to the P-U curve method) is, that it doesn’t require the
power system to be represented as a two-bus equivalent, which allows stability analysis
of complex power networks. The voltage at a bus bar is plotted against the reactive
power at that specific bus. A normalized Q-U curve for the 2 bus power system (shown
in figure 2.4) is presented in figure 2.7 and calculated by using equation 2.22 which has

been calculated by rearranging equation 2.11. The relationship between the reactive
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power and the voltage shows the sensitivity of the voltages of the analysed bus bars with

respect to reactive power injections or absorptions [7, 14].

q=—\/u? —p?+u? (2.22)

1.2
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Figure 2.7: Normalized Q-U curves for a 2-bus system shown in figure 2.4

The available reactive power reserve of the power system and the voltage stability of a
bus are closely related to each other. This reactive power reserve of the analysed bus
can easily be found in the Q-U curve. The reactive power reserve is the distance (in var)
between the operating point and the load characteristics at the bus at a specific voltage.
The greater the slope of the right portion of the Q-U curve is, the more susceptible to
voltage collapse the power system is. The critical point of the Q-U curve in diagram 2.7
corresponds to the voltage where the voltage sensitivity % becomes zero. As visualised
in figure 2.7 the form of the Q-U curve has a high dependency of the active power of
the load. The greater the active power of the load is, the more reactive power is needed
to prevent a voltage collapse. Figure 2.7 gives the Q-U curve for three different load
situations. p is the normalized active power of the load (p = Pr/ EYQ) If the Q-U curve of
the bus is below the horizontal axis, then this bus has a positive reactive power margin,
which means the power system would be voltage unstable [7, 12, 14].

In a more complex power system as the 2 bus power system shown in figure 2.4 a
fictitious synchronous generator with zero active power and no reactive power limits is

connected to a specific bus. Then a power flow program, like PSS Sincal, can calculate
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a range of specified voltages for this specific bus. The reactive power of synchronous
condenser (Qsc), the Q(U) system characteristic and the Q(U) behaviour from the load
is noted from the power flow program and plotted against the specific bus voltage. The
fictitious synchronous generator is needed to separate the reactive power supply of the

system and the reactive power demand of the load, described in chapter 2.2.5 [7, 14].

2.2.8 Native Load Behaviour

According to [15] the term "load" can have several meanings in power engineering:
o "A device, connected to a power system, that consumes power."

e "The total active and/or reactive power consumed by all devices of the power

system. "

o "A portion of the system that is not explicitly represented in a system model, but
rather is treated as if it were a single power-consuming device connected to a bus in

the system model."

"The power output of a generator or generating plant."

In this thesis the term load refers to a device connected to the power system that
consumes or produces power, which is explained in chapter 2.2.9.
The Q(U) load behaviour of traditionally load models has a static load characteristic.
There are several static load model, which describe the relationship of a bus voltage and

the active and reactive power of the load mathematically.

Load Behaviour: expresses the active and reactive powers as a function of the voltage

magnitude. The function is independent from the time. There are several static load
models which describe the load behaviour slightly different [11, 12, 15].

e Constant Impedance Load Model - The active and reactive power varies directly

with the square of the voltage magnitude which has a stiff voltage characteristics
(kszc = 2) [15, 16].

=Pyl (P (2.23)
@=Qu-far- (5 (2:24)

o Constant Current Load Model - The active and reactive power varies directly with

the voltage magnitude. The load demand changes linearly with the voltage which
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results in a voltage characteristics kspoc = 1 [15, 16].

U
P=PFy-ay  — 2.25
N (2.25)

U
Q:QO‘G{)'F (226)

0

o Constant Power Load Model - The active and reactive power doesn’t vary with the

voltage magnitude, it is voltage invariant and has a stiff voltage characteristics
ksrc =0 and kgro = 0 [15, 16].

P = Po - as (227)

Q= Qo as (2.28)

e Polynomial Load Model - represents the relationship of the voltage magnitude and

the active and reactive power of the load as a polynomial equation [15, 16].

P=Pylan- (P +ax () +a (2.29)
Q= Qu-far- (5 )+ a5+ () + ad (2.30)

This model is also known as "ZIP" model, since it consists of the sum of constant
impedance (Z), constant current (I) and constant power (P) terms. Uy is the rated
voltage of the device and Py and )y are the active and reactive power of the load,
consumed at the rated voltage. Normally a1 + a2 +a3 =1 and a4 + a5 +ag = 1
[12, 15, 16].

o Exponential Load Model - represents the relationship of the voltage magnitude and

the active and reactive power of the load as a exponential equation like following;:

P="P- ([Z))’fsw»p (2.31)
Q=Qu- (3 )ksse (2.32)

By setting the parameter ksrc to 0, 1 or 2, the load model will be changed to
constant power, constant current or constant impedance. The parameter kg o is
the static load characteristic described in chapter 2.2.5 [15, 16]. The active power
static load characteristic, ksr,cp, refers to the slope of the voltage by varying active

power.
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2.2.9 Load Modelling

Previous studies have shown a changing reactive power flow on the medium voltage
grid and even a reactive power flow into the high voltage grid. Additionally, the Q(U)
characteristic of the load seen from different load levels is changing massively [4]. A
reason for this issue is the increasing amount of Q(U) controlled distributed generation
production. The integration of renewable energy sources with limited or no reactive
power control (e.g. household-scale photovoltaic inverter with cos(y) constant) has been
analysed in other reports and has been rated as a risk for the voltage stability [12]. The
effects of distributed power generation controlled by a Q(U) controller on the voltage
stability and load characteristic is focused in this thesis. Figure 2.8 gives an overview of

the lumped loads seen from different voltage levels.

P_Lumped_HV  P_Lumped_MV P_Lumped_LV
Q_Lumped_HV  Q_Lumped_MV Q_Lumped_LV
D D —D P_Lumped_House

Q_Lumped_House

High Voltage Medium Voltage i Low Voltage N
Grid Grid Grid -

s

Native Load

Controller
J; @

Figure 2.8: Schematic presentation of the lumped load seen from different voltage levels

Figure 2.9 gives the schematic chart of the lumped house load. The lumped house
load is a superposition of the native load behaviour, which is modelled by one of the
load models presented in chapter 2.2.8 and the output of the Q(U) controlled distributed
generator. Pending on the power demand of the native load and the power output of
the distributed generator the lumped house load is either producing or consuming active

and/or reactive power.

Low Voltage Grid

QNalive Load

Lumped House
Load

Figure 2.9: Schematic chart of the lumped house load [4]
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Figure 2.10 presents the Q(U) behaviour of the lumped house load. It shows that the
reactive power demand /supply is pending on the bus voltage and the active power supply

of the distributed generator.

6 : : :
‘ ‘ ‘ ‘ —— Lumped house load

Native Load 1
— Q(U) - controller

S

Reactive Power Q in kvar
o
[

| | | | | | |

0.96 0.98 1 1.02 1.04 1.06 1.08 1.1 1.12
Operating Voltage U in p.u.

Figure 2.10: Q(U) behaviour of the lumped house load [4]

The lumped load seen from the low voltage bus bar (PLy™ and QYY) is a

composition of all lumped house loads which are connected to the low voltage grid and
the characteristic as well as the losses of the low voltage lines and/or cables. The medium
voltage lumped load (P]l\}”"}p °d and Ql]\%}p “d) is a superposition of all connected low voltage
lumped loads, the characteristic of the MV /LV transformer and the medium voltage
grid behaviour. Finally, the lumped load seen from the high voltage bus bar (PEL‘T ped
and Qle{}p ed) is a composition of the HV/MV transformer behaviour and all connected
medium voltage lumped loads.

The low voltage grid is not considered and simulated in this thesis as it is connected
with the medium voltage grid via no-load tap changer transformers. The low voltage grid
is represented with a natural load (Ppa% ) and a decentralized generation (PJ\I/)HG,) The
natural load represents the composition of all low voltage native loads and is modelled
according to the constant impedance load model. The medium voltage decentralized
generation is a composition of all Q(U) controlled generators which feed into the low

voltage grid. Figure 2.11 gives a schematic overview of this issue.
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Figure 2.11: Schematic explanation of the low voltage grid reduction



3 Voltage Stability and Sensitivity

Normally voltage stability is described as the ability of a power system to maintain steady
voltages at all buses in the power system after a disturbance. Or in other words, the
voltage stability studies how changes of the reactive power () affects the voltages U in
the system.

Voltage sensitivity of a load, or in other words the static load characteristic, is referred
to as the slope of the voltage by varying reactive power. The power system is defined
as stable if the voltage sensitivity of the system characteristic is positive for every bus.
On the other hand, the power system is unstable if the voltage sensitivity of the system
characteristic is negative for at least one bus.

An increase of distributed power generation has effects on the voltage sensitivity and
stability of the power system. In this thesis the effects of Q(U) controlled distributed
generation is analysed. The upgrade of the photovoltaic cells with Q(U) controllers has
major impacts on the characteristic of the load, seen from different load levels. A reactive
power flow change on the medium voltage grid and even a reactive power flow into the
high voltage grid has been detected [4]. The natural behaviour of the load seen from the
medium voltage bus bar has been modified and is eclipsed by the Q(U) characteristic of
the photovoltaic controller. This phenomenon has been explained in chapter 2.2.9. The
variation of the static load characteristic is analysed as well as the voltage stability in
this chapter.

Therefore three different power networks are being examined. First a case study in
a simple two bus system is presented. Secondly the more complex IEEE 30 bus test
grid, including several distribution grids and distributed generation is simulated. Finally
the voltage stability and static load characteristic of a real power network, the Salzburg

power network, is being analysed.

3.1 Simulations Methodology

The purpose of this thesis is to analyse the static load characteristic and the voltage
stability of different power networks in case of Q(U) controlled distributed generation.
The characteristic of the load seen from different voltage levels is changing it’s behaviour
as the Q(U) behaviour of the load and the output of the Q(U) controller of the distributed
generators overlap. Also the behaviour of the on-load tap changer transformers and the

characteristic of the lines are being considered, which is explained in chapter 2.2.9. With

24
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distributed generation the load seen from different voltage levels can’t be modelled with
one of the described load models presented in chapter 2.2.8. This means the characteristic
of the load is changing dramatically. A detailed illustration of the functionality of the
Q(U) controller is given in chapter 2.2.3. The methodology to analyse the changes of the
static load characteristic, as well as the methodology to analyse the voltage stability is

presented in this chapter.

3.1.1 Extraction of Static Load Characteristic

Figure 3.2 shows the flow chart to create the Q(U) load behaviour seen from the medium
voltage bus bar (P]l\ljglp “d and Q{,\%}p ed) and to calculate the static load characteristic
(kspc). The algorithm is performed for different simulation scenarios and all three
different power networks. Either the value of the load or the distributed generation
production is varied for each simulation scenario. The centralized generation is kept
stable and the voltage of the medium voltage bus bar, and the voltage levels below the
medium voltage bus bar, which shall be analysed, is controlled by manipulating the tap
status of the on-load tap changer transformer. The on-load tap changer transformer
adds a certain percentage of the nominal voltage per tap step and has a certain amount
of tap steps. Varying the on-load tap changer transformer steps continuously from the
maximum value to the minimum value varies the voltage on the medium voltage bus
bar from minimum to maximum. Only one medium voltage grid bus bar is controlled
per static load characteristic simulation scenario. The on-load tap changer transformer
steps of the other distribution grids (if available) are set to be controlled automatically,
calculated from the Power Flow program, to keep the voltage of the medium voltage
bus bar between 1.02 p.u. and 1.06 p.u., which is the normal operation voltage range.
Graph 3.1 shows how the different on-load tap changer transformers are handled. The
reactive power and the active power through the HV/MV transformer, of the analysed
distribution grid, is used to calculate the static load characteristic kg;c according to

equation 2.15.

Trafo Steps changed
from max. to min.

{ [ Analysed Medium
Voltage Grid
Trafo Steps controlled

automaticall;
%- Medium Voltage Grid 2
%%- Medium Voltage Grid 3

Trafo Steps controlled
automatically

High Voltage Grid

=

Figure 3.1: Schematic illustration of the transformer settings
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The used power flow program is PSS Sincal and the Newton Raphson algorithm is
used for the simulation. The results of the power flow calculations for this simulation
scenario can be used to analyse the behaviour of the load seen from the medium voltage
bus bar. This load behaviour can be reproduced by programming a load macro by using
PSS Netomac. These macros are programmed to control the lumped load, which allows
the simulation of a bigger, more complex power network. Furthermore the distribution
network can be reduced by a macro controlled lumped load. The advantage of this
procedure is, that the network is extremely reduced but has the same Q(U) and P(U)

behaviour as the original network.

lStart

Set HV/MV trafo step of the analysed bus bar to maxiumum

!

Set all other HV/MV trafo steps to be controlled
automatically

!

Calculate load flow I

!

Evaluate load flow results

!

Minimal
trafo tap
reached?

Decrease trafo
step

Plot Q through trafo vs. busbar voltage

!

Calculate the static load characteristic

Figure 3.2: Simulation algorithm to extract the static load characteristic

3.1.2 Extraction of Power System Sensitivity and Stability

To analyse the influence of Q(U) controlled distributed generation on the voltage stability,
the Q(U) curves are a very useful tool as it is relatively easy to create and provides a
measure of absolute stability and stability margin [14]. The used power flow program is

PSS Sincal / Netomac and the Newton Raphson algorithm is used for the simulation.
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An individual Q(U) curve for each high voltage bus bar is being created, which allows
to calculate the voltage stability of the whole power system and the individual stability
margin for each distribution grid. Three curves are generated for each high voltage bus
bar and for each simulation scenario, using the results of the power flow program. Either
the value of the load or the distributed generation production is varied for each simulation
scenario. The first curve is the reactive power of the synchronous condenser versus
the voltage curve. The synchronous condenser represents a fictitious and adjustable
reactive power source. Figure 3.3 gives a graphical overview of the interaction between
the reactive power demand or supply of the high voltage lumped load (Q?I’“?}p ed), the
synchronous condenser (Qgc) and the system (Qgystem ). The reactive power output of
the synchronous condenser represents the reactive power which is needed to keep the
voltage of the controlled network bus at a specific voltage. The second curve is the
Q(U) load behaviour, which is the reactive power through the HV/MV transformer seen
from the high voltage bus bar (PE‘(/” red and QlH“(r/Lp °d) " The third curve is the system
characteristic which measures the ability of the network to supply the network with

reactive power in the vicinity of the bus.

lumped

HV = QSC’ + ststem (31)

High Voltage Grid —% Medium Voltage Grid

—D —>
Q_System Q_Lumped_HV

Figure 3.3: Schematic overview of the reactive power flow

The loads are modelled with the constant impedance load model. The capacity of
the synchronous condenser is very large (the reactive power output is almost unlimited)
but the active power output is set to zero. The reactive power output of the fictitious
synchronous condenser is controlled to vary the voltage of the high voltage bus bar
from about 0.5 p.u. to 1.5 p.u.. The flow chart of the algorithm to create the system
characteristic and the Q-U curve is given in figure 3.1.1. The system can be considered as
voltage stable if the system characteristic and the high voltage lumped load characteristic
intersect in a stable operating point. If the bus voltage magnitude is increased above the
minimum point then reactive power must be injected at the bus to raise the voltage. On

the other hand if the bus voltage magnitude is decreased below the minimum reactive
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power point then reactive power injection at the bus is required. The Q-U curve method
allows also the possibility to measure the margin of stability. It is calculated as the
difference of the bottom of the synchronous condenser characteristic curve and the high
voltage lumped load characteristic line. A low reactive power margin of a power system
means, the power system works near a voltage collapse situation. If the reactive power
margin is negative, the power system is not in a operational situation. The reactive
power margin is a very effective way, to compare how close the system is to a voltage
collapse for different simulation scenarios. According to the algorithm given in figure 3.4
all HV/MV trafos are set to control the medium voltage bus bar voltage automatically
and to keep it between Uy = 1.02 p.u. and Upyy = 1.06 p.u.. After that the reactive
power output of the fictitious synchronous condenser is being set to reach a high voltage
bus bar voltage of Ugy = 0.5 p.u.. Then the reactive power output is being increased
and the reactive power demand of the load, as well as the reactive power output of the
synchronous condenser and the system is calculated. This procedure is being repeated

until a high voltage bus bar voltage of Ugy = 1.5 p.u. is reached.

lStart

Set all HV/MV Trafos to be controlled automatically to keep
the MV busbar voltage between 1.02 and 1.06 p.u.

!

Add a fictious synchronous condenser (SC) to a specific HV
busbar

!

Set the Q output of the SC of any value to bring the HV
busbar voltage to 0.5 p.u.

!

Calculate load flow I

!

Evaluate load flow results

Increase Q

no output of the

synchronous
condenser

yes

Plot system characteristic and Q(U) load behaviour vs. HV
busbar voltage

Figure 3.4: Algorithm to analyse the voltage stability as well as the HV load behaviour
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3.2 Two Bus Test Network Simulations

In this chapter a case study in a two-bus system is presented. The system has been
constructed to demonstrate the voltage stability and the voltage sensitivity in a very
simple test network. Figure 3.5 shows the general layout of the analysed network. The

network consists of the following components and elements:

e 132KV transmission grid
o 33kV distribution grid
e a generator which feeds into the transmission grid

e a on-load tap changer transformer which connects the transmission grid and the

distribution grid
e a transmission line which connects the generator and a transformer
e a load which is modelled using the constant impedance load model.

« a distributed generator which feeds into the distribution grid and is controlled by a
Q(U) controller

« a fictitious synchronous condenser which is needed to control the bus bar voltage.
Basically the synchronous condenser is an adjustable reactive power source without
reactive power generation limits. The synchronous condenser is deactivated if the

static load characteristic is being extracted.

Transmission Grid - 132kV Distribution Grid - 33kV
( G ; I > '

Figure 3.5: General layout of the two bus network
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3.2.1 Extraction of the Q(U) Load Behaviour
Scenario Definition

The active power of the distributed generation and the active power of the load is being
changed in the different simulation scenarios which can be seen in table 3.1. The natural
load, which is described in chapter 2.2.9, is kept at the nominal value of P}\;‘{,d =10 MW
and Ql]\%i = 10 Mvar in simulation scenario 2 to 5, while the active power output of the

distributed generation is varied from P]l\%}j =0 MW to P]l\j}‘{,d = 15 MW. In simulation

scenario 6 to 9 the natural load is being reduced to P3¢ = 1 MW and Q{%4¢ = 1 Mvar,
while the active power output of the distributed generation is varied again from P]l\%/d =

MW to P]l\?[“l/d = 15 MW. For example simulation scenario 6 represents a situation of a
very low natural load demand and a very high distributed generation production. On
the other hand simulation scenario 5 represents a very high natural load situation and a
low distributed generation production. The different simulation scenarios shall represent
different situations of the power system, e.g. the load is changing during the day and
during the week, and the distributed generation production is pending on the weather,
e.g. wind power plants are pending on the wind and photovoltaic cells on the sun.

The algorithm to create the characteristic of the load is explained in chapter 3.2.
The centralized generation is kept stable and the voltage of the medium voltage grid is
controlled by manipulating the tap status of the on-load tap changer transformer. The
on-load tap changer transformer adds 1% of the nominal voltage per tap step and it
has been set to 60 steps (£30). Normally an on-load tap changer transformer has 20
steps (£10), but in this thesis the tap steps have been extended to extract the static
load characteristic. Varying the on-load tap changer transformer steps continuously
from 30 to —30 varies the voltage on the medium voltage bus bar from Uy = 0.85
p.u. to Upry = 1.45 p.u.. The reactive power and the active power through the HV/MV
transformer is used to calculate the Q(U) characteristic of the load kgpo (see equation
2.15), which is a very important parameter for the voltage stability. The synchronous
condenser is deactivated for this simulation scenario.

The nominal active power of the natural load has been set to P3¢ = 10 MW and
the nominal reactive power of the natural load has been set to Qﬁ\oﬁﬁl = 10 Mvar. The
minimal active power of the natural load has been set to P{9%¢ = 1 MW and the minimal
reactive power of the natural load has been set to Qﬁ‘}“g = 1 Mvar. The natural load is
modelled using the constant impedance load model (see equations 2.23 and 2.24)

The nominal active power of the distributed generation has been set to Ppgyinel = 15
MW. A detailed illustration of the Q(U) controller of the distributed generation can
be seen in chapter 2.2.6. According to equation 2.21 the reactive power varies from
Qpc = —0.32868 - Ppq, if the voltage is above U = 1.08 p.u., to Q@pg = 0.32868 - Ppg, if
the voltage is below U = 0.99 p.u.. That means an active power output of Ppg = 15 MW

results in a reactive power output between Q pg = £4.9302 Mvar pending on the medium
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voltage bus bar voltage. The reactive power output of the distributed generation is only
depending on the voltage of the medium voltage bus bar at a certain and stable active
power output. The static load characteristic has been calculated at different nominal
power values of the natural load and different distributed generation production which

can be seen in Table 3.1.

Table 3.1: Natural Load and Distributed Generation Production of the two bus network

Simulation P]l\?[“l/d l]\‘}[“& Ppa
Scenario MW  Mvar MW
1 1.00 10.00 15.00

2 10.00 10.00 15.00

3 10.00 10.00  7.50

4 10.00 10.00  1.50

5 10.00 10.00  0.00

6 1.00 1.00 15.00

7 1.00 1.00 7.50

8 1.00 1.00 1.50

9 1.00 1.00 0.00

The voltage of the medium voltage bus bar, the active and reactive power of the
HV/MV supplying transformer has been calculated with the data gotten from the power
flow program.

Additionally the Q(U) load behaviour of the load seen from different voltage levels
has been analysed and compared. For this scenario the interesting voltage range is from
Upry = 0.9 p.u. to Upsy = 1.1 p.u., as there are the violation limits. If the voltage violates
these limits then security actions would be started. That’s the reason why the load
behaviour in this range is interesting. In this case study the Q(U) characteristic of the load
seen from the high voltage bus bar (Q7?) is compared with the Q(U) characteristic of
the load seen from the medium voltage bus bar (QZHW‘;LP “d) The difference is that the Q(U)
load characteristic seen from the high voltage bus bar is a superposition of the natural
load behaviour, the Q(U) controlled distributed generation and the characteristic of the
on-load tap changer transformer. The transformer is set to be controlled automatically by
the power flow program, to keep the medium voltage bus bar voltage between Upsy = 1.02
p.u. and Upy = 1.06 p.u.. The Q(U) characteristic of the load seen from the high
voltage bus bar has been calculated according to the algorithm given in chapter 3.1.2.
With this method the high voltage bus bar voltage has been varied from Ugy = 0.9 p.u.
to Ugy = 1.1 p.u..
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Simulation Results

Figures 3.6, 3.7, 3.8 give the Q(U) behaviour of different simulation scenarios for a
voltage range from U = 0.9 p.u. to U = 1.1 p.u.. Two curves have been plotted: The
high voltage lumped load characteristic and the corresponding medium voltage lumped
load characteristic. The main difference is that the high voltage lumped load includes
the on-load tap changer transformer characteristic.

Figure 3.6 presents the simulation result of Scenario 5, where the natural load is set to
it’s nominal value (P33 =10 MW and Q%3¢ = 10 MW) and the distributed generation
is deactivated. It can be seen that the static Q(U) load characteristic seen from the
medium voltage bus bar is almost linear with kgrc = 2.00, which is because the natural
load is modelled with a constant impedance model. The high voltage Q(U) characteristic
is nearly stiff as the on-load tap changer transformer keeps the medium voltage bus
bar voltage very close to Uy = 1.03 p.u. and that’s why it is almost independent
of the natural load characteristic as the voltage of the natural load is almost constant.
The medium voltage bus bar voltage is controlled by the transformer and kept between

Uyy = 1.02 p.u. and Upsy = 1.06 p.u..
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Figure 3.6: Load behaviour P}\Z“‘}i =10 MW and Ppg = 0 MW, Simulation Scenario 5

Figure 3.7 gives the Q(U) behaviour of the load in case of a very high distributed
generation penetration (Ppg = 15 MW) where the natural load is set to it’s nominal
value (P{%%¢ = 10 MW and Q%4 = 10 MW). The superposition of the natural load
characteristic and the Q(U) controller output of the distributed generation is very obvious
and can be seen in the medium voltage Q(U) load characteristic. But also the behaviour
of the high voltage bus bar Q(U) load characteristic is changing it’s behaviour in presence
of a distributed generation production and is not stiff any more. The reason for this is

the on-load tap changer transformer.
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The transformer steps have been added to figure 3.6, 3.7 and 3.8. Figure 3.7 shows that
the medium voltage lumped load characteristic for a voltage range from Uy = 1.02 p.u.
to Upry = 1.06 is reflected multiple times in the high voltage lumped load characteristic
(Trafo Step: -7, -1, 3).

0
lumped
HV
—9251 Qlumped
_5| a
g
>
2 75| |
k= Trafo Step:
< 11 -9 -8 -7 61514121 -1 1021 3
—10k------- He— K Mmoo —————m o |
s b LN
15 I R I T .| R

09 092 094 096 0.98 1 1.02 1.04 106 1.08 1.1
Operating Voltage U in p.u.

Figure 3.7: Load behaviour P]l\/ol‘%}l =10 MW and Ppg = 15 MW, Simulation Scenario 2

Finally figure 3.8 presents the Q(U) load behaviour in case of a very low load and
a very high distributed generation situation (P]l\%‘/?l = 1 MW, Ql]\‘}ag = 1 MW and

Ppa =15 MW - Simulation Scenario 6). It can be seen that the reactive power demand

of the medium voltage grid is reduced and stays between Ql“mp °d — _1.25Mvar and
lHunged = —3.5Mvar.
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Figure 3.8: Load behaviour le\j}“‘,d =1 MW and Ppg = 15 MW, Simulation Scenario 6
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After that the Q(U) behaviour of the load seen from the medium voltage bus bar is
analysed in more detail and the static load characteristic is calculated as well. The used
algorithm can be seen in figure 3.2. The medium voltage bus bar voltage is controlled
via the tap steps of the on-load tap changer transformer. The tap status of the on-load
tap changer transformer is varied continuously from 30 to —30 (maximum to minimum)
and a power flow calculation has been done for each step. The centralized generation
which feeds into the high voltage grid is kept stable. The simulation results can be seen
in table 3.2.

Table 3.2: Simulation results: Voltage Sensitivity - 2 bus network

Simulation | Pyr?ed  Qhpret | Plosd  Qload | Ppe | ksnomin ksromas

Scenario MW Mvar MW  Mvar | MW
1 14.00 —6.18 —1.00 —10.00 | 15.00 1.43 22.82
2 5.00 —6.13 +—10.00 —10.00 | 15.00 1.44 21.19
3 —2.50 —8.09 +~10.00 —10.00 7.50 1.67 9.65
4 —8.50 —-9.62 +10.00 —10.00 | 1.50 1.92 3.29
5 —10.00 —10.00 +10.00 —10.00 | 0.00 2.00 2.00
6 14.00 2.88 | —1.00 —1.00 | 15.00 0.36 49.43
7 6.50 0.92 |-1.00 —1.00 | 7.50 0.66 49.67
8 0.50 —0.61 —1.00 —-1.00 1.50 1.44 19.89
9 —1.00 —1.00 —1.00 -1.00 0.00 2.00 2.00

Figure 3.9 shows the plotted simulation results for a maximal load situation (simulation
scenario 2 to 5) while figure 3.10 shows the plotted simulation results for a minimal
natural load situation (simulation scenario 6 to 9). The reactive power through the
HV/MV transformer is shown as a function of the medium voltage bus bar voltage. The
simulation results show that the extreme values of the static load characteristic ksrc
are 0.36 and 49.67 which are highly depending on the produced active power of the
distributed generation and the reactive power of the natural load. If the distributed
generation produces more active power, or the reactive power demand of the natural
load is getting lower, then the diversification of the static load characteristic ksrc is
becoming higher. On the other hand the static load characteristic is almost independent
from the active power demand of the load, if the reactive power demand is independent
from the active power demand of the load. The static load characteristic is highly varying
because of the characteristic of the Q(U) controller of the distributed generation. The
plots "Simulation 5" and "Simulation 9" (see figure 3.9 and 3.10) display the Q(U) load
characteristic without decentralized generation by different load situations. The static
load characteristic in this simulation scenario is kgrc = 2, which is because the natural
load is modelled with a constant impedance load model. The green curve shown in figure
3.9 and figure 3.10 (simulation scenario 2 and 6) include a high amount of distributed

generation which makes the Q(U) load behaviour very mutable.
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On the other hand in case of a high amount of distributed generation a reactive power
flow from the medium voltage grid to the high voltage grid has been detected (Simulation
Scenario 6 and 7, Ppg = 15 MW and Ppg = 7.5 MW in figure 3.10). In this case the
reactive power flow is from medium voltage to high voltage, which means the high voltage
grid must absorb this additionally produced reactive power. Simulation scenario 4 and
8 (Ppg = 0 MW curve in figure 3.9 and 3.10) show the medium voltage lumped load
characteristic in case of a very low distributed generation Ppg = 1.5 MW at two different
natural load levels (maximal and minimal load). Finally the plots Simulation 3 and 7
(Ppg = 7.5 MW curve in figure 3.9 and 3.10) display the Q(U) load characteristic with a
decentralized generation of Ppg = 7.5 MW by different load situations.
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Figure 3.9: MV lumped load behaviour for a maximal load of Pl9%¢ = 10 MW
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Figure 3.10: MV lumped load behaviour for a minimal load of P{%¢ =1 MW
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Figure 3.11 shows how the static load characteristic is changing with varying distributed
generation, as well as the change of the active power by varying distributed generation.
The calculated values are given also in tabular form, table 3.3. For this simulation
scenario the voltage of the MV bus bar has been kept stable at Up;yy = 1 p.u.. The
figure 3.11 shows the dependency of the static load characteristic and the active power
transfer from the medium voltage grid to the high voltage grid in case of a changing
distributed generation, which means a change of the weather. As a result of the weather
the static load characteristic is changing dramatically. In case of a cloudy weather, the
distributed generation production is low and if the weather is sunny there is a high
amount of distributed generation production. Additionally the active power through the
HV/MV transformer is changing if the weather is changing. Figure 3.11 plots the static
load characteristic over the active power through the HV/MV transformer for a minimal

and a maximal load situation.
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Figure 3.11: kgrc over P]l\%ﬁped at Uyry = 1 pau.

Table 3.3: ksrc and Pﬁ?}p °d at varying distributed generation

Maximal Load (Pl5¢d = 10 MW) | Minimal Load (Pl = 1 MW)
PJZ\Z?/WEd ksrc P}&ﬁped ksrc Ppc
MW MW MW
—10.00 2.00 —1.00 2.00 0.00
—8.50 2.96 0.50 19.75 1.50
—2.50 8.99 6.50 38.81 7.50
5.00 17.74 14.00 24.78 15.00
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3.2.2 Voltage Stability and Power System Characteristic
Scenario Definition

The voltage stability has been analysed using Q-U curves which are described in chapter
2.2.7. The influences of the Q(U) controlled distributed generation on the static load
characteristic has been shown in chapter 3.2.1. Q-U curves provide a measure of the
absolute stability and the stability margin. A fictitious and adjustable reactive power
source is needed to control the voltage of the high voltage bus bar. Therefore a synchronous
condenser is added to the power network which can be seen in figure 3.5. Three curves
are created with the power flow program. The first curve is the reactive power of the
synchronous condenser. The second curve represents the power system characteristic,
which measures the ability of the network to supply the network with reactive power in
the vicinity of the bus. And the third curve is the high voltage lumped load characteristic.
The synchronous condenser is needed to keep the voltage of the high voltage bus bar at a
certain amount. For more clarity of the figures the synchronous condenser characteristic
isn’t plotted. Several simulations, with different distributed generation and different
natural load situations have been performed. The natural load in simulation scenario 1 to
4 is kept at the nominal value of P]l\/oﬁ}i =10 MW and Qé\gf‘ﬁl = 10 Mvar, while the active
power output of the distributed generation is varied from Ppg = 15 MW to Ppg =0
MW. Simulation scenario 8 is calculated with a low natural load of P}\j‘%}j =1MW and

lj\o/la‘ﬁl =1 Mvar and a high distributed generation of Ppg = 15 MW. Finally, simulation
scenario 7 and 9 have a very high natural load of P]l\j’[%}l =100 MW and Qé\‘}[‘lg = 100 Mvar
while the distributed generation is varied.

The voltage of the high voltage bus bar has been changed continuously from Ugy = 0.5
p-u. to Ugy = 1.4 p.u. using the fictitious synchronous condenser, for each simulation
scenario. The HV/MV on-load tap changer transformer is set to control the medium
voltage bus bar automatically. The target voltage range of the transformer controller is
set from Uy = 1.02 p.u. to Upyy = 1.06 p.u.. An overview of each simulation scenario

is given in table 3.4.

Simulation Results

The system characteristic is normally parabolic. At some point, the generators stop
decreasing their reactive power value. In this case the system characteristic reaches the
top of the curve. This point represents the maximum increase in the reactive power of
the load at this bus, also called the reactive power margin of the system. Any higher
and a voltage collapse would occur [10]. Close to this point the power flow program has
problems to reach convergence, which is the reason why the left side of the, normally
parabolic, curve is missing, where the power system is unstable. The reactive power

margin (stability margin) of the power system is calculated as the difference of the bottom
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of the synchronous condenser characteristic curve and the Q(U) load characteristic curve.
The reactive power margin of each simulation scenario can be seen in table 3.4. A low
reactive power margin of a power system means, the power system works near a voltage
collapse situation. If the reactive power margin is negative, the power system is not in an
operational situation. The reactive power margin is a very effective way, to compare how
close the system is to a voltage collapse in different simulation scenarios. Additionally the
synchronous condenser characteristic is moved to the left side in case of a high natural

load and a low distributed generation production.

Table 3.4: Simulation Scenario - Voltage Stability - Two Bus Network

Simulation P]l\?ﬁfl l]\‘jﬂ‘ﬁl Ppg  Stability Margin

Scenario MW  Mvar MW Mvar
1 10.00 10.00  0.00 165.44
2 10.00 10.00  1.50 178.76
3 10.00 10.00  7.50 194.03
4 10.00 10.00 15.00 200.32
5 100.00 10.00 1.50 162.62
6 1.00 10.00 15.00 202.66
7 100.00 100.00 15.00 115.43
8 1.00 1.00 15.00 216.07
9 100.00 100.00  1.50 99.28

Figure 3.12 shows the Q-U curve for the two bus system without distributed generation
while the natural load is set to the nominal values (P{9%¢ = 10 MW and Q%%¢ = 10
Mvar). The reactive power margin of simulation scenario 1 is 165.44 Mvar which is the
difference between the high voltage lumped load curve (PZ“T Ped) and the synchronous
condenser characteristic at the lowest point of the curve. For this specific natural load
situation and distributed generation production the power system can be considered as
voltage stable (according to the equilibrium point analysis presented in chapter 3.3.3) for

a high voltage bus bar voltage range of Ugy = 0.7 p.u. to Ugy = 1.3 p.u..
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Figure 3.12: Q-U curve, PJl\ff{ﬂ =10 MW and Ppg = 0 MW; Scenario 1
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Figure 3.13 presents the Q-U curve with a high amount of distributed generation
(Ppg = 15 MW) and the natural load is set to the nominal values (P3¢ = 10 MW
and Qﬁ\‘}[a‘ﬁl = 10 Mvar). The reactive power margin of Simulation Scenario 4 is 200.32
Mvar. According to the Q-U curve stability analysis method the power system becomes
more stable in case of a high distributed generation as the stability margin is becoming
higher. It can be seen that the reactive power margin is highly pending on the distributed
generation production, and as a result of that, it is pending on the weather, as the
weather influences the distributed generation production directly. The influence of the

local controlled distributed generation can be seen in the high voltage lumped load

curve ( l;j?}p “d) as the reactive power is decreasing from Ql;{"‘?p “d — _2.57 Mvar to
Qg?}p °d — _13.25 Mvar by increasing the high voltage bus bar voltage from Ugy = 0.6

p-u. to Ugy = 0.85 p.u..

250 T T T T T T T T -

lumped
200 = HV H
150 - ststem ||

100
50

0
—50
—100
—150

_200 | | | | | | | | |
0.7 075 08 08 09 095 1 1.05 1.1 1.15 1.2

Operating Voltage Ugy in p.u.

Reactive Power () in Mvar

Figure 3.13: Q-U curve, P]l\?[“lfl =10 MW and Ppg = 15 MW, Scenario 4

The Q-U curve for a very high natural load situation (P}VO[‘%/‘! =100 MW and Ql]ffg =100
MW) and a distributed generation production of Ppg = 15 MW is given in figure 3.14.
The stability margin for this natural load situation and distributed generation production
is significantly lower than in simulation scenario 1 and 4 (115.43 Mvar). According to
the Q-U curve method the critical situation, in terms of voltage stability, is the situation
of a very high load and a low distributed generation production, which is presented in
figure 3.14.
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Figure 3.14: Q-U curve, Pi9%¢ = 100 MW and Ppg = 15 MW; Scenario 7
The natural load has been set to a very low value (P99 = 1 MW and Q%4¢ = 1 Mvar)
and the distributed generation production has been set to the nominal value (Ppg = 15
MW) for simulation scenario 8 which is presented in figure 3.15. This simulation scenario
has the highest stability margin of 216.07 Mvar which means the power system is farthest

from a voltage collapse.
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