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Abstract

The transition to a full-renewable based power system is currently under
process. The ambitious goals of many countries to limit the usage of carbon-
based generation units causes the power systems all over the world to be in
the most severe change since their beginning. The increasing integration of
power-electronic based power generation units influences the power system’s
ability to operate in a reliable way. Therefore, transmission system operators
have to rethink their decisions on planning and operating the power grid.

Previously dominated by a limited number of central power plants, are
power systems now including new generation systems, which are decentral-
ized and operate dependent on the current weather conditions. The arising
issues include the lack of system inertia, faster rates of power changes, or
harmonic interaction, just to mention a few challenges. However, installing
power electronic-based units also allows controlling the system much more
flexible than ever before. Controls in the units can be adapted in an infinite
number of ways to benefit the power system.

FACTS (Flexible AC Transmission Systems) are known to be the fastest
units in the power grid to supply reactive power for voltage control. This
allows to more reliably connect renewable power plants, such as offshore
wind farms, but also to improve the supply of certain loads, such as remote
cities or oil-rigs. The installation of more of these units can highly benefit the
system operation. It has to be guaranteed that they all contribute with respect
to each other when multiple units are in close proximity. Otherwise, these
units can cause interactions between each other, causing undesired voltage
fluctuations. Thus, the need for a correct adaption of these units arises when
they are being used more and more in modern power grids.

This Ph.D. project focuses on the interactions between these kinds of units.
It is determined how different units have to adapt to the reactive power sup-
port of other FACTS devices without communication between them. It is
shown that the currently used method in the industry is not sufficient to re-
liably maintain the dynamic response. A control scheme is proposed, which
allows adapting the FACTS units to changes in the power grid during opera-
tion and other units nearby. This is required when these units are being used
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more frequently in modern power grids.

Moreover is the reliable control of the system frequency one of the main
challenges when it comes to a full-renewable power system. Micro-grids,
where the system is highly limited in space, can already be controlled by
power converters. Power systems under transition have to operate in com-
pliance with the existing equipment, such as the remaining generation units
and the protection system. Renewable power sources, and especially wind
power plants, have the potential to support or even replace conventional gen-
eration units for frequency supports. Wind power plants can curtail their
output power to keep reserve available, or they can even utilize the rotational
energy in the blades to provide short-term frequency support. The trans-
mission system operator now has the challenging task of determining which
kind of controls are needed to allow for the reliable control of the system
frequency. Therefore it is important to assess the influence of incorporating
these new controls into the operational frequency reliability assessment. This
also requires the system operators to determine, which controls are optimal
for their specific grid conditions.

In order to tackle the issues mentioned above, this Ph.D. project discusses
methods, which enable to include wind power plant frequency support into
the reliability assessment with all required time-frames. Also, a methodol-
ogy to find the optimal frequency management is proposed in this project,
which allows system operators to compare different strategies easily. System
operators are always challenged to find the right balance between gains in
frequency quality versus the over-usage of frequency controls and thereby
loss of energy production.



Resumé

Overgangen til et fuldt vedvarende energi-basered elnet er allerede fuldt
i gang. Mange landes ambitiose mal om at begreense brugen af kulstof-
baserede kraftveerker er den sterste forandring elnettene verden over no-
gensinde har veeret i. Den stigende integration af effektelektronikbaserede
enheder pavirker elnettets evne til at fungere palideligt. Derfor er operaterer
af transmissionssystemet nedt til at genoverveje den made de planleegger og
driver elnettet pa.

Tidligere var elnettet domineret af et begraenset antal centrale kraftveerker,
men i dag inkluderer elnettet nye generatorsystemer, som er decentraliserede
og fungerer afheengigt af de aktuelle vejrforhold. Dette giver problemer sa-
som en mangel pd systeminerti, hurtigere lasteendringer eller harmonisk in-
teraktion. Imidlertid giver brugen af effektelektronikenheder ogsé styringen
af systemet meget mere fleksibilitet end nogensinde for. Kontrollen af enhed-
erne kan tilpasses pa et uendeligt antal méder til gavn for elnettet.

FACTS-enheder er kendt for at veere de hurtigste enheder i elnettet til at
bidrage til reaktiv effekt til speendingskontrol. De kan bruges til at forbinde
vedvarende kraftveerker, som havmelleparker, men ogsa til at levere strom
til belastninger som fjerntliggende byer eller olierigge. Installation af flere af
disse enheder kan i hej grad gavne systemets drift. Det skal garanteres, at
de alle bidrager optimalt, nar flere enheder er i neerheden. Ellers kan disse
enheder interagere med hinanden og fordrsage uenskede speendingsudsving
og der opstdr et behov for en korrekt tilpasning af disse enheder, nar de
bruges mere og mere i moderne elnet.

Dette Ph.D. projekt fokuserer pd interaktionen mellem denne slags en-
heder. I projektet bestemmes det, hvordan forskellige enheder skal tilpasse
sig den reaktive understottelse sammen med andre FACTS-enheder og uden
kommunikation imellem dem. Der vises at den aktuelt anvendte metode ikke
er tilstraekkelig palidelig til at opretholde den dynamiske respons. Der fores-
1as derfor et kontrolsystem, der gor det muligt at tilpasse FACTS-enhederne
passivt til eendringer i elnettet under drift og til andre enheder sammen i
nerheden. Dette bliver mere pakraevet, nar disse enheder bruges oftere i
moderne elnet.



Desuden er en pélidelige kontrol af systemfrekvensen en af de sterste ud-
fordringer, nar det kommer til et fuldt vedvarende energi baseret elsystem.
Mikro-net, hvor systemet er meget begraenset i storrelse, kan allerede styres
af effektomformere. Stremsystemer under overgangen til vedvarende energi
skal fungere i overensstemmelse med det eksisterende udstyr, sdsom konven-
tionelle produktionsenheder eller beskyttelsessystemet. Vedvarende energik-
ilder og iseer vindkraftveerker har potentialet til at understotte eller endda
erstatte konventionelle generatorer som frekvensstyring. Vindkraftveerker
kan ved at begreense deres udgangseffekt holde en effekt-reserve tilgeengelig,
eller de kan endda udnytte rotationsenergien i bladene til at yde kortvarig
frekvensstotte. Operatoren af transmissionssystemet har nu den udfordrende
opgave at bestemme, hvilken type kontrol, der er behov for, for at muliggere
palidelig kontrol af systemfrekvensen. Derfor er det vigtigt at vurdere ind-
flydelsen af at indarbejde disse nye kontrol method i den vurderingen af den
operationelle frekvenssikkerhed. Dette kraever ogsa at operatererne bestem-
mer, hvilken kontrol der er optimal for deres specifikke net forhold.

For at lese ovenneevnte emner diskuterer dette Ph.D. projekt metoder,
som gor det muligt at inkludere vindkraftveerkernes frekvensstotte i palide-
lighedsvurderingen med alle kreevede tidsrammer. Der foreslas en metode til
at finde den optimale frekvensstyring. Dette giver operaterer mulighed for
nemt at sammenligne forskellige styre strategier. Systemoperatorer udfor-
dres altid ved at finde den rette balance mellem gevinster i frekvenskvalitet
mod overforbrug af frekvensstyring, som reducerer energi produktionen.
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Chapter 1

Introduction

1.1 Background

The power system is in the biggest transition of its history. The global chal-
lenge of changing the power generation from fossil-based over to renewable-
based energy sources is the political aim, which has also been defined in
the United Nations Framework Convention on Climate Change (UNFCCC)
agreement, better known as the Paris Agreement [1]. To stop the process of
global warming, all parts of the energy sector have to change severely. This
reaches from the way houses are isolated and heated, over the electrifica-
tion of the transport sector, to the usage of renewable energy sources in the
power system generation. This transition has already begun, but the targets
for the renewable energy production have been set more ambitiously in the
past years.

Denmark, and other countries, have set ambitious goals for the transi-
tion of their energy production and usage to reduce their impact on climate
change. The phase-out of all coal power shall be done in 2030, and a re-
newable share of 55% of the total energy consumption. The full transition
to renewable energy production is aimed to be reached in 2050 [2]. The
main driver for renewable energy is supposed to be wind power in Den-
mark, while in other countries it will be based on solar power. Large areas in
the surrounding seas are supposed to be available for offshore wind power
production.

The German government has also set its renewable energy share goals
ambitiously. A share of at least 60 % renewable power shall be reached. The
biggest contributor is foreseen to be offshore wind power, as it is an economic
and socially acceptable solution. Laws currently limit the further increase of
onshore production capacity, not allowing new units close to housing areas,
and solar power is limited by the financial aspects and by the limited solar
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radiation throughout the year [3].

The renewable sources are mainly injecting their produced power through
power electronic converters. These converters use semiconductors in order to
convert and transfer energy from one voltage level to another. They have seen
large technological development over the last decades and are used in gener-
ation units, and equipment in the transmission grid. Converter-based units
are also more and more connecting the system loads, such as motor drives,
to the power grid. This means their increasing influence on the system oper-
ation can be seen already and will only grow further during the transition to
a carbon-free energy system.

Multiple effects occur when more and more power electronic-based gener-
ation units are installed in the power system. Local voltage changes, depend-
ing on the actual power injection, occur in the distribution grid at lines with
these generation units [4]. The changing power generation units may have
a severe effect on the power flow through transmission lines and, therefore,
on the system protection during transient events [5-7]. The converter-based
generation units can further affect the system harmonics as different time
constants and controller designs in the converters can interfere with other
equipment in the system, causing higher system penetration with harmonics
in the power grid [8-10]. Also, the system frequency control is affected by
the higher integration of converter-based units, as it reduces the need for con-
ventional units and thereby decreasing the natural power system inertia [11].
Therefore, the controller design has to incorporate these effects, trying to
mitigate all of the new challenges.

Renewable energy sources also have the challenge that the system op-
erators cannot control when they have their power output to the grid. In
conventional power systems, transmission system operators (TSOs) control,
at a certain degree, when which generators contribute to the supply of the
loads. Some units are used for the supply of the base load, which is de-
manded almost all year long, other units are then responsible to supply the
higher demand throughout the system operation. However, the power pro-
duction of renewable plants depends on the weather conditions; it does not
follow the demand from the system loads. An example of system load and
wind injection over several days is shown in Fig.1.1. The net load is hereby
defined as the difference between the system load and the provided wind
power. Therefore, the net load has to be provided by conventional generation
units.

The volatile nature of these generation units challenges the maintenance
of the stable grid operation with all its aspects. The changes in power in-feeds
change the local grid voltage around the renewable generation units faster
than before, the active power balancing does not only have to balance changes
in loads, but also has to balance the changes in renewable power supply. Also,
the protection system has to adapt, as converter-based units change the way
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Steeper ramps LOAD = NETLOAD = WIND

Shorter peaks Lower turn-down

Feb. 19 Feb. 20 Feb. 21 Feb. 22 Feb.23  Feb.24 Feb.25
0:00h 12:00h 0:00h12:00h 0:00h 12:00h 0:00h 12:00h 0:00h 12:00h 0:00h 12:00h 0:00h

Fig. 1.1: System load and wind power injection over several days in the USA Eastern Grid
2010 [12].

fault currents are behaving, and therefore also have to consider how these
situations have to be managed in the future.

The transmission system operators are responsible for the safe operation
of the power system. System operators worldwide are concerned about how
the transition to a renewable source-based power system has to be managed
throughout the system operation to keep the power system reliable [13-16].
Some of these challenges in the transition to a modern power grid are further
discussed in the following sections.

1.1.1 Power system reliability

Power system reliability describes the system’s capability to maintain its
functions under any circumstances [17]. It can be separated into two main as-
sessments. The first one is the system adequacy; the other one is the security
of the power system. These two aspects are illustrated in Fig. 1.2 [18].

The two main aspects are further described in the following sections.

Power system adequacy

The system adequacy describes the ability of the power system to fulfill its
targets under steady-state operations [19]. This describes the planning of
transmission lines, generation units, or the optimal placement of voltage con-
trol devices. The well-known N-1 criterion is also a part of the adequacy of
the power system. It describes the system’s ability to perform its steady-state
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Fig. 1.2: Reliability evaluation framework in modern power systems [18].

tasks after the failure of any critical equipment [20]. Adequacy is mainly
determined when system changes are planned to see how these changes are
affecting the system’s performance. Suppose the system load increases over
time, the TSO has to ensure that the generating capacity can still supply
the increased demand at any time throughout the grid operation. This is the
same for the transmission system. With increasing system demand, the trans-
mission lines and their capacities also have to be checked to guarantee reliable
system operation. Otherwise, the lines could trip, e.g., due to over-currents.
Nevertheless, the adequacy can also describe the ability of the system to react
to minor frequency changes, as they can occur after load changes and when
renewable power injection changes. Another aspect of the system adequacy is
the optimal sharing of equipment load to ensure minimum equipment dam-
age and a longer overall system lifetime. The system adequacy assessment in
its three different hierarchical levels is described in [17,20-22].

The power system adequacy changes due to renewable power generating
units in many aspects. One important field of interest is determination, how
much renewable generation can replace conventional generation units, still
keeping all loads served throughout the system operation [23,24]. This re-
quires reliability models of the renewable units, determining their available
power during every hour of the year and their availability in terms of failures
for wind power plants [25-29] and photovoltaic power plants [30-32].

Another field of interest is evaluating the reactive power system support
with the fast-changing renewable generation units. Flexible AC transmission
systems (FACTS) have proven to be a reliable equipment type, allowing to
control the voltage at the transmission level. The determination of how many
units are required, the sizing of the units, and their optimal placement is a
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field of wide interest that is also a part of the power system adequacy [33-37].

These are just some of the issues that renewable generation units can
cause. Their grid interactions and the adequate design of the power system
is a much more complicated issue, which the transmission and distribution
system operators have to evaluate.

Power system security

The security of the power system describes the capability of the power sys-
tem to withstand any contingency. It is analyzing the system dynamics that
occur when, e.g., equipment fails. The security analyzes the different effects,
depending on the kind of contingency that occurs. The system security incor-
porates the system’s capability to maintain a stable frequency, voltage, and
angle following any disturbance. It describes how well the system can handle
any contingency that causes a severe active power imbalance and a significant
frequency deviation. These severe frequency deviations occur seldom and are
mainly caused by equipment failures, such as the loss of a generation unit or
the loss of a heavily loaded transmission line [38].

The secure system operation has different internal time frames. Static se-
curity describes the dynamic capability of the system to operate in a steady-
state after the initial control of a contingency. This incorporates voltage vio-
lations and line over-loading. These events might cause consecutive failures
due to, for example, further line tripping. The dynamic security describes
the system performance during a contingency. It determines if critical sys-
tem states or oscillations occur. This can be the reaction to a change in the
system frequency and the actions performed by the frequency controls. Nev-
ertheless, this can also be reactions to voltage disturbances, such as reactive
power actions. Also, angular security, meaning the capability of the genera-
tion units to stay synchronized to the power grid during transients, is a part
of this field.

System operators assess the system’s operational security by monitoring
the power system state. The system operator can influence the system with
remedial actions changing the transmission system or the behavior of the
connected equipment. The different hierarchical levels of the power system
and the system operator’s actions are shown in Fig.1.3. The 'Plant Level’
describes the injected active and reactive powers by the conventional and re-
newable generation units. Also, the system loads and other equipment, such
as FACTS, capacitor banks, or HVDC units, are modeled in this hierarchical
level. The ‘System Level” describes the transmission system with its power
flows and voltages. The TSO determines the state of the system in the 'ICT-
Level” (Information and Communication Technology Level) to assess, which
actions are required to take during operation to ensure a reliable grid opera-
tion.
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System Reliability
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Fig. 1.3: The different hierarchical system levels describing the operator’s actions to enhance the
system operational reliability [J2].

As renewable generation units are becoming more and more dominant
in the power system, it is crucial to use their full capabilities to enhance
the secure operation of the power grid in order to increase the penetration
level of these units. This can be optimal control and placement of voltage
controllers or reactive power injection into grid faults. Nevertheless, one of
the main issues is the reduced system inertia, causing faster and more severe
frequency violations on the power system [13-16].

The Ph.D. thesis works in dynamic power system security. The aim is
to assess and enhance the operation of the modern power grid. A fast but
nevertheless stable controller design in the voltage controlling units is one
of the key enablers of wider usage of renewable power. The issues with
the voltage control and the options, power electronic-based units offer in
this field are further discussed in Section1.1.2. The influence of renewable
power generation on frequency reliability is discussed in Section1.1.3 and
Section 1.1.4. This is done with a special focus on wind power plants, as they
are the main contributors of renewable power generation in many countries
worldwide.
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1.1.2 Reliable system voltage

The voltage in the conventional power system is mainly controlled by the
installed generation units [39]. The generators are controlled to maintain a
stable voltage in a given operating range for all customers and other equip-
ment connected to the power system. The generation units are responsible
for balancing the reactive power needs at their location, keeping the system
voltage in the operative band. The system voltage maintenance during oper-
ation is essential, as the connected equipment in the power grid is designed
to withstand a certain over-voltage level before failing. During phases of
under-voltage is the equipment unable to perform its tasks as designed.

The grid voltage is affected by changes during the system operation.
These changes can be transient events or changes in the power system power
flows, causing a voltage change over the line [39]. Generation units affect the
system voltage with their injected active and reactive power. The power flow
from a generation unit to the rest of the power grid causes a voltage deviation
over the connecting impedance Zg,;y. This is illustrated in Fig. 1.4, where the
injected generator current, I;,;;, causes a deviation between the grid voltage
V1 and the voltage at the generator bus V5.

Igrid
Generator VZ Vl Grid

| pee |
O+

Fig. 1.4: Voltage impact of a generation unit providing active and reactive power.

This voltage change over a transmission line AV is described by the prod-
uct of injected current and the line impedance:

AV = Igyig - Z = Igyig - (Rgyrig cos ¢ + Xgrigsing) (1.1)

This relationship can also be expressed in the vector diagram illustrated
in Fig.1.5. It shows the dependence between the flowing currents and the
resulting voltage change.

The stiffness of the power grid in the context of voltage control is ex-
pressed with short circuit level, SCL. The relationship between the SCL and
the transmission line impedance is dependent on the nominal grid voltage,
Uy, as described in (1.2) [40].

Uy

Grid

SCL=1+/3

(1.2)
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AV = IGrid ’ ZGrid

IGrid

Fig. 1.5: Voltage vector diagram, describing the voltage drop over a line.

The transmission line impedance causes voltage changes to be a local
issue. Deviations in the grid voltage only propagate a certain distance from
their point of origin. The balancing of reactive power demand and supply
as a voltage control must be addressed locally to keep the system voltage in
the normal operating band at all locations. Renewable power generation may
change the way the voltage behaves significantly. Changes in power flows are
more rapid, and the voltage control has to incorporate this.

Voltage-related challenges in modern power systems

The transition to more power electronic converter-based generation and trans-
mission units changes the behavior of the system voltage. The active power
changes in modern grids are faster. Natural phenomena, such as clouds on
photovoltaic generation units and wind speed changes, influence the active
power injection from these renewable plants, as also illustrated in Fig.1.1.
This means a more volatile grid voltage during the operation, as mentioned
by TSOs [14].

The local grid voltage can then leave the normal operating band before
the conventional controls react. This operating band is defined in the system
operator’s policies and the grid codes for the connected equipment. The grid
codes define for each country the protection functions required in generation
units. In the Danish grid code for wind power plants [41], the protective func-
tions regarding the system voltage are separated into two steps like shown in
Fig.1.6. Step1 requires the wind power plants to remain operational for 60
seconds. Step 2 allows to disconnect the units after 200 ms.

Distant locations of renewable energy sources extend this issue, as lines
with high impedance are more vulnerable to voltage fluctuations, as de-
scribed in (1.1). Offshore and remote onshore wind power plants are con-
nected via long transmission lines, causing high impedance and more severe
voltage changes due to active power changes.

10
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Fig. 1.6: Voltage-related protection functions in wind power plants [41].

Grid voltage control in modern power grids

The control of system voltage is under severe changes due to the renewable,
decentralized power generation units. A line that usually feeds local loads
can now be turned into a grid feeding line when new wind power plants
or photovoltaic units are connected. Additionally, the reduced number of
running generation units can limit an area’s reactive power capability.

There are voltage controlling devices installed in the system to overcome
some of these issues. Tap-changing transformers can change their winding
configurations during operation to adjust to new grid situations. Reactors
and capacitor units are installed, which can be activated and deactivated by
the TSO or automatically, depending on the local voltage [39,42]. These con-
trol options are well established but too slow for the fast voltage fluctuations,
and they are not always at the locations of renewable power generation.

Renewable generation units are nowadays capable and also required to
assist in the control of the grid voltage. Two strategies are implemented,
active power ramp rates and reactive power voltage control. Modern grid
codes require renewable generation units to limit the rate of active power
change. The local grid voltage changes then slower and voltage deviations
can be measured and controlled back into the allowed operational band. The
second strategy is the controlled usage of reactive power to perform voltage
control. This can be done by modern converter-based units that control their
injected active and reactive currents within certain limitations. The contribu-
tion of renewable generation units to the system voltage is highly beneficial.
However, it changes the way grid voltage is controlled significantly. The used
controls have to be chosen carefully and with respect to the units’ capabilities.
The dynamics of voltage controls in wind power plants are highly limited by
the communication between the wind power plant controller and the wind

11
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turbines, restricting the response time of these units.

Advanced and fast voltage controlling devices are FACTS. These devices
are installed in the transmission system and provide stabilizing controls.
There are two different topologies of FACTS units used for the reliable control
of the local grid voltage [40,43,44].

One type consists of thyristor-based power electronics. Typically, thyristor-
switched capacitors (TSC) are used together with thyristor-controlled reactors
(TCR) [44]. This allows operating capacitive or inductive, dependent on the
grid voltage. To the power grid, these units act as reactance or as a capacitor.
The reactive current injected into the grid depends on the actual grid voltage
amplitude, making the reactive current dependent on the grid voltage. This
limits the unit’s capability during very low grid voltages. A voltage drop by
0.5 pu causes the available reactive power to be only 0.25 pu.

The other often used topology is a STATCOM, a Static Synchronous Com-
pensator. This kind of unit is based on voltage source converters, often a mul-
tilevel voltage source converter. These control the converter output voltage
to provide or consume reactive current. STATCOMs are the more advanced
and more complex units out of the two topologies. STATCOMs are used
in the thesis to improve voltage control. However, the shown interactions
(Chapter 2) and the adjustments required to obtain a reliable voltage control
(Chapter 3) can also be applied for other topologies.

STATCOMs for local voltage control

The main advantage of STATCOMs is their dynamic capability of controlling
the voltage at the connecting bus. These units are the fastest FACTS units for
voltage control, which are currently available [43,44]. They can control the
reactive current output, making them capable of providing the rated reactive
current, even during very low grid voltages. Therefore, these units often
are installed together with wind power plants, providing the local voltage
control, as shown in Fig.1.7. However, they can also contribute to the voltage
at weak locations in the power grid, such as remote cities with long lines to
the main power grid.

Changes in the system load or the injected active power by the wind
power plant cause changes in Pg,;; and Qg,iy. This affects the voltage at
the point of connection Vg,;;. The STATCOM measures Vg,i; and uses it
as an input for the voltage controller. The voltage controller determines the
required reactive power support, Qsrarcom to stabilize the grid voltage.

The converter current output is realized by the voltage drop AVy4,,, over
the connected reactor Xstarcom, as shown in Fig.1.8. This voltage drop
AV apy is the difference between the phase to phase voltage at the low voltage
side of the coupling transformer, Vyy, and the produced converter voltage
Veono [45].

12
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Fig. 1.7: STATCOM installation in a power grid to control the voltage for loads or connected
wind power plants.

The equation for the resulting converter current is given in:

AVArm

_ 1.3
JXsTaTcom (13)

IConv =

Fig.1.8 shows one of the three legs, or arms, of the converter, connected
in a delta configuration. The three converter arms provide their respective
converter arm currents. The current flowing into the coupling transformer
results from these converter currents. The three-line diagram of a STATCOM
is shown in Fig. 1.10, with the phase currents I4, Ip, and I¢ flowing into the
coupling transformer.

In the end, provide STATCOMSs reactive power, Qstarcom, to the con-
necting high voltage bus for local voltage control [45]. The current controller
is assumed to be much faster than the voltage control loop, which is the
main focus in Chapter2 and Chapter 3. Therefore, the current control is ne-
glected in the analysis. The demanded and the produced converter currents
are identical for the rest of this thesis.

Iéonv = IConv (1-4)

The wider usage of these units can solve many voltage-related issues in
power-electronic-based power systems, but their control must be carefully
designed. Otherwise, these units may cause dynamic voltage issues leading
to abnormal grid voltages and even instability [46]. The rest of the thesis
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Fig. 1.8: One STATCOM converter arm, providing converter
current via the reactance Xsrarcom-

focuses on STATCOMs. However, the shown principles and the controller
proposals can also be applied for other topologies, providing voltage control
in the same time frame.

With the wider integration of FACTS units, they are becoming a domi-
nant factor in the voltage control of modern power grids. They can be uti-
lized with or without renewable generation units, whenever there is a need
for more reactive power support. However, are there still challenges in the
voltage controller design and the coordination between multiple fast voltage
controlling units that have not been there in the conventional power grid.

The arising voltage controller issues are further described in Chapter?2
and Chapter 3. Chapter 2 focuses on the interaction of STATCOMSs operating
in parallel, where multiple units have to be coordinated to control the voltage
reliably. Chapter3 proposes a way to determine the strength of the power
grid regarding the voltage control, to improve the dynamic reactive power
response of these units.

1.1.3 System frequency in modern power grids

The maintenance of the system frequency is one of the main tasks of power
system operation. The power system frequency is not fixed, but it is depen-
dent on the balance of active power throughout the grid operation. Whenever
the produced and consumed power are imbalanced, a frequency deviation oc-
curs. Often, throughout the operation, this deviation is just minor. However,
it can be dangerous for the system if the active power imbalance is severe.
The power system frequency is a global indication of the energy balance,
meaning that all generation units in a synchronous area have to provide the
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Fig. 1.10: Three-line diagram of a STATCOM converter [43].

amount of energy that the system loads consume. The total rated power of
conventional generation units Sp and their total time constant H define the
inertia of the power system, meaning the stiffness of the system frequency
to active power imbalances between the generated power (Pg,,) and the con-
sumed power (Pr,,4). The system frequency follows the power system swing
equation (1.5) [39].

feria = (Pgen — PLoad) - zsfﬁ (1.5)

The swing equation is the result of the physics of the synchronous ma-
chines that react naturally with the rotational energy to voltage angle de-
viations at their point of common coupling. The total system inertia is the
addition of the inertia of all independent generation units that are currently
in operation.

N

SgH =) Sg;- H; (1.6)
i=1

High system inertia means a very stiff grid frequency and a low rate of

change of frequency (RoCoF) after an active power imbalance, as it can be
explained by looking at (1.5), and it can be seen in Fig.1.11. This value has
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a severe impact on the frequency control, as the inertia gives more time to
react before a critical frequency deviation is reached.

Active power reserves are set in place that detect frequency deviations
and counteract them with a change in active power delivery. The fastest
one, the primary reserve, is based on a proportional controller, resulting in
a frequency deviation when the controller is settled. Afterwards, to bring
the frequency back to the nominal value, secondary and tertiary frequency
controls are activated, restoring the system frequency [39]. Such a frequency
behavior after a generator outage is shown in Fig. 1.11.
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Fig. 1.11: Power system frequency during the loss of a generation unit.

The design of the primary reserve is, together with the system inertia, re-
sponsible for the NaDir, the maximum frequency deviation during an event,
like also shown in Fig.1.11. The needed amount of primary reserve is de-
termined by the reference incident [47]. This is the worst-case contingency
in a grid that is possible to occur during the weakest possible grid condition
during operation. In the central Europe synchronous area, this is defined
as the loss of 3000 MW of generation. The primary reserve is designed to
control the frequency before the under-frequency load shedding is activated.
In Central Europe, the load curtailment begins at a frequency below 49 Hz;
the primary reserve is designed to have a maximum frequency drop of only
800 mHz, in order to have a safety margin included [48].

The well-established frequency controls are now under increasing pres-
sure, as the renewable power injection is reducing the inertia of the system
by replacing conventional units. The ambitious replacement of fossil-based
units with renewable sources is decreasing the system inertia, making the
frequency more volatile. Therefore, many TSOs are concerned about the
changes in system reliability with the higher renewable power penetration,
mostly the reduced inertia, and the following increased RoCoF [13,14,49].
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Frequency-related issues in modern power grids

Converter-based units affect the system frequency behavior during an active
power imbalance severely and put the system at higher risk of failures. The
dynamics of the first dynamic phase after a frequency disturbance are typ-
ically described with two critical measures that influence the power system
controls and protection systems.

The NaDir is measured in many units that are connected to the power
grid. It has a significant impact on the system load, and on the protection
system of generation units and converter-based units. The NaDir is used in
protection relais to disconnect shares of the system loads when the frequency
drops severely. This is described in the respective TSO policies [48]. Reach-
ing too high or too low values of NaDir causes the protective functions in
generation units to activate, which causes them to disconnect from the grid
before being damaged.

Converter-based generation units also use the NaDir to determine their
state of operation. In the earlier grid codes, these units were meant to dis-
connect when the frequency has left the normal operating range [14]. Then,
the conventional system established the active power balance and restored
the system frequency. Afterwards, the converter-based units were allowed to
reconnect to the stable system. However, this is not beneficial in the operation
when the penetration of renewable units increases. Today, these units sup-
ply large shares of the demand, it is not allowed to disconnect anymore, as
this would mean a severe loss of active power supply, followed by a drop in
system frequency. Therefore, the frequency-protection functions and require-
ments in grid codes are radically changed, allowing for a wider operation
band and functions, supporting active power balancing [41, 50, 51].

The RoCoF in the power system is also a value that is used widely for
protective functions. Generation units are mechanically damaged when they
are changed in their rotational speed too fast. Therefore, they require the
RoCoF to be below a certain threshold [52]. The RoCoF is also often used
in converter-based units as detection of islanded operation. Converter-based
units are required to disconnect from the power grid in case of islanded op-
eration. A high RoCof indicates small system inertia, so the units estimate
that the system size is severely reduced and split up [53-55]. This is done
to ensure a safe and controlled restart of the power grid after a blackout. Is-
lands of active power production put the restoration process and the involved
personal in danger. So an increased RoCoF during the system operation can
cause an uncoordinated deactivation of all types of generation equipment.

Already now, to mitigate these issues, TSOs have the option to curtail the
active power in-feed by converter-based units in steady-state. This allows
conventional generation units to maintain in operation, ensuring at least a
minimum reserve of the system inertia [56]; however, other reasons demand
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the curtailment of wind power plants during the system operation [57]. The
level of the maximum allowed penetration is different for all synchronous
areas. In the Irish power grid, this converter-based penetration level is mea-
sured with the SNSP (System Non-Synchronous Penetration) [58]. The SNSP
incorporates the converter share in the power grid depending on the cur-
rent system load, and the interconnection to other countries via HVDC lines,
also being counted as non-synchronous penetration when feeding into the
grid. This SNSP value is used in the system operation to identify weak grid
conditions and to activate different counteractions to ensure reliable system
operation. Other countries utilize the remaining system inertia as a measure
of the system’s operational safety. In the ENTSO-E power grid, minimum
system inertia is taken as a design value to calculate the required primary re-
serve in the grid at any given time, so the TSOs aim not to violate this design
value [47].

Despite the efforts in the frequency controls so far, the even higher renew-
able energy share goal put the system under higher pressure. Conventional
frequency reserves may not be sufficient to maintain these thresholds in a
reliable way when the renewable share increases further. However, power
electronic converters are also capable of contributing to a reliable system fre-
quency, as they can also contribute to the reliable system voltage. Battery
systems are already contributing to the controls of frequency in some coun-
tries. They provide fast frequency controls with rise times that are much
faster than the primary reserve is capable of [59]. However, the wind power
plant’s usage for frequency controls is limited for now, but it is of increasing
interest. Some frequency controls are already in place, and some just under
development, are explained in the following.

Frequency control in wind power plants

For the frequency security of the power system, the focus is set to wind
power integrated systems, as they contribute majorly to the high share of
renewable power production. Also, wind power plants are capable of a wide
range of frequency controls, which allows them to more actively participate in
frequency control strategies. They can curtail their active power production,
but they also have the potential to produce additional power for short periods
of time. This means the frequency supporting controls can be designed in
many different ways, depending on the control target.

These additional frequency controls extend the options for TSOs to en-
sure reliable maintenance of the system frequency, as shown in Fig. 1.12. Sev-
eral services can be realized on the system demand side, such as the under-
frequency load shedding (UFLS), and the demand response (DR), as well as
planned activation, and deactivation of system load.

Frequency controllers in converters are widely utilized all over the world.
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Fig. 1.12: Possible frequency controls TSOs have for enhancing the system frequency, with the
additional services converters are capable of supplying.

The system frequency is measured, following the requirements from the grid
codes. The frequency is often measured within ten cycles, so 200 ms in central
Europe with 50 Hz nominal frequency [60]. Wind power plants realize their
frequency controls not in the turbine control but in the central Wind Power
Plant Controller (WPPC). There, the frequency, voltage, active and reactive
power are measured. After that are the reference values for the active and
reactive powers for the single turbines dispatched and then communicated to
the units, as shown in Fig. 1.13.

The frequency deviation from the nominal value is used to create a change
in the active power reference value inside the converter controller. There are
already grid codes in place that require this kind of control from wind farms
and photovoltaic plants. Some examples are the Danish, the Irish, and the
German grid codes, which require a frequency response, an active power
curtailment during over-frequency events [41,50,51]. The Danish grid code
for wind power plants is shown as an example in Fig. 1.14. This is referred to
as 'frequency response.’

Converter-based renewable power generators are typically designed to
operate at the maximum power point to produce as much energy as possible
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Fig. 1.13: Wind power plant control overview.

with the available natural resource. This implicates that renewable sources
are not used for under-frequency assistance, as there is no additional energy
available to inject into the system, when operating at their maximum power
point. Nevertheless, these generation units can curtail their power output
in steady-state operation in order to have additional power available when
demanded by the grid. This is nowadays demanded in grid codes of countries
where the wind power injection is dominating, such as in Denmark. The
Danish TSO, Energinet, requires that a frequency control has to be available
in the wind power plants, to be activated on demand. This frequency control
(shown in Fig.1.14) requires an active power curtailment in steady-state to
have additional power available when requested.

The exact dynamics, and the allowed time for setpoint changes, are de-
fined in the grid code. This control scheme can be activated by the system
operator when the wind power injection is very high, and the inertia pro-
vided by the conventional units is relatively low. However, it is not activated
automatically. An agreement between the system operator and the wind
power plant operator has to be made to compensate for the not-produced
power and for providing the service. The power curtailment during steady-
state will reduce the amount of energy that the wind power plants produce,
making additional power available when the demand exceeds the generation,
e.g., after a generator outage.

When comparing Fig. 1.14 and Fig. 1.15, it can be seen that the number of
variables that determine the control behavior has increased. This means that
the system operator can severely change how the frequency control impacts
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Fig. 1.14: 'Frequency response’ in the Danish grid code for wind power plants [41].
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Fig. 1.15: 'Frequency Control” in the Danish grid code for wind power plants [41].

the frequency during a disturbance. This opens the question, when and how
to reliably utilize this new flexibility.

Other more advanced frequency controls are being developed for wind
power plants, aiming to directly mitigate the issues with the reduction of in-
ertia in the power system. This is especially the increase in the RoCoF with all
the associated effects. New, proposed converter controls are described, e.g.,
as virtual synchronous machines (VSMs). Other, similar controls are called
power-synchronization or inertia-emulating controls. These controls impact
the internal controller structure, requiring severe research in implementing a
stable and safe control [61-67]. Such controls mimic the internal physics of
synchronous machines to provide an active power change due to a frequency
change in the power system. An example control structure for such a system
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is given in Fig. 1.16.
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Fig. 1.16: Virtual synchronous machine control [68].

The frequency control block diagram of these VSMs is shown in Fig.1.17,
where the active power balance is achieved by changing the output voltage
angle, dependent on an internal frequency value.
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Fig. 1.17: Virtual inertia emulating block in a VSM [68].

This kind of control seems promising for the usage in converter-based
generation units. Still, these units are limited in their capability of providing
additional power reserves. Wind power plants have the potential to provide
additional power for a short term by utilizing the rotational energy of the
blades, or by including energy storage equipment.

To see the impact of additional frequency controls in wind power plants,
one can decide only to consider the reference incident given for the respec-
tive synchronous region. The dynamic simulation of the reference incident
is evaluated to prove the stability and the performance of the proposed fre-
quency control [61,69-74]. This is an important part, but the frequency con-
trol impact on the operational system reliability has to be evaluated as well.
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This allows determining the effect of the control during different states of the
system operation.

So one open question is whether these controller options are enough to
prevent abnormal frequency conditions, and what are the drawbacks that the
TSOs, and in the end, the customers, will have to pay? The curtailment of
power during over-frequency events may not occur many times throughout
the operation every year. However, this curtailment would mean a severe
reduction in overall energy production from the wind power plant. This has
to be compensated by the TSO, which may increase the system costs. The
impact of any kind of control on the system performance can be determined
in a reliability assessment that estimates the healthy system conditions and
the disturbances, allowing to estimate the number of abnormal events, and
the energy required for frequency control purposes during the power system
operation.

1.1.4 Operational frequency reliability

The performance of the power system during its operation can be analyzed
doing a reliability assessment. This assessment analyzes the frequency be-
havior throughout the system operation and the efforts of the frequency con-
trols to maintain it. The analysis can assist in finding the balance between a
high-quality system frequency and the costs of maintaining it. This type of
analysis estimates the system performance for every hour of the year with
the different amounts of system loads, available renewable power, and con-
ventional generation units in operation.

System operators measure their system performance and evaluate the fre-
quency quality. All frequency deviations of more than 200 mHz are counted
as abnormal and bring the system to an alarmed state in the ENTSO-E syn-
chronous area [75]. The power system’s frequency quality is recorded by
the system operator, counting the number and duration of these abnormal
frequency states throughout the system operation. This verifies if the used
controls are sufficient for the reliable system operation or if remedial actions
have to be changed to mitigate the abnormal states. Other measures that
can indicate how the system performed are the amount of energy used for
frequency control or the number of and severity of under-frequency load
shedding operations per year. The used energy can be seen as the cost that
has to be spent to get a more reliable power system. If the TSO decides to in-
crease its primary reserve severely, then many, if not all, abnormal frequency
events can be avoided. Nevertheless, this may come with a very high cost,
that the customers must pay. This is indicated in Fig. 1.18, even if the cost can
not always be reflected with actual money, but also with a better or poorer
system performance.

As these events are rare, it is recommended to simulate and study the
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Fig. 1.18: TSOs balance the cost of frequency controls and the cost of abnormal frequency events.

impact of a control change on these indices. The design, and the criteria,
how the system performance is measured, has a wide field of interest. The
assessment design has to be chosen carefully to have a valid result, how the
system performance is impacted by the tested system change.

Impact of converter-based units on the system frequency security

Renewable power penetration and imports from HV-DC lines reduce the
number of running generation units. The decreasing system inertia is caus-
ing faster frequency changes in power systems. This makes it more likely
that abnormal frequency states occur, and it also increases the duration of
the abnormal frequency states.

As it is done in research today, the assessment is suitable for determin-
ing the impact of this change of the equipment. It is also suitable for testing
slight changes in the frequency control strategy, such as an increase in spin-
ning reserve, or a changed level of allowed renewable penetration. However,
the assessment is not yet suitable to utilize the level of freedom the system
operators have today, or to adapt the frequency behavior of these units.

This freedom is based on the ability to change their controls, depending
on the grid-side demand; some, but not all are listed below:

¢ Different frequency control schemes inside the units.
¢ Flexibility in the settings of these control schemes.

* Activation and deactivation of the different control schemes during op-
eration.
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The wider usage of power electronic converters allows for adaptions to
changes in system conditions with a level of flexibility that has never been
seen before. TSOs do not only have to consider the amount of primary
reserve for their fast frequency security but they can influence how many
converter-based units shall contribute to achieve a more reliable system fre-
quency. TSOs can adapt the control strategies and the control settings to
their needs for the most reliable operation of their power system. In order to
choose a combined frequency control strategy that utilizes primary and sec-
ondary reserves combined with converter-based units, the assessment proce-
dure has to change accordingly to evaluate a much wider range of different
operational strategies. Then it is possible to find the most reliable combina-
tion of frequency controls for the system operation.

1.2 Project Motivation

As presented in the previous sections, several challenges arise when the
power system operation has to be maintained with high reliability in a mainly
renewable generation-based power system. Hence, during the transition to-
wards this state, it is important to safely be able to operate the power system.

Firstly, the need for a stable voltage control without major interference
of multiple, decentralized units is one important topic in a grid with many
converter-based generation units. Careful design and tuning of these controls
are of high importance, as otherwise controller instabilities and danger to the
equipment will occur. This includes well-designed controls for single units,
but a particular focus is set to the interaction of multiple units close to each
other. Controls that allow for reliable coordination of multiple units without
communication are needed with a higher number of voltage controlling units
operating in parallel.

Secondly, the system frequency has to be maintained. As the changes in
operation throughout the year are changing significantly, it is crucial to mea-
sure the impact of modern frequency controls on the reliability of the system.
Whereas every power system is specific in its topology and with regards to
its frequency controls, the process of assessing the system frequency qual-
ity needs to be generalized. The assessment of a renewable-based system
has to be changed from classical power systems, as new system states and
contingencies have to be taken into account.

Finally, the design of new frequency controller structures and tuning rules
is also an important part of further integrating power electronic-based gen-
eration units into the power system. Only when the frequency control is
maintained, not only by the conventional units but also by the converter-
based units, a wider integration will be possible. The controls have to ensure
a safe operation in a worst-case scenario, but they also have to perform well
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throughout a variety of system contingencies.

1.3 Project Objectives and Limitations

1.3.1 Research Questions and Objectives

Keeping in mind the main goal of having a higher share of power electronic
systems, and inherently a cost-efficient and reliable operation of the power
system, the main objective of this Ph.D. project can be defined as finding
control and assessment methods that are needed to replace wide parts of the
conventional power generation units with power electronic-based generation
units. As a result, the research question arises:

* How can the power system be operated with a highly converter-based
power system?

This leads to the following subsequent research questions:

* How can the voltage control be adapted in a fast-changing power sys-
tem?

* [s it possible to avoid negative controller interaction between multiple
voltage controlling units?

* What has to be done to correctly assess the frequency reliability in a
power system that is more and more penetrated by power-electronic
converter-based units with renewable power sources?

* What are suitable frequency control structures in power electronic-based
generation units for modern power systems, and which tuning rules
have to be applied when having these in operation in order to keep
high system reliability?

Based on the above-raised questions, the following objectives can be set for
this Ph.D. project:

Find suitable voltage control methods for power-electronic-based power
systems

Due to the local effect of voltage controls and the dependency on the power
system’s local strength, it is important that voltage control units, such as
FACTS units, can quickly adapt to system changes. Only then they can
perform well. This is becoming more urgent with a broader integration of
converter-based units, as the system changes can be faster, e.g., due to fast-
changing weather conditions. More and more FACTS units are being in-
stalled in the power grid, which can cause controller instabilities and equip-
ment damage. Controls have to be found that can adapt to changes in the

26



1.3. Project Objectives and Limitations

power system strength and they have to be adaptive to other voltage control-
ling units close nearby.

Investigate the assessment methods of the operational frequency reliability
with a higher penetration of renewables

The assessment of the system frequency reliability has to incorporate the
variety of operation possibilities in the system, as well as the possible sys-
tem contingencies. Both are highly dependent on the level of integration of
renewables into the power system. New system states arise, and new fre-
quency controls are introduced in modern converter-based generation units.
The assessment of the power system frequency has to incorporate the new
states, and it has to be ensured that the assessment of the system is taking all
these changes into account.

Assess the impact of modern frequency controls on the power systems fre-
quency reliability

The introduction of modern frequency controls into the power system severely
changes the behavior of the system during power system contingencies. The
study aims to find control structures and rules to tune the controls in order
to keep the system frequency healthy during the operation of the power grid.
This includes a comparison of different controller topologies and their im-
pact on the frequency. But also the impact of different control settings within
the control schemes to find suitable controls under various operational con-
ditions are of importance.

1.3.2 Limitations

The project is limited in terms of voltage control to STATCOM units, but the
findings can also be used for other, comparably fast voltage controlling units.
The type of unit is not the critical factor, as the control and methodology can
also be used in generation units, HV-DC units, or other FACTS equipment.
The interaction of voltage controllers with different dynamics is not consid-
ered in this study. It is assumed that the discussed control is the fastest one
in the grid area, as this is state of the art.

Limitations regarding the frequency controls of a modern power system
are given by the reduced system models. Only wind power sources in the
power system are analyzed; the usage of battery systems, as well as photo-
voltaic units, is not studied. The power system is also not modeled with
different types of demand control. Only the frequency-dependent power
consumption, as well as the under-frequency load shedding, are part of this
analysis. In the modern power system, they can be important parts of the
wider integration of renewable energy. Modern generation scheduling strate-
gies allow a vast integration of renewables already, but this thesis focuses on
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the effect of modern frequency controls inside the converter-based sources.
Otherwise, the effect of these modern frequency controls is not specific to
be measured if multiple factors are tuned simultaneously for power system
operation.

1.4 Thesis Outline

The outcomes and results of this Ph.D. project are summarized in the form
of a Ph.D. thesis based on a collection of papers. The thesis is structured in
two main parts: the report and the selected publications. The report consists
of a brief summary of the main research carried out within this project, while
the selected publications include the published paper outcomes of this Ph.D.
study.

The main structure of the thesis, together with the relation between the
report and the selected publications, is shown in Fig.1.19.

Reliable Control of Power Electronic based Power Systems

:

Report
~
Ch.1: Introduction
.

Gh.z: Voltage controller adaption to

\changing grid conditions

Gh.3: Reliable adaption of fast voltage

controls
.

rCh.4: Assessment of modern power

\system frequency reliability

rCh.S: Design for improved frequency
reliabilit
\ y
~

Ch.6: Conclusion
\_

NS DA D) W NS N

Fig. 1.19: Main thesis structure and the correlation between the report and selected publications
(Cx: Conference paper, Jx: Journal paper, and x indicates its assigned number).

The report is organized into six main chapters. In Chapter 1, an introduc-
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tion to the Ph.D. study is given by discussing the background and the main
motivation behind this project.

Chapter 2 presents the design of the voltage controller adaption to changes
in the power grid. This is done especially with respect to the interaction of
multiple voltage controlling units which are close to each other, as they can
otherwise cause voltage issues.

Afterwards, Chapter 3 presents a voltage control strategy in power electronic-
based units that gives a fast but stable power grid voltage. This will allow a
wider integration of renewable energy sources into the power grid by miti-
gating instabilities and controller oscillations.

Chapter 4 introduces new reliability indices, allowing an evaluation of the
operational reliability of the system with wind power plants contributing to
frequency controls. This is needed, as the introduction of new equipment and
their controls severely change the system behavior during the operation of the
power grid. Also, the accuracy of the assessment procedure is determined to
ensure, that the system reliability is estimated fast, but still correct.

The design for better frequency reliability, together with a method to com-
pare different frequency managements, are presented in Chapter5. This al-
lows system operators to determine the best-suited frequency controls and
operational decisions for when to utilize them in their power grid. The rapid
evaluation, which frequency management allows for the most reliable oper-
ation of the power system enables system operators to include wind power
plants into their frequency management strategy.

Finally, the main contributions of this Ph.D. study are summarized in
Chapter 6, and some future research perspectives are proposed.

1.5 List of Publications

The research outcomes of the Ph.D. project have been disseminated in dif-
ferent forms of publications: journal papers (Jx), and conference proceedings
(Cx), as listed below. Nonetheless, only a selected few (e.g., Cx, and Jx) are
summarized and considered within this Ph.D. dissertation, which is based
on a collection of papers.

Publications in Peer-Reviewed Journals

Publications in Peer-Reviewed Conferences

The below-mentioned conference publications published in the Ph.D. study
time are not considered/summarized in this Ph.D. thesis:
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Chapter 2

Voltage controller adaption to
changing grid conditions

2.1 Background and Motivation

As described in Section1.1.2 are STATCOMs used to control the grid volt-
age with their reactive current input. They are often used in combination
with wind power plants or to ensure the reliable supply of remote loads.
A simplified Single-Line diagram of a STATCOM unit in a power system is
shown in Fig.2.1. The power grid is represented with a voltage source be-
hind an impedance Zg,;;. The STATCOM injects reactive power, Qstarcom.,
dependent on the measured grid voltage V,;; and the set reference voltage
VRe. The grid impedance Zg,;; determines the ratio between the injected
reactive power and in the measured grid voltage change, expressed with the
short-circuit-level, SCL, as discussed in Section 1.1.2.

The STATCOM assists, due to its dynamic reactive power injection, with
renewable power integration and with the reliable supply of system loads.
STATCOMs are used because of their fast response time and the capability of
providing reactive current in very low voltage conditions, as discussed in Sec-
tion1.1.2. The details of the voltage controller and the upcoming issues with
the voltage control in modern power grids are discussed in the following.

2.1.1 STATCOM voltage controller

A typical voltage control scheme for STATCOM units is shown in Fig.2.2.
STATCOMs typically use a proportional-integral controller (PI-controller) to
adjust the reactive current output to deviations between Vg,r and the mea-
sured Vg,is. Also, a Droop control is utilized to incorporate the used reac-
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Fig. 2.1: Single-Line diagram of a STATCOM unit.

tive power during grid voltage disturbances, applying the voltage reference
change AVp,o, in steady-state, allowing the coordination with other STAT-
COMs, and with slower voltage controlling units, which can return the volt-
age back to the nominal value [43].

Verid
{ Pl
| Vi G Ve
Vier | Err l/ EcOnv Converter and Qsrarcom o Grid
| C C i Transformer
e o |
E AVDroop roop !

Voltage Controller

Fig. 2.2: STATCOM voltage control scheme [C1].

The Pl-controller utilized for the voltage control in Fig.2.2 is described in
the form of:

Iéonv = Vg - Gain - <1 =+ ! > (2.1)

T, s
The converter and its current-control are neglected for this voltage con-
trol, as it is much faster and does not interfere with the analyzed voltage
control, as mentioned in Section1.1.2. The coupling transformer determines
the ratio between the reactive current on the converter side and the reactive
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power on its high voltage side. The transformer ratio is fixed in the following
analysis, as the voltage controller dynamics around the nominal grid voltage
are determined. The SCL in Fig.2.2 describes the relationship between the
injected reactive current and the induced voltage change in the connected
bus.

The Gain in the PI-controller adjusts the STATCOM response to changes
in the Droop and SCL during operation. The relationship between them can
be expressed by (2.2) [46]. Adapting the Gain allows constant STATCOM re-
sponse to deviations in the grid voltage, even if the system operator changes
the grid configuration, e.g., by opening or closing nearby transmission lines,
which is affecting the SCL.

1

SCL  Qnom
When multiple STATCOM s are installed in one power grid, they all pro-
vide reactive power support to control the grid voltage. It has been reported
that the parallel operation of FACTS causes interactions leading to unreliable
voltage controller performance [46]. The interactions of multiple STATCOMSs
providing voltage support are discussed in more detail in Section2.1.2.

2.1.2 STATCOM voltage controller interactions

When two or more STATCOM units are installed in close proximity, then they
all measure disturbances in the grid voltage and react according to their con-
troller settings. These units then inject all reactive power, aiming to control
the grid voltage back to the reference value with respect to the Droop set-
ting. A simplified Single-Line diagram of the analyzed installation is shown
in Fig.2.3. Two units are installed at the same grid location. Both units expe-
rience the same SCL in the surrounding grid and measure the same system
voltage Vi,ig-
The system details used in the simulation are reported in Table 2.1.

Table 2.1: Simulated system data.

Description Value
SCL Short Circuit Level 10GVA
Un Nominal System Voltage 220kV

Qnom  STATCOM Rated Power 100 MVar

The reactive powers from both units, Qsrarcom1 and Qstarconmn, affect
the measured grid voltage during dynamic events. The combined reactive
powers from the units cause an over-compensation of the grid voltage when
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Fig. 2.3: Single-Line diagram of two identical STATCOM units installed at one bus

the controllers are not aware of the other units. Voltage overshoots or even
instabilities can occur, meaning that the voltage is controlled as required [46].

The system from Fig.2.3 is simulated to show the interactions between
STATCOMSs. The STATCOMs in the simulation have the Droop set to 4%.
During the simulation, the voltage reference value is changed in both units
simultaneously from 1 pu to 0.95pu.

The response with only one STATCOM in operation with the Gain as cal-
culated by (2.2) is shown as a comparison. The results are shown in Fig.2.4.
It can be seen that the voltage is controlled too fast, causing a severe drop in
grid voltage with an overshoot of 22%, when both STATCOMSs are in opera-
tion.

In Fig.2.5 are the simulation results shown where the two STATCOMs
control a deviation in the grid voltage. With only one unit in operation is the
grid voltage restored as required. With both STATCOM s in operation, how-
ever, it causes an over-compensation of the disturbance in the initial phase of
the controller response.

Therefore, the Gain value used in the Pl-controller has to be reduced,
slowing the controller down when multiple STATCOMs are in service [46,76].
In Section2.1.3 it is shown how this Gain reduction is done currently and
also why the current solution does not allow for a reliable coordination of
STATCOM:s.

2.1.3 State of the art for adapting multiple STATCOMs

To coordinate multiple STATCOMSs, it has been proposed to slow all con-
trollers down. The PI-controller Gain is reduced with a constant factor when
multiple units operate close together, as shown in (2.3) [46].
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The constant factor of 0.55 is proposed for K3, when two identical units
are installed at one bus.

Gain « K - (2.3)

. 1
Gain « 0.55 - m

SCL " Qnom

The calculation of the Gain is verified in simulation to determine its im-
pact on the STATCOM during the above-shown conditions. The simulation
contains again two parallel STATCOM units at the same location with the
same power rating and Droop setting, as used in Section2.1.2. The system
data from Table2.1 is used again. The Gain in both STATCOMs is calculated
as proposed in (2.4).

A change in the voltage reference value is applied to see the STATCOM
response in Fig.2.6. During the simulation, the voltage reference value is
changed in both STATCOMSs simultaneously from 1 pu to 0.95 pu. The Droop
setting is varied during the simulations to determine its impact on the con-
troller dynamics. Fig.2.7 shows the controller performance during voltage
disturbances in the simulated power grid. Again, different Droop values are
used. Grid voltage deviations are the most common situation for a STAT-
COM under operation, as the voltage reference value is not varied with a
step during operation.

(2.4)
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Fig. 2.6: Simulation of two STATCOM units Fig. 2.7: Simulation of two STATCOM units
during a voltage reference change, with the during a grid voltage disturbance, with the
Gain calculation from (2.4). Gain calculation from (2.4).

The simulation results in Fig. 2.6 and Fig. 2.7 show that the controller per-
formance is dependent on the used Droop values. The step-response time is
not constant, but varies with the Droop settings. Also, the control of grid volt-
age deviations is not done with constant dynamic behavior. Higher Droop
values slow the control down and the steady-state voltage after the distur-
bances is reached later.

The Gain reduction with a constant factor from (2.4) reduces the negative
effect of the second STATCOM, but the voltage controller dynamics change
with the different controller settings. The used calculation of the Gain value
is therefore not allowing for constant voltage control. In [46], it has also not
been discussed how the value for K3 has to be set under different conditions,
such as when the installation of STATCOMs are not at one bus but at different
locations. Then, their effect on each other depends on the grid impedance
between them.

2.1.4 Open issues for the reliable voltage control

The coordination of multiple FACTS units is still an open issue that has to
be solved in modern power grids. The number of fast voltage controlling
devices based on power electronics is only increasing due to the transition,
the power system is in at the moment. The main questions that have to be
answered for reliable voltage control under these conditions are:

¢ How STATCOM:s, installed in the same proximity, interact with each
other?
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* How is the STATCOM interaction affecting the Gain calculation for
keeping the voltage control dynamics constant?

* How do STATCOM units adapt to each other when they are located at
different locations?

To solve these issues, the voltage controller Gain calculation for a single
STATCOM unit leading to (2.2) is discussed in Section2.2. Afterward, in
Section 2.3, a second unit is considered, and its influence on the grid voltage
during dynamic events is considered. The Gain calculation is then extended
with more units, with different rated powers of the units and the STATCOM’s
placement at different locations in the grid.

2.2 Gain calculation for a single unit

The controller Gain of a single STATCOM unit installed in a power grid, as
shown in Fig.2.1, is described in this Section. The controller Gain is calcu-
lated by determining the change between several points of operation. Fig.2.8
shows the steady-state points of operation after an initial voltage disturbance.
In the figure, the system is initially in a steady-state condition at OP 1, where
Virig and the reference voltage are identical at V. The reactive power of the
STATCOM unit is at 0 pu. A voltage disturbance AVj is applied to the grid
voltage. The STATCOM measures this voltage deviation and injects reactive
power to restore the system voltage to the reference value. The STATCOM
injects capacitive reactive power in this case, as the voltage drops. The grid
voltage follows then the ‘Grid Line” according to the amount of injected re-
active power. SCL defines the ‘Grid Line’. The stronger the grid, the more
reactive power by the STATCOM unit is required to influence the grid volt-
age. In this case, the curve has to be drawn more flat.

All voltage values are normalized with the nominal grid voltage at the
point of connection. The reactive power by the STATCOM is related to the
nominal STATCOM reactive power to compare units with different rated
powers later in the analysis.

Without Droop control, the STATCOM injects reactive power until the
steady-state point OP; is reached. In this case, there is no change in Vg, due
to the Droop control. AVpygp, as well as AQpyqp are then zero. The required
reactive power Qsrarcom is Q2. The Gain in the STATCOM has to be set
proportional to the required change in the reactive power output Qstarcom
to reach OP, after the initial voltage disturbance AVj.

QstaTcom 2.5)

Gai
am AVO
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Fig. 2.8: Finding a voltage operating point for one STATCOM unit [C1].

The relationship between the reactive power required, SCL, and the initial
grid voltage change can be described by:

AV = AVsrarcom = SSTATCOM 6)

When combining (2.5) and (2.6), the required Gain value for the PI-controller
can be calculated.

QsraTcom
AV, SCL (2.7

So the higher SCL is, the higher the controller Gain has to be to ensure
constant controller performance.

However, with Droop control, the initial voltage deviation AV} is not com-
pensated in total by the STATCOM, returning the voltage to the reference
value. The Droop control changes Vr.r by AVpygp, according to the ‘Droop
Line’ in Fig.2.8 before being used as PI-controller input. The Droop control
reduces the required reactive power output by AQp;o,- The reactive power
QstaTcom required to reach the steady-state operation point OP; is then Qs.
It is dependent on SCL and the Droop setting.

The change in Vg.r due to the Droop control is described by (2.8).

Gain «

Droop

AVDroop = QsTAaTCOM * 0 (2.8)

NOM
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The voltage change due to the STATCOM reactive power is therefore not
as described in (2.6), but given as:

Droo
AVstarcom = QSTSAC# = AV — QstaTcom * QNOAZ (2.9)

Only this voltage change is to be compensated for by the reactive power
in the STATCOM unit, resulting in:

QsTaTcom Droop
22l 2 EUM AV, — . 2.10
SCL 0 — QstaTcom ONoM (2.10)
and
QstaTcom Droop
AV, = =21 41LUM . 2.11
SCL + QstaTcom ONoM (2.11)

The initial voltage disturbance AV} is substituted by (2.5) and solved to
express the required unit Gain value, resulting in (2.2). With this, the STAT-
COM unit can adapt the Gain to changes in the SCL and on changes in the
Droop setting. (2.2) is already state of the art for the PI-controller adap-
tion [46,76,77]. Hence, the equations leading to it are later adapted when
there exist additional STATCOMs nearby. This is elaborated in Section 2.3.

2.3 Gain adaption with multiple STATCOM units

In this Section, the influence of two or more STATCOM units close to each
other and the influence on the Gain calculation is discussed. This is required
to allow stable controller performance under various grid conditions. The
Gain calculation is initially shown with a simple system setup, where two
identical units are installed at the same bus. This is described in Section 2.3.1.
Afterward, the effect of even more units is calculated. The calculation is
extended to incorporate the possibility of units with unequal rated powers in
Section 2.3.2. Finally, the influence of different locations of the units is shown
in Section2.3.3. This leads to a generalized calculation of the required Gain
value.

The Gain calculations in this Section are in part also presented in [C1].
However, the calculations from Section2.3.3 are not shown in [C1] due to
space limitations.

2.3.1 Gain adaption with identical units at one bus

Typically, when two units are installed at one bus, they operate in a combined
control scheme, such as a Master-Slave relationship. However, it can also
occur that the communication link between the units breaks. The system
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should then still operate reliably and not cause voltage control issues, such
as overshoots and oscillations. The installation of two identical units with the
same power rating and the same Droop setting at the same bus is considered
in this Section before generalizing it. The Single-Line diagram of this setup
is shown in Fig.2.3.

Fig. 2.9 shows how to redraw Fig. 2.8 in respect to the interaction with the
second STATCOM unit. AVp,p1 is the voltage reference change inside STAT-
COM1 following its Droop-characteristic. However, in this case contribute
both STATCOMs with their reactive powers. The voltage rise AVstarcomi
measured by STATCOM 1 is the result of both reactive powers Qsrarcom1

and QstaTcoma-
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Fig. 2.9: Finding a voltage operating point for two STATCOM units installed at one bus [C1].

With two STATCOMs installed at one bus, the equation for AVsrarcom,
(2.9), changes as the second STATCOM also contributes to the voltage control
with its reactive power injection Qsrarcom2. This causes the voltage increase
AVstatcom1 to be dependent on both reactive powers following the 'Grid
Line’.

Q +Q Droo
AVstarcomt1 = STATCOMlsCL STATCOMZ — AVjy — Qstarcom - WNZ
(2.12)
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2.3. Gain adaption with multiple STATCOM units

The same equation can be made for the second STATCOM, which is also
measuring the voltage lift by both STATCOMs, but only varying its Droop-
based voltage reference change according to its own reactive power output.

Qstarcom1 + Qstarco Droo
AVstarcoma = =41 MlSCL TATCOMZ — AV — Qstarcoma - P
Qnom2
(2.13)

In the first case are STATCOM 1 and STATCOM 2 identical, they have the
same rated power, resulting in:

Onom2 = Qnom1 = QOnom (2.14)

The initial voltage disturbance AV} is substituted by (2.5) as before. (2.12)
and (2.13) can then be solved to calculate the Gain with two identical units,
as in the system shown in Fig.2.3. This is described in more detail in [C1].
The Gain calculation for a constant response of a two-unit system is shown
in (2.15) [C1]. It is the same for STATCOM 1 and STATCOM 2.

1

iscL  Qnom

Both units “split up” the value of SCL to reduce their Gain. The Gain
calculation from (2.15) is simulated in a two-STATCOM simulation, as in
Section 2.1.3. The STATCOMSs receive a voltage reference change at the same
time from 1 pu to 0.95 pu. Different Droop settings are used and the dynamic
controller performance is shown in Fig. 2.10. It can be seen that the controller
dynamics are now constant, allowing a stable control of this system.

The simulation results from Fig.2.11 show the same two STATCOM sys-
tem during deviations in the grid voltage. The dynamic performance is again
constant for all used Droop settings, so the coordination of the STATCOMs is
done correctly, and the voltage is controlled reliably.

The same equations for the steady-state grid voltage can be derived when
even more independent STATCOMSs are located at one bus. Then, the voltage
after a disturbance is the result of the combined effort of all STATCOMs. In
[C1], it is shown that the number of identical STATCOMs, X, can be used to
determine their influences on the grid voltage. X is then used to incorporate
the reactive powers of all STATCOMs in (2.13).

X - QstaTcom Droo
AVstarcomt1 = Tl = AVy — Qstatcomt - Ono P

(2.16)
M1

The PI-controller Gain can then be calculated by (2.17), allowing for con-
stant response times for multiple STATCOMSs during operation [C1].
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Another possibility is the installation of STATCOMs with different power
ratings. The different rated powers affect the amount of reactive power sup-
plied by the STATCOMs according to their Droop control, meaning (2.14) is
not valid anymore. This is considered in the following Section to determine
the correct Gain calculation to allow for a reliable grid voltage control.

2.3.2 Gain adaption with different units at one bus

STATCOMs with different rated reactive powers can be installed in one bus.
This is shown in the Single-Line diagram in Fig2.12. The Gain has to in-
corporate this, as the rated powers significantly influence the Droop control,
determining the steady-state operating point. The Droop value is constant
throughout the STATCOMs, allowing the optimal share of used reactive pow-
ers by the STATCOMs [39].

The Gain calculations from Section2.3.1 are redone to incorporate the
STATCOM's rated power. With this, the steady-state operation of the STAT-
COMs can be determined by (2.12) and (2.13). However, when solving the
equations, the nominal powers have an influence on the factor, that 'splits-up’
the SCL between the STATCOMSs. The Gain values for two STATCOMs are
then calculated by:
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ZGrid
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QSTATCOMl QSTATCOMZ
STATCOM STATCOM
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QNOM 1 QNOM 2

Fig. 2.12: Single-Line diagram of two STATCOM units with different rated powers installed at
one bus.

1

Gainy o 1 Qnom1+Qnom2 Droop (2.18)
SCL ONOM 1 Onom1
and
) 1
Gainy « (2.19)

1. Qnom1+QOnomz | Droop
SCL Onom2 QnoM2

The presented equations are again described in more detail in [C1]. The
STATCOMs’ different rated powers cause the SCL to be "split-up” with a cer-
tain share between the STATCOM s in the Gain calculation. With even more
units, (2.19) has to be extended into:

. 1
Gain; o i~ (2.20)
1. El Qnowmi Droop
SCL Onowmi Qnowmi

The factor X from (2.17) can be rewritten from the number of STATCOMs
to incorporate the different rated powers as:

X, ==L (2.21)
l Qnomi

When the STATCOMs have the same rated powers, (2.21) can still be used,
only resulting in the number of units. With this Gain calculation, is it possible
to guarantee a reliable controller response to the deviations in the grid voltage
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Chapter 2. Voltage controller adaption to changing grid conditions

and steps in the reference voltage value. This is verified by simulation, with
the rated power of STATCOM 2 being reduced from 100 MVar to 50 MVar. For
STATCOM1 X is therefore set to two thirds. STATCOM?2 has X set as one
third, as this is the ratio between the rated powers.
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Fig. 2.13: Influence of a second STATCOM with Fig. 2.14: Influence of a second STATCOM with
different rated powers during a voltage refer- different rated powers during a grid voltage
ence step test. change.

The simulation results in Fig.2.13 and Fig.2.14 show that STATCOM 1
injects more reactive power than before in Section2.3.1, due to its higher
share. The response time is still constant, also with variations in the Droop
value. This allows for a reliable control of the grid voltage.

In modern power grids, STATCOMSs are not always installed on the same
bus, but they can also be distributed in the grid. A line impedance is then
between the STATCOMs, affecting their individual voltage controllers. The
effect of this on the Gain calculation is shown in Section 2.3.3.

2.3.3 Gain adaption with two units at different buses

When two units are not located on the same bus, an impedance can be
modeled between their buses. This means the reactive power output of one
STATCOM does not directly affect the voltage at the other STATCOM'’s bus.
Fig.2.15 shows a Single-Line diagram of a system installation with two STAT-
COMs with distances between them. This setup is used to estimate the effect
of STATCOM placement inside the grid on the Gain calculation.

The impedances Z¢,ij1, Zgrig2, and Zg,iz0 depend on the locations of the
STATCOMs and on the transmission lines in the power grid. The impedance
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Fig. 2.15: Single-Line diagram of two STATCOM units installed at different buses.

values change during the system operation, whenever lines are being con-
nected or disconnected. Lines could only be disconnected temporarily or
forever. New lines can also be built and taken into operation, affecting the
grid conditions.

To be consistent with the used system as before, the impedances can be
set so that a single STATCOM in operation still operates in a power grid with
SCL. This means for both units that:

Z2Grido T ZGrid1 = Zrid = ZGrido T ZGrid2 (2.22)

The impedances Zg,;;1 and Zg,;s, are therefore set to be the same value.
The sum of the two represents the impedance in the power grid between the
STATCOMs. Determining Zg,ij0, ZGrig1, and Zg,igo during the operation of
the two STATCOM system in a real application is challenging, as the grid
conditions can vary significantly, which is further addressed and solved by a
proposed controller, presented in Chapter 3.

The other STATCOM'’s impact in (2.12) must be adjusted to determine its
influence. The voltage lift by STATCOM 2 on the bus voltage of STATCOM 1
is reduced by:

ZGrido
—2Grid0 (2.23)
Zgrido + Zcrid2

The calculation of the voltage lift at the point of connection of STATCOM 1
changes (2.12) into:
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7
Qsrarcom1 + 7 45— Qsrarcom?
AVstarcomt = SCL =
b (2.24)
roo
AVo — Qstarcom - P
Qnom1
And for STATCOM 2:
7
Qstatcomz + 7 AP QsraTcOM1
AVstarcoma = SCL =
D (2.25)
roo
AVy — Qsrarcomz - P
QNoMm2
This can be solved again, with Zg,31 = Zgrigo-
. 1
Gaing « 7o (2.26)
1 QNOMl""QNOMZ'm n Droop
SCL ONOM 1 Onom1

The factor X from (2.17) incorporating the influence of STATCOM 2 on

STATCOM 1 can then be written as:
X, — Quom1 + Qnomz * 72— (2.27)
QnoM1

When the impedance between the STATCOMs is lower, they interfere
more, because X is getting closer to (2.21). With a significant impedance
between the STATCOMs, they will interfere less with each other. This causes
X then to be closer to one. The STATCOMs operate in such a case in a kind
of stand-alone condition.

As an example, the impedances are chosen as:

1

ZGrid1 = Zgrid2 = gzcrido (2.28)
2
ZGrido = gZGrido (2.29)

Under this condition, the STATCOMs still see Zg;,;; as the grid impedance
when operating stand-alone. SCL is then still 10 GVA, with only one unit
being in operation. The STATCOM rated powers are again set to 100 MVar
each. The STATCOMs interfere if both units are operating. In this case, the
STATCOMs’ influence on each other is reduced, as the voltage drop is shared
between the two impedances to the grid voltage source. Under this condition,
the factor X is calculated as:

46



2.3. Gain adaption with multiple STATCOM units

1+3 5
X = 3 == 2.
7 3 (2.30)
In the studied condition, both STATCOMSs do not ‘share’ the SCL. Instead,
each STATCOM has to calculate the Gain with 60 % of the actual SCL, that

the system has without the second STATCOM.

. 1
Gain = W (231)
iscL  Qnom

The system is again simulated with a step in the voltage reference value,
and with a grid voltage disturbance. The results are shown in Fig.2.16 and
Fig.2.17.
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Fig. 2.16: Simulation of two STATCOMs at dif- Fig. 2.17: Simulation of two STATCOM at dif-
ferent locations during a voltage reference. ferent locations during a grid voltage change.

It can be seen, that the two-STATCOM system with the units being in-
stalled at different locations in the grid, still reliably provides voltage control.
The reactive power coordination allows to stabilize the system voltage after a
disturbance and the step-response time is also constant.

However, to utilize (2.26), a STATCOM in operation would have to deter-
mine the actual values of Zg,i40, Zgrid1, and Zgiq2. The STATCOMs have to
estimate their value for X, which leads to a reliable controller performance.
Doing this requires knowing about the characteristics of the power grid, pos-
sibly together with other STATCOMs. The STATCOMSs have to be flexible
enough to adapt to grid changes, such as the activation or deactivation of
other STATCOMs with an unknown impedance between them.
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Chapter 2. Voltage controller adaption to changing grid conditions

2.4 Summary

The adaption of one STATCOM to one or more other STATCOMs with the
same dynamics has been discussed in this Chapter. First, the interactions of
two identical STATCOMs installed at one location have been shown. Then,
the Gain calculation was more generalized to calculate the correct Gain value
for different grid conditions, such as different rated powers or unit locations.
The main outcome is that the Gain has to take into account the influence
of the other STATCOMSs and not just use a constant factor as it is currently
done. Instead, the factor has to be set to influence the value of SCL in the
calculation. This means the STATCOMSs have to estimate a lower value of
SCL, when interfering with other STATCOMs.

All shown Gain calculations have one severe drawback: The amount of re-
quired information from the other STATCOMs. In particular conditions, this
can be given, e.g., when multiple STATCOMs are installed at the same time
by one vendor. When more dynamic voltage controlling units are added after
years in close proximity, then the old ones do not have any of the required
information. Partially, this could be compensated when the system operator
collects all information and then distributes it to the different STATCOMs.
But STATCOM s have, so far, not the option to receive data by the system
operator to influence the Gain as desired.

In Chapter3, a method is proposed that directly estimates the value of
SCL/X used in the Gain calculation. The proposed improvement allows
adjusting the controller response to any other STATCOM size and location.
However, it is also beneficial in stand-alone operation, where the SCL can
also change during operation.
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Chapter 3

Reliable observer-based
voltage control

3.1 Background and Motivation

One important aspect that has to be solved is how to find the correct SCL
value throughout the operation of STATCOM’s. The SCL is required to en-
sure the adaption to changes in the grid strength during operation, as during
transmission line changes or even system splits. And this has also to be done
for other STATCOM units, which are close nearby like described in Chapter 2.

To adapt to changes in SCL, a grid strength estimation test is performed as
state-of-the-art for the operation of STATCOM's. The test is done in regular
intervals, such as once or twice per day. A reactive power perturbation is
applied to the grid, affecting the system voltage in a negative way. However,
this test is not designed to operate under the interaction of other, fast voltage
controlling devices nearby, as described in Section 3.1.2.

Alternative solutions have already been proposed [78-86]. Nevertheless,
they still have significant disadvantages in their capability to guarantee cor-
rect adaption to varying grid conditions in modern power grids.

3.1.1 Conventional grid strength test

The SCL estimation is currently performed on a regular basis, often twice
per day. During the test is the voltage control deactivated, and the reactive
power output is changed by a fixed value, causing a voltage deviation in the
power grid, which is measured and evaluated. The test procedure with the
measured voltage and reactive power values are illustrated in Fig.3.1.

The SCL is proportional to the ratio between voltage and reactive power
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Fig. 3.1: Grid strength test performed by a STATCOM unit.

changes. The short-circuit strength can then be estimated as SCLg, by:

Q2 — Q1]

SCLEst o Vo =W (3.1)

SCLEg; is taken into the PI-controller Gain calculation to ensure consistent
dynamic performance of the unit like described in Chapter2. The forced
voltage disturbance caused by the perturbation test can be minor in a strong
grid. In a weak grid, it can be significant, and it has to be ensured not to
violate the grid voltage during the test. A control structure that can adapt
to changes in the grid has severe advantages, especially in relatively weak

power grids, without causing a voltage penetration.

3.1.2 Challenges with the grid strength test due to STATCOM
interaction

When multiple voltage controlling units with roughly the same response time
are close together, they interfere with each other during the test. When one
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STATCOM performs the test and changes the local grid voltage, other units
nearby measure this voltage change. These units then change their reactive
power output to reduce the voltage disturbance, as shown in Fig.3.2.
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Fig. 3.2: Grid strength test performed with another unit in operation.

The testing STATCOM will measure a reduced voltage change |V, — V;|
and is interpreting this as a stronger grid, by using (3.1). SCLgg is then
higher than SCL. The Gain value is then set too high, according to (2.2),
leading to voltage overshoots or even controller output oscillations. Hence, it
has been shown in Chapter2 that SCLgg; for the Gain calculation is a share
of the actual SCL value to correctly adapt to other voltage controlling devices
at the same bus or nearby.

One way to solve this issue is to implement communication between the
units. All other units can then freeze their voltage controls during the phases
of the test. SCLggt can then be calculated correctly, with the cost of no unit
providing voltage control during the test. With communication it is also
possible to estimate a value for the required adaption to other nearby units.
However, as promising as this sounds, it is impractical for real applications,
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where the units are often not planned to operate close to each other. Sit-
uations like this may occur when units are provided by different vendors,
or when units are installed years after each other. It is also sometimes de-
sired not to have communication links, for example, due to cyber-security
constraints. Transmission system operators are at high risk, so they are be-
coming increasingly aware of the threats opposed by criminals. To prevent
this, system operators reduce the communication links to critical infrastruc-
tures, such as STATCOMs.

3.1.3 Alternative solutions for the grid strength test

A new method has been proposed to estimate SCL and reduce the influence
of other STATCOM s to adapt the voltage control. A modified penetration test
is performed with neuronal-networks, measuring the system voltage during
the test [78]. The influence of other units seems to cause a characteristic
shape of the grid voltage during the test, allowing to determine the num-
ber of nearby units. However, this still requires the penetration test with
its disadvantages. The performance of the proposed neuronal network also
severely depends on the training data that was utilized during the design
phase.

The same is true for structures that use Fuzzy Controls, trained with
a Teaching-Learning based Optimization Algorithm, as introduced in [79].
Other similar structures are also improving the control performance but of-
ten face the same drawbacks and limitations. Fuzzy controls that detect the
dynamic performance during an event and adapt the PI-controller parame-
ters k, and k;, have been proposed [80]. However, the fuzzy-sets are tuned
for specific tested grid configurations. Not all possible grid changes can be
foreseen for sure during the unit’s design phase. The dynamic adaption of
the PI-controller parameters is also proposed in [81-86]. The change in con-
troller parameters during a dynamic voltage event affects the response time,
making it impossible to guarantee satisfying controller dynamics.

3.1.4 Requirements for the reliable voltage control

A control structure is required that can estimate the local grid strength as
SCL/X, so it directly incorporates the influence of other units. In general,
the requirements for the control are:

* No further need for causing grid perturbations.
* A safe adaption to a variety of grid conditions.

¢ A correct consideration of other nearby voltage control units.
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* Robust to operate under fast-changing grid conditions in the grid struc-
ture, such as split-ups.

A control that can fulfill these requirements allows for better integration
of STATCOMs with highly dynamic voltage control. More renewable power
generation units, like wind power plants, can then be connected without
violating the voltage maintenance. STATCOMs are also allowing to supply
remote grid loads, only having a weak connection to the main grid.

3.2 Proposed voltage controller adaption

An observer-based controller adaption is proposed in [C2]. The adaption re-
lies on the dynamic voltage control behavior after a grid voltage disturbance.
The proposed control observes the voltage error signal Vg,, inside the control
to determine the achieved fault clearing time and to detect unwanted control
oscillations. The proposed control scheme is shown in Fig. 3.3.

v l Observer | !
Grid '
. SCLy |
VRef i VE i IEonv QSTATCOM VGrid
L w K _| Converter and Grid
! ! Transformer
| Pl
i AVproop Droop i

Voltage Controller

Fig. 3.3: Proposed voltage control scheme of STATCOMs with observer.

Observing Vg, allows to incorporate the effect of the Droop control on
the voltage reference setpoint. As the main controller is designed as a PI-
controller, Vg, is controlled to zero during steady-state. Any voltage devia-
tion in the grid voltage deviates Vg,, from zero. The observer consists of three
main parts that allow the adaptation to system changes, which is discussed in
the following. The first two parts describe the detection of undesired system
control performance. The third part is responsible for the change of SCLE,
utilized in the Gain calculation. SCLgg; is used in the Gain calculation, re-
placing SCL/ X, directly incorporating the influence of nearby STATCOM:s.

) 1
Galn - 1—D}’00p (32)

SCLEs ' QNnom
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The STATCOM voltage controller is simulated with a cycle time of 1ms
in this study. The control blocks in the proposed observer have to be adapted
to the cycle time if it is different in the respective application.

3.2.1 Detection of too slow control performance

The observer’s first part has the purpose to detect if the voltage controller
clears a grid voltage disturbance in a specified amount of time or if the con-
troller takes too long. Then SCLgg and the used Gain have to be increased.
SCL can increase during operation when more lines and generation units are
being connected. Nevertheless, it can also happen after a system split-up has
been cleared, and the system is returning from a disturbed, weaker condition
back to regular operation. Fig.3.4 shows the simulation results of a single
STATCOM being in operation during a grid voltage disturbance. The sys-
tem conditions are as described in Chapter2. The nominal grid voltage is
220kV, SCL is 10 GVA and the rated STATCOM power is 100 MVar, with the
Droop being 4 %. The value of SCLE; is once correctly set to 10 GVA, in one
simulation. Then it was set to 5GVA to show the slowed-down controller
response.
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Fig. 3.4: System voltage control by STATCOM unit. Comparing correct and too small Gain value
used in the controller.

The simulation results in Fig.3.4 show the grid voltage V,;; and the re-
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3.2. Proposed voltage controller adaption

active power injected by the STATCOM, Qstarcom. The internal value of
VEsr is also shown to see its behavior during these two simulations. It can
be seen, how the STATCOM response is slower when the Gain is set too low.
Also, it takes a longer time to restore Vp,, back to zero after the grid voltage
disturbance.

Any voltage disturbance that is measured by the control system is of un-
known size. This uncertainty makes it impossible to determine whether the
control is too slow during the initial phase of the disturbance. However, it
can be detected when the disturbance is not cleared in a specified amount of
time. Then, Vg, does not return to zero as supposed (as shown in Fig.3.4).
The fault-clearing behavior is utilized to determine if the Gain is calculated
correctly.

In the example, the STATCOM voltage controller is designed to have a
step-response time of 30 ms [44]. The fault-clearing time is marginally larger
than the step-response time, as the system has to measure the voltage dis-
turbance first. Grid voltage disturbances are typically cleared with this kind
of unit after 40ms. The observer has to detect if the disturbance has been
cleared at this time or not. When Vg,, is returned to zero in the specified
time, then no further action is required. When Vg, still deviates from zero,
then the control system reacted too slow, and SCLgg; has to be increased to
speed up the controller.

This can be achieved in many different ways. In [C2], delay blocks are
utilized to assess the dynamic system performance. With the delay-blocks,
the currently measured Vg, is compared with its delayed value. It can then
be determined if Vg,, is cleared within a certain time by multiplying the
current and the delayed value with each other. The basic control scheme for
detecting too slow controller performance is shown in Fig. 3.5.

VErr Delay 40

A x  Outsjoy

Fig. 3.5: Proposed observer part for detecting too slow voltage controller response [C2].

The multiplication Vg, - VEsr pelay 40 is zero during the steady-state oper-
ation, as both values are zero steady-state due to the integrator part in the
PI-Controller. During a disturbance, the actual value of Vg,, deviates from
zero. When the disturbance-clearing takes longer than the specified delay
value of 40ms, both inputs to the multiplier turn to non-zero. In this case,
the sign of both Vg, and Vg, peiay 40 are the same, meaning the output is then
positive.

In a real application, it is required to use a filter block at the Vg,, input
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to neglect the influence of harmonics and measurement uncertainties on this
adaption. In the proposed observer, this is done in the form of a dead-band.
The dead-band is utilized to neglect the influence of harmonics and other,
small voltage changes, which are too small to give valid information of the
STATCOM'’s dynamic performance. In the performed simulations, the ab-
solute value required to pass the dead-band is set to 0.001 pu. However, in
a real STATCOM application, this threshold can be set higher, making the
observer more robust.

Vi and its delayed value are dependent on the actual voltage change am-
plitude, which severely affects the product output magnitude. However, the
controller adaption should be as independent as possible from the magnitude
of the initial voltage disturbance. The Gain correction should be performed
not with the absolute value of Vg,, but with its sign. The sign function is pro-
posed as an addition to the control shown in Fig. 3.5 to be used directly after
the dead-band. Nevertheless, it can also be included after the multiplication
block. The improved control scheme is shown in Fig. 3.6.
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Fig. 3.6: Improved observer part for detecting too slow voltage controller response.

The performance of this control part is shown in Fig.3.7 and Fig.3.8. The
simulation results in Fig.3.7 show the behavior when the Gain is tuned cor-
rectly. Then SCLgg; is SCL/ X and the STATCOM operates as desired. The ob-
server block does not trigger any response, as it is not necessary in this case.
Fig.3.8 shows the observer behavior when SCLEg; is smaller than SCL/X.
The fault-clearing takes longer, triggering a response, after the delay time of
40ms. It can be seen that the multiplication of the current and Vg, peray 40
value is positive.

The output value Outg,y, is then later used in the third part of the ob-
server, described in Section 3.2.3. With this, the observer is capable of adapt-
ing the STATCOM to power grids, which have an SCL/ X value that is higher
than the controller initially estimated. In Section3.2.2 is the next required
part of the observer described, which is responsible for the detection of con-
ditions, where the Gain is set too high for the current SCL/X value.
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3.2.2 Detection of too fast control performance

The other case, which the observer has to detect, is when the SCLE; is higher
than SCL/X. Then the controller reacts with too much reactive power on
a voltage disturbance, causing voltage swings, and even oscillations, under
severe circumstances. Under this condition, VE,, is not going back to zero, as
required, but it oscillates around zero, causing the STATCOM reactive power
to swing. The system under this condition is simulated as before, only SCLE;
is now set to 15GVA. The results are shown in Fig.3.9. It can be seen, that
the initial deviation in V4 is over-compensated, leading to a small swing in
VErr-

The observer has to detect the voltage disturbance caused by the internal
dynamics of the STATCOM, due to the incorrect Gain. The detection is again
realized with a delay block, as given in Section3.2.1. The proposed control
structure is shown in Fig 3.10. The delay time is chosen carefully to detect the
repetitive change of signs of Vg, due to the high Gain value. In the simulated
STATCOM system is the delay time set to 20 ms. It is chosen according to the
measured time, where Vf,, is positive in Fig3.9. When the delay is chosen
slightly larger or smaller, then the controller still works as required, only the
final change in SCLE; is then slightly slower. However, this delay time is
dependent on the designed control system’s time constants, which do not
change during operation.

The filter in Fig.3.10, which only lets negative values pass, is a require-
ment even in the simplest controller design. Otherwise would Outp,s; turn
positive during any grid voltage disturbance, as the system is designed to
restore the voltage after 40 ms and the delay is only 20 ms. Only the observer
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Fig. 3.9: System voltage control by a STATCOM unit, comparing correct and too high Gain value.

part from Section3.2.1 has the possibility to increase the voltage controller
Gain by having a positive output signal.

Delay
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VErr X — OutFast
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Fig. 3.10: Proposed observer for detecting too strong voltage controller response [C2].

Whenever the SCL/ X value is lower than SCLEg;, it will cause a controller
swing in the VE,, signal. These swings change the sign of the VE,, after the
initial clearing phase. These sign changes cause Vg, - Virrpeiay to be negative.
The negative value of Outp,g; is forwarded to an integrator in the third part
of the observer to decrease SCLEg;.

In a practical situation it is again advantageous to include a dead-band
or a different type of filter, neglecting the influence of harmonics and small
voltage measurement fluctuations. To improve the dynamics of the adapta-
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tion, it is also beneficial to utilize the sign function, making the observer less
dependent on the absolute value of the grid voltage disturbance but relying

on the amount of Gain mismatch. The improved control scheme is shown in
Fig.3.11.
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Fig. 3.11: Improved observer part for detecting too fast voltage controller response.

The system simulation results in Fig 3.12 show the observer behavior dur-
ing a voltage disturbance with the Gain calculated correctly. Vg - Verrpelay
turns positive during the simulation, but this is not passed on to the output.
Only, when SCLEg; is set too high, as in Fig3.13, then the resulting negative
value is passed on to Outrs;.
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Fig. 3.12: Observer behavior with correctly = Fig. 3.13: Observer behavior with too high
tuned Gain value. Gain value.

Outpy is then further utilized in the SCL-Estimator, which is described
in Section 3.2.3.
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3.2.3 SCL estimation Block

The two previously described blocks can observe deviations between SCL/X
and SCLgg; values. The third and last block needs to use the outputs Outgj,,
and Outg,,, to adapt the controller. This is realized with an integrator block.
The initial value of the integrator determines the STATCOM setting at the
start-up.

Fig.3.14 shows the proposed SCL-Estimator. The input Outgjy, is only
allowed to be zero or positive, causing an increase in SCLgy;. When Outr,g;
of the second block turns negative during a voltage disturbance, then this is
used to decrease SCLEg;.

OutSlow

+ 1| SCLgst

z—1

OutFast
Integrator

Fig. 3.14: Integrator, used to estimate SCL.

The overall control scheme for the observer is shown in Fig.3.15. The
dead-band and the sign function can be combined for the two different ob-
servers. The sign function is then used before the delay-blocks. The control
scheme in [C2] does not include the sign function, as an improvement for
the observer. As described above, allows the sign-function that the control is
much less dependent on the initial grid voltage disturbance magnitude.

Gain too low Positive values
are passed on

—> 540
X |
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I ] l 4
; O_>x Integrator 1" order
Dead-Band Slgr.‘ " filter
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Fig. 3.15: Overall control scheme of the proposed observer.

The dynamic change of SCLEg; for the Gain can also bring the system in
danger when the changes are applied too fast. Fast-changing values of the
Gain can otherwise cause interactions with the observer and the Pl-controller.
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In a real application, this has to be taken into account. Therefore should
SCLEg; be filtered before being further used. In [C2], a first-order low pass
filter is utilized to smooth out the SCLEy being applied in the PI-Controller
Gain calculation.

The observer behavior is simulated and evaluated in Section 3.3.

3.3 Verification of the proposed observer’s perfor-
mance

The proposed observer is now tested, to determine, how the adaption is done
during the operation of a single STATCOM under changing grid conditions.
Afterward, is the behavior together with a second STATCOM analyzed.

3.3.1 Observer performance during SCL changes

Simulation results are shown in Fig.3.16 and Fig.3.17. The STATCOM has a
rated power of 100 MVAr, and the Droop value is set to 4 %. The power grid
is again simulated with SCL being 10 GVA. The first order filter block is set to
a time constant of 150 ms, preventing interaction during the respective event.
Voltage disturbances are simulated in the grid voltage to cause a reactive
power response by the STATCOM.

The simulation results in Fig.3.16 show Vi,ig, Qstarcom, and SCLEg.
SCLEg; is initially set to 4 GVA, causing the STATCOM response to be slower
than desired. The STATCOM evaluates its own dynamic response to the ap-
plied voltage disturbances and adapts SCLgs; accordingly. The slow reaction
time causes the increase of SCLEg; by the proposed observer. The adaption
is slowed down, the closer SCL/X and SCLgg are. The controller response
is then as designed and the controller Gain does not have to be increased
anymore.

The results in Fig. 3.17 show the observer behavior when SCLE; is initially
set to 25 GVA. Conditions like this can be caused by a system split-up. It can
be seen that the incorrect dynamics, identified as short voltage oscillations,
are not occurring anymore when the voltage controller Gain is using the
correct value for SCLgg; of 10 GVA.

The STATCOM voltage controller can, with the proposed observer, adapt
to changes in SCL. The passive behavior of the observer reduces the need
to perform forced voltage disturbances, as before with the penetration-based
test, as described in Section3.1.1. This is already a significant improvement
from the previous method. Another benefit is the continuous monitoring of
the STATCOM behavior during operation, not only periodically, e.g., every
12 or 24 hours.
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However, the main task is the coordination of multiple STATCOMs, that
are nearby in the power grid. It is evaluated in Section 3.3.2 if this is done
with the proposed observer structure. Then SCLE, should not only be SCL
but SCL/X

3.3.2 Observer performance in a two-STATCOM system

The evaluated power system is changed to a system with two STATCOM at
a single bus, as described in Section 2.1.2. The proposed observer is designed
to detect the second STATCOM, as it detects a reduction SCL as both STAT-
COMs operate in parallel, reducing the amount of required reactive power
by the single STATCOM.

The simulation results from a STATCOM in operation in a grid with an
SCL of 10 GVA is shown in Fig.3.18. In the simulation, a second STATCOM
is activated, also with SCLEy set to 10 GVA. During the first grid voltage
events, the controllers respond both with too much reactive power. SCLEy
is changed in both STATCOMSs, which in the end then splits the SCL up
between the two units.

Fig.3.19 shows the dynamic STATCOM behavior when the second STAT-
COM is not installed at the same bus, but as described in Section 2.3.3 with
an impedance between them. It can be seen, that SCLE, inside the observer
is reduced, as each STATCOM has to control three-fifth of SCL.

The proposed observer makes the STATCOM voltage controller robust
against any power grid changes, even after years of operation. The reliable
maintenance of the grid voltage with STATCOMs is now possible with sig-
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nificant improvements compared to the perturbation-based SCL-estimation.
The interaction between multiple STATCOM s is also realized independent of
the STATCOM placements in the grid.

3.4 Limitations of the proposed control adaption

STATCOMs can with the proposed observer-based control adapt to many
different conditions in the power grid. But the observer has also limita-
tions. Voltage control is not only performed by STATCOMs. Other units
also contribute to the system voltage control, like conventional generators
and converter-based units, such as wind power plants, or photovoltaic units.
However, STATCOMs are typically the fastest units, which makes the pro-
posed observer suitable.

The proposed control scheme can not be used in slower units, as wind
power plants, that have a much slower voltage controller response time. Its
dynamics are limited by the communication delay between the wind power
plant controller (WPPC) and the wind turbines, as shown in Fig.3.20. The
possible interaction between fast STATCOMs and slow wind power plants
causes changing dynamics for the voltage control in the wind power plant
controller.

The observer is also limited when the STATCOM can not control the sys-
tem voltage back to the desired operating point with its reactive power. The
STATCOM can only provide a certain amount of reactive current and power,
so a severe voltage disturbance may bring the STATCOM to its limits. Then,
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Fig. 3.20: One-Line diagram of a wind power plant with STATCOM.

VEsr is not restored back to zero, giving the expression for the observer as
a slow controller behavior. The observer should, in this case, not change
the internal grid SCLEg which has to be included in the observer. For this,
the STATCOM could block Outgj,y, and Outp,s as inputs to the integrator
whenever the STATCOM is limiting its power and shortly thereafter. The
STATCOM is then protected from an incorrect Gain increase.

3.5 Summary

The proposed control scheme with a passive observer allows to control the
bus voltage reliably with STATCOMs. The observer can detect changes in
the surrounding grid by analyzing the dynamic voltage controller’s behavior
during disturbance-clearing. The proposed control structure is also capa-
ble of detecting other voltage controlling units nearby, as this causes similar
changes in the controller dynamics like changes in the grid strength.

The observer is active throughout the unit’s operation. The permanent
observation is advantageous to the solution currently used in industry where
the strength of the power grid is only estimated twice per day. SCL is not only
determined after many hours and it does not require a grid voltage perturba-
tion by the STATCOM. More importantly, the proposed observer incorporates
other voltage controlling units, allowing the usage of STATCOMSs and other
fast voltage controlling devices in parallel at one bus or also distributed in
the transmission grid. The further integration of more STATCOMs into the
power grid allows reliable voltage control in modern power grids.
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Chapter 4

Assessment of modern power
system frequency reliability

4.1 Background and Motivation

The reliable operation of the power system is not only dependent on the
maintenance of the system voltage. Many other criteria have to be fulfilled to
ensure a reliable supply of all system loads and the safe operation of the en-
tire power grid. Transmission system operators have named frequency con-
trol as the most challenging issue, that arises with the integration of power-
electronic-based generation units on a large scale [14]. The reliable control of
the power system frequency in modern power grids with a high renewable
power penetration is the focus of this Chapter.

Modern power systems can no longer rely on conventional frequency con-
trols using synchronous generators. The replacement of the synchronous ma-
chines with converter-based ones reduces the system inertia. The main issue
with reduced inertia is, that the system frequency changes faster and the Ro-
CoF is then higher. In a conventional power system with a high inertia, there
is a longer time between an event and the frequency reaching the load shed-
ding threshold. This allowed the conventional frequency controls to react
and to stabilize the system frequency. With the reduced inertia, this time to
react has decreased so that the conventional generation units can no longer
adjust their power output in time to balance the power grid demand. This
increases the risk of abnormal frequency conditions in the power grid. Also,
the operation under emergency situations is seen as being more likely with
the reduction of inertia [75].

In this study, the focus is on wind power plants assisting with the fre-
quency control of the power grid. This is done, as wind power is the main
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contributor to renewable energy in many countries worldwide, e.g. in Den-
mark. Wind power plants are also capable of contributing to frequency con-
trols, assisting the power system during phases of high non-synchronous
penetration. These frequency controls can be utilized as system services ap-
plied in different time frames, as steady-state power curtailments, or fast
frequency controls during severe contingencies. The main advantage of us-
ing converter-based generation units for frequency controls is their flexibility
in controls. Wind power plants can offer a variety of services to the grid,
only limited by their physical properties. It is not possible to produce more
energy than the wind provides, when the grid is in need for more energy.
However, it is possible to initially curtail wind power or to utilize the rota-
tional energy of the blades for short-term power increases. It is the system
operator, that has to define in the grid code, which frequency controls shall
be implemented. Modern wind power plants are also capable of having dif-
ferent controls available. The system operator can then choose, which one is
required for the safe grid operation at the current grid state. Communication
links are then used to vary the control schemes, or settings inside the controls
to benefit the power system.

411 Study Test System

A power system that is often used for the assessment of the power system re-
liability, is the IEEE reliability test system (IEEE RTS). It is developed to allow
for adequacy assessments and also the assessment of the system security. The
system data are specified in [87,88]. The given load distributions and the gen-
erator data are given, which allows determining the system reliability during
e.g. one year of operation.

This system is used for many different assessments of the power system’s
reliability. It is used in the original configuration, but also with additional
equipment such as STATCOMs or changes in the transmission lines in oper-
ation [89]. The original IEEE RTS has no integration of wind power plants.
Assessing the system reliability with this kind of additional equipment can
be done by inserting additional wind power plants, as shown in Fig. 4.1 [J1].

The wind power plants have to be described with the turbine data and
the natural conditions around them. The wind speed distribution throughout
the yearly operation has to be given to determine the available power for the
wind turbines. The turbine parameters also have to be given, as the rated
turbine power and the cut-in, the rated, and the cut-out wind speed.

With this, it is possible to determine the available power in-feed of the
wind power plants. The grid code requirement for the wind power plant in
the evaluated power grid has to be defined, to determine the system perfor-
mance with wind power integration.
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Fig. 4.1: Modified IEEE reliability test system with three additional wind power plants [J1].

4.1.2 Aim of this study

Utilizing these new kinds of services has to be evaluated concerning the in-
crease in frequency performance and the additional frequency service effort.
Frequency reliability indices are already used to describe the system per-
formance. However, it can also be used to estimate the effect of changes
on the grid’s safe operation. These changes can be additional equipment,
such as more conventional or more renewable power generation units. Also,
the decision-making by the system operator may have a severe influence on
the operational security, such as different generator scheduling schemes or a
change in frequency controls by converter-based generation units.

The main open issues with fully including wind power plants into the
frequency management by the system operators are:

* Quantification of the frequency control usage during operation.

¢ Ensuring an accurate assessment of the power system with additional
frequency controls.

* Allowing fast assessment of the power system to compare multiple fre-
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quency managements.

With these issues fulfilled, it is possible to effectively compare different
frequency managements including wind power plants.

4.2 Frequency reliability assessments

The frequency reliability assessment procedure of wind-integrated power
systems is proposed and shown in Fig.4.2. The different steps in the as-
sessment are further described in the following. This is required for system
operators to decide on which control schemes should be used under which
grid conditions to allow for the most reliable operation possible.
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Fig. 4.2: Frequency security assessment procedure of wind-integrated power systems.

The process includes the gathering of system data, such as how the system
load or the wind power behaves throughout the year. The system modeling is
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the next step, as the system in all its possible states has to be described during
steady-state, but also together with the functions, that are implemented into
the grid. This has to be done carefully, to describe the system accurately
enough, without increasing the computational burden too high. The system
simulation under the influence of contingencies and the calculation of the
reliability indices then allows quantifying the system health in regards to the
frequency quality.

The system data required as input for the assessment are described in the
following.

421 System data for the frequency reliability assessment

First, the system conditions during the yearly operation are described with
the load duration curve (LDC) and the wind power curve (WPC). The load
duration curve describes the distribution of the maximum hourly system load
throughout the yearly operation of the grid. It changes minor from year to
year, so it is often taken from a five-year average system data to have a good
representation of the typical system behavior [90].

The WPC describes the amount of wind power injected into the system in
one year of operation. It is also representing the maximum wind power per
hour, sorted in descending order. An average of multiple years can again be
used to determine the average system behavior.
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Fig. 4.3: Load duration curve of the IEEE Re-  Fig. 4.4: Wind power curve, representing 2200
liability test system [87]. full-load hours [J1].

The generation units connected to the power system are also part of the
input data. Their rated powers and time constants are essential to model the
frequency response during active power imbalances. It is also important to
respect the dynamic capability of the units to contribute to primary or sec-
ondary frequency controls. One of the most important pieces of information
on the generators is how often they fail. For this, the mean time to failure,
MTTE, can be utilized. It does not define, that a unit will always trip after a
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certain number of hours in operation, but it is used to determine the proba-
bility of the event per year. MTTF is therefore only a statistical value, which
is estimated from historical data.

The system states describe the different steady-state operation points of
the grid. This means a certain amount of system load and system wind power
injection together with the conventional units are in operation to fulfill the
demand. The probability of this state can be calculated by the probabilities
given in the LDC and WPC.

4.2.2 System modeling for reliability assessments

As it is shown in Fig. 4.2, the next step is to perform the power system mod-
eling. Later the system models will be utilized for contingency simulations.
The different system states have to be modeled, and then the contingencies
are simulated. The dynamic system simulation has to be repeated for the
different system states, such as load variations and wind power injections.
Detailed system modeling is an essential part of the system security assess-
ment design. The models of the dynamic processes and the number of in-
corporated system states have to be accurate enough. Otherwise, the influ-
ence on the power system reliability can not be estimated correctly, and the
system operator can not determine the actual system performance. Fig.4.5
shows the system model used to assess the frequency behavior during con-
tingencies. The system model includes the system inertia, the n different
conventional generators, and the wind power plant behavior together with
the under-frequency load shedding (UFLS).
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Fig. 4.5: Power system modeling for frequency operational security assessment [J2].

The different considered system states are determined following a fixed
procedure. First, the system load is discretized for the simulation in steady-
state. Different levels of loads are used with their probability to represent
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the load distribution in one year, following the LDC, as shown in Fig.4.3.
The amount of demanded system load at simulation start, when the system
is in steady-state is set as Pj,,;. Additionally, the behavior of the system
loads during severe under-frequency occurrences is modeled concerning the
system operator’s UFLS. This protective function only gets activated during
severe under-frequency events to protect the remaining grid from failing due
to insufficient active power delivery.

The behavior of wind power plants is modeled next. In many countries
renewable energy sources are allowed to inject their full available power, the
conventional generation units are then ’filling up’ the remaining grid de-
mand. However, due to the rapid increase in renewable penetrations in sev-
eral countries, there are now limitations in place to curtail the steady-state
injection of converter-based generation units if the penetration levels are too
high. This can be seen, e.g., in Ireland, where the SNSP, the system non-
synchronous penetration, is utilized to keep the minimum inertia in opera-
tion [58]. In a wind integrated power system is the available wind power
therefore not always the injected wind power as the system operator can cur-
tail the wind power if the operation requires it. Through the inclusion of the
wind power plant model, the influence of their active power change to the
point of connection on the system frequency can be included as well. The
model has to include the physical behavior of the turbines, with the wind
speed as the input to determine the actual behavior during frequency distur-
bances. The additional frequency controls, demanded by the grid code, are
implemented. The frequency-related protection functions are important to
be modeled in these units as well, as they get deactivated under several grid
conditions. The functions can also include over- and under-frequency thres-
holds or RoFoF based functions for disconnection. RoCoF is often included
as a measure to prevent the units from operating in islanded situations.

Afterward, the conventional generation units are modeled. The number
of conventional generators during the system operation depends on the re-
maining grid demand, not yet supplied by the renewable sources. The gener-
ator scheduling scheme is used to determine, which units are being activated
first, and which ones are only allowed to run during high-demand periods.
The generation units are modeled with their inertia and their frequency con-
trol behavior. Different levels of details are possible for their modeling. The
choice of detail in the modeling depends on the study’s aims. In some assess-
ments, all generation units are combined into one unit, which is responsible
for the power supply, and the primary, secondary and tertiary frequency con-
trols.

To incorporate more details into the models such as unit-specific dynamic
data can all generation units of one size be combined to one, with multipli-
cation by the number of the units, as shown in Fig. 4.5 [J2]. The unit-specific
dynamics can be the primary control response times or the ramp-rates of the
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secondary frequency controls. This makes the model more accurate, resulting
in a better representation of the dynamic system performance. The drawback
is an increase in the simulation burden and a longer overall duration for the
reliability assessment. The frequency swing equation from (1.5) is modeled
with the combined rated power of all running conventional generators Sg,
their time constants H, and the system damping coefficient D. These param-
eters have to be given for the connected conventional generation units and
for the connected system loads [87,88]. The model input is the demanded ac-
tive power in the system Pp,,;. The power imbalance between demanded and
supplied power AP is then the input to the system frequency swing equation,
resulting in the grid frequency fg,4.

An important part of the modeling is also the correct representation of
the protective functions, implemented in the generation units. The gener-
ation units are only designed to operate in a specific frequency band. If
the frequency is too high or too low, then these units might be damaged,
which can be avoided by disconnecting them before the critical thresholds
are reached. The protection function of conventional generation units also
contains the rate of change of rotational speed as a measure, as it is a sign of
high mechanical stresses in these units.

4.2.3 Contingency analysis

The next step in the assessment of the power system’s frequency reliability is
the contingency analysis, as also shown in Fig.4.2. The analysis determines
the system’s response to the considered contingencies. The reliability analysis
requires evaluating a large number of steady-state grid operations. These
depend on the different load levels, taken from the LDC and also on the
states of the other equipment. In wind-integrated systems, the different levels
of wind power injection have to be considered.

The contingencies can be the trip of feeders in the power grid, resulting
in the loss of grid load. This is simply simulated with a reduction of the
Proqq value at the time, the contingency occurs. The following frequency
rise causes the connected equipment to react according to the set frequency
controls. The units performing primary and secondary frequency controls
reduce their power production to stabilize the power grid frequency. When
wind power plants are designed to contribute, then their active power change
also causes the grid frequency to stabilize.

Under-frequency occurs when the active power production is reduced.
This is caused by the sudden trip of generation units, both conventional or
converter-based. The trip of conventional generation units also has to be
respected in the parameters of the swing equation, as the total system inertia
is then reduced, causing changes in H and Sg, seen in Fig.4.5.

In power grids with HVDC units connecting two different synchronous
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areas, a sudden trip of the units also causes the grid frequency to change.
The sign of frequency change is then dependent on the current HVDC line
operation, importing, or exporting power.

The grid’s frequency response and the frequency control actions are recorded
to combine them into the reliability indices, describing the system’s perfor-
mance in one year.

4.2.4 Reliability indices for system reliability assessment

After the contingency analysis is done and the time-series simulation is per-
formed, the results have to be interpreted into the reliability indices. Different
indices quantify the behavior of the power system in one year of operation.
These indices can be separated into two categories; the first one describes
the power system’s frequency quality, meaning the number and duration of
abnormal frequency states [75]. Another index in this category is the total
amount of load curtailment. The higher this index is, the more load curtail-
ment is expected to happen during the system operation. These indices are
listed in Table 4.1.

Table 4.1: Reliability indices describing the frequency quality [75,91].

Index Unit Full Name

NOF Exp. Number of Over-Frequency Events
NUF Exp. Number of Under-Frequency Events
ENAF Exp. Number of Abnormal Frequency Events

OFD min Exp. Over-Frequency Duration
UFD min Exp. Under-Frequency Duration
EAFD min Exp. Abnormal Frequency Duration
EENS MWh  Exp. Energy Not Served to Loads

The other category describes the amount of energy being used for fre-
quency control, indicating how much effort is required to keep the power
system frequency reliable. The different indices used in conventional power
systems are listed in Table 4.2 [91].

Table 4.2: Reliability indices describing the usage of frequency control [91].

Index Unit Full Name

IENS1 MWh Indirect Energy Not Supplied (for Primary Frequency Control)

IENS2 MWh Indirect Energy Not Supplied (for Secondary Frequency Control)
ECU1 MWh  Unnecessary Energy Consumption (for Primary Frequency Control)
ECU2 MWh  Unnecessary Energy Consumption (for Secondary Frequency Control)
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The reliability indices are calculated for multiple system states i and the
respective contingencies j. The indices X;; from the single simulations are
combined dependent on their probabilities, where p; is the probability of the
system state and p; is the probability of the contingency.

N; Nj
Xew=),Y pi-pj Xi (4.1)

i=1j=1
The indices describing the frequency quality do not determine an actual
system failure, as no equipment is damaged or disconnected at the used
threshold of 0.2 Hz in the central Europe power grid, as shown in Fig. 4.6 [75].
Nevertheless, system operators can determine with these indices how their
system reacts to changes over time, such as the further integration of re-
newable generation units. The increasing likelihood for abnormal frequency
states has to be evaluated, and it may be required to make changes in the
frequency controls. The expected number of under-frequency events can be

calculated by:

N; N
NUFLw =YY pi-p; NUF; (4.2)
i=1j=1

The amount of energy that is not supplied to the system loads indicates
how often and how severe load curtailments occur. The policy for load cur-
tailment is defined by the TSOs in one region and has to be coordinated with
other protective functions in the power grid. The better the frequency con-
trols are designed, the fewer UFLS are activated. Fig. 4.6 shows the frequency
behavior and the conventional frequency controls following a generation unit
outage. It can be determined if and how long the frequency is abnormal and
how much frequency control is used.

The used energies for frequency control are indications of the status of
the system. The indices are not a prediction of one year’s system behavior,
as the failure probability is not representing a fixed number of failures per
year, but it only describes a certain probability of occurrence. Nevertheless,
these indices allow a comparison of different controller settings, generation
scheduling schemes, and the effects of integrating more converter-based gen-
eration units. System operators can use the reliability assessment results to
determine the impact of changes in the frequency control on their operation
of the power system. The balance between system frequency quality and the
use of energy for frequency controls can then be found.

Converter-based units are nowadays also capable of contributing to re-
liable system frequency in many different ways. System operators have to
incorporate the dynamic behavior of converter-based generation units, such
as wind power plants, and include them in their system reliability analysis.
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Fig. 4.6: Evaluating frequency reliability indices. a) System frequency during a generation out-
age. b) Active conventional frequency controls activation during a frequency event.

This allows the TSO to understand the Pros and Cons of different frequency
services to improve the power system’s frequency management and thereby
system reliability.

In Section 4.3 the reliability indices are explained, which are required to
evaluate the wind power plant’s impact on the frequency reliability. Sec-
tion4.4 elaborates how system operators can ensure that their assessment is
accurate enough while reducing the required computational burden. With
the change in the frequency controls, this is essential, as control setting
changes in these units may last for years and have to be evaluated offline
before setting them into operation.

4.3 Reliability indices in wind-integrated power sys-
tems

The reliability indices as described previously are sufficient in a conventional
power grid. In wind-integrated power grids, the evaluation of the wind
power plant performance also plays an important role and has to be included
in the assessment. The indices have to include the steady-state, as well as the
active usage of frequency controls during the contingencies. These two time-
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frames have to be considered to determine the impact of frequency controls
in the wind power plants throughout the operation of the grid under all cir-
cumstances.

4.3.1 Incorporating frequency controls in steady-state

The curtailment of wind power during steady-state operation is a function
that is nowadays often demanded in power grids. It is demanded to keep
a minimum number of conventional generation units running, allowing to
keep some spinning reserve under all conditions. The curtailed wind power
has to be summed up to determine the amount of total wind energy wasted.
The amount of curtailed wind power is dependent on many factors. These are
the amount of wind power, the demanded amount of active power reduction
in steady-state, and the TSO’s strategy when to demand the curtailment. This
is dependent on TSO’s frequency management.

The index describing this expected wind energy wasted,e EWEW. EWEW
measures the amount of wasted wind energy curtailed to keep the demanded
minimum inertia in the power system. This is not part of a frequency service,
but only a protective curtailment. When wind power is curtailed for a service,
this energy can be part of an additional TSO tool for frequency reliability
enhancement. The wind power is then not wasted but kept in 'reserve’ for
usage when required. Fig.4.7 shows the available and the actually injected
wind power into the IEEE RTS with 1GW installed wind power capacity.
The curtailment is done by reserving 0.2 pu wind power during phases of
high wind power penetration levels above 50 %.

This curtailment is not representing wasted wind power for the plant op-
erator. The wind power plant’s frequency reserve has to be compensated by
the TSO economically. In the modern power grid, these services are compet-
ing with the conventional generation units, currently providing the primary
frequency controls.

Other frequency services do not require wind power curtailment dur-
ing steady-state, but they are still influenced by grid operations. Then, the
TSOs have to consider service availability. VSM-based controls, as an exam-
ple, maintain the steady-state power at the maximum available wind power.
However, they have the potential to provide additional short-term energy for
frequency support. The same is true for under-frequency control, which is
also provided by VSM-controls.

The amount of ordered VSM-services by the system operator can be de-
termined by the demanded service power and on the duration, the service
is demanded. This can be calculated with the state probability during the
yearly operation p;, in the same way as the wasted wind energy in steady-
state is calculated. This can be seen in Fig. 4.8, where the distribution for the
ordered VSM-service is shown. In this case, 20 % of the wind turbines deliver
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Fig. 4.7: Available and injected wind power distribution in the IEEE RTS with 1 GW wind power
when the wind power is curtailed during operation.

the service when the wind power penetration has reached more than 40 % in
the IEEE RTS. The LDC from Fig.4.3 and the WPC shown in Fig.4.4 define
the ordering of the VSM-service.

The total ordered VSM-service energy can be calculated as shown in (4.3),
where the expected ordered frequency service (EOFS) by the VSM controlled
wind power plants is shown.

Nstutes

EOFSysy= Y, |VSMi|-p; 43)
i=1

As wind power plants are very flexible in the utilized controls, other fre-
quency services can also be provided. Fig. 4.9 shows a frequency control that
gets activated when the frequency is below a certain threshold, providing a
fixed amount of power for several seconds, followed by a recovery period.
As a service, this control puts high stress on the mechanical parts of the
wind power plants, which has to be compensated for by the TSO. The pe-
riods, where the service is ready, but not actually used should nevertheless
be evaluated as the payment in modern power systems also depends on the
service availability and the service usage. This is also currently the case for
the primary reserve.

All these service demands are to be evaluated by the system operator
and to be incorporated into the system frequency reliability analysis. System
operators are going to order these services only during weak power system
states, where the wind power plants can improve the frequency behavior sig-
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Fig. 4.8: Ordered VSM-service in the IEEE RTS with 1 GW wind power when the VSM-service is
ordered at 30 % wind power penetration level.

nificantly. So the assessed additional frequency service has to be balanced
with the improved frequency quality. Otherwise, the service is ordered with-
out benefit for the system, only increasing the TSO’s frequency control efforts.
Nevertheless, it is also crucial to evaluate the dynamic efforts by wind power
plants throughout the analysis, determining the positive effect on the system
frequency and the amount of used service.

4.3.2 Incorporating additional frequency controls during con-
tingencies

The curtailed wind power is wasted and not used during under-frequency
events on a large scale. However, when wind power is curtailed in steady-
state, then it is possible to increase the output power back to the maximum
power point during phases of under-frequency. This is already included in
several grid codes, such as in the Danish one [41].

The actual usage of wind power plants as frequency control units is de-
termined by the dynamic contingency simulation. All kinds of frequency
controls can be compared by representing the amount of wind energy, uti-
lized for frequency control purposes [C3]. The system frequency is dynami-
cally simulated, and the frequency controls inside the wind power plants get
activated or not, dependent on the settings and the actual grid contingency.

Therefore, these service usages depend not only on the system state and
its probability but also on the evaluated contingency j and its probability p;.
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4.3. Reliability indices in wind-integrated power systems

The expected delivered frequency service (EDFS) due to this converter-based
frequency control power can be calculated with the additional frequency ser-
vice power delivered during the contingency.

N; Nj
EDFS = Z Z ServiceEnergy; ;- pi - pj (4.4)

i=1j=1
The used wind power for frequency control purposes can therefore be
used to determine how often the service is actually demanded. Fig. 4.9 shows
a generator outage in the power grid, which causes an under-frequency event.
The frequency control in the wind power plant is triggered to give active

power support for a short period, followed by a long recovery period.
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Fig. 4.9: Triggered frequency control due to under-frequency with a recovery phase in wind
power plants.

The used additional energy provided by the wind power plant per year is
an indication of how often the service is activated. Nevertheless, it is also de-
pendent on how often the additional wind power is available for the service
during these under-frequency events. The yearly additional frequency ser-
vice energy usage is also dependent on the TSOs frequency management, as
the additional power during the operation demands an agreement between
TSO and wind power plant operator. The wind power wasted during the
recovery phase should be measured in a similar way, as it indicates the dy-
namic efforts of the wind power plants to balance the benefits and drawbacks
of certain frequency controls. The same dynamic index assessment has to be
done when other frequency controls are used.
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With these reliability indices, it is now possible to assess the effect of
additional frequency controls in the power system. It has to be ensured that
system operators can test many different frequency managements to compare
them. System operators can affect the employed frequency controls in many
different ways. An accurate and fast reliability assessment is essential to find
the proper frequency control strategy for their specific power grid needs.

4.4 Ensuring an accurate frequency reliability as-
sessment

The power system frequency reliability assessment has to incorporate the dif-
ferent system states that occur during the operation of the power grid. For
this, the system model has to be accurate enough to represent the system
data. These states are the different amounts of demanded active power from
the loads in the system and, in the case of wind-integrated power systems,
the supply of active power from the wind power plants. The system loads
are represented with the LDC. Wind-integrated systems can use the distri-
bution of wind speed and wind turbine parameters to calculate the WPC, as
discussed before.

The reliability assessment has to be accurate with and without wind
power integration. However, it is essential to determine if the computational
efforts have to increase severely with this additional power grid equipment.
In modern power grids using frequency controls performed by the converter-
based units has to be determined, whether the details in the system modeling
has to increase, to estimate the system reliability indices correctly. It is clear
that frequency controls change the grid performance, but its impact on the
accuracy of the calculated reliability indices needs to be verified.

Evaluating all hours of the system operation with all possible contingen-
cies means an immense computational burden. Therefore, the reliability as-
sessment is limited by the amounts of incorporated simulations. Determinis-
tic reliability assessment uses a fixed number of load and wind power condi-
tions for the system state. Monte-Carlo simulations set a fixed total number
of simulations and assigning the load, wind, and contingencies in a random
manner, but considering their likelihoods. With a high enough number of
simulations, the results of this method tend to settle around the correct as-
sessment value with a certain accuracy.

4.4.1 Error in system representation

The number of simulations to correctly estimate the indices has to be chosen
carefully. With a deterministic reliability assessment, one can directly influ-
ence the system representation’s accuracy going into the system modeling.
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The two main input data that are evaluated are the LDC’s and WPC’s detail,
going into the assessment.

The main issue is the over- and under-estimation of different system
states, which influences the final reliability indices. Fig.4.10 shows the LDC
from the IEEE reliability test system (IEEE RTS). In this figure, five discrete
steps are going into the reliability assessment. Fig.4.11 shows the same LDC,
but with ten discrete steps used to represent the power system load. This
increases the details going into the reliability assessment but doubling the
computational efforts. It can be seen that the number of discrete steps has a
significant influence on the details in the system representation and, there-
fore, on the correct estimation of the system performance.
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Fig. 4.10: Five discrete steps used to model the ~ Fig. 4.11: Ten discrete steps used to model the
IEEE RTS load. IEEE RTS load.

The error between the actual LDC and the considered states can be calcu-
lated for all 8760 hours in one year as:

?Z610|LDCi - LDCdiscreteiI
L2 LDC;

In Fig.4.10 and Fig.4.11, the steps are split up with even steps in the sys-
tem load. Other strategies, such as the separation into constant probabilities,
can be realized as well. The load values and probabilities have to be chosen
so that the total system load consumed in one year is the same as described
in the LDC. Otherwise, the total system load during the year is changed, and
the system behavior is not evaluated correctly. The usage of different discrete
step numbers has a severe influence on Error;pc, as it can be seen in Fig. 4.12.

It has to be determined if the value of Error;pc can be used to determine
the accuracy of the reliability assessment. If this is true, then the system
operators can very fast define the number of required discrete steps without
the need for performing an unnecessarily high number of simulations.

Erroripc = 3 (4.5)
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Fig. 4.12: Error in LDC with different numbers of discrete load steps.

The same considerations have to be done with the other system data, as
the WPC in the wind integrated power systems. Here, Errorypc is utilized
to estimate the influence of wind power modeling details on the accuracy of
the assessment.

?2610|WPC1‘ - Wpcdiscretei‘
LY WPC;

The total system error in the system representation is taken as the sum-
mation of both the LDC and the WPC representation error.

Errorywpc = % (4.6)

Errorsystem = Errorppc + Errorwpc (4.7)

It has to be evaluated on how to utilize Errorsysin, to guarantee the ac-
curacy of the frequency reliability assessment. This error value can be cal-
culated without the dynamic system simulation but only with the LDC and
the WPC. So it is helpful to use it for the verification of the assessment when-
ever the WPC and LDC change, for example, due to changes in the frequency
management, as shown in Fig. 4.7, or when the LDC changes over many years
due to grid customer changes.

4.4.2 Accuracy of power system frequency reliability assess-
ment

To determine the accuracy of the reliability assessment outcome, one has to
evaluate the index values achieved with a certain number of load steps L and
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Table 4.3: ENAF values achieved with different numbers of simulation steps in the IEEE RTS.

ENAF  Number of Load Steps L~ Accuracy [%]

56.23 5 84.55
56.01 10 93.13
55.88 15 96.25
55.83 20 98.93
55.82 25 99.25
55.83 30 99.97
55.79 40 99.99
55.81 50 100

wind steps W. The index values are compared with the accurate solution,
Index ., which is estimated using a very high number of wind and load
steps. Then, the index values do not change anymore, even if the discrete
steps are further increased, as shown in an example for ENAF in Table4.3.
The accuracy of reliability indices is calculated by the estimated index values
assessed with a very high number of simulated system states as described

by:

(4.8)

Index | w — Index
AcC [ndex; yy = 100% — abs( LW ref)

Index ¢

This allows estimating whether the number of simulations is too low, and
the accuracy of the reliability assessment is severely affected. The total error
in the system representation can be assessed before the dynamic simulation.
Therefore, it can be used before the time-consuming assessment step to eval-
uate if the expected system indices are within a certain accuracy.

An example is the values for ENAF from the IEEE RTS taken with 1 GW
of installed wind power without frequency control. The number of wind
power steps is constant at 50 in these assessments. The number of load steps
is varied in Table 4.3. The reference value is determined with 50 wind and 50
load steps in this evaluation [J1].

The results from Table 4.3 show that ENAF, with the increasing number
of load steps, is getting closer to the reference value. Above 20 load steps,
ENAF does not change significantly anymore. A higher number of load steps
in the reliability assessment is not improving the accuracy anymore.

The same assessment is done with all other reliability indices from Ta-
ble4.1 and Table 4.2 to determine how L and W influence the total reliability
assessment. Certain indices may be more sensitive to the number of simu-
lations than ENAF. When utilizing frequency controls in wind power plants,
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this evaluation must include the indices describing the used control effort
from Section 4.3.

For this, the reliability of a wind power integrated power system has
been assessed with different numbers of discrete loads and wind power steps
[J1]. The values for Index s are assessed with 50 wind and load steps each.
Higher numbers have been evaluated as well. However, the index values did
not change anymore in the evaluated study case, when a further increase in
the number of states is used.

The accuracy achieved with the different step numbers from all indices is
combined to assess the total assessment accuracy. Fig.4.13 shows the average
accuracy of all assessed reliability indices. It can be seen that an average
index accuracy of more than 95% can easily be achieved, even with a low
number of evaluated system states. To guarantee that all indices are assessed
correctly, all assessed indices” minimum accuracy, shown in Fig. 4.14, are used
to evaluate the total accuracy of the reliability assessment.
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Fig. 4.13: Average accuracy of the reliability
assessment with different steps of wind and
load steps without frequency controls in the
wind power plants [J1].

Fig. 4.14: Minimum accuracy of the reliability
assessment with different steps of wind and
load steps without frequency controls in the
wind power plants [J1].

It can be determined with this method which number of considered sys-
tem states leads to high accuracy. System operators can choose a threshold for
the accepted level of accuracy required for the reliability assessment. With
this, the balance between simulation details and simulation efforts can be
found.

4.4.3 Influence of the system representation on the assess-
ment accuracy

The next step is to determine if there is a direct correlation between the accu-
racy of the reliability assessment and the Errorsyser, used to make the assess-
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Table 4.4: Errorsystem [%] for different numbers of discrete Steps. Red: Accuracy is not sufficient.
Green: Accuracy is sulfficient.

Load Steps

Wind Steps

ment. This would be helpful, as the error in the system representation can be
assessed without dynamic system simulation, but only with a comparison of
system LDC and WPC and the utilized discrete system states. Therefore, it is
fast to calculate and changes in the load or wind behavior can be evaluated
quickly.

Table 4.4 shows Errorgyster, with different numbers of discrete system states
in the IEEE RTS system, as shown in Fig. 4.1, with Wind Farm 1 in operation,
meaning 600 MW wind power plants are installed in the grid. The color in
Table 4.4 indicates the accuracy of the reliability assessment outcome. When
the reliability assessment is within the specified accuracy of 95%, it is marked
green. When the assessment is not accurate enough, the cells are marked red.
The minimum accuracy (as given in (4.8)) for all indices is used.

Table4.4 shows that a sufficient low Errorsyse, can be used as a crite-
rion for determining the reliability assessment accuracy. Nevertheless, the
obtained results show only one specific case for one system frequency man-
agement with a defined system behavior. The minimum number of required
system states in the assessment can be found with ten load steps and ten
wind steps, so with a total of one hundred evaluated system states. The
Errorsysten value is, in this case, 6.56 %, and every further increase in load
steps or wind steps will lead to a more accurate assessment with an even
lower Errorsysten. The accurate reliability can also be obtained with six load
steps and twenty wind power steps in the performed analysis. However, this
leads to a higher number of simulations and a higher remaining value for
Errorsystem, so this option provides no advantages.

It has to be determined if the relationship is the same when there are
severe changes in the power system, as a further increase in wind power
penetration, or in frequency management changes. As wind power plants
are increasingly considered for frequency controls in the power system, is
their effect further discussed in this work.
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Table 4.5: Frequency reliability accuracy dependency on system data and installed wind power

1]

Wind Power [MW]  Number of System States  Errorsystem [%]

600 80 7.88
System Data 1 1200 70 7.13
1800 84 6.62
600 140 8.28
System Data 2 1200 88 9.44
1800 130 8.37

44.4 Influence of LDC and WPC on the assessment accuracy

As a first step are the influences of different LDCs and WPCs discussed,
as their characteristics are highly influencing the actual system states in the
assessment and the outcome of the reliability assessment. Moreover, the in-
creasing number of wind power plants is assessed, as it does influence the
system behavior by reducing the required number of conventional generation
units.

Table 4.5 shows the results from [J1]. Different load and wind distribu-
tions were implemented into the IEEE RTS to determine the correlation be-
tween accuracy and the Errorgysien, as a measure for the accurate system
representation.

It can be seen that the amount of installed wind power affects the accuracy
of the reliability assessment. Nevertheless, the influence is minor compared
to the LDC and WPC changes, represented by the change from System Data 1
to System Data 2. The number of simulations required for the same accuracy
increases significantly. Errorgysien, on the other hand, can be seen as being
relatively constant. This concludes that a low value of Errorsysyn, can be
used to assess if the assessment outcome is being accurate. The influence
of additional frequency services in the wind power plants is addressed in
Section 4.4.5.

4.4.5 Influence of frequency controls on the assessment accu-
racy

The influence of frequency management changes on the reliability assessment
accuracy is challenging to address. Different decision-makings at different
states of the power grid, the change of demanded frequency services during
operation, and the set-point changes all cause non-linearities in the reliabil-
ity assessment. Nevertheless, the evaluation can be done for several critical
changes, in order to understand the possible variations of accuracy caused
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Table 4.6: Accuracy dependence on used frequency controls in wind power plants.

Wind Power [MW]  Number of System States  Errorsystem [%]

600 80 7.88

No Control 1200 70 7.13
1800 84 6.62

600 91 7.51

With Control 1200 88 7.59
1800 112 6.5

by this kind of grid operation changes.

The accuracy with different frequency controls and different levels of
wind power penetration is evaluated [J1]. The used frequency control scheme
is shown in Fig.1.15 and is based on the Danish grid code. A wind power
curtailment of 0.2 pu is used in this study.

The results in Table 4.6 show that the accuracy varies slightly with changes
in frequency management. This means that one can determine the accuracy
for some critical system conditions, by evaluating the relationship between
accuracy and Errorsysgen,. Afterward, a slightly higher number of discrete
system states can be found, which allows extending the accuracy above the
desired value.

The required amount of evaluated system states and Errorgysten, have been
shown to vary only slightly in the analysis. The impact of frequency con-
trols on system reliability does, therefore, not influence the accuracy of the
assessment. A high enough number of evaluated wind and load states is
guaranteeing that the reliability assessment can be used to compare different
frequency management methods.

The variations in the required value for Errorsys,, mean that there are
still small variations for different frequency managements. Low assessment
accuracy can be avoided with a slightly higher number of steps for the wind
and load characteristics than the minimum system state numbers assessed by
the proposed methodology.

In the used IEEE RTS with the load data given in [87], the required
Errorsysiem for guaranteeing a correct frequency reliability assessment can be
found to be at 7.2 % on average. The variation reaches from 6.5 % to 7.88 %.
As the goal is to find the minimum number of evaluated system states, the
used Errorsysem has to be chosen carefully.
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4.5 Conclusion

The presented methodology of assessing the wind power plant’s influence
on the frequency control allows the system operators to compare different
frequency management strategies. There can be different control schemes, as
well as different settings used in these controls. The indices describing the
wind power plant’s contributions to the frequency control during operation
can be used to find the control options best suited for reliable control of the
power system.

It is also possible to determine how many system states have to be incor-
porated to achieve the desired reliability assessment accuracy, which is im-
portant to reduce the computational burden while ensuring that the achieved
results can be used to evaluate system reliability. Errorsyss., has been intro-
duced as a quick estimation of the accuracy of the reliability assessment. This
value is nearly constant for a required accuracy threshold, even when WPC
and LDC change. The proposed methodology is therefore useful to plan,
even years ahead, the requirements for frequency controls. This is required,
as grid codes and the wind power plant controls can not change very fre-
quently, as it can take many years to implement new control functions into
equipment.

Previously, especially with using Monte-Carlo simulations, the number
of simulations had to be set arbitrarily high to ensure high enough accuracy
of the simulation. Now, the number of simulations can be reduced to the
minimum, even when concerning a safety margin. This allows performing
many frequency reliability assessments with changing frequency services by
wind power plants and other converter-based units.

In a more converter-based power system, the frequency management has
to go through fundamental changes. The accurate assessment is an essential
part of reliable frequency management in modern power grids. The influence
of new frequency controls, delivered by power electronic-based units, has
to be balanced with the frequency quality improvements provided by these
new services. As the number of possible frequency control schemes, their
settings and the grid conditions under which they are utilized are endless,
a way has to be found, that allows the system operators to compare a very
high number of options. This is essential to find the best-suited usage of the
frequency controls in wind power plants, but also in other converter-based
units. Therefore, a method is proposed in Chapter 5, allowing TSOs to design
their frequency management for improved reliability.
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Chapter 5

Design method for improved
frequency reliability

5.1 Background and Motivation

With the reliability indices describing the influence of wind power plants, one
can determine the required frequency controls in these units, to ensure a high
system frequency reliability. Chapter4 has shown, how the accuracy of the
reliability assessment can be guaranteed, allowing for a valid result, without
increasing the simulation burden too high. System operators are now in
the need of testing and evaluating multiple different frequency controls that
can be realized in converter-based units. Different frequency management
strategies can be utilized to improve the system frequency quality throughout
the operation. However, every power system is different from its size, the
change in load behavior, and the system operator’s strategies for frequency
controls.

System operators need to evaluate a large number of possibilities for the
type of frequency controls, using the exact settings, and when to activate fre-
quency services during operation. This requires multiple reliability assess-
ments, including dynamic system simulation. For this, the number of sim-
ulations per assessment is significant, as the assessment has to be repeated
often with variations in the frequency management.

The question now is, how can the system operators easily compare the
different options they have for the frequency controls in wind power plants?
And how can they determine the optimal solution for their grid operation?

To find the best usage of wind power plants for frequency controls, TSOs
have to change the way, they utilize the flexibility that is offered by the con-
trols in these units. The assessment has to meet the criteria in the following
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to utilize the converter-based generation units in the most reliable way.

e Incorporating the effect of frequency controls in wind power plants on
the entire system performance.

* Assessing a large number of frequency managements.

¢ Allowing an optimization process to find the best-suited solutions.

When these open issues are solved, it is possible for TSOs, to adjust the
frequency control usage in wind power plants to their specific grid require-
ments. This allows reacting to grid changes with optimal corrective actions
more easily.

5.2 Framework for the design for Frequency Relia-
bility

System operators have to compare and evaluate different strategies of their
remedial actions on the power system and their effects on frequency reli-
ability. This can be achieved with a framework for the design for reliable
frequency management, as shown in Fig.5.1.

The central part is the known dynamic frequency-security assessment.
The inputs to the assessment are fixed system descriptions, which do not
change. On the other side are the variable additional services, that are com-
pared with each other. The variables define an input vector of frequency
managements, used in the dynamic frequency-security assessment. The eval-
uation of the assessed reliability indices is an essential step, that allows com-
paring the system reliability according to the transmission system operator’s
requirements and reliability goals.

5.2.1 Fixed System description data

Some parts of the power system data can be kept constant throughout the
variation analysis in the system’s frequency management. This can be actual
data, such as the LDC or the WPC, or the number and type of generators in
the system. The fixed system description data describes the equipment, that
is connected to the power system and is not directly affected by the analyzed
changes. Even if the conventional generators do not change, there can be an
impact on the usage of the generation units throughout the operation. When
a steady-state wind power curtailment is demanded, then the conventional
generation units are utilized more to supply the system loads.
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Fig. 5.1: Framework for the design for improved frequency reliability in power systems with
wind power integration [J2].
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Fixed system data can also be the number of installed wind power plants,
depending on the variations used in the analysis. In these cases may the num-
ber of turbines change to see the impact of higher wind power penetrations
on the frequency quality.

The fixed system inputs can also be policies used during system opera-
tion. This includes under-frequency load shedding strategies or settings for
the protection of equipment in case of over- or under- frequency. Other strate-
gies, that can be fixed, are the scheduling of conventional generation units,
determining when to use which unit during which system conditions. Also,
the amount and design of primary and secondary frequency controls can be
kept constant. Still, the usage during operation is affected by the frequency
management changes.

However, to compare different strategies, variable frequency manage-
ments are defined, and their influences on the system reliability are assessed.

5.2.2 Variations of frequency services

The system operator defines the variations at the beginning of the design
process. Different frequency managements can be used for the assessment
of their performance. The variations can include a wide variety of system
operational decisions, as system operators can intervene during operation
with different remedial actions, depending on the current system state.

The variations in the wind power plant usage for frequency controls in-
clude:

¢ Different frequency control schemes
 Different settings in these frequency controls

¢ Scheduling the activation of frequency controls

With this, the variations in the frequency controls can be realized with a
very high degree of freedom for the system operator. All defined variations
are evaluated in the dynamic frequency-security assessment, and the reliabil-
ity indices are calculated. The dynamic simulation has to respect the system
operator’s decisions that are executed in the steady-state at simulation start
to change the dynamic behavior of the connected wind power plants.

As an example, the influence of two different scheduling scheme for the
usage of frequency control services provided by wind power plants is dis-
cussed in [J3]. The system operator’s decision-making when to activate a
VSM-based service is assessed. For this, different criteria for service activa-
tion are used. Once, the activation is based on the total system inertia in
the power system, activating the service during weak grid conditions with
the total system inertia being below different thresholds. Another scheduling
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strategy uses the converter-based penetration, as this potentially leads to a
service-activation when the wind power plants can contribute the most.

The evaluated variations are not restricted to renewable or converter-
based units. Conventional generation units can also be changed in their
participation in the system frequency control. It can be assessed, for ex-
ample, how much primary controls can be replaced by wind power plants
with frequency supporting functions. This is required in the further share of
converter-based units into the power system required for the transition into a
fully renewable-based system. The variations can be seen as an input vector
going into the assessment procedure.

5.2.3 Evaluation

The evaluation procedure is important in order to decide which evaluated
frequency management is the most reliable one. The evaluation method com-
pares the reliability indices, that are calculated in the previous step with the
requirements from the transmission system operators. These requirements

The evaluation takes as input all the indices from the dynamic system
simulation. Simple evaluation strategies only compare a reduced number of
indices with each other, such as the benefit of reduced load curtailment with
the additionally ordered frequency service, like described in Section4.3.2.
More advanced evaluation methods include more indices, to see the fre-
quency management’s impact on the system operation as a whole. This
requires much more consideration but allows to operate the system in the
most reliable way.

Assessing a reduced number of indices

With wind power plants” usage for frequency controls, the main drawback is
the non-injected wind power during operation when available. This potential
energy is not sold to supply the system loads and is to be compensated by
the transmission system operator and, finally paid by all consumers in the
power grid. The benefit of the additional frequency controls is reducing the
number and duration of abnormal frequency events and preventing system
loads from being curtailed.

System operators can compare the effect of their tested frequency manage-
ments by the change in the index value. This is done in the study case shown
in [J2]. For this, one reference system state is chosen, used as a benchmark
for the system’s operational frequency reliability. The effect of the variation
in frequency controls can be expressed with the change in the selected index
values.

Alndex = Index — Index,,s (5.1)
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The change in index value allows comparing the change in system behav-
ior, caused by the additional frequency controls. The comparison of different
indices will, in some cases, be challenging, as the indices describe different
characteristics. As an example, the number of abnormal frequency occur-
rences and the wasted wind energy can be compared to evaluated the impact
of frequency controls in wind power plants. These two indices are important
to quantify the reliable operation of the system but describe entirely differ-
ent behaviors in the power system. Therefore, the indices can be calculated
relative to their reference value.

Index — Index,f

Alndex,,; = (5.2)

Index;, ¢

The relative index change allows to compare the influence of frequency
managements. However, this is not applicable for certain indices, such as the
usage of frequency controls, where the index value is zero in the reference
case, as described in Section4.3. In such cases, purely the change in system
index can be used for comparison. Sensitivity analysis allows further tuning,
for example, control settings for the most efficient ratio between frequency
quality improvements to the usage of frequency controls. This can be seen as
the sensitivity of one index to another.

Alndexq

Alndexs .o (5:3)

SenSitivit]/Indexl,lndex2 =

This methodology can be used when system operators only aim to com-
pare two index values, e.g., the increase in EWEW with the improved under-
frequency quality, as done in [J2]. There, a Droop-based frequency control
scheme originating from the Danish grid code is utilized [41]. The amount
of curtailed wind power in steady-state is varied and the system reliability is
compared.

ANUF,
AEWEW,,,

Fig.5.2 shows the absolute value of the number of abnormal frequency
occurrences in the evaluated case study in the IEEE RTS. This is influenced
by the set value of wind power curtailment in steady-state. The total amount
of wind power, wasted during operation is shown in Fig.5.3.

The absolute values change with the amount of installed wind power
plants in the system and with the decision of the system operator to change
the amount of curtailed wind power. The change due to the frequency man-
agement variation is calculated according to (5.1), the results are shown in
Fig.5.4 and Fig.5.5.

The ratio between the increased efforts and the improvements in fre-
quency quality can be determined to find the most effective usage of the

SensitivityNup,Ewgw = (5.4)
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frequency control in the wind power plant. This is then the sensitivity of
NUF to EWEW, allowing power system operators to decide on the best ratio
of frequency quality improvement to the least amount of frequency control
effort. The sensitivity is then used as a toll to find the most reliable operation
of the grid with wind power contributing to frequency control.

Analyzing this sensitivity can help the system operators to determine the
impact of different frequency controls on the system’s reliability. However,
this is limited to two indices that are compared to each other. When deciding
for frequency control, based on the sensitivity of two indices, the other indices
are ignored and do not contribute to the decision.

Another benefit of the additional frequency services can be that conven-
tional frequency controls are used less when the frequency control is replaced
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Fig. 5.6: Sensitivity of NUF to EWEW for different numbers of wind power plants and changed
frequency control settings [J2].

by the frequency controls in wind power plants. This is clearly dependent on
frequency management strategy. The shown example is limited to only con-
sider a reduced number of indices to the system operator’s decision. This
ignores the other, maybe significant, effects of reliability changes on the eval-
uation.

Assessing a large number of indices

The consideration of many indices allows studying the impact of the fre-
quency management changes on the system operation as a whole. However,
this requires looking at a list of parameters for each variation and to compare
the differences in system performance. In [C3] is the impact of two different
frequency controls compared and the reliability indices compared. One fre-
quency control is Droop-based, so the active power change is proportional to
the frequency deviation. The other one is emulating inertia, aiming to reduce
the rate of change of the frequency. Both frequency controls aim to improve
frequency quality, reducing the number and duration of abnormal frequency
states, as well as reduce the total amount of curtailed system load due to
UFLS. The reliability indices describe the system performance, as described
in Section 4.3 with the IENS and ECU being used combined energies for pri-
mary and secondary frequency controls in the study case. The total wasted
wind energy is the combined wasted wind energy in steady-state and due to
the frequency control during contingencies.

The calculated system reliability indices in the used study case are shown
in Table5.1 for the Droop-based frequency control and in Table5.2 for the
frequency control using an inertia-based control scheme.

The variations do not only include the two control schemes, but also two
different settings for each control scheme in order to see their impact on the
system reliability.
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Table 5.1: Reliability indices using Droop-based frequency control [C3].

Parameter No Wind Wind Included Droop1 Droop 2

NOF 5.84 6.44 5.86 5.73
NUF 80.1 82.24 81.34 79.5
ENAF 85.94 88.69 87.2 85.23
OFD 0.543 0.885 0.55 0.54
UFD 17.95 19.98 18.7 18.62
EAFD 18.49 20.83 19.25 19.16
ENS 348.6 370.2 347.97 339.1
EWEW 0 0.0766 0.0488 0.061
EWES 0 0 0.0623 0.0851
IENS 150.2 145.2 148.14 148.6
ECU 9.2 10.11 9.63 9.55

A large number of indices makes it difficult to determine, which evalu-
ated frequency management is the most optimal one for the evaluated power
system. Transmission system operators have to describe their aims for the
different indices to evaluate the balance between frequency control effort and
the risk of the system being in an abnormal state.

Another approach is to find the minimum of a total reliability function,
that combines all indices, as shown in Fig.1.18. The balance, in this case,
can be found when a ’cost’-function is used to give each index a comparable
value. The "costs’ for frequency quality and for frequency controls are then
all added up. The global minimum is seen as being the most reliable fre-
quency management. However, it has to be considered, that the indices that
are evaluated and compared might be very different in nature. It is not easily
possible to combine the number of abnormal frequency occurrences per year
with the duration of these events, and also with the total amount of load
not being supplied. From these three indices, only the energy not being sup-
plied to system loads can be directly translated into costs, as under-frequency
load shedding requires a payment to the customers for the energy not being
supplied.

A method, that allows TSOs to combine multiple indices is shown in Sec-
tion 5.3, where TSOs can combine different indices dependent on their rela-
tive change due to a frequency management variation [J3]. This can help to
easily assess a larger number of frequency managements.
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Table 5.2: Reliability indices using inertia-emulating frequency control [C3].

Parameter No Wind Wind Included Inertial Inertia 2

ENOF 5.84 6.44 5.86 5.62
ENUF 80.1 82.24 79.4 78.4
ENAF 85.94 88.69 85.26 84.02
EOFD 0.543 0.885 0.588 0.535
EUFD 17.95 19.98 18.46 18.2
EAFD 18.49 20.83 19.04 18.735
EENS 348.6 370.2 337.8 326.4
EWEW 0 0.0766 0.035 0.0398
EWES 0 0 0.12 0.153
IENS 150.2 145.2 149.6 149.7
ECU 9.2 10.11 9.63 9.62

5.2.4 Feedback for further improvement

After the evaluation of the system reliability, the system operator has to de-
cide if the achieved operational frequency reliability matches the grid require-
ments or not. If not, then further changes to the frequency management are
required. This can mean that other control strategies or scheduling strategies
need to be implemented and tested.

The feedback can also be utilized to optimize the settings in frequency
management, such as thresholds for activation or the settings inside the con-
trol schemes. With this, an optimization of the frequency management can be
done, that narrows down from larger to smaller steps between the different
iterations.

Fig.5.7 shows an example of the possible optimization for the most re-
liable activation of VSM-based frequency services. It shows two rounds of
iterations, where the system non-synchronous penetration value is taken to
decide the frequency service’s activation. In the first round, the evaluated
threshold settings for the activation are chosen with a relatively wide dis-
tance between each other. When the outcome is not sufficient to the oper-
ator’s reliability requirements, then the used threshold values are narrowed
down around the current best solution. This defines the next round of iter-
ation until the solution is sufficient. If the evaluated strategy does not find
a suitable solution, then the system operator must repeat the process with a
different frequency management setting.

This optimization process can be further improved by different optimiza-
tion techniques. For example, improving the interpolation between the al-
ready tested variations for further narrowing down the values for the follow-
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Fig. 5.7: Optimizing the frequency management to find the best setting for service activation.

ing iteration.

The same kind of optimization can be done with the settings inside the
controls in parallel. With the VSM-based service, one can change the emu-
lated time constant and the threshold to activate the service in parallel. This
allows finding the global optimum usage of the frequency service during op-
eration. The variation is then not only a vector of results, but it can be a two,
or even a multi-dimensional matrix of solutions.

In order to evaluate this high number of system reliability results, a method
is proposed, that allows to include all assessed reliability indices in a fast way.

5.3 Fuzzy-based reliability evaluation

As described in Section 5.2.3, an evaluation of all calculated reliability indices
is required, when the system operator wants to guarantee the most reliable
operation of the power grid.

A multi-index evaluation method that allows for customization to include
specific TSO requirements is needed. One method to do this is presented in
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[J3]. Fuzzy logic is used to combine all assessed indices into only two values,
making the comparison more practical. These two values are the system Risk
of not operating in a reliable way, and the Effort of the frequency controls.
Fuzzy-logic is introduced to emulate language-based decision-making [92,
93]. It is already used for the reliability assessment procedure, describing the
probability of the system states to reduce the simulation burden during the
assessment [94-97]. The fuzzy-sets are thereby used to represent the system
states” probability, such as load distribution. In some works [94-96], this
is directly going into the assessment method; in others, the fuzzy-logic is
utilized together with Monte-Carlo simulation to incorporate uncertainties in
the system description [97].

However, until now, it is not utilized to evaluate the power system fre-
quency reliability. Two values are calculated in [J3] to assess how the system
reliability changes with additional frequency controls in wind power plants.
The overall scheme for the proposed evaluation method is shown in Fig.5.8.
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Fig. 5.8: Fuzzy-based evaluation method of system reliability [J3].
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The indices are split up into two different categories. One describes
the system frequency quality, including ENAF, EAFD, and the amount of
load curtailment EENS. These indices describe the Risk of the system fail-
ing. Higher Risk indicates that the system performance decreases and the
number and duration of abnormal states increases. Reduced Risk means that
additional frequency controls benefit the system and abnormal or emergency
states can be avoided.

The Effort calculated with the proposed methodology describes the num-
ber of used frequency reserves. This includes the curtailment of wind power
in steady-state to maintain minimum system inertia and the actively used
wind power during contingencies. The conventional frequency controls are
included in the system Effort as well. This enables a fuzzy-based evaluation
to describe more complicated changes to the system frequency reliability. It
can easily be used to determine, which amount of conventional frequency
controls could be replaced by wind power plants without negatively affect-
ing the frequency quality.

The presented evaluation method is separated into three steps; fuzzifica-
tion, interference, and defuzzification [92].

5.3.1 Fuzzification

The calculated reliability indices are fuzzified as the first step. The index val-
ues are assigned to certain fuzzy sets with a share dependent on their values.
This is also referred to as the membership to a certain set. The index value
compared to a reference scenario is evaluated to determine increasing or de-
creasing index values with variations in frequency management, as described
in Section 5.2.3.

The three used fuzzy sets are ‘Low’, 'Normal’, and 'High’. They are as-
signed for all calculated reliability indices separately. Fig.5.9 shows the as-
signment of an index with a relative value of 93.33 %, meaning the currently
evaluated frequency management variation has reduced the index value by
6.67 %. The index is, in this case, assigned by one-third to ‘Normal” and
two-thirds to ‘Low’, meaning the index value has decreased compared to the
reference system assessment.

The shape and the number of sets can be defined by the system operator
and his needs for the evaluation process, however, a linear assignment with
three sets per index is fast to do in the evaluation and can be used with only
minimal efforts.

An important feature of utilizing fuzzy-logic is, that the system operator
can decide which indices are the most critical ones for his system. This is
realized with two levels of importance or priority in [J3]. The most important
indices are ‘weighted” higher in the interference step to determine the evalu-
ation outcome, so their change is taken more into account than variations of
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Fig. 5.9: Fuzzy-based evaluation of the system reliability [J3].

the lower priority indices.

In the study case, to determine the system Risk, the EENS is weighted
with a higher priority than the indices ENAF and EAFD, as the loss of system
loads weights higher than the frequency being in an abnormal state more
often without losing any equipment. The assignment of all indices from the
study case is shown in Table 5.3.

Table 5.3: Frequency reliability-related Indices.

Priority Index

Reduced Priority =~ ENAF
Risk  Reduced Priority =~ EAFD
Increased Priority =~ EENS

Increased Priority ~ EVSM
Effort Increased Priority = EWEW

Reduced Priority IENS

Reduced Priority ECU

When combining two indices, the average fuzzy membership is used. So,
as an example, the membership of the Risk being 'Low’ for the increased
priority indices is:

MRisk, IncreasedPrio, Low — MEENS, Low (55)

Whereas the reduced priority being influenced by the memberships of
ENAF and EAFD.

MRisk, ReducedPrio, Low — 0.5- (MENAF, Low + MEAFD, Low) (5-6)

The prioritization of indices allows the system operators to include their
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requirements for a highly reliable system. This highly influences the calcula-
tions in the following step.

5.3.2 Interference

The interference combines the different sets and their memberships from the
fuzzyfication step. The rules established in the interference matrix combine
the previously assigned memberships with each other, as shown in Table 5.4.
As a result, there are five sets with different memberships calculated. These
five sets are named "Very Low’, 'Low’, "Normal’, "High’, and "Very High’.

Table 5.4: Interference matrix used to combine multiple input indices

Increased Priority
Low Normal High
Low Very Low Low High
Reduced Priority | Normal Low Normal High
High Low High Very High

The combination is done by multiplying both the increased and reduced
priority memberships to determine the outcome set membership value. As
an example, the membership for "Very Low’ system Risk is determined by:

MRisk, VeryLow — MRisk, ReducedPrio, Low * MRisk, IncreasedPrio, Low (5'7)
Or, when calculating it from the indices EENS, ENAF, and EAFD:

MRisk, VeryLow = MEENS, Low * 0.5 - (MENAF, Low + MEAFD, Low) (5.8)

The used combinations in Table 5.4 implement the relationship between
increased and reduced priority indices. When two combinations are used to
describe the system reliability, then the separate memberships are added to
each other. This can be seen with the calculation of the "Low’ membership.

MRisk, Low — MRisk, ReducedPrio, Normal * MRisk, IncreasedPrio, Low
+MRisk, ReducedPrio, High * MRisk, IncreasedPrio, Low (5~9)

+]\/IRisk, ReducedPrio, High * MRisk, IncreasedPrio, Normal

The combination of the different reliability indices into the five output
sets describe their relationship towards the reference system reliability. The
five memberships are, in the last step, combined to one value, which allows
a fast assessment. This process is done for the Risk-related indices to deter-
mine the total system Risk, and then separately for the Effort-related indices,
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describing the total Effort of the system in regards to the frequency controls.
The system Risk or Effort increase or decrease with the evaluated frequency
management variations.

5.3.3 Defuzzyfication

The defuzzification is the last step in every fuzzy logic. In the proposed
evaluation method, combines the defuzzyfication the different output mem-
bership functions from the interference matrix into one value, that is used as
the result of the entire fuzzy logic.

The result is calculated by assigning five values to the five presented sets
and then multiplying them with the respective membership functions. The
set values for the study case are shown in Table 5.5.

Table 5.5: Values assigned to the five output sets.

Set Assigned Value
Very High 5
High 2
Normal 1
Low 0.5
Very Low 0.2

This assignment results in an output value of one for the reference case,
as then all indices are assigned 'Normal’, leading to a 'Normal” output set
membership of 100 %. When the indices rise in value, then the output is
greater than one. This can occur, for example, when the frequency control
usage rises with the more extensive usage of frequency controls in the wind
power plants. In this case, is the frequency quality improved, so the Risk-
related indices are decreasing, meaning the system Risk is lower than one.

The reduction to two values describing the Risk and Effort allows to eas-
ily compare different control variations, especially when many parameters
evaluated for different settings. The evaluation of the study case from [J3] is
described in the following, to give a guideline on how to utilize the achieved
results.

5.3.4 Evaluation of results

The fuzzy-logic based evaluation allows for a fast comparison of different
frequency management strategies. In the end, the operators have to look at
the actual results. However, this method can be used to discriminate very fast
between promising and ineffective frequency managements, as also shown
in the study-case in [J3]. The scheduled activation of VSM-based frequency
control is described. Two different scheduling strategies for determining if a
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VSM-based service is required are compared. The first one is based on the
remaining system inertia, so whenever the inertia in the system is below a
certain threshold, is the service in the wind power plants activated. The other
scheduling scheme calculates the percentage of converter-based penetration
SNSP. Whenever the SNSP is above a given threshold, then the service is
ordered.

Evaluation of one reliability assessment

One example of the reliability evaluation is given to illustrate the fuzzy-logic.
The study case with VSM-control activated when the SNSP is at 50% is shown
in detail in the following. The Risk-reliability indices of the reference case
and of the evaluated study case with VSM-based frequency control in wind
power plants are shown in Table 5.6.

Table 5.6: Risk-related reliability indices for the evaluation.

Index Reference Case  Analyzed Case

ENAF 39.67 37.56
EAFD [min] 55.21 54.37
EENS [GW] 6.234 5.902

This causes the Fuzzy-membership of these indices according to the fuzzy-
fication described in Section 5.3.1. The memberships of these three indices to
the three utilized sets are shown in Table5.7.

Table 5.7: Memberships of the Risk-related reliability indices.

Index Low  Normal High

ENAF 0.5319  0.4681 0
EAFD 0.1521 0.8479 0
EENS 0.5326  0.4674 0

It can be seen in Table 5.7, that all indices are reduced due to the utilized
VSM-based control in the wind power plants. In the next step are these in-
dices combined with the interference matrix, shown in Section 5.3.2, resulting
in five membership values for the Risk of the power system frequency.

Table 5.8: Fuzzyfied reliability indices

Very Low  Low  Normal High Very High

Risk 0.1821 0.5103  0.3076 0 0
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The five memberships from Table 5.8 are weighted as described in Sec-
tion 5.3.3 to calculate the total Risk of the power system frequency reliability.
The Risk is reduced due to the VSM-based control from 1 to 0.5627. This
procedure is repeated for all analyzed variations to assess, which frequency
management the most reliable one for the evaluated power system.

Evaluation of multiple reliability assessment

The results for the evaluated study case are shown in Fig.5.10. Each point
describes the evaluation result of a different threshold setting of the two used
scheduling schemes. The reliability results calculated in the previous Section
is marked in Fig.5.10 with a black circle.
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Fig. 5.10: Fuzzy-based reliability evaluation of SNSP and TSI-based service activation strategies
[J3]. The black circle marks the result, calculated in the previous Section.

The results are obtained for various threshold settings to evaluate, which
one activates the service more reliably. This means the service is demanded
in cases where the grid is weak and can benefit the most. Higher reliability
can also occur when the wind power plants are operated in a way, that allows
them to contribute effectively during operation.

The system Risk and Effort without additional frequency control are taken
as the reference system reliability, indicated with Risk and Effort values of
one. The evaluated reliability with frequency control decreases the system
Risk while increasing the Effort. The SNSP-based scheduling is more effec-
tive than the TSI-based one in the presented study case. The system Risk is
reduced more with the SNSP-based scheduling with the same increase in Ef-
forts. This means, that the service is demanded less often in conditions when
it is not required [J3].
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This kind of evaluation allows fast comparison of many different fre-
quency management strategies, that respects all the assessed indices. Trans-
mission system operators can then determine which strategies are fulfilling
their reliability requirements.

54 Summary

In the modern power grid, which is dominated by converter-based gener-
ation, the frequency management is challenging. Converter-based units can
implement various system services to assist the grid in different ways. System
operators have to decide when to demand these services by the renewable
power plants and when not to do. The control settings can also be adapted to
the current grid needs, as communication links are already set in place. The
proposed framework for the design for frequency reliability allows system
operators to evaluate and compare multiple frequency managements. This
allows determining the best-suited strategy for operating the power system
with a strong influence of converter-based generation units to the frequency
control.

The proposed fuzzy-based evaluation allows the combination of many
very different reliability indices to find very fast the frequency managements
which are the most beneficial for the reliable system operation. This is im-
portant, as modern power systems have to consider the influence of multiple
equipment types. The reliability indices describe different operational time
frames and policies, as described in Section 4.3. The exact settings and strate-
gies still require a more in-depth consideration of all evaluated indices. How-
ever, the combination of indices with the fuzzy-logic allows identifying the
frequency managements worth considering in more depth. The feedback-
loop in the proposed framework in Fig.5.1 introduces the option for op-
timization for frequency quality enhancements with the required effort in
frequency controls.

The reliable operation of the power grid with increasing penetration of
renewable sources puts the power system under severe pressure. The re-
placement of conventional generation units with power electronic-based ones
reduces the system inertia and increases the risk of abnormal frequency vari-
ations. The design for additional frequency services from converter-based
units can highly benefit the system operation. But they have to be designed
carefully to balance the frequency improvement with the effort by the con-
trols.
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Chapter 6

Conclusion

This chapter summarizes the main results and research outcomes of the Ph.D.
project Reliable Control of Power-Electronic-based Power Systems. Initially, a brief
summary of the thesis is given, then the research contributions are high-
lighted. Finally, future research perspectives are discussed.

6.1 Summary

Increasing the penetration of renewable power generation units puts the ex-
isting operation of the power grid under high stress. The main focus of this
Ph.D. is to improve the grid operation with the support of converter-based
units. Voltage and frequency are two important values that define the health
of the power grid. Power-electronic-based converters cause new challenges to
arise, but they can also be the solution. The modern-day challenges of utiliz-
ing the flexibility these units offer regarding frequency and voltage support
have been discussed in this Ph.D. thesis. The results and research outcomes
of this Ph.D. project have been summarized in the form of a Ph.D. thesis
based on a collection of six papers. A brief summary of the Ph.D. thesis is
given in the following.

In Chapter1, the main challenges related to the reliable power system
operation with a high penetration of renewable generation are discussed.
Transmission system operators have named the system frequency and system
voltage maintenance as their most serious concern in the modern, power-
electronic dominated power grid. To keep the system voltage under control,
converter-based units are already contributing to the voltage controls at their
point of connection. However, this arises new challenges, especially with the
interaction of parallel voltage controlling units with a fast response time. The
faster the voltage is controlled, the more care has to be taken to design these
controls.
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Additionally, the system frequency control sees severe changes. The re-
placement of conventional generation units causes a significant reduction
in the physical inertia during high renewable penetration phases. Here,
converter-based units can contribute, but this has to be managed and co-
ordinated by the transmission system operator. The inclusion of wind power
plants into frequency management is currently in progress but has to be fur-
ther improved under the changing grid conditions.

The dynamic voltage control by power-electronic converters offers signif-
icant potential to increase the system voltage’s stability during operation.
Fault-ride-through and reactive current injection during transients are al-
ready a vital part of handling under-voltage situations. However, it is an
entirely different task to reliably control the system voltage around the nor-
mal operating band during dynamic grid disturbances. This is typically as-
sisted by FACTS units, which are often installed together with large wind
power plants or at remote locations in the grid. The further integration of
many of these units in one area causes the problem of coordinating their
reactive powers for the reliable control of the system voltage. In Chapter2
of this Ph.D. thesis, the voltage controllers” adaption to a variety of parallel
operations of these units is discussed. The controller interaction of the units
at the same location is shown and also how to calculate the new settings to
mitigate them. This guarantees constant controller dynamics and stable con-
trol of the grid voltage. The distributed installation of these units causes a
reduced controller interaction, due to the impedance between the units. Nev-
ertheless, it is essential for safe system operation to consider these states and
to adapt the controller response for these cases. Therefore, this is included
in the controller adaption, allowing to operate multiple units near to each
other. This allows for wider usage of this kind of unit, stabilizing the system
voltage at critical buses for a more reliable grid operation.

Another issue related to voltage control is the estimation of the grid
strength. Units today perform a penetration test to determine the voltage
deviation related to a forced reactive power change. This test is no longer
viable when multiple units operate in parallel, as they interact and change
the measured grid strength significantly. A control scheme is proposed in
Chapter 3 that allows improving the unit’s control of the grid voltage behav-
ior. One main advantage is, that the proposed control is no longer dependent
on the grid perturbation test, as it is nowadays required to estimate the grid
strength. The proposed control compares the designed and the achieved con-
trol dynamics to determine if the estimated and the real grid stiffness match.
The control allows parallel operation of multiple units at different grid loca-
tions or the same bus. It incorporates the findings from Chapter 2 and allows
for fast but reliable voltage control that is required in modern power grids.
The control includes different improvements to its performance, like the fil-
tering of minor voltage disturbances, while making the control adaptation
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speed independent from the initial grid voltage disturbance. This control
makes it possible to install more fast voltage controlling units in one area,
making all units only committing as required. This further allows for higher
integration of renewables, even in remote locations.

The focus of Chapter 4 is the assessment of the operational frequency re-
liability of wind-integrated power systems. Transmission system operators
face new challenges with the wind power plants’ usage as a vital part of the
frequency management in modern power grids. During operation, the oper-
ators have to decide if their frequency reserves are sufficient or if wind power
plants have to be included in the active power balancing. Wind power plants
are capable of a variety of frequency services. However, their contribution
has to be balanced with the increase in frequency quality throughout the op-
eration. This is done by introducing new reliability indices that determine
the amount of frequency control usage throughout the yearly operation of
the wind power plant. It incorporates the impact of frequency controls dur-
ing the steady-state, such as the curtailment of wind power injection, as well
as the usage of frequency controls during contingencies during operation.
Another important aspect is the reliability assessment design. One central
question is, if the change in frequency management from a conventional to a
converter-based one influences how the system has to be modeled for ensur-
ing an accurate assessment outcome. It is discudded in Chapter 4 how wind
power integration can be incorporated with a minimum number of evaluated
system states to represent the power system behavior correctly.

The methodology presented in Chapter4 is utilized to propose a frame-
work that allows transmission system operators to ‘Design for frequency
reliability’. This framework is described in Chapter5. It can be utilized to
compare variations of frequency managements, including different control
schemes, controller settings, and service usage scheduling. The framework
evaluated these different frequency managements and allows transmission
system operators to find the frequency controls best suited for their specific
grid conditions and operational goals. This is emphasized with a fuzzy-
based evaluation step, which utilizes the different reliability indices calcu-
lated by the assessments. System operators can implement their goals and
define which indices are the most critical ones without ignoring the rest of
the indices. The reliable usage of converter-based units for frequency con-
trols changes the way the system frequency is maintained. The transition to
fully-renewable power systems is only possible if all components contribute
to their ability. Power electronic-based units offer system operators a, before,
unknown degree of freedom in how power systems are managed. This new
freedom is just at the beginning of being used in power grids today.
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6.2 Main Contributions

The main research contributions of this Ph.D. project are summarized below.

Understanding the interactions of fast voltage controlling units

The analysis, how different STATCOM units, or other FACTS units perform-
ing fast voltage controls, interact is studied. It is shown that it is possible
with conventional PI-Controllers to allow for a reliable voltage control un-
der a wide span of grid conditions. The evaluated system constellations are
the parallel operation of similar units at one bus, which is further extended
to units of different rated powers, and finally to the placement of the units
distributed more widely in the power grid.

Adapting the voltage controls to a variety of different grid con-
ditions

A voltage control scheme is proposed to optimize the dynamic system per-
formance to mitigate system voltage errors. The proposed control is based
on a PI-controller, which is also widely used in industry today. An observer
is used to compare the desired and the real voltage dynamics in the power
grid to increase or reduce the estimated grid strength and it is adapting the
PI-controller settings. This makes other control changes, such as fuzzy-based
controls or artificial intelligence-based solutions, obsolete. The proposed con-
trol is also advantageous, as it is based on only observing the grid conditions,
rather than disturbing the grid with a reactive power penetration test, which
is performed in the industry today.

Including wind power plants into the operational frequency
security assessment

The inclusion of wind power plants into the frequency controls requires de-
termining the frequency control usage of these units during operation. There-
fore, new reliability indices are proposed allowing to compare different fre-
quency management methods for their operational frequency reliability. The
impacts of wind power curtailments during the normal grid operation have
to be considered, but also the frequency control usage during contingencies.
This allows TSOs to balance the frequency improvements with the control
efforts, which are required to achieve them.
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Balancing the computational burden with the achieved accu-
racy of the reliability assessment

A method is proposed to evaluate the assessment process for the system
frequency’s operational reliability. It is shown that the number of evaluated
system states determines the respected details of the system modeling. This
can be used to guarantee the accuracy of the frequency reliability assessment.
Also, it is discussed how additional frequency controls in wind power plants
impact the system’s reliability assessment design.

Design the system for frequency security with wind power
plant contribution

Utilizing the reduced computational burden and including wind power plants
into the frequency reliability offers the possibility to optimally design the fre-
quency management. This work proposes a framework that compares differ-
ent frequency control schemes, scheduling strategies, and controller settings.
This puts transmission system operators in a position to evaluate, which fre-
quency control strategy is the most suitable one for their specific power sys-
tem aims and conditions. A special evaluation tool is also proposed that
incorporates all assessed reliability indices with the specific requirements of
the transmission system operator. This is required to compare a large number
of possible frequency managements to find the most reliable one for main-
taining the power system frequency.

6.3 Research Perspectives

Despite investigating several aspects of the controls of power electronic-based
units that allow a reliable system operation, there are still potential issues and
challenges, which need to be addressed for the power system operation:

Hardening the voltage controller design

The proposed voltage control adaption can find some limitations when used
in real power grids. Whenever the system strength value deviates severely
from the estimated one, the proposed voltage control adaption technique can
be too slow. This may prevent the unit from protecting the system from
initial voltage overshoots. For this case, additional safety measures should be
implemented. It has also to be evaluated how the controller behaves when
even faster voltage control devices are being developed. The dynamic voltage
behavior may then change severely, violating the defined rules of the control.

113



Chapter 6. Conclusion

As mentioned in Chapter 3, it is still an open question of how to tune
much slower voltage controls, as implemented in wind power plants today.
These units can not rely on the proposed solution, as the much faster FACTS
units may have partially already restored the system voltage. The control
can be designed slower in this case, but there are not always FACTS units
installed together with wind power plants, so there are various possible grid
conditions, that have to be considered.

Further improving the operational frequency reliability assess-
ment

This work has shown a method to reduce the simulation burden for the fre-
quency reliability assessment. However, other methods can reduce the bur-
den even more, when the wind and load states are modeled differently. The
error in system representation can then even further be reduced without an
increase in the number of simulations. This allows for a faster assessment
procedure or one with higher accuracy with the same number of simula-
tions. It should also be discussed, which grid contingencies are going into
the reliability assessment, as this can also allow for a reduction in the needed
simulations. This is needed, as, in modern power grids, multiple different
frequency control schemes have to be tested and compared with each other
in order to have a complete mapping of the system reliability.

Evaluating different indices for frequency reliability

The used indices for frequency reliability may not be sufficient in modern
power grids to determine the abnormal system states. Especially the evalua-
tion of the RoCoF is becoming of more importance when the system inertia is
further reduced with higher penetration of converter-based generation. How-
ever, evaluating the RoCoF in a probability-based assessment, as used in this
work, is not used so far. With RoCoF, system operators have to decide on
normal and abnormal system states. These are signs of the system being at a
higher risk of failing. Also, RoCoF is a much more local phenomenon than
NaDir. Areas with only a small amount of inertia see much higher values of
RoCof than the rest of the power grid. Then, local violations of thresholds
lead to the misbehavior of equipment in certain grid areas. To better evaluate
these effects, a larger multi-bus system must be modeled and used in the
reliability assessment, simulating this behavior.
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Abstract—STATCOMs with voltage control are known for their
fast reaction time to stabilize the grid voltage. For optimal
dynamic performance it is essential to use the correct gain
settings for the PI voltage regulation controller, adapted for
different states of operation. This paper shows the equation to
calculate the accurate value for the gain setting in the voltage
controller. The inner control behavior with enabled droop control
is considered as well as the strength of the grid. After this the
influences between STATCOMs installed in parallel in one bus
is shown and the adaption of the gain to take this into account
is calculated. The equations are validated by analytic aspects
as well as by simulations. This enhances the existing control
solution in industry and allows constant dynamic performance
under various system changes in future grids.

Index Terms—FACTS, STATCOM, Voltage Control

I. INTRODUCTION

A Static Compensator (STATCOM) is a device for advanced
reactive power compensation to vontrol the voltage in the
power grid [1]. It can be used to control power factor, reg-
ulate voltage, stabilize power flow, and improve the dynamic
performance of power systems. It has been well understood
that the voltage control of a STATCOM is highly dependent
on the conditions in the grid it is connected to, especially
to system strength [2] and to other dynamical voltage con-
trolling devices. Without adapting to these conditions control
instabilities occur [3]. Other research has focused on adaptive
controller settings [4]-[6] or fuzzy control [7]. All these
control techniques lack on the calculated adjustment of the
voltage controller gain to the influences of other STATCOMs.

To prevent instabilities and to maintain optimal dynamic
performances, communications between the FACTS devices
are installed to reduce the gain of the voltage controllers
by a constant factor [3]. But this control adaption does not
guarantee constant dynamic performances. This paper shows
the calculation for the optimal gain adaption for the voltage
controller in a multiple STATCOM system. This allows to
have constant dynamic performances for different system
conditions.

978-1-5386-5541-2/18/$31.00 ©2018 1EEE

II. STATCOM GAIN CALCULATION

The gain calculation for a single STATCOM installation is
determined at first. For this, the needed reactive output of a
STATCOM due to a voltage deviation is calculated. Then the
influences of other STATCOMs are taken into account as well.

A. Single STATCOM installation

The control scheme of the STATCOM voltage controller
with droop control is shown in Fig. 1. The inner current control
is not shown, it can be neglected for this analysis, due to
the slower dynamics. The reactive output of the STATCOM
is fed back to change the voltage reference value. This is
beneficial for keeping dynamic reserve in the system and to
avoid instabilities with multiple voltage controlling devices.

The proportional-integral (PI) controller of the voltage con-
troller has the form

Gain - (1 + T;g) )

With this form of the PI controller is it possible to adapt
to changes in the grid strength and the Droop control. Ty
has to be set according to internal time constants such as the
measurement delays. The Droop control is used to allow load
sharing between multiple units. This allows the operators to
reduce the impact of the STATCOMs under normal operating
conditions [8].

The controlled positive phase sequence grid voltage in
steady state is expressed in (2). This shows the deviation from
the reference voltage due to the Droop control.

Droop

@

VGRID = VREF - QSTATCOM :
QNOM

Fig.2 shows the crossing of the Grid Line (determined by
the grid strength) and the Control Line (determined by the
Droop control) in a single STATCOM system. The point of
crossing determines the operating point of the STATCOM
under steady state conditions.

The Droop control has to be taken into account for the
gain calculation, because it has a severe impact on the needed
reactive power output due to a change in the grid voltage. It
therefore changes the point of operation in the steady state. If
it is not taken into account, the step response time and settling
time of the STATCOM do not forfill the specifications for the
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Fig.2. Single STATCOM System.

voltage controlling dynamics [2]. The equation for the reactive
power flow can be used to express the impact of the reactive
output power of a STATCOM to the voltage difference, that
is caused by this output.

E-V .cosf—V?
Q=""% ®

Assumed, that the angle ¢ is small, the equation can be
rewritten as
E-V

Q="%"V @)

This can be rewritten so that the strength of the grid is
an expression of the grid reactance X. (4) can be linearized
around a stable operating point and the gain of the PI voltage
controller can then be calculated using (5). This equation
shows the relationship between a voltage drop in the grid and
the needed reactive output change to compensate it.

AQstatcom 5)

The needed change of reactive output for a voltage deviation
with Droop control consists of two terms as can seen in (6).
The first term represents the reactive output that is needed

Gain =

to fully compensate a voltage deviation. The second term
represents the change of the voltage reference setpoint due
to the Droop control.

Droo,
AQstarcom = AV SCL — AQstarcom - P.scr ()
Qnom
After solving (6) to AV and setting it into (5) leads to:
. 1
Gain = 1 Dow @)
SCL " Qnom

With (7) it is possible to adapt the gain of the controller
to keep the optimal dynamic performance of the STATCOM
even with changes in the control parameters or changes in the
grid strength.

B. Multiple STATCOM Installation

This section describes the adaption of the gain to the
influence of other STATCOMs.

The equation used in the industry [3] is shown in (8).

1
Gain = ——— - 0.55 8)

The reduction of the controller gain is done, by multiplying
a constant factor to the previously calculated gain as in the
single STATCOM system.

The voltage change due to the other STATCOM affects the
reactive output, that is needed to control a voltage deviation.

A
AQstatcom1 = (AVO - W) .SCL—

Droop,
AQstaTcom1 -
Qno

-SCL 9
M1

(9) can also be done for the second STATCOM. By solving
the equations to the outputs of the separate STATCOMs leads
to the following two equations

AQ
AV — sg{ggom 2

AQstarcom1 = Droop (10)

1
sor @NOM 1
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AV - ¢ scTL :

AQstarcom? = 1 Droop, (aIn
SCL " @Nom2

With these equations it is possible to determine the optimal
change of reactive output of the two STATCOMs depending
on the voltage deviation in the grid even with unequal ratings
and control settings. Solving the two equations (10) and (11)
with the same STATCOM ratings (Qnowm) and control settings
(Droop) entered in (5) leads to (12) as a gain for both
STATCOM units.

1
2 Droop
SCT T Qnom

Therefore a second STATCOM changes the gradient of the
grid line shown in Fig.3 following (12).

For this, the diagram for the STATCOM effect on the
system voltage has been redrawn to take the effect of a second
STATCOM into account. This is done by changing the slope
of the grid line.

Gain = (12)
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Fig.3. Multiple STATCOM System.

The influence of a second STATCOM is taken into account
in (6). The other STATCOM changes the voltage in the grid,
but not the reactive output that is taken into consideration in
the Droop control term. This can be seen also in [3], where the
time constant of the control system is changed according to
the droop, the grid strength and the existence of other voltage
controlling devices.

This equation is not exactly the equation, that is used in the
industry, both solutions are further analyzed in SectionIV.

The gain can now be calculated for all values of the SCL
and Droop settings. The proposed equation allows constant dy-
namic performances even with changed control parameters and
grid conditions. This is shown in simulations in SectionIV.

C. Not equally sized STATCOMs

If there are STATCOM:s installed close to each other with
different reactive output ratings, then the equation has to

change according to the nominal reactive power to the sum
of all nominal reactive powers together.

. 1
Gain, = 1. QnoM1tT@NOM2 Droop 13)
SCL QNOM 1 @NOM
and
Gai ! 14
any = 1. QNoM1tT@NOM2 Droop a4
SCL @NOM 2 @NOM

The calculated gains in (13) and (14), that can be calculated
from (10) and (11) allow the correct control of STATCOMs
with different ratings in the same power grid. It is assumed
that the Droop control is the same in both units, because they
are installed in one power system with the same grid code. If
the Droop control set points are different, it is still possible to
calculate the optimal gain following the equations from above.

D. Multiple STATCOM Installation

With more than two STATCOMSs installed at one bus, the
influence of these STATCOMs can also be taken into account
for the gain calculation. The voltage deviation that has to be
controlled by the different STATCOMSs can be calculated to
get an expression for the influences of all other STATCOMs
to the individual ones. (15) demonstrates the influence of all
other STATCOM:s to one STATCOM.

N AQ _
AQstatcom1 = <AV0 - Z M) -SCL—
=2 SCL
Droo,
AQstATcoM 1 - 1001 -SCL (15)
Qnom1

The gain of the voltage controllers can be calculated follow-
ing the same calculations as for (12). Solving these equations
again with the same ratings and controller settings leads to
(16).

1
N + Droop
SCL QNOM

Gain = (16)

With N in (16) being defined as the total number of identical
STATCOMs in one bus. This formula is only applicable with
the same Droop control settings and ratings of all STATCOMs
installed in one bus. Different STATCOM ratings can also be
expressed and calculated with respect to (17).

. 1
Gain; = = (17)
1. M Droop.
SCL QnoMmi QNOMi

This allows the constant dynamic performance of a wide
variety of possible STATCOM configurations.



III. ANALYSIS

To determine the impact of the different gain calculation
methods, an analytic approach is needed. For this, the
control system from Fig.1 is analyzed. The filter for the
measurement of the reactive output and also for the grid
voltage is simplified to a first order low-pass filter. This slows
down the control in such a way, that the step response of
the closed loop control meets the dynamics as in a modern
transmission STATCOM installation.

The bode diagrams of the closed-loop system with the gain
reduction method as in (8), used in industry, are shown. For
this, the system is analyzed with a droop of 10 % (in Fig.4)
and 4% (in Fig.5). The strength of the power system is
changed in 5 GVA steps from 0.5 GVA to 20.5 GVA in both
cases.

Magnitude (dB)
N N

Phase (deg)

-180
10° 10' 10
Frequency (Hz)

Fig. 4. Bode plot with SCL variations with
fixed reduction factor with 10 % Droop.

It can be seen in the lower graphs in Fig.4 that the time
response of the system is not constant with the variation of the
grid strength. This causes unwanted dynamics in the operation
of the STATCOM system in a wide variety of grid conditions,
if there are other voltage controlling devices nearby. The droop
control affects the steady state operation point as one can see
by the deviation of 0db in the upper graph.

With reduced droop control setpoint the system variations
in steady state are smaller than with 10 % droop. Nevertheless,
the dynamic variations are still visible and the dynamics
of the system are not constant under changing grid conditions.

Afterwards, the closed-loop behavior with the proposed gain
reduction as in (12) is analyzed. Fig.6 and Fig.7 show the
bode plots of the closed-loop system with the proposed gain
tuning equation. The SCL variations are the same as in the
previous analysis.
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Fig.5. Bode plot with SCL variations with
fixed reduction factor with 4 % Droop.
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Fig. 6. Bode plot with SCL variations with
proposed gain tuning with 10 % Droop.

The time response of the system shown in Fig. 6 is constant
and does not change with the SCL variations. The steady state
operation point is still varying due to the different effects of the
STATCOM output to the grid voltage under droop control. The
deviations under steady state are exactly the same as in Fig. 4,
because the gain control adaption only affects the dynamics
of the control system.

Fig.7 proves also the constant dynamic behavior of the
system under changed grid and control conditions. The steady
state operation points are again the same as in Fig.5.

The proposed gain tuning is therefore enhancing the dy-
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Fig. 7. Bode plot with SCL variations with
proposed gain tuning with 4 % Droop.

namic behavior of the voltage in the power grid. This system
behavior is also tested with step response tests in simulations,
to further verify the performance under more detailed condi-
tions.

IV. SIMULATION

The theoretical results have been verified with simulations
to see if the equations for the gain calculation are correct and
that they improve the dynamic response of the STATCOM
compared to the adaption that is used in the industry. The
dynamic response of the STATCOM control has been tested
with step response tests. For this test the reference voltage
setpoint is changed at the time 4sec in the simulation for
all STATCOMs. All STATCOMs have identical ratings of
50 MVar and the Droop value is always set to 4 %.

The simulation is performed with EMTDS / PSCAD. The
STATCOMs are simulated with a controlled voltage source as
the converter in a delta configuration. The model includes syn-
chronization and current control. Also the positive sequence
voltage is filtered and measured for the voltage control to get
a more realistic system behavior.

The PI controller of the voltage control is tuned in a
single STATCOM condition and afterwards also tested with
the influence of a second STATCOM at the same bus.

A. Single STATCOM installation

In the first simulations the gain adjustment for a single
STATCOM installation is tested to verify (7). For this, the
STATCOM is installed with a fixed Droop setting of 4% in
different grids.

Fig. 8 and Fig. 9 show the adaption of the voltage controller
gain to a change in the grid strength with droop control. The
dynamic response to the changed reference value is constant.
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Fig. 8. Single STATCOM in 5 GVA grid.
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Further simulations are performed with varying control and
system conditions. The results are shown in TableI.

The simulation results in TableI show that a single STAT-
COM unit can be adapted to changes in future system strength
and droop control conditions with constant voltage control
dynamics.

B. 2 STATCOM installation with fixed reduction

In these simulations two STATCOMs are installed in the
same bus. The gain is reduced as proposed in industry by 45 %
compared to the single STATCOM simulations, as shown in
[3].

The simulation results in Fig. 11 prove, that with a fixed gain
reduction factor it is possible to achieve good dynamic results



TABLE I
Simulation Results with single STATCOM installation

Droop Rise Time Overshoot
1% 25ms 2%
1 GVA 2% 25 ms 3%
4% 26 ms 2%
1% 27 ms 1 %
5GVA 2% 25ms 2%
4 % 26 ms 2%
1% 26 ms 2%
I0GVA 2% 27 ms 1 %
4% 25 ms 3%
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Fig. 10. 2 STATCOMs in 5 GVA grid.
With fixed Gain adaption as used in industry.

with some constellations of SCL and Droop control. But the
system dynamics shown in Fig. 10 do not have a sufficient
dynamic behavior. In this case the system response is too slow.
This proves incorrect controller settings, if the gain is reduced
with a constant factor. A pure change of the reduction factor
can not be applied with respect to the other simulations results
shown in Table II. A reduced reduction factor can speed up the
control in some grid conditions, other conditions in the grid
will then lead to high overshoots that are not allowed for a
stable grid operation (as in the first test result in Table II).
TableII shows the dynamic behavior of the tested setup
with the constant gain reduction of 45%. This adaption is
not sufficient under all conditions. The overshoots are in the
specified limits, due to the value of the reduction. But the
rise time increases to very high values (up to 44ms in the
performed simulations). This method will therefore limit the
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Fig. 11. 2 STATCOMs in 1 GVA grid.
With fixed Gain adaption as used in industry.

TABLE 11
Simulation Results with double STATCOM installation with fixed
Gain Reduction as used in industry

Droop Rise Time Overshoot
1 % 25 ms 4%
1 GVA 2% 26 ms 3%
4 % 27 ms 1%
1 % 26 ms 1%
SGVA 2% 31 ms 0%
4 % 38 ms 0%
1 % 29 ms 0%
I0OGVA 2% 37 ms 0%
4% 44 ms 0%

optimal dynamic operation range of the STATCOM voltage
control.

C. 2 STATCOM installation with proposed calculation

In the following simulations the proposed gain reduction is
used.

The simulation results shown in Fig. 12 and Fig. 13 prove
the correct adaption of the STATCOM controller to the influ-
ence of a second STATCOM installed in the same bus with
the proposed gain tuning. The time to reach the new steady
state operation is constant and the overshoots of the controller
are always low enough to fulfill the requirements for stable
grid operation.

The results of the dynamic analysis are shown in Table III.
It can be seen, that the proposed gain tuning method allows



o
>
3

|

=3
S
o

Voltage [pu]

o

Qsratcom

o o

Reactive Power [MVar]
o

5
-10
-15
39 34‘95 4 4465 4:1 4.‘15 4.2
Time [s]

Fig. 12. 2 STATCOMs in 5 GVA grid.
With proposed Gain adaption.

1.01 ACT

1.005

Voltage [pu]

10 T T

Qsratcom

Reactive Power [MVar]
o

4.05 4.1
Time [s]

4.15 4.2

Fig.13. 2 STATCOMs in 1 GVA grid.
With proposed Gain adaption.

to keep a constant dynamic performance, even with the
installation of a second STATCOM unit close nearby.

Also simulations are performed with different STATCOM
nominal reactive outputs. This leads to the conclusion, that
(13) and (14) are valid and enable constant system dynamics.
The used nominal reactive outputs used for the simulations are
50MVar in one STATCOM and then variations in the second
STATCOMs nominal reactive power (50 MVar, 25 MVar and
10 MVar). The simulation results are not shown here, they
correspond almost to the results shown in Table I1I.

TABLE 111
Simulation Results with double STATCOM installation with
proposed Gain Reduction

Droop Rise Time Overshoot
1% 25ms 2%
1 GVA 2% 25ms 3%
4% 26 ms 2%
1% 27 ms 1%
SGVA 2% 25ms 2%
4% 26 ms 2%
1 % 26 ms 3%
I0GVA 2% 27 ms 2%
4% 27 ms 2%

V. CONCLUSION

The simulations performed in this paper proves the correct-
ness of the equation for adapting the controller gain. So it is
possible to achieve optimal dynamic response to voltage devi-
ations from the STATCOM in all analyzed system conditions
with the proposed gain adaption method. The equation used
in the industry right now is not sufficient to adapt to multiple
STATCOMs in a correct way. This can lead to unwanted
behavior during severe grid events.

Further investigation is needed to the influence of dis-
tances and therefore impedance between different STATCOM
units. This changes the impact of the reactive power of one
STATCOM to the measured voltage on the other STATCOM.
Therefore it affects the optimal gain that is needed for constant
dynamics. Due to the high number of possible grid configu-
rations has it not been included.
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Abstract

Static Compensators (STATCOMs) with voltage control are known for their fast reaction time to stabilize
the grid voltage. For optimal dynamic performance it is essential to adjust the gain settings for the
voltage controller, for different states of operation. This paper presents a new gain adaption algorithm to
passively adapt to changes in the grid stiffness as well as to other dynamic voltage controlling devices,
in order to provide stable STATCOM behavior in all system conditions. The proposed control will not
need communication between the FACTS units. Which consequently simplifies and enhances the control
systems even under severe grid changes.

Introduction

A Static Compensator (STATCOM) is a device for advanced reactive power compensation [1]. It can
be used to regulate the grid voltage, stabilize the power flow and improve the harmonic performance of
power systems, such as wind parks.

It has been well understood that the voltage control of STATCOM:s is highly dependent on the conditions
in the grid, especially on the system strength, also called short circuit level (SCL) [2] and on other
dynamic voltage controlling devices (e.g. other STATCOMs) installed nearby. If the devices can not
adapt to these changing conditions, they can not guarantee optimal dynamic performances [3]. To allow
the adaption to grid changes, a communication link between the voltage controlling devices is installed
nowadays to adapt the gain of the voltage controllers [3]. Also the placement of the STATCOM:s in the
power grid has a huge effect on the interactions, as mentionned in [4].

Some researchers have focused on adaptive controller settings [5] or fuzzy control [6, 7, 8]. These
control techniques are dynamically adapting the controller during the event to optimize the STATCOM’s
reactive output due to an external voltage change. Some take the effect of multiple nearby STACOMs
into account as well [9]. However, after the event all controller settings will be set back to the preset
values. Also, these controllers are used to optimize the step response behavior of a STATCOM. Yet this
is not the main purpose of the STATCOM. The main purpose is the reduction of voltage changes due to
other grid events.

Other researchers use neuronal grid techniques [10] or other techniques, where the controller is trained
in a huge number of simulations [11] to obtain the controller optimal behavior under various system



conditions. These methods may lead to unsatisfying operation, if there are grid situations that have not
been foreseen by the engineers in the design phase.

This paper proposes a new algorithm for the optimal gain adaption of the voltage controller to system
strength changes for single and multiple STATCOM systems. This method guarantees constant dynamic
performances for a wide variety of system conditions. The proposed controller enables to place voltage
controlling devices, as STATCOMs, without the need of communication or prior knowledge about grid
parameters, such as distances to other voltage controlling devices. The proposed method allows therefore
cost-effective and communication-failure-free dynamics over a wide range of possible future grid condi-
tions. This superior feature is attractive to prevent critical infrastructure from failures and to improve the
interoperability of dynamic voltage controlling devices from different vendors.

STATCOM Voltage Control

The main task of STATCOMS is to stabilize the voltage in the power grid. STATCOMs are capable of
providing both capacitive and inductive reactive currents and is therefore capable of lifting and lowering
the grid voltage.

The strength of the power grid is a key value that has to be known to adjust the voltage controller to
operate with its specified dynamics under all system conditions. Fig. 1 shows the control diagram of a
STATCOM in voltage control mode with droop control.

PI Transformer GRID SCL
+ + VeRrr | : Icony — | Qsrarcom — | Vermp
Vi 5 S
REF > > ——
Verip Droop Control
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Fig. 1: STATCOM control scheme with droop control

The voltage reference setpoint is changed by the Droop factor (in %) multiplied with the reactive output
of the STATCOM, which is normalized according to the rated reactive output of the STATCOM. Hence, a
Droop of 1 % allows a voltage reference change in the steady state of 1 % when the STATCOM operates
at nominal reactive output.

The equation of the Proportional-Integral (PI) controller is given by (1).
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In this form the time constant Ty has to be set according to the filter time constant for the grid voltage
measurement. Also a Proportional-Integral-Derivative (PID) control can be used with the proposed con-
trol. To achieve optimal response to voltage deviations [3], the gain value for the controller has to be set
as below.
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With this gain adaption it is possible to have an optimal dynamic behavior between two steady state
operation points. However, one main difficulty is the estimation of the SCL in the STATCOM controller
and the interactions with different other voltage controlling devices.

The strength of the grid can be related to the impact of a reactive power change of a STATCOM on the
resulting voltage deviation, which is given by

AQstATCOM 3)

SCL
AVGriD

If there are multiple dynamic voltage controlling devices (e.g., other STATCOMs) installed close to each
other, the different voltage controllers have to be coordinated to prevent oscillations [3]. The coordination
means a reduction of the calculated gain value from (2). This will then slow down the STATCOMs’ dy-
namic responses to voltage deviations and lead to a stable behavior in the grid. To calculate the reduction,
there has to be a communication link between the STATCOM controllers. This requires communication
protocols between different vendors, as well as refurbishments when there are new STATCOM installed
close to old installations.

The proposed controller allows the calculation of the optimal gain value without the need of communi-
cation with respect to other voltage controlling devices nearby.

Proposed Control

The purpose of the proposed control is to optimize the dynamic response of the STATCOM to voltage
disturbances. Fig. 2 illustrates the structure of the proposed gain adaption controller, which consists of
three main blocks.

R Too fast
"l Dynamics
Verr + | j SCLgsr
B — e e
Too slow *
> Dynamics

Fig. 2: Gain adaption controller overview

The block *Too slow Dynamics’ detects, if the strength of the power grid has increased since the last
adaption. This implies that the STATCOM needs more reactive output to control the voltage in the grid
accurately. The estimated SCL value for the gain calculation has to increase to compensate this.

The *Too fast Dynamics’ block is responsible for the detection of an SCL reduction in the grid since the
last adaption. Then the estimated SCL value in the controller for the gain calculation has to be decreased.
The used method to detect this behavior is described in the related Section.

The last block is an integrator. The output of the integrator is an estimation for the short circuit level of
the grid. This value is then taken into (2) to calculate the gain for the PI controller also with respect to
the droop control settings.

Too slow Dynamics Block

The block *Too slow Dynamics’ is activated, when the stiffness of the grid has increased since the last
adaption (e.g., due to the activation of loads and generation during daytime). The block detects, if the
time to compensate a voltage disturbance is longer than the optimal compensation time. This time is
highly dependent on the internal dynamics of the voltage controller. Especially the filters for the voltage
measurement signal will affect the dynamics of the voltage controller. The time for the optimal voltage



disturbance compensation can be determined through simulations by tuning the voltage controller with
step response tests and then applying voltage disturbances in the grid.

Fig. 3 shows the grid voltage (upper graph) and voltage error (lower graph) behavior during a grid voltage
disturbances (load rejection). The figure shows the results with optimal gain settings and also the reaction
of the STATCOM with increased grid strength and therefore too low gain settings.
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Fig. 3: Voltage error behavior after SCL increase

Fig. 4 shows the control diagram for the block *Too slow Dynamics’. The only input for this block is the
voltage error signal. It is used to detect, if the system strength has increased.

Delay

\4

Verr Dead Positive Output | Outs.ow
“| Band Filter “| Limitation

Fig. 4: Too slow dynamics block diagram

The control structure filters out small disturbances in the grid, e.g. due to measurement uncertainties,
with the dead-band. Then the sign of the error value will be multiplied with itself delayed by the defined
time constant. The resulting value will be filtered in a way that only positive values are allowed. This
structure has been chosen, because it can also be used for the detection of fast controller dynamics.

The Output Limitation block in Fig. 4 is added to detect, if the STATCOM output is at its current limit.
The current output has to be within the limits for a minimum 50 ms to be released. The STATCOM is
not able to fully compensate the voltage error during severe events, like a grid fault. This would lead to
a high output value of this controller structure, that is misinterpreted as an increase of the grid strength.

In the performed simulations, the voltage error can be compensated in 35 ms with the STATCOM reactive
output change. This means, the error signal shall return to zero after a disturbance in 35 ms. If the error
value is for a long time different from zero, then the output of detection block will be positive hence both
the error signal and the delayed error signal will have the same sign.

The simulation results shown in Fig. 5 (a) represent the controller behavior under optimal gain settings.
The upper graph shows the voltage error signal and the voltage error signal with time delay. The lower
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Fig. 5: Simulation results for the behavior under too slow dynamics

graph shows the output of *Too slow Dynamics’ block. In this simulation, there is no need to adapt the
gain, because the system strength has not increased since the last adaption. If the STATCOM operates
under optimal conditions, then the estimated SCL value will not be increased further.

In contrast, it can be seen in Fig. 5 (b), how the block behaves, if the grid strength has increased since the
last adaption. Then, the output value of the block (Seen in the lower graph in Fig. 5 (b)) will be positive.
This indicates that the estimated SCL has to increase to adapt to the increased grid strength.

The output of this logic is further processed in the integrator block. There it will increase the estimated
SCL value for the gain calculation. Simulations with increased grid strength and the correct gain adaption
is further shown in the Simulation Section.

Too fast Dynamics Block

If the strength of the grid has decreased since the last adaption (e.g., during the night, when loads and
generation units are reduced), then the STATCOM voltage control responds with too high reactive output
change to a voltage disturbance. Therefore, it will cause overshoots in the grid voltage and damped
oscillations with defined time constants will occur.

Fig. 6 shows the grid voltage (upper graph) and the voltage error signal (lower graph) with a STAT-
COM under optimal and too fast dynamics. The higher dynamics due to a high gain value will result
in overshoots in the grid voltage and in oscillations around zero in the error signal. The block *Too fast
dynamics’ has the purpose to detect these oscillations in the error signal. The block diagram is shown in
Fig. 7. The limitation block is not needed for the detection of voltage overshoots.

The time delay for this detection block has been chosen to 20 ms, due to the simulation results shown in
Fig. 6. Then, positive and negative values will overlap to result in a negative value after the multiplication.
If the voltage measuring system time constant and the controller time constant are different from the
simulations performed in this study, then the time delay has to be adapted to the changed STATCOM
system time constants. The output of the block is filtered in a way that only negative values can pass.
This block can therefore never increase the estimated SCL value.

The upper graph in Fig. 8 (a) shows the voltage error signal and the error signal with time delay of 20 ms.
This simulation shows the controller behavior under optimal conditions, there is no need to adapt the
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Fig. 7: Too fast dynamics block diagram

gain. The lower graph shows the output of the oscillation detection. It is zero all the time, because there
is no adaption needed. These simulation results prove, that the estimated SCL value in the controller will
not be reduced further, if it is not needed.

Fig. 8 (b) shows the block behavior if the strength of the grid has decreased severely. Then, there will be
overshoots in the STATCOM reactive output, in the grid voltage and also in the resulting voltage error
signal. The resulting negative output of the *Too fast Dynamics’ block (as shown in the lower graph in
Fig. 8 (b)) will be a negative input to the integrator block. This will result in a reduction of the voltage
controller gain and thus to a better dynamic performance.

These overshoots and error oscillations do not only occur if the grid strength decreases. They can also
be seen if other dynamic voltage controlling devices, such as a second STATCOM, are activated close to
the first STATCOM unit. These overshoots will then also lower the estimated SCL value for both voltage
controllers. So the proposed algorithm can guarantee stable adaption to other voltage controlling devices
as well as to grid strength changes. This will be further shown in the simulation results in the related
Section.

Integrator Block

The integrator block integrates the sum of the outputs of the two detection blocks. The detection blocks
have the output zero almost all the time. This means, that the output of the integrator block will be a
constant value for most of the time. The input of the integrator will only be not zero during grid voltage
disturbances and then only, if the strength of the grid has changed. This will then change the estimated
SCL value and the gain of the voltage controller accordingly.

This estimated SCL value will automatically be adapted to the influence of other dynamic voltage con-
trolling devices as well. So the voltage controllers will adapt their dynamics themselves, if there are
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Fig. 8: Simulation results for the behavior under too fast dynamics

other voltage controlling devices energized or taken out of operation nearby.

Simulation Verification

To verify this new proposed controller several simulations have been performed. The simulations are
performed with EMTDS / PSCAD. A model for a delta configuration STATCOM has been used with
controllable voltage sources as representations of the converter arms. The voltage will be simulated in
1 kV steps to represent the output of a converter with 1 kV submodules. The STATCOM is located behind
a step-up transformer connected to a 220kV AC voltage source with a series impedance to simulate
different system strength conditions. For the simulations the grid strength will be set to different levels
to show the adaption of the controller to these changes.

Step response tests are not a representation for the real system behavior. In a STATCOM application it
is not allowed to periodically perform step response tests, because this would cause voltage fluctuations
in the grid. So, for a real application test, the behavior due to a change in the grid voltage due to a
disturbance is a better controller dynamics test. This voltage disturbance can be either due to a load
switching or a line switching event. Several different voltage setpoint, droop control settings, grid SCL
values and voltage disturbance levels have been set to verify the behavior under different conditions as
well.

Single STATCOM

The simulations for a single STATCOM installation have been performed with both an increase and a
decrease of the grid strength at the beginning of the simulation. At first, the grid strength was increased
from 1 GVA to 2 GVA at 3.5 sec. After this, small disturbances in the grid voltage are simulated and the
proposed control is validated. The disturbances are the connection and disconnection of an inductive
load.

Fig. 9 (a) shows the adaption of the controller behavior according to Section. The upper graph shows

the grid voltage change due to the disturbance and then the control back to the reference value. The
response of the STATCOM is too slow during the first distortion. After the first adaption of the estimated
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Fig. 9: Simulation results for the behavior under too fast dynamics

SCL value (shown in the lower graph) it can be seen, that the control is faster, but stable. The dynamic
parameters are listed in Table 1.

Table I
Simulation Results with SCL Increase

Disturbance Rejection Time  Overshoot

1% Distortion 52 ms 0%
2" Distortion 35ms 4%

After this, the simulations have been performed with decreased grid strength. In the beginning, the
grid strength has been set to 3 GVA, then it has been reduced to 2 GVA at 3.5sec. Afterwards small
disturbances (load switching) in the grid voltage are simulated and the control adaption is validated.

The simulation results in Fig. 9 (b) shows that the estimated SCL value decreases if needed. The control
dynamics are listed in Table II.

Table II
Simulation Results with SCL Decrease

Disturbance Rejection Time Overshoot

1¥" Distortion 30 ms 15%
27 Distortion 34 ms 3%

The simulation shows that the overshoots in the grid voltage due to a too high STATCOM output have
been reduced from 15 % to 3 %.

Two STATCOMs

If there is one STATCOM already in operation in the grid and then another STATCOM will be enabled
nearby, then the gain has to adapt to this new grid condition. In this simulation one STATCOM (STAT-
COM 1) is in operation in the grid with a short circuit level of 2 GVA. Then, at the simulation time 4.1 sec,



the second STATCOM (STATCOM 2) will be energized and operational at the same bus. Therefore both
STATCOMs will control the voltage in the grid. Both STATCOMs have the same voltage reference set-
point (1 pu), the same rating (70 MVar) and also the same droop control settings (1 %). The result of this

simulation is shown in Fig. 10 (a).
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Fig. 10: Simulation results for the behavior under too fast dynamics

As shown in Fig. 10 (a) both STATCOMs adapt independently to the new grid condition and will lower
their gain values in the controller to achieve satisfying dynamics after the adaption, as shown in Table III.
This will allow both STATCOM units to operate with optimal dynamic performances and the grid voltage
can be controlled as requested.

Table III
Simulation Results with two STATCOMs

Disturbance Rejection Time Overshoot

1%" Distortion 35 ms 3%
24 Distortion 25 ms 20 %
37 Distortion 36 ms 4%

Also the performance of the adaption with distances between the different STATCOMs has been ana-
lyzed. For this, there is a 20 % additional grid impedance added before the connection points of the two
separate STATCOMs. Fig. 10(b) shows the results of this simulations. It can bee seen, that the first
STATCOM has settled to a different starting value, due to the additional impedance.

Table IV shows the performance of the STATCOMs at the connection point of STATCOM 1. When
STATCOM 2 is also operational, both will adapt to the new grid constellation independently. It can
be seen that the response fulfills the required dynamics and that the controller helps to stabilize also
this kind of STATCOM placement in the power grid. This increase of performance is possible without
communication being installed between the two units. Therefore, this new controller adaption, if installed
in both STATCOMs, will allow the installation of multiple more dynamic voltage controlling devices
nearby and with distances, if all have an adaption of the gain value as described in this paper.



Table IV
Simulation Results with two STATCOMSs and Distance

Disturbance Rejection Time Overshoot

1% Distortion 34 ms 1%
2md Distortion 28 ms 18 %
37 Distortion 35ms 49

Conclusions

The paper has discussed a new control method for a stable STATCOM voltage control. One advantage
of this new controller is that it needs no communication between the STATCOM s or between the STAT-
COM and other dynamic voltage controlling devices. If all STATCOMs have this control, then future
FACTS devices will no longer cause unwanted dynamic performances or the need of refurbishment with
communication between the units.

The new control method is superior to other gain adaptions, because it provides an automated adaption of
the gain value, not only cyclical, but whenever there is a severe event in the grid that forces the STATCOM
to operate at a different point of operation. This controller adaption operates passively without any
forced disturbance in the grid voltage caused by a triggered reactive output change. This new proposed
controller has been verified by several simulations with many different setups.
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Abstract—A power grid with a high penetration of renewable
power generation faces new issues that have not been there
before. The frequency in the power system is highly related
to the mass and the rotational speed of the operational
synchronous machines. With more and more power electronic
converters as energy generation units, the mechanical rotating
mass is decreasing, which causes more and higher frequency
disturbances. Several controls for short term frequency controls
in the power electronic based generation units have been
proposed, but their impact on the frequency reliability is only a
minor researched topic. This paper will analyze different basic
control strategies in power electronic converters to enhance
operational reliability of the power system regarding the short
term frequency reliability.

I. INTRODUCTION

Large amounts of wind and solar power are installed in
power grids in power grids all over the world [1]. The high
amount of renewable power generation is now at a critical
point, where they define the more and more the behavior of
the power grid.

One of the challenges with the usage of power electronic
converter based generation units is the reduction of rotating
mass in the power system, causing higher frequency swings
in the power grid [2]. This is based on the power system
swing equation, that takes the rated power of all operating
synchronous machines (Sp) and their time constants (H)
into account.

P fnom
f = (PGan PLoad) 2. SB H (1)
with
N
SB = Z SBn (2)
and with
1 N
H=— HVL -8 n 3
55 nz:jl B ©)

Often H is called TSI, the total system inertia, the time
constant of an entire synchronous area. This TSI, as well as
Sp is reduced, when large parts of the loads are supplied
by converter based generation units instead of synchronous
generators, changing the system behavior during transient
active power events.

The power system frequency changes from the nominal
range when severe events, such as generator failures, trans-
mission line trips or big load outages occur. A lack of
injected power causes the conventional generators to slow
down. An excessive amount of generated power speeds up
the generators, increasing the system frequency. The wide

usage of converter based generation units already causes
the deactivation of some conventional units during a high
renewable penetration situation, changing the rated power
and the time constant H in the swing equation.

Frequency controls have been set in place to keep the
frequency at the nominal value. These frequency controls
balance the produced and consumed power by adjusting
the generated power of the conventional generation units.
This takes part in different time frames, reaching from up
to 10 seconds (primary control) to several minutes (sec-
ondary and tertiary control) [2]. Primary frequency control
is droop based, changing the power output from the running
generation units depending on the frequency deviation. The
activation of reserve generation units, for additional support
during under frequencies is also a strategy for maintaining a
stable system frequency. Nevertheless this is not considered
in this frequency security analysis.

These frequency controls have, due to the increasing
renewable generation, come to a point where the system
frequency can not be reliably maintained only by changing
the power output of the conventional units. This has been
reported by TSOs (Transmission System Operators) being
one of the main challenges in future power grids [3]. To
overcome these issues, the curtailment of wind power during
abnormal over frequency situations is already in place in
many grid codes worldwide. This supports the conventional
generation units in the handling of these events, showing
the awareness of TSOs for this issue. And it shows also
the capabilities of the converter based units to participate in
maintaining a high system operational reliability.

Other, more advanced control strategies are also highly
researched, reaching from the emulation of inertia or virtual
synchronous machines [4]-[6] up to fixed output increase
for short time periods, as certified in [7]. These controls are
feasible, but have not been implemented on a wide scale
and are not part of any grid codes so far. Especially [7]
proofed, that the short term power output increase is possible
without further equipment, with respect to converter current
limitations and other factors. This paper focuses two control
schemes. The first is a droop based control, the other one
uses the frequency deviation as control input.

The reliable supply of electric energy to the customers
is the goal of the entire power system. It can be analyzed
in its performance under different aspects. One is the ade-
quacy of the system, meaning the ability of the system to
supply the loads under all possible steady state operation
points. Another one is the operational security, which is the
capability of the system to withstand a severe disturbance



with minimum impact to the system operation. This paper
will focus on the system security, especially the ability of
the system to maintain a reliable system frequency with a
high penetration level of wind power. An overview of the
different aspects of the system reliability with focus on the
dynamic security is shown in Fig. 1.
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Fig. 1: Scheme of the System Reliability Analysis.

The impact of wind power to system adequacy has been
intensely studied [8]. Also the impact on the short term
frequency reliability has been intensively studied before [9]—
[11]. These studies include the requirements of wind turbines
to curtail their power output under abnormal over frequency
situations, as it is nowadays present in many grid codes
all over the world. The probabilistic based system security
assessment uses time series simulation with respect to the
occurrence rate of possible events under different system
conditions. Because the system load is not constant and the
wind is not always fully available, there are changes in the
system behavior to the same disturbances at different points
of operation.

The number and duration of abnormal frequency events is
measured from the simulation outcome. Also the amount of
wind energy curtailment, and the amount of curtailed system
load. These indexes allow a probabilistic verification of the
system security, hence the ability of the system to withstand
a severe active power disturbances.

The influence of additional frequency controls in the
power electronic based generation units on the power system
frequency security is not evaluated for now. This paper
analyzes the system behavior with additional, basic control
strategies, providing a guideline for a more and more power
electronic converter based power system.

II. METHODS

The used power system for the reliability calculation is
a modified version of the IEEE-9 Bus system [12], as it
can be seen in Fig.2, with detailed load variations as in
[13]. This system is well established for different types of
reliability analysis, from security to adequacy assessment.
Also the integration of wind turbines into the system has
been done before, as in [14], [15]. In [14] they also focus
on the frequency security due to the power electronic based
unis, but without additional frequency support functionality
in the respective units.
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Fig. 2: Modified IEEE 9-Bus System with Wind Integration.

For the frequency reliability evaluation, the system can be
expressed with a single bus, taking all loads, conventional
generation units and additional equipment into the one bus
[16]. The different parts of the power system will be further
analyzed in the following sections.

A. System Load

The power system load is not fixed during the daily or
yearly operation, but changes over time. The system load
can be represented by the maximum load during every hour
of a year, as in [12], which will be used in this analysis as
well. This results in a load duration curve (LDC) as shown in
Fig. 3, where the peak load throughout the year is 315 MW,
as in the IEEE 9-Bus system.
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Fig. 3: Load Duration Curve of the Power System.

For the system security assessment the probability of
higher and lower load demands throughout the operation has
to be taken into account, hence the load level determines the
active conventional power generation units in the steady state
with respect to the actual wind power injected to the power
grid. This load duration curve is discretized in order to start
the time series simulation from a stable steady state value.
Load trips can occur during the system operation, which
can be caused by tripping transformers, lines or buses or
internal issues. These load trips cause rising frequencies,
which has to be controlled by reducing the output power



of the generation units. These load reduction are parts of
the rated system loads with respect to the load duration
curve. Also load curtailment during under frequencies has
been implemented, stabilizing the system frequency after a
severe generation outage [17].

B. Generation Units

The conventional generation units in the modified IEEE 9-
Bus test system have a total capacity of 380 MW. The power
rating has been slightly increased from the original IEEE 9-
Bus system (320 MW), allowing n-1 security and spinning
reserve capability. Hence all units are simulated in one bus,
it is not necessary to distribute the generation units exactly
as in the three generation buses. In the proposed test grid,
each generator has a certain probability of a trip every year,
calculated with the mean time to failure (MTTF) [12], as
shown in Tablel.

TABLE I: Generator Data

Rated Power Number MTTF MTTR H
[MW]  of Units [hrs] [hrs] [s]

5 4 2940 60 25

10 4 450 50 3.0

20 5 1960 20 35

30 2 1960 40 4.0

40 4 1200 50 43

The generation units are capable of providing primary and
secondary control as used in [11].

C. Wind Power

The actual Wind Power injected into the power system
is also not constant, but determined by the actual wind
speed blowing and the limitations of the turbines. The wind
speed probability has been determined for different locations
around the world. Its probability can be expressed with a
Weibull-Distribution with varying parameters [18], which
can be compared with the capacity factor [19]. This wind
speed has to be recalculated to the wind power output,
respecting cut-in wind speed, cut out wind speed and maxi-
mum wind power. This leads then to the wind power duration
curve from Fig. 4. In this analysis, the wind turbines operate
with 2500 full load hours, the capacity factor is therefore
28.5 %.

For the reliability evaluation of wind integrated power
systems, the different levels of wind speed and their proba-
bilities have to be taken in consideration. The installed wind
power is 72MW power. The actual injected power is based
on the probability of wind speed and the resulting produced
power of the wind turbine. The wind speed is assumed to
be constant at all wind turbines, an independent wind speed
for many smaller units can be a part of future research. The
wind turbine control is includes the grid requirement for
over frequency output reduction (frequency response) as in
the Danish grid code [20] (seen in Fig.5).

This control reduces the output power during over fre-
quency situation to support a stable operation of the grid.
This control has a limited range and its response time has to
be smaller than 10 sec. Nevertheless, it does not impact the
frequency derivative, hence other controls may be needed
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Fig. 4: Wind Power Duration Curve.
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Fig. 5: Danish Grid Code requirement regarding the fre-
quency response of Wind Power Plants.

with a wider integration of converter based units in power
grids.

The system TSI changes with the wind power installed.
This is due to the reduction of rotating mass during the
wind power injection, as shown in Fig.6. The base case
refers to the IEEE 9-Bus System, without wind turbines, so
all generated power is produced by conventional generation
units. When the wind turbines are included, they displace
some generation units, reducing the TSI during wide parts
of the operation time. The minimal TSI changes therefore
from 3.5 sec to only 2.5 sec, meaning a severe weakening of
the system during these hours of operation.

The shown reduction in the transmission system inertia
shows the weakened system capability to withstand active
power imbalances. especially the reduction of the lowest
value from 3.5sec to 2.5sec verifies this. The TSI shown
in Fig.6 describes the generation units being in operation
during the steady state. The trip of a generation unit can
cause a further drop of the transmission system inertia.

D. Additional Frequency Controls

The rate of change of frequency (RoCoF) is mainly de-
pendent on the rotating mass of the synchronous generators
and the active power imbalance. The replacement of the
conventional generators with power electronic based units
is increasing the RoCoF during active power imbalances,
leading also to increased frequency deviations.
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Different additional frequency controls have been pro-
posed in the past. These range from droop controls, over
inertia emulating controls to virtual synchronous machines
or constant power injections at certain frequency thresholds.

This paper focuses on droop based frequency controls and
Inertia emulating controls. These controls are set up with dif-
ferent parameters to change their behavior. The utilization of
active power increase during low frequency events requires
additional costs. To take this into account, both strategies will
be once tested with the possibility of active power increase
and once without. This helps to determine the value of this
enlarged control range.

1) Droop Control:
The droop based control structure is shown in Fig.7.
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Fig. 7: Droop Control Structure.

The initial response follows the droop characteristic, hence
on the long term the output is brought back to the maximal
output with the limiter and the integrator, bringing the
frequency deviation back to zero in steady state. This control
is designed to help the conventional generation units during
the initial frequency deviation, but minimizes the long term
output reduction of the wind turbines.

The maximal power reduction in this control is 0.2 pu.
The limit for the power output increase is once set to 0,
allowing no power increase. Later, this limiter is changed,
allowing a 0.1 pu power increase. This additional power can
come from the rotational energy of the blades or from battery
solutions. In this study, the origin of the additional power is
not determined, nor of further interest.

The droop value has been set to 1, causing a power
reduction of 0.1pu at a frequency deviation of 0.1 Hz.
Meaning, the control is fully active, before the frequency

response, as required in the grid code (as in Fig.5), is
activated. The second evaluation uses a droop value of 2,
causing a reduction of 0.1pu at a frequency deviation of
only 0.05Hz.

2) Emulation of Inertia:

The direct reduction of the frequency deviation, the Ro-
CoF, is the aim of the second tested control. The control
structure with the controller gain is shown in Fig. 8.
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Fig. 8: Inertia Emulating Control Structure.

The controller is limited the same way as with the droop
control, allowing a 0.2 pu power reduction in the first eval-
uation. The power increase is there deactivated. Afterwards,
0.1 pu additional power can be provided for a short duration
to stabilize the system during frequency drops. The first
controller gain is chosen to allow a 0.1 pu power change at
a RoCoF of 0.2Hz/sec. The second controller gain higher,
causing a 0.1 pu power change at a RoCoF of just 0.1 Hz/sec

E. Reliability Evaluation

Following the reliability parameters presented in [11],
the abnormal frequency events can be compared with and
without additional frequency controls in the wind turbines.
The reliability indexes are the number and duration of
abnormal frequencies and the energy used for frequency
regulation by the conventional generation units. Also the
not used wind energy and the surplus wind energy due to
additional controls are monitored. Also the load curtailment
is taken into consideration, measuring the amount of not
supplied energy. The nominal frequency of the tested power
system is 50 Hz, with the abnormal frequency occurring at
a frequency deviation of +0.2 Hz.

The parameters are evaluated, taking the probabilities
of the active load, actual wind speed and the probability
of the disturbances into consideration, combining it up to
indexes for the evaluated operational frequency security. As
an example, the calculation of the expected number of over
frequency events (ENOF) is shown in (4).

N
ENOF = ZpLoad,n'pWind7n'pEvent¢n'EN0Fn (4)

n=1

All determined indexes are shown in TableIl, where
“Exp.” stands for the expected system index.

The IENS is the energy, which is provided by the con-
ventional generation units for primary and secondary control.
ECU is the amount of energy that has been not produced due
to frequency controls by the conventional generators. These
energies have a severe influence on the economic operation
of the power system. Therefore, they have to be considered
for the reliability evaluation of the system.



TABLE II: Reliability Evaluation Indexes

Index Unit Full Name

ENOF Exp. Number of Over Frequency Events
ENUF Exp. Number of Under Frequency Events
ENAF Exp. Number of Abnormal Frequency Events
EOFD min Exp. Over Frequency Duration

EUFD min Exp. Under Frequency Duration

EAFD min Exp. Abnormal Frequency Duration
EENS MWh  Exp. Energy Not Served to loads

EWEW  MWh  Exp. Wind Energy Wasted

EWES MWh  Exp. Wind Energy Surplus Supplied
IENS MWh  Indirect Energy Not Supplied

ECU MWh  Unnecessary Energy Consumption

III. COMPARISON OF TESTED CONTROL STRATEGIES

Several simulations have been performed with the differ-
ent events and varying wind power injected into the power
grid and load consumed by the system. The results of these
scenarios are shown in the following sections. First some
time series results and afterwards the reliability comparison
of the droop control implementations. The shown simulation
show all the same steady state operation, where the system
load is 190 MW and the injected wind power is 72 MW.

A. Frequency behavior with Droop Control

The following figures show the system behavior with
additional droop control in the wind turbines. In Case 1 only
power reduction is possible, whereas the controller setup in
Case 2 has the possibility to increase the power output as
well.

1) Case 1: Only Power Reduction:

The simulation results in Fig.9a show the frequency
behavior after a load disconnection of 8 MW. The reduced
wind power injected into the grid by the additional droop
controls is shown in Fig. 9a.

The simulation results of this case shows the reduction of
the maximum frequency deviation in Fig.9a. Nevertheless,
the frequency still rises over 50.2 Hz, mening an abnormal
frequency event. But the duration of this event is severely
reduced with this control, resulting a slightly reduced reli-
ability index for this simulation outcome. The wind energy
(shown in Fig.9b), which is wasted increases from 5 MW
to 8 MW with the increased droop parameter. It can also be
noted, that the initial RoCoF is not changing, due to the
response time of the control of around 2 sec.

2) Case2: Power Increase Possible:

The second shown event is the same initial grid condition
and wind injection, but with a generation loss of 7MW. Now,
the droop control is also able to increase the output by 0.1 pu.

Fig. 10a shows the enhanced system frequency during the
disturbance, hence the frequency drop is less severe. It can
be noted, that the increased controller gain only slightly
enhances the frequency behavior, a higher value has even
potential to cause more oscillations in the system. Fig. 10b
shows the increase of wind output during the low frequency
duration. The higher controller gain is not causing a higher
power output in the first swing, even though the limit of
7.2MW has not been reached jet.
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Fig. 9: Simulation Case 1 with Droop Control.
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Fig. 10: Simulation Case 2 with Droop Control.

These, and many more time-series results are then trans-
formed into reliability parameters in the following section to



see the overall effect of the different controls to the system
performance during transient frequency events.

B. Reliability with Droop Control

The reliability indexes of the wind integrated power
system is compared with and without the droop control in
Table III. The wind integration reduces the inertia in the
system due to the deactivation of conventional generation
units, when not needed.

TABLE III: Reliability with Droop based Control (Only
Reduction)

Parameter No Wind  Wind Included  Droop 1 Droop 2
ENOF 5.84 6.44 5.67 5.48
ENUF 80.1 82.24 81.95 81.94
ENAF 85.94 88.69 87.62 87.42
EOFD 0.543 0.885 0.588 0.569
EUFD 17.95 19.98 19.94 19.93
EAFD 18.49 20.83 20.51 20.50
EENS 348.6 370.2 369.9 369.9
EWEW 0 0.0766 0.0466 0.0553
IENS 150.2 1452 1452 1452
ECU 9.2 10.11 10.11 10.11

It can be seen in TableIIl, how the installation of the
wind turbines without further control affects the system
frequency security compared to the system without wind
turbines installed. Mainly, the expected energy not served
goes up, meaning more and longer load curtailments. But
also the number and duration of abnormal frequency events
rises. The ECU, the energy used by the conventional units
to control over frequency events rises, meaning a higher
need for power reductions during the operation. This can
be explained with the amount of load curtailments. during
the events, where load curtailments occur, there is a lesser
need for the generation units to increase their power, because
there are fewer loads in the system.

The usage of additional output reduction controls de-
pending on the frequency deviation is severely reducing the
expected number and duration of over frequency events. The
under frequency occurrences and duration are not severely
affected, hence the added controls are not able to provide ad-
ditional energy during these events. Interesting is the change
of the expected wind energy wasted, which is reduced during
the usage of the first droop parameter, but increased again
slowly with the higher droop. This indicates an optimal
droop coefficient for the wasted energy.

Table IV shows the frequency security indexes with also
power increase possible for the wind turbines.

The option to increase the power output even for a short
time has a severe effect on the system security. The load cur-
tailment is severely reduced, even below the original system
without wind turbines. Also the number of under frequency
events is slightly reduced, compared to the initial value. This
enhances system behavior comes with the drawback of the
energy that has to be provided by the converter based units.

The energy used by the conventional generation units for
the frequency control (IENS and ECU) is almost not changed
with the additional frequency controls. This is primarily due
to the short time of the control interactions compared to the

TABLE IV: Reliability with Droop based Control

Parameter No Wind  Wind Included Droop I  Droop 2
ENOF 5.84 6.44 5.86 5.73
ENUF 80.1 82.24 81.34 79.5
ENAF 85.94 88.69 87.2 85.23
EOFD 0.543 0.885 0.55 0.54
EUFD 17.95 19.98 18.7 18.62
EAFD 18.49 20.83 19.25 19.16
EENS 348.6 370.2 347.97 339.1
EWEW 0 0.0766 0.0488 0.061
EWES 0 0 0.0623 0.0851
IENS 150.2 145.2 148.14 148.6
ECU 9.2 10.11 9.63 9.55

long control duration of primary and secondary frequency
control. The IENS is not increasing, because the wind
turbines can clear the critical frequency deviations in a short
period of time.

C. Frequency behavior with Inertia based Control

The frequency behavior with additional inertia based
control is the point of interest in this section. The control
is supposed to reduce the rate of frequency change and
therefore also the maximum frequency deviation, resulting
in a more reliable system. The shown simulations are the
same circumstances as in Section III-A.

1) Case 1: Pure Power reduction:

The results of the simulation for this case is shown in
Fig. 11. Fig. 11a shows the frequency behavior after the load
disconnection of 8 MW. The reduced wind power injected
into the grid due to the additional control is shown in
Fig. 11b. An increase of wind power is not possible here.

These simulation results show the change wind power
reduction (Fig. 11b) compared to the droop based control.
The power reduction here is lower than with the droop
control in Fig.9b (6 MW compared to 8 MW), but it decays
faster due to the control characteristics. This faster response
is responsible for the improved frequency behavior with
lesser wasted wind energy during this system setup and
disturbance.

2) Case2: Power Increase Possible:

The second shown event is the same initial grid condition
and wind injection, but with a generation loss of 7MW. Now,
the droop control is also able to increase the output by 0.1 pu.

The Fig. 12a shows the system frequency during the weak-
ened grid condition with a more dynamic inertia control. The
wind power change is shown in Fig. 12b. Further increase
of the controller gain constant (MW change due to Hz/sec
change) can nevertheless lead to system instabilities and
oscillations in very weak grid conditions. The balance is
therefore to design the control parameters together with the
changing system dynamics.

D. Reliability with Inertia

The reliability indexes of the IEEE 9 Bus wind integrated
system with control schemes to emulate inertia are shown in
Table V. This control only reduces the injected wind power,
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therefore the control is limited in its performance regarding
under frequency events.

TABLE V: Reliability With Inertia Control (Pure Reduction)

Parameter No Wind  Wind Included Inertia 1 Inertia 2
ENOF 5.84 6.44 5.94 5.67
ENUF 80.1 82.24 81.94 81.88
ENAF 85.94 88.69 87.88 87.55
EOFD 0.543 0.885 0.607 0.576
EUFD 17.95 19.98 19.92 19.92
EAFD 18.49 20.83 20.53 20.50
EENS 348.6 370.2 369.9 369.9
EWEW 0 0.0766 0.0754 0.0822
IENS 150.2 145.2 145.2 145.2
ECU 9.2 10.11 10.11 10.11

The inertia based control with only power output reduction
has, as well as the droop based control, the potential to
reduce the number and duration of over frequency events.
It has to be noted, that the expected wind energy wasted
is nevertheless not severely dropping as in TableIIl. This
means, that some over frequency events can be avoided with
this control structure, but the majority of load trips still
causes frequency rises over 50.2 Hz.

The system reliability parameters change with as shown in
Table VI, when the control is designed to also allow a 0.1 pu
power increase with emulated inertia. Now it is possible
to control the system frequency over a much wider range,
enhancing the system performance during the loss of active
power generation.

TABLE VI: Reliability with Inertia Emulating Control

Parameter No Wind  Wind Included Inertia 1  Inertia 2
ENOF 5.84 6.44 5.86 5.62
ENUF 80.1 82.24 79.4 78.4
ENAF 85.94 88.69 85.26 84.02
EOFD 0.543 0.885 0.588 0.535
EUFD 17.95 19.98 18.46 18.2
EAFD 18.49 20.83 19.04 18.735
EENS 348.6 370.2 337.8 326.4
EWEW 0 0.0766 0.035 0.0398
EWES 0 0 0.12 0.153
IENS 150.2 145.2 149.6 149.7
ECU 9.2 10.11 9.63 9.62

The possibility to increase the power output with the em-
ulation of inertia has a severe effect on the load curtailment.
The expected energy not supplied index is severely dropping.
But in order to achieve this, more energy has to be supplied
by the wind turbines during short periods. Nevertheless, this
control seems to have a more severe effect on the overall
system performance than droop based control structures.

It can be seen in Table VI, as well as in Ta-
ble reftab:InertiaReliabilityResultUp, that the control has a
much higher influence on avoiding load curtailments (at
frequencies below 49 Hz) than on avoiding frequency drops
below only 49.8 Hz. The response time of the converter
controls seems to give severe limitations to in avoiding the
majority of abnormal under frequency states.

IV. CONCLUSION

The paper shows the impact of two different frequency
control schemes in a highly wind integrated power system



to the system frequency security. The converter based gen-
eration units have the possibility to contribute to a stable
system operation with controlled power reduction, but this
comes together with wasted wind energy and therefore high
economic drawbacks. The installation of energy storage or
the usage of rotational energy from the blades seems to be a
viable step to contribute to a power electronic based power
system, reducing the need for load curtailment.

Different kinds of controls can be implemented in power
electronic based generation units, all changing the system
frequency behavior. This paper is therefore not a finished
analysis of all possible controls, but it shows trends, which
controls are effective with respect to the system frequency
security. The finding of an optimal balance between wasted
energy, additional equipment and system performance de-
pends on the system structure as well as on the amount of
wind generation and has to be further researched.

A high integration of converter based units, replacing
a severe number of conventional generation units, can be
realized with different approaches. One of them is the
usage of additional frequency control schemes, another is
an increase of spinning reserve in the power system. An
economical evaluation of the different possibilities has to be
done in future research, allowing a secure system operation
with reasonable costs.
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Abstract: Power grids all over the world are nowadays facing high penetrations of renewable power generation. The converter
based generation units play a major role in system behavior and operation. Thereby, also the reliability of the power system is
impacted in many different aspects. It has to be verified whether the frequency reliability assessment, which is often studied by
simulations, is still accurate, every time a new control structure is considered. For this, the number of simulations should not be
further increased if possible, in order to keep the computational efforts low. In this study, we verify that the assessment outcome
will be accurate when the LDC and WPC of a system are described well enough. This is shown to be true for different frequency
controls, implemented in wind power plants in the system. Besides, the effect of different LDCs and WPCs are analyzed, as they
can change over time. The used methodology is validated on the IEEE-reliability test system (IEEE RTS).

Nomenclature
LDC Load Duration Curve
MCS Monte-Carlo-Simulation
TSO Transmission System Operator
WPC ‘Wind Power Curve

IEEE RTS IEEE Reliability Test System

NOF Expected Number of Over-Frequency Events
NUF Expected Number of Under-Frequency Events
ENAF Expected Number of Abnormal Frequency Events
OFD Expected Over-Frequency Duration, min

UFD Expected Under-Frequency Duration, min

EAFD Expected Abnormal Frequency Duration, min
ENS Expected Energy Not Served to loads, MWh

EWEW Expected Wind Energy Wasted, MWh
EWES Expected Wind Energy Surplus Supplied, MWh
IENS 1 Indirect Energy Not Supplied
by Primary Frequency Control, MWh
IENS 2 Indirect Energy Not Supplied
by Secondary Frequency Control, MWh
ECU1 Unnecessary Energy Consumption
by Primary Frequency Control, MWh
ECU2 Unnecessary Energy Consumption
by Secondary Frequency Control, MWh

1 Introduction

Large amounts of wind and solar power are installed in power grids
all over the world [1]. The level of penetration has reached a point
where it severely affects the behavior of the power grid. One of the
main challenges with this extensive usage of wind and solar power
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is the reduction of rotating mass in the power system. This reduction
is seen as a major concern from TSOs to ensure the reliable opera-
tion of the grid. Reduced inertia is causing faster and more severe
frequency deviations when a disturbance occurs [2]. Extensive stud-
ies on the changing frequency behavior are performed, meaning
increasing maximum frequency deviations, as well as faster rates
of change of frequency (RoCoF) [3, 4]. It is shown that the conven-
tional frequency controls (as described in [5-7]) are not enough to
keep a high system frequency quality [8, 9].

The TSOs are therefore going through a fundamental transi-
tion in their requirements for grid connections. Several grid codes
demand power curtailment of renewable generation units depending
on frequency deviations that are now established in many coun-
tries all over the world. The demanded controls base on classical
current-controlled units, with frequency controls dependent on the
measured system frequency deviation [10-13]. So far, synchronous
machine emulation controls (as in [14-17]) are not yet seen in the
grid requirements and are therefore not considered in this study.

The system operational reliability can be used to verify the ade-
quate supply of all loads in the power system. The effect of wind
generation on the power system reliability is well understood [18—
22]. In addition, over-frequency control using power curtailment is
taken into consideration in these studies [23-25]. The effect of the
additional controls is evaluated by making a contingency analysis.
There, different steady-state operations are considered, and then the
dynamic system performance during contingencies is analyzed. The
number of system states and analyzed contingencies varies in the
studies.

Often, the evaluation of the system reliability can be done ana-
lytically [26] or by using MCS [21, 22]. Other approaches are using
artificial intelligence to determine the state of the system [27]. The
system reliability is determined with a deterministic approach in
this study to achieve comparable results. Multiple system states with
a certain probability are chosen for the steady-state operation. MCS
has the drawback of adding additional uncertainty to the assess-
ment process, which is usually neglected by a high number of states
considered. Ref. [28] uses MCS with a defined number of 1000
simulations, but it is not verified how this number is found. On the
other hand, in [29], 100 simulations with MCS is used as a bench-
mark to describe the system capability to accommodate uncertain
wind power generation. Ref.[30] uses 5000 simulations to deter-
mine the system load-flow in a wind-integrated power system. Then,



the authors use data clusters to reduce the computational burden.
However, the minimum number of simulations required to achieve
a valid assessment is not discussed; 5000 simulations are assumed
to be enough. Fifty thousand different scenarios for frequency secu-
rity evaluation of wind integrated systems are used in [31]. There,
the impact of wind power plants on the load-curtailment is stud-
ied in detail. Until now the number of MCS is often just increased
by researchers up to the number, where the solution settles enough
to satisfy the requirement for the given study. These studies could
potentially reduce their simulation numbers significantly without
loosing accuracy in the assessment outcome.

The additional frequency controls are needed, as the power sys-
tem inertia is reduced in many hours of the system operation nowa-
days, when converter-based units penetrate the power grid [32].
These controls can be very different in their characteristics [33],
but they all severely change the grid ability to maintain a reliable
system frequency. However, it is not fully understood how these
additional frequency controls affect the accuracy of the assessment
method. This means how the assessment process has to be adapted
to the inclusion of wind power plants with additional frequency con-
trols to achieve a valid estimation of the system performance. This
paper closes this research gap by determining the number of system
states that are needed during the assessment to estimate the system
behavior within reasonable accuracy.

To determine the minimum number of states required for a given
accuracy, a deterministic analysis is used to give results, that can
be compared more easily. The system states are defined by differ-
ent considered load and wind states. The number of simulations
required for a valid system estimation is determined with and with-
out modern frequency controls in power electronic-based units. The
analysis validates if the additional equipment and control increase
the requirements for the system assessment strategy. The aim is to
determine if more or fewer simulations are needed to be performed
to estimate the system behavior with additional frequency controls
correctly. This of importance, as system operators have to rely on
the assessment outcome in order to design their frequency control
designs for the next decades.

The outcome of this study is used to reduce the simulation burden
as much as possible, without losing accuracy during the assessment.
The relative impact can also be utilized for MCS, adapting the num-
ber of considered system states when additional frequency controls
are tested. Typically, with modern computers, the numbers of sim-
ulations used during the system reliability assessment is set very
high, as simulation time is not the most critical resource. However,
when TSOs aim to compare different frequency controls with each
other, then the simulations have to be repeated for all tested control
options, which increases the simulation numbers significantly. So a
reduction of simulation numbers becomes of significant importance
with the further integration of converter-based generation units and
their usage for frequency control purposes.

In summary, this paper provides the following novelties:

e A method to determine the required number of simulations for
valid assessment of the system frequency security.

e Introduction of a value representing the accuracy of system rep-
resentation, which can be utilized to guarantee the accuracy of the
reliability assessment.

e A comparison of the requirements for a system without and with
additional frequency support from wind power plants in the system
analysis.

The rest of the paper is organized as follows. Section?2 intro-
duces the methodology used to assess the accuracy of the reliability
estimation. It is explained how the desired threshold can be set
to validate the needed number of simulations. Section 3 shows the
specifics of the used test system, especially the frequency controls
in the conventional generation units, the load behavior, and the wind
turbines. Section4 shows the assessment results and discusses the
outcome. Finally, conclusions are drawn in Section 5.

2 Methods
2.1  Reliability indices

The reliability of the power system frequency is typically assessed
with a number of different indices [24]. Some of these indices
describe the system frequency behavior, others, the system effort
to maintain the system frequency.

The frequency quality can be assessed with the number and dura-
tion of abnormal frequency states, where the deviation of the actual
grid frequency from the nominal grid frequency exceeds the normal
operating range within & 0.2 Hz. The NUF is a measure of the sys-
tem capability to handle the loss of a generation unit. It is highly
dependent on the number and the sizes of the different installed
generation units. In this study, the generation units are inserted
depending on the needed active power in a hierarchical order.

The NOF, on the other hand, describes how the trip of large feed-
ers influences the system frequency. Reduced inertia in the power
system due to high wind power penetration leads to higher fre-
quency deviations. As the frequency rises faster, it can also lead
to an increase in NOF, as the frequency controls take time to coun-
teract the feeder loss. The ENAF is of importance, as many TSOs
have specific limits in their grid operations, how high this value is
allowed to be [34]. If the ENAF is too high, significant changes in
the grid operations have to be planned. The indices NOF and NUF
are then indications, how these changes can be done to adapt the
system operation. The duration of these abnormal events is eval-
uated using the OFD and the UFD. The total abnormal frequency
duration is the EAFD, which is also used for the assessment of
frequency quality by TSOs [34].

The index EWES is the short-term wind power that is released
during the under-frequency events when the respective control is
enabled. This controller action is only possible in this system when
the wind power is already curtailed during steady-state operation.
EWEW, EWES, IENS 1, IENS 2, ECU 1, and ECU 2 are indices
that describe the economic impact of a given frequency control that
is tested. With these indices, it is possible to estimate the smallest
economic impact on the desired frequency quality.

All used frequency reliability indices are listed in the nomencla-
ture section.

2.2 Discrete system states

In this work, two variables are changed for the analysis. First, the
number of discrete load states (L). Second, the number of discrete
steady-state wind power levels in the system (). Together, these
values describe the number of system states considered for the reli-
ability assessment. The value of L represents the discrete level of
system load in the steady-state grid operation before the contin-
gency occurs. Therefore, a higher value for L takes more discrete
system states regarding the system load before a contingency into
account. A very high number of L results in an almost ideal repre-
sentation of the distribution of loads in the power system over time,
often described by the load duration curve (LDC).

The error between the discrete load steps and the ideal LDC
decreases with a higher number of discrete steps. Hence, it increases
the desired number of simulations too. This value is calculated, as
described in (1).

S3ILDC; — LDC giserete il
> LDC;

Errorppc = (1)

It is assumed that a sufficiently low value of Errorypc will
lead to high accuracy of the system load variations throughout the
operation. Besides, the number of discrete wind power production
states W is varied in the analysis method. The wind power levels
are then dependent on the wind power curve (WPC) of the wind
turbines. A high value of W results in an accurate representation
of the available wind power in the system. The error of the discrete
steps to Erroryy pc is calculated in the same way as for the LDC
to see its impact on the assessment on the frequency reliability.
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The addition of these two error values describes the error of the
system representation ET70rsystem- It is used to verify that the
system analysis is sufficiently good, which will further lead to a
correct system reliability estimation. The value of Errorsystem
is dependent on the LDC curve, the number of LDC steps, as well
as on the WPC of the power grid and the number of discrete wind
power steps.

2.3 Assessment outcome verification

The critical value of Errorsysiem, leading to a valid reliability
assessment, is determined by changing the number of system states.
The total number of analyzed system states Ng;q¢es 1S given as:

Nstates = L x W (2)

The number and type of system contingencies are dependent on
the system states. It depends mainly on the number of running wind
turbines, as well as on the number of generation units being in oper-
ation during each system state. The number of simulated system
states is increased until the results settle and do not vary outside the
desired accuracy.

The accuracy of the reliability assessment quantifies if the out-
come matches the expected value. The precision of the simulation
outcome is dependent on the validity of data as a system input,
as there can be uncertainties in the yearly load distribution in the
power system, the probability of the certain wind speeds, or the
occurrence rate of a contingency. This analysis uses a deterministic
method, meaning all possible system states and all contingencies
are simulated and therefore taken into account. The precision of
the assessment method is only an essential factor when MCS is
used, where not all possible system states and contingencies are
combined.

The accuracy of a simulation set is validated in this work, as
shown in (3). Here, the reliability indices for a given number of
states X7, 7 are compared to the indices estimated with a high
number of states X ;.. r. L and W are increased until the assessment
outcome does not vary anymore. Further increase of the number
of simulations does not change the accuracy in the assessment
anymore.

(3)

X — X e
Acc xp y = 100% — abs(M>

Xref

It is necessary to compare the lowest accuracy for all given
indices for any given number of simulation states to decide if
one simulation outcome is valid or not. The minimum accuracy
(Min acc) of any index is a value that describes the lowest of all
determined indices. This minimum accuracy can be used to deter-
mine whether a simulation outcome can be trusted to a certain
degree.

A threshold, e.g., 95 %, can be set and shows how accurate a
simulation set has to be. Then, the outcome is considered as valid.
Otherwise, the number of simulations was not sufficient. This is
described in (4). Afterwards, the different reliability indices are
combined to determine how many simulation steps are needed so
that all indices match the expected value within the threshold. The
calculated index is valid with the following expression.

Valid 1 ,A'finAuuwa > threshold @
altla x , =
oW 0 ,I\IinAUUXL w < threshold

Simulation sets with all indices meeting the validation criterion
in (4) are counted as a valid set. With this analysis, the accuracy of
all indices can be assessed, and the simulation sets can be effectively
compared.
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Fig. 1: IEEE 24-bus reliability test system [35], used for the system
analysis, with three additional wind farms.

3 Test system modeling

The system design has a significant effect on the calculated system
frequency reliability. The system states, as well as the considered
contingencies, determine the frequency behavior. The power system
used in this analysis is the IEEE RTS, as shown in Fig. 1 [35]. IEEE
RTS is a commonly used power system and it is easily comparable
[36].

It contains detailed information on the load level throughout the
year, as well as generator models with failure rates and frequency
control parameters [35, 37]. Three wind farms have been addition-
ally added to the system to determine the effect on the system
reliability assessment. They are further described in Section 3.3.

The used power system is modeled as a one-bus system like done
in [24], using MATLAB Simulink, version R2018b. The system
loads are connected to the bus, as well as the wind power plants
and the conventional generation units, when in use.

The steps include the system description, including wind and
load curves, but also the data of the generation units. The system
modeling step implements then the different units of the power grid
to a model of the power grid with its frequency behavior. The con-
tingency analysis is then simulating the system frequency after the
considered active power imbalances are applied. The simulation
results are afterwards combined with the used reliability indices.
The different steps of the frequency security assessment are shown
in Fig2.

3.1 Modeling of system load

The hourly peak loads with seasonal, weekly, and daily data are
given for the IEEE RTS [35]. The LDC sorts these data points in a
descending order to determine the probability of a load peak value
throughout the observation period. In this study, two LDCs are used
to compare the number of simulations needed to provide an accurate
assessment outcome: the LDC of the IEEE-RTS System (LDC 1)
and an alternative LDC (LDC 2) that represents a grid with lower
overall power consumption, but the same maximum system load.
Both LDCs are shown in Fig. 3.

The maximum peak load of both LDCs is given with 2,850 MW.
The total power consumption of all loads in one year for LDC 1 is
15,300 GWh. The average load is 60 % of the peak value. The total
power consumption per year with LDC 2 is 11,200 GWh.
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Fig. 4: LDC 1 with different used numbers of discrete load levels.

To perform the time series simulation of a contingency, the
respective LDC has to be divided into discrete steps to achieve
steady-state system operations before the events. These steps are
the maximum load, minimum load, and balanced power levels in
between. Different numbers of discrete steps of LDC 1 are shown
in Fig. 4.

The duration of these discrete steps is chosen to keep the energy
consumption of the test system throughout the operation constant.
A higher number of simulation steps fits the original LDC more
accurately than the use of only a few discrete steps, as shown in
Fig.4. As a drawback, the simulation time increases linearly with
the higher number of discrete simulation steps.

3.2 Modeling of generation units
The data for the generation units, including all needed parameters
for estimating the frequency behavior, are taken directly from the
IEEE RTS as it is specified in [35, 37].

The unit commitment order under different load and wind condi-
tions is heuristically determined, preferring units with higher rated
power to operate. This ensures a higher power system inertia than
mixed generator scheduling and, therefore, a more stable system
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Fig. 5: Primary frequency control block diagram of conventional
generation units, used in the IEEE RTS in Fig. 1.
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Table 1: Stages of Wind Power installed in the IEEE RTS.

Installed Number of
Capacity | installed Turbines
Wind Stage 1 | 600 MW 100
Wind Stage 2 | 1200 MW 200
Wind Stage 3 | 1800 MW 300

operation. The control scheme of the primary frequency control is
given in Fig. 5.

The generator parameters T, Tc . Trir, and Fiyy p for the gen-
eration units committed to the frequency control are set to 0.2s,
0.3s, 7.0, and 0.3 respectively. The purpose of the primary fre-
quency control is to restore a frequency deviation into the normal
operation condition. The parameters and the droop R are given in
[5]. The secondary frequency control restores to the nominal value.
The dynamics of the secondary control is highly dependent on the
limited ramp rate in the conventional generation units. It is slowed
down for the purpose of minimizing the dynamic requirements for
the participating units. The secondary control influences the active
power reference setpoint, as shown in the primary control scheme
in Fig. 5. The parameters are given for the IEEE RTS [37].

3.3 Modeling of wind power plants

Wind power is included in the IEEE RTS system in three stages.
Stage one adds Wind Farm 1 with one hundred 6 MW wind tur-
bine generators with a total rated power of 600 MW, according to
Fig. 1. Stage two includes Wind Farm 1 as well as Wind Farm 2 with
again one hundred 6 MW wind turbines. In stage three, Wind Farm
3 is also installed with again 600 MW rated power, which means a
penetration level of up to 60 % wind power in stage three during
high load situations. The amount of installed wind power in the test
system in described in Table 1.

The injected wind power is determined by the wind speed and
the turbine parameters. The cut-in wind speed is given as 3 m/s.
The rated and cut-out wind speed are 13 m/s and 25 m/s, respec-
tively. The simulated wind turbines have 1600 full-load hours, being
a representation of onshore wind power generation units [38]. The
probability of injected wind power into the system during steady-
state is given in the wind power probability curve (WPC). This
curve is further referred to as WPC 1, as shown in Fig.6. A sec-
ond WPC (WPC 2), representing 2200 full-load hours, is used to
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Fig. 7: "Frequency response’ of the wind turbines as specified in
the Danish grid code [10].

compare the effect of the estimation error on the outcome of the
assessment. This second WPC is ensuring that the assessment accu-
racy is not dependent on the one system condition, but that this
assessment evaluation can be utilized for other system conditions
as well.

The wind power plants are modeled as always being available.
This means that the wind turbines are producing power whenever
the wind speed allows for it. Otherwise, the WPC has to be adjusted
by increasing the probability of lower wind power states. For the
proposed methodology, changing the shape of the WPC slightly is
not expected to influence the accuracy of the assessment, but only
the value of the system reliability.

The power system frequency security is only affected by wind
turbines when wind power is currently injected. Otherwise, the
loads are supplied by conventional power plants. Higher availability
of wind power, as in this study with the second used WPC, causes
system states with a lower inertia and a system frequency that is less
secure to maintain.

The discrete levels are chosen to keep the overall injected wind
energy over the observation period constant and to minimize the
error to the original WPC. The step number varies from L = 3 to
L = 30.

The wind turbines are controlled using the over-frequency power
curtailment as it is described in the Danish grid code as ’frequency
response’ [10]. The scheme of this frequency behavior is shown in
Fig. 7. The settings are fixed and given in the grid code.

The scheme of the analyzed additional frequency control is
shown in Fig. 8. This control can be realized with the respective
settings when incorporating the control scheme ’frequency control’
in the Danish grid code for wind power plants [10]. The variables
shown in the scheme can be set during the system operation by the
TSO. In the grid code, default settings are given, which are used in
this study. The dead-band is set to 50 mHz, avoiding control interac-
tions for small disturbances. The maximum positive power change
APpaq is set to 0.2 pu, with a droop coefficient, so that the max-
imum available active power is requested at a frequency reduction

IET Research Journals, pp. 1-ix
© The Institution of Engineering and Technology 2020

Active Power
Droop 1

N Droop 2

faeadband

50.00 Frequency [Hz]

Fig. 8: Specification of the "Frequency control’ of the wind turbines
as in the Danish grid code [10].

of 1 Hz. The full power reduction is set to be at 52 Hz grid fre-
quency. Wind power plants contribute during the first phase of a
frequency disturbance, which means they possibly prevent abnor-
mal frequency conditions during both frequency drop as well as
during frequency rise events.

The change in operational reliability is highly dependent on the
used power system. Therefore, the change in frequency security due
to the changed control is not directly applicable to other systems
with different conditions. Nevertheless, the accuracy, determining
the duration of the evaluation can be compared more easily.

Section 4 describes the results of these different simulation step
numbers to the calculated system frequency reliability.

4 Results

This study shows the impact of the number of simulated system
states on the reliability assessment accuracy. The results for stage
1 wind power penetration with the LDC 1 and the WPC 1 without
additional frequency control is shown in Section 4.1. This illustrates
the method and shows the verification of outcome accuracy. The
system with *frequency control’ active is shown in Section 4.2.

The results for a system behaving as described by LDC 1 and
WPC1 is shown in Section4.3. Section4.4 describes then the
results that are obtained when using LDC 2 and WPC 2.

4.1  Analysis of the system with LDC 1 and WPC 1, without
‘frequency control’

In this Section, the wind turbines in Wind Farm 1 behave with the
*frequency response’ specified in the Danish grid code. This con-
trol gets active during frequencies above 50.2 Hz. A certain amount
of wind power is curtailed to reduce the impact of over-frequency
events. This case is shown in detail; all other used cases are only
showing the final result to compare the needed Errorgystem and
the needed number of simulations.

The average accuracy of all indices of the wind power inte-
grated system is shown with the used discrete steps in Fig.9 with
the different number of discrete wind and load steps used in the
simulation.

Second, the minimum accuracy of any index used in the reliabil-
ity analysis of the wind power integrated system is shown with the
different number of simulation steps in Fig. 10. This value is used to
verify whether the number of simulated system states is sufficient
to achieve valid reliability results.

Fig. 10 shows the lowest index accuracy for each given discrete
step number. A broad set of W and L values provides an accuracy
of at least 90 % for all indices. The minimum accuracy of all indices
is compared with a threshold to determine if the simulated outcome
is valid or not, as described in Section 2. This threshold is set to an
accuracy of 95 % in this study. The number of indices within this
range is shown in Fig.11.

The state with the least amount of wind and load states needed to
reach the 95 % accuracy can be found at L = 8 and W = 10. Also,
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Fig. 9: Average index accuracy depending on the number of
performed simulations, without frequency controls in wind turbines.
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Fig. 10: Minimum index accuracy depending on the number of
performed simulations, without frequency controls in wind turbines.

the combination of L = 6 and W = 18 has a valid accuracy, but
with a higher number of simulations in total.

Fig. 12 shows the value of Errorgystem, for the different val-
ues of load and wind power steps. It can be seen that it decreases
continuously with higher step numbers.

The values of ET70rgystem are shown in Table 2. There, it can
also be seen which simulation leads to a valid system reliability
assessment for the considered case. The green color indicates a reli-
ability result within the specified accuracy of 95 %, whereas red
indicates an invalid result in the evaluation. The shown discrete
step numbers are only a selection to show the general behavior of
Errorsystem-

The highest value of Error gy stem leading to a valid assessment
is 7.88 %, whereas the lowest value causing a wrong assessment can
be found at 5.01 %. So the value of Errorgystem is initself not suf-
ficient to guarantee a valid assessment together with low simulation
numbers. To reduce the number of simulations and, therefore, the
computational time, the number of discrete wind and load steps has
to be kept close to each other. For this system, the minimum num-
ber of needed simulated system states is 80, with an ETrorsystem
value of 6.81 %.

4.2 Analysis of the system with LDC 1 and WPC 1, with
‘frequency control’

Afterwards, the 'frequency control’ from the Danish grid code is
enabled in the wind turbines. The other system conditions are kept
the same. The accuracy of the assessment is done with the same
procedure. The required ETror gy stem value is determined with the

Vi
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Fig. 11: Number of indices, where the simulation outcome matches
the accurate value within the threshold of 95 % depending on the
number of performed simulations, without frequency controls in
wind turbines.

Error in System Representation [%]

20
Number of
Load Steps

Number of 30 30
Wind Steps

Fig. 12: System representation error, depending on the number of
discrete wind power and load steps for LDC 1 and WPC 1.

Table 2: System Error Value [%] for different numbers of discrete
Steps without *frequency control’.

Load Steps

‘Wind Steps

number of simulations needed to achieve the required accuracy for
all reliability indices.
The mean accuracy of the reliability indices is shown in Fig. 13.
This value is relatively high, even for low numbers of L and W.
The mean index accuracy, however, can not be used to decide if
all indices are calculated valid, so the minimum index accuracy is

IET Research Journals, pp. 1-ix
© The Institution of Engineering and Technology 2020



Average Index Accuracy %

Number of Number of
i umber Of
Wind Steps 3 3 Load Steps

Fig. 13: Mean index accuracy depending on the number of per-
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Fig. 14: Minimum index accuracy depending on the number of
performed simulations, with frequency controls in wind turbines.

used to determine the accuracy of the assessment. The lowest index
accuracy for the different values of L and W are shown in Fig. 10.
The number of indices that are therefore considered valid is shown
in Fig. 15.

The number of simulations, required to achieve a valid system
reliability assessment, varies compared to the assessment without
frequency controls. The value of Errorgystem is the same as
without "frequency control’ enabled as it is shown in Fig. 12.

The detailed results with the minimum required number of sim-
ulations comparing the assessment with and without the ’frequency
control * are shown in Section 4.3.

4.3  Results for LDC 1 and WPC 1

The assessment of the IEEE RTS is repeated for the other two stages
of wind integration, while still using LDC 1 and WPC 1. The wind
power plants are analyzed with and without the frequency control,
as described in Section 3.3.

The results of the validity assessment are shown in Table 3. This
allows a comparison of the needed number of simulations required
for a valid assessment. The minimum E7r70r gy stem for the correct
assessment outcome is not fixed but depends on the control that is
utilized and the wind power penetration level.

The results listed in Table 3 show the needed number of sim-
ulations when the grid conditions as described by LDC 1 and
WPC 1. In the tested cases, the needed number of simulated sys-
tem states varies from 70 to 112. Without frequency control’,
the average value of error at minimal step numbers is 7.30 %,
ranging from 6.81 % to 7.95 %. With frequency control’ enabled,
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Fig. 15: Number of indices, where the simulation outcome matches
the accurate value within the threshold of 95 % depending on the
number of performed simulations, with frequency controls in wind
turbines.

the Errorsystem value has to be 7.20 % on average, 6.50 % at
minimum and 7.59 % at maximum.

This indicates that the Errorgysienm value, allowing for an
accurate system assessment, does not significantly change with the
additional frequency control. When a safety margin is included,
the accuracy can be kept high, even when testing an alternative
controller setting.

4.4  Results for LDC2 and WPC 2

The results of the reliability assessment for the alternative set of
wind and load behavior, are discussed in this section. Again, it
is determined what the critical Errorgystem value for an accu-
rate result is and whether additional frequency control has a severe
impact on the needed number of simulations.

Table 4 reveals that the needed number of simulations increases
with LDC2 and WPC 2. In the tested cases, the number of simu-
lated system states is increased compared to Table 3. The average
value of the needed ET70r 5y stem is 8.62 %, reaching from 8.28 %
to 9.22 %, without ’frequency control’. With ’frequency control’
enabled this changes to an average value of 7.72 %, a minimum
value of 6.66 %, and a maximum E770rsystem value of 8.28 %.
The needed number of simulation increases severely with this sys-
tem conditions; up to 150 system states have to be considered for
the assessment.

Table 3 and Table4 show that the accuracy is more dependent
on the number of simulated wind power steps than on the number
of load steps. This is obtained regardless of the wind power plants
using additional frequency control for both tested system condi-
tions. The results show that a system representation with L and
W values to achieve an ETrorgystem value of less than 6 % is
sufficient in any cases for the two given system conditions.

4.5  Results with a higher level of accuracy

The simulation accuracy has also been tested for a higher level of
the desired accuracy. The threshold has been increased from 95 %
to 98 %. The simulation burden increased severely, as well as the
required value for ETrorgystem. For system condition 1, with
WPC 1 and LDC 1, the value of Errorgystem is determined to be
4.12 % at the minimum number of simulation, reaching from 3.81 %
to 4.37 % for the different system variations, such as wind power
plant changes as well as enabled and disabled frequency controls in
the wind power plant. The minimum number of simulations is vary-
ing between 205 and 285, so it increased significantly compared to
the previously tested threshold for accuracy.

When WPC2 and LDC?2 are used for the system analysis,
then the results change accordingly. The required Errorgystem is

vii



Table 3: System Representation Error for LDC 1 and WPC 1

Control

Active  valid Result [%]

Max Error

Minimal Sim Error at

Number (L:/W:) Minimum Sim [%]

7.88 80 (8/10) 6.81
‘Wind Power Stage 1
X 7.51 91 (7/13) 7.51
. 7.13 70 (7/10) 7.13
‘Wind Power Stage 2
X 7.59 88 (8/11) 8.17
. 6.62 84 (6/14) 7.95
‘Wind Power Stage 3
X 6.50 112 (8/14) 8.13

Table 4: System Representation Error for LDC 2 and WPC 2

Control

Active  valid Result [%]

Max Error

Minimal Sim Error at

Number (L:/W:) Minimum Sim [%]

8.28 140 (10/14) 8.28
Wind Power Stage 1
X 8.30 182 (13/14) 6.66
. 9.44 88 (8/11) 9.22
Wind Power Stage 2
X 8.28 140 (10/14) 8.28
. 8.37 130 (10/13) 8.37
Wind Power Stage 3
X 8.21 150 (10/15) 8.21

4.57 % on average, reaching from 4.02 % to 4.83 %. The required
number of simulations to reach the demanded accuracy increase to
the range between 255 to 372.

A system design that guarantees an E7707 gy stem Value of 3.5 %
allows a significant margin of accuracy, whilst not wasting time for
more simulations when the accuracy goal is set to 98 % in this study.
This parameter can be verified and then used over a large course of
analysis, as it verifies the assessment outcome even with variations
in the frequency controls.

4.6  Discussion of results

The analyzed power system reliability is highly affected by the
simulation efforts that is performed. The balance between the num-
ber of simulations and the accuracy of the reliability assessment is
shown. This balance has no linear behavior, as the system is highly
non-linear, but influenced by the LDC, WPC, the used generation
units, and the probability of failures. The performed analysis also
determines the different effects of considered wind steps and load
steps. It can be seen that the number of wind power steps has to
be considered carefully, as it has a higher effect on the assessment
accuracy than the number of load steps. So a higher value for W
than L has to be chosen when the simulation burden is aimed to be
reduced.

As the system is highly non-linear, the value of Errorsysiem
during the design phase has to be chosen with a margin. This guar-
antees a high assessment accuracy even with severe changes in the
frequency behavior of the wind power plants. However, the margin
has to be chosen carefully to achieve a balance between the high
accuracy and the simulation numbers.

The results for the two different system conditions show that the
needed number of performed simulations severely changes when
the LDC and WPC are changed. The reason for this is the different
distribution of discrete states with the respective probability. The
required ET7T0r gy stem Value for a defined level of accuracy, on the
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other side, is not changing severely between the two analyzed load
and wind conditions. The same is true with the tested frequency
control. It also has to be noted that a higher value of W is needed
when performing the reliability analysis, as it needs more discrete
steps to model the system accurately.

5 Conclusion

The method presented in this work is able to analyze the severe
impact of simulation numbers on the accuracy of frequency secu-
rity assessment in wind-integrated power systems with additional
frequency controls in wind turbines. The new method presented
is helpful in determining the number of simulations by using the
easily obtainable value of ET70rgystem- This value can be calcu-
lated by comparing the actual LDC and WPC with the considered
discrete system states. When higher accuracy is desired, the num-
ber of simulations has to be adjusted, and the critical value of
Errorgystem Wwill change. The methodology presented in this
paper can be repeated with any given power system for different
wind power penetration levels and additional controls.

However, the methods are limited, as, so far, the methodol-
ogy is only applicable for deterministic system assessment. With
MCS, it is more challenging to achieve a correct estimation of
Errorgsystem, as the system states are varied randomly. The pre-
sented work is also only determining the impact of one specific
frequency control, which is possible with wind power plants. Other
control schemes can have a different impact on the assessment
requirements. Also, the proposed methodology is only verified for
one test power system. Applying it to other power grids may change
the behavior of Errorsystem and its application for accuracy
verification. Further, the availability of wind power plants is not
considered in this study. The availability of the wind power plants
has an impact on the WPC, the ETrorsystem, and also on the
system reliability.
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Nevertheless, the presented study allows for verification of the
desired system reliability assessment performance under changing
conditions without wasting valuable simulation time. For the given
test system, there are no increased requirements when testing the
frequency control in the wind turbines. Also, the level of penetration
is not playing a major role in the desired number of simulations that
have to be performed.

With the proposed method, TSOs can determine the required
value of Errorgysiem for their system and for their demanded
level of accuracy, before examining the impact of additional fre-
quency controls to their grid operation. This helps to preserve
computational effort without resulting in invalid reliability indices.
It is then possible to compare the assessment outcome and to evalu-
ate which frequency control scheme should be used in the respective
power system to allow the highest system reliability.

Further research is needed to further reduce the required num-
ber of simulations by optimizing the discrete steps for LDC and
WPC, to minimize the E7rrorgys¢em value without increasing the
number of considered states N. Other frequency control options,
such as virtual synchronous machine emulations and alike, should
also be tested for their requirements regarding the reliability assess-
ment. This should be done before these functions are utilized in
order to choose the design of these controls more carefully and to
reliably utilize this kind of service. Also, a transformation of the
given methodology to MCS would be beneficial, as MCS is also
often performed for this kind of system assessment. The wind power
plants are also not modeled in full detail, which can be addressed in
future research, such as the availability. Additionally, the proposed
method has to be tested in other power grids with changed system
performance to see the impact on the reliability assessment.
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Abstract: Power grids with high integration of power electronic converters face new issues that have not existed before. The
frequency in the power system has been highly related to the inertia and the rotational speed of the operational synchronous
machines. This is now changing, as the converter-based generation units are contributing increasingly to the balancing of active
power in the modern power grid. Several frequency control designs for the power electronic-based generation units have been pre-
sented in the past, but optimal control structures and settings are dependent on the current power grid parameters and operation.
The converter-based units allow the transmission system operators to change their behavior according to their grid requirements
much more dynamical than ever before. This paper proposes a new framework that can be utilized to find the best-suited control
settings in converter-based units to enhance the system frequency reliability. The proposed framework is demonstrated in a study
case by varying the settings of one frequency control scheme currently used in wind power plants in the Danish grid codes and

validated on the IEEE 24-Bus Reliability Test System with additional wind power integration.

1 Introduction

Large amounts of renewable power plants are installed in power
grids all over the world [1]. The high amount of renewable power
generation is now at a point where their power electronic converters
define the behavior of the power grid. Also, other converter-based
units are getting connected to the grid, such as battery systems,
flexible AC transmission systems (FACTS), and high voltage DC
transmission units (HVDC). One of the challenges with this exten-
sive usage of these units is the reduction of inertia in the power
system. An active power imbalance causes a change in the system
frequency following (1), where the rated generator power Sp, and
their time constant H is used [2].

f = (PGen - PLoad) : 2.'];7«1% (eY)

The reliability of the power system in all aspects is severely
affected by the converter-based units. Nevertheless, the change in
system frequency behavior due to the proliferation of inertia-less
units is a vast concern for transmission system operators (TSO) for
reliable operation of modern power grids [3-5].

Modern power system reliability can be divided into two main
aspects, adequacy and security, as shown in Fig. 1 [6]. The system
adequacy describes the steady-state capability of the power system
to operate. This can be the supply of system loads, even after the
failure of any unit, and the system’s capability to maintain a voltage
at all buses within the allowed range.

The security of the system describes the dynamic capability of the
system of withstanding a contingency. The analysis includes both
the transient and static phases of the event. The TSO has to adjust
the remedial actions depending on the grid conditions. These actions
can be preventive (e.g., network topology changing, transformer tap
changing, control changes) or corrective (e.g., load shedding, gen-
erator rejections). The steady-state voltage and thermal limits of the
equipment are supposed not to deviate from the accepted operational
limits. Otherwise, following events, like transmission line deacti-
vation, can occur. The long term nature of these following events
allows TSOs to perform corrective actions. This is considered in the
static assessment of system security. Transient and dynamic events,
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on the other hand, are too fast for operators to interfere with cor-
rective actions. Nevertheless, TSOs estimate the state of the grid in
steady-state and the possible contingencies in these states. The oper-
ator ensures that enough reserves are available under all conditions
by preventive actions. Hence, the operator has also to balance the
benefits and the drawbacks of any used strategy. Every system oper-
ator has to consider the different aspects of voltage stability, angular
stability, frequency stability, and converter driven stability [6].

Converter-based units allow a wide functionality in controlling
the system voltage, as they are widely distributed, and they can
inject controlled reactive power. The coordination of FACTS volt-
age controls for stable voltage control has been presented before
[7], allowing a broader integration of these units in modern power
grids. The proper local voltage control allows utilizing the faster
control options that power electronic converters are capable of. In
this field, converter based units are advantageous to conventional
solutions, such as the activation of mechanically switched capacitors
(MSCs). The angular stability describes the maintenance of a safe
angle deviation between all conventional units when severe voltage
collapses occur [2]. Converter based units can assist the grid during
these events when using an assisting control method [8, 9].

This paper is dealing with frequency stability, assessing the
impact and the possibilities of converter based units in maintain-
ing a stable system frequency during contingencies. TSOs can order
the curtailment of generated powers by the renewable units in
cases of high penetration levels. This keeps a minimum number of
conventional units in operation, therefore conserving a minimum
inertia level [10]. Also, the operators directly control the HVDC
units, adapting their frequency behavior to the system needs. The
converter-based units, on the other side, are profiting from a reliable
operation of the connected system as well. Wind power plants, as
one of the main sources of renewable power generation, are capa-
ble of providing different frequency controls as their controls can
be adapted to many requirements [11-13]. Grid codes are the way
TSOs define the functions they demand from renewable generation
units. It has been shown that wind, solar, and battery systems can
provide a wide variety of services to assist the grid during frequency
violation [14, 15]. Power electronic-based converters allow new flex-
ibility with the usage of its controls that has not been seen before. It
is now possible to activate and deactivate certain system services.
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Fig. 2: The interactions between ICT, system, and plant level in the
power grid. TSOs change plant control through remedial actions to
support overall system security.

TSO can also change the settings inside the frequency services to
further adapt them to the system needs. These new options for reme-
dial actions allow TSOs to shape these units’ frequency behavior to
their needs, maintaining a high level of system reliability.

This relations between the system operator and the decentralized
converter-based units are illustrated in Fig. 2. The three considered
levels are the plant level, the system level, and the ICT level (Infor-
mation and Communication Technology). The system operator can
interfere with the converter-based units in the plant level via commu-
nication links. These actions are changes in power reference values,
as well as control activation and deactivation commands, as well as
setpoint changes.

System operators face the challenge of incorporating the flexibil-
ity converter-based units offer. In conventional systems, only a few
units with a large capacity are committing to the frequency control.
In modern power grids, thousands of units are assisting in the system
frequency control in parallel, such as wind power plants with their
grid code requirements [14]. This increased complexity requires the
consideration of many more possible system states, where the flex-
ibility in the converter-based units has to be set in focus. When
determining the reliability impact of frequency services, only a small
number of variations is evaluated so far [16—18]. This, however, is
going through a fundamental change with the increase in frequency
control flexibility in modern power grids.

To overcome this, this paper proposes a framework that can incor-
porate changes in frequency control schemes and settings for the
converter units. The proposed framework allows a comparison of the
impact of operative actions on frequency security. The benefits of the
tested control schemes and settings are compared with their negative
consequences, such as the reduced power produced by the renewable
units. Thew framework can assist TSOs during the design process to
find practical guidelines for improving frequency management.

2  Frequency-related security assessment

The procedure for a system frequency-related security analysis is
shown in Fig. 3. The system is described with the given load dura-
tion curve and the other parameters that have to be considered, such
as wind power distribution or solar irradiation characteristics. The
conventional generation units and their frequency behavior have to
be included as well [19-21]. The system model can be done with
different levels of accuracy. For frequency-related security analy-
sis, a one-bus multi-machine model is often used [16]. Additional
services, such as frequency control in wind power plants are mod-
eled as additional services. More detailed models are also possible,
depending on whether the computational efforts are acceptable or
not.

The system simulation incorporates the different possible sys-
tem states. The different load conditions are considered with their
probabilities in the load duration curve (LDC). The conventional
generation units are modeled with primary and secondary frequency
controls, as described in [16]. The single-bus multi-machine model
has shown to be capable of analyzing the frequency behavior,
as generator-dependent time constants and non-linearities can be
implemented, such as ramp rates and limitations.

As generator failures, the considered contingencies cause fre-
quency excursions in the system and it is followed by the control
response to maintain the system frequency.

Following the reliability parameters presented in [16, 22-26], the
abnormal frequency events are compared with different reliability
indices. The reliability indices describe the number and duration of
abnormal frequency in the power system. The power system’ nomi-
nal frequency is 50 Hz in this analysis, with the abnormal frequency
being counted at a frequency deviation of £ 0.5 Hz, as the control
gets activated at a frequency deviation of + 0.2 Hz.

Different indices can be used to describe the used energy for the
frequency controls. The energy used for frequency regulation by
the conventional generation units is taken as a metric, as well as
the not used wind energy and the surplus wind energy due to addi-
tional controls [16]. Moreover, the under-frequency load curtailment
is taken into consideration, measuring the amount of not supplied
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Table 1: Reliability evaluation indexes used in the power system
analysis [16].

Index Unit  Full Name

NOF Exp. Number of Over-Frequency Events
NUF Exp. Number of Under-Frequency Events
ENAF Exp. Number of Abnormal Frequency Events
EOFD  min Exp. Over-Frequency Duration

UFD min Exp. Under-Frequency Duration

AFD min Exp. Abnormal Frequency Duration
EENS MWh  Exp. Energy Not Served to Loads
EWEW MWh Exp. Wind Energy Wasted

EWES MWh Exp. Wind Energy Surplus Supplied
IENS MWh  Indirect Energy Not Supplied

ECU MWh  Unnecessary Energy Consumption

load in the system due to severe under-frequency events. The indices
are evaluated, taking the probabilities of system state and contin-
gency into consideration. Often used indices for wind-integrated
systems are listed in Table 1. For the system study performed in
Section4, the expected wind energy wasted, and the number of
severe under-frequency is used to assess the system performance
[16].

These indices represent the expected (Exp.) system behavior with
the given parameters. They are used to compare the given system’s
capability concerning its frequency behavior and the spend and cur-
tailed energy for maintaining it. It has to be noted that one can not
directly link the cost for primary or secondary reserves with these
indices. The indices described above are only reflecting the energy
used during an analyzed contingency.
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3 Proposed frequency-related security
optimization framework

As the possibilities for different controller schemes, settings, and
scheduling increases severely with the extensive usage of renew-
able power generation units, the assessment has to be adapted to
this. Changing the input to the assessment, how these units behave
during the operation of the grid, has a severe impact on the grid per-
formance. System operators are in need of adapting their decision-
making process to this change in the operation states. The aim is
to reduce the frequency impact of the converter-based units while
keeping the drawbacks as small as possible. Therefore, a framework
for including multiple frequency managements and comparing their
impact is proposed to find well-suited remedial actions for enhancing
the frequency-related security. The proposed framework is shown in
Fig.5.

The additional parts of the proposed framework are described in
the following subsections.

3.1 Design variations

The first addition to the standard assessment of the system secu-
rity is the variance in the tested system. This can be the usage of
different control strategies, settings, or scheduling. A variety of fre-
quency managements is defined, that is then implemented in addition
to the conventional power system. The system description includes
the load variation and the information of the conventional generation
units, under-frequency load shedding strategies, and primary and
secondary frequency control settings. The system is simulated with
all defined variations. The study case in Section 4 varies one control
parameter, resulting in a one-dimensional outcome. With more vari-
ations combined, the analysis can also result in multi-dimensional
outputs, where different variations are evaluated together. The pos-
sible variations can include control setting changes, different control
schemes, and different activation strategies by TSOs.

The reliability indices, as assessment outcomes, are compared in
the following step to determine the best-suited frequency manage-
ment variation. This step is further illustrated in the system study in
Section 4.

3.2 Evaluation criteria

The second addition to the classical frequency-related security
assessment is the choice of an optimization strategy. The different
indices that describe the abnormal frequency states and drawbacks in
the frequency control processes have to be compared. Thus, multiple
definitions are possible, such as the minimal needed energy used for
reaching a certain frequency quality.

Another design goal is to find the highest efficiency between
system benefits and the required drawbacks. Then, one can use a
sensitivity analysis of the indices of interest. The change of the reli-
ability indices for a given variation of input is given in (2). The
reference value to compare with is the one where the control is
deactivated.

(2)

AlIndex; = Index; — Indexg
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The change of an index value is an indication of how much
the operational actions affect the system security. It allows see-
ing the effect of different controller settings or varying shares of
converter-based penetration level. The relative change of a given
index, described in (3), can be used to quantify the improvement
due to the tested control.

Alndex;
Index

Alndexrge = 3)

This relative change allows the combination of different fre-
quency quality measures such as ENAF and EAFD to find oper-
ational strategies best suited for the given grid requirements. The
relative frequency quality change is combined with other reliability
indices of interest. This is done to achieve an optimal system perfor-
mance and to incorporate the system efforts for this improvement.
As described in [16, 23], the energy used for the frequency control in
the different participating units is an essential factor when assessing
the system performance and economics. This analysis allows a fast
way of balancing the benefits and drawbacks of the applied system
changes. For this analysis, the change in EWEW from the reference
outcome is taken to determine the not produced power of the wind
power plants as the control effort. The combination of benefits and
costs is given with the sensitivity index is given in (4).

Alndexquality @

SF eq, Index = N7 ...
redfnder AIndexDrawback

Other relevant indices can be the number of certain events, such as
the number of occurring system splits, or the activation of different
functions. The evaluated indices are based on the TSO design choice,
determining which effect in the power grid is aimed to be optimized.

3.3 Design Evaluation
In the last step, the optimization strategy is used to assess the sys-
tem variations of interest. The strategy best suited for the TSO is
determined, allowing an enhanced system performance. The out-
come of the assessment can also be obtained by an iterative process.
The iterations can include different frequency management choices,
like control schemes, settings, and scheduling of usage. This step is
the point where the proposed framework is changing from a descrip-
tive process to a design tool, so operators can clearly see trends in
their system reliability and the drawbacks of achieving it. Further
changes, adapting to smaller system variations, can be incorporated.
The proposed framework is used on a test case in the following
section, illustrating the proposed additional steps to the conventional
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Table 2: Generator data [28]

Rated Power Number MTTF MTTR H Ramp Rate
[MW] of Units  [hrs]  [hrs] [s] [MW/hour]
12 5 2940 60 2.5 60
20 4 450 50 3.0 80
50 6 1960 20 35 30
76 4 1960 40 4.0 304
100 3 1200 50 43 300
155 4 960 40 48 620
197 3 950 50 5.0 591
350 1 1150 100 55 350
400 2 1100 150 6.0 800

system assessment. With this, TSOs can better plan the remedial
action needed to manage modern power system security.

4 System study

The framework is applied in a modified IEEE reliability test system
(IEEE RTS) [27, 28]. The aim is to use frequency control in wind
power plants to improve the system’s frequency quality. The conven-
tional parts of the system are described in details in [28]. This system
is well established for different types of reliability analysis, from
security to adequacy assessment [29]. For this study, an increasing
number of installed wind turbines are considered to determine the
change in operative actions. Wind power generation is chosen, as it
is the main contributor to renewable generation in many countries.
Nevertheless, the framework can also be applied to other converter-
based units with frequency control capabilities. The integration of
wind turbines into IEEE RTS and the respective reliability impact
has been analyzed before, like in [16, 30]. In [16], they focus on the
frequency-related security due to the power electronic-based units,
but without additional frequency support functionality in the respec-
tive units. The software MATLAB Simulink is used to simulate the
system behavior during the contingencies.

4.1  Conventional system components

The conventional generation units in the IEEE RTS have a total
capacity of 3405 MW. Each generator has a certain probability of
a failure per year, as given in [28]. The dynamic generator parame-
ters are shown in Table 2 with the mean time to failure (MTTF) and
the mean time to repair (MTTR). This dynamic data describes the
frequency behavior as well as the probability of the units for failing
during operation.

The unit commitment order of the conventional generators under
different system states is determined in a heuristical manner. The
strategy includes the units with the highest time constant first, only
activating the smaller units if needed. This results in a relatively high
system inertia in the power system for any given load and wind
situation. The generation units, which are committed to frequency
control, can provide primary and secondary control, as discussed
in [16]. There, the ramp rate restrictions for secondary control are
considered.

The system load is not constant during the operation throughout
the year. The system load can be represented by the hourly peak load,
resulting in the load duration curve. In the IEEE RTS, the peak load
throughout the year is 2850 MW, and the LDC is given in [27].

The under-frequency load-shedding (UFLS) follows the ENTSO-
E guidelines [31]. This protective function stabilizes the system fre-
quency after a severe generation outage [31]. The under-frequency
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Fig. 6: Wind power duration curve, giving a capacity factor of
28.5%.

load-shedding (UFLS) is the last option for the power system oper-
ation, keeping the remaining parts of the loads still supplied. The
UFLS-scheme is fixed in this analysis, as it is implemented in
the protection relays, and it is not changed dynamically during
operation.

4.2 Modeling wind power plants

‘Wind power plants are additionally included into the IEEE RTS. The
number of connected turbines is increased in this study to see the
effect on the system reliability throughout different wind power pen-
etration levels into the system. The rated power of installed wind
power plants is increased from zero up to 1000 MW. The actual wind
power injected into the power system is determined by the current
wind speed and the design of the turbines. The rated wind turbine
power is 5 MW. The cut-in, the rated, and the cut-out wind speed are
3m/s, 11.4m/s, and 25 m/s, as suggested in [32]. The produced wind
power during every hour of a year can be combined to a wind power
duration curve, as shown in Fig. 6. In this analysis, the wind turbines
operate with 2500 full load hours, with a capacity factor of 28.5 %
in a year [33].

The rated power of the wind turbines is varied in its share related
to the peak load in a year. This is done to see the effect of the
control parameters when more wind power plants are added to the
system. The injection of wind power throughout the operation is cur-
tailed above the maximum allowed penetration level of 70 %. The
wind power plant deloading is realized as proposed in [34]. The
rotor speed depends on the current wind situation, as well as on the
amount of demanded power curtailment per turbine. This curtail-
ment is in place to keep a minimum number of conventional units in
operation, preserving minimum system inertia at all times.

The applied frequency control in this work is the *frequency con-
trol” scheme, described in the Danish grid code [14], like illustrated
in Fig. 7. It provides a high degree of flexibility, as many parameters
(Ppeltas Droop1, Droopa, fgeadband) can be changed during the
operation to adapt to the future grid needs. It can be realized in wind
power plants without additional battery systems. The control scheme
is included in all simulated wind power plants.

The setting in the control scheme that is varied in the assessment
iS Ppeita, the curtailed wind power in steady-state. It is increased
linearly from zero up to 0.2 pu, severely deloading the wind power
plants during operation, as described in [34]. The frequency control
in the performed study is only activated by the TSO when the wind
power plants currently inject more power than 50 % of the actual
system load. Otherwise, Pp.js, is set to zero, resulting in over-
frequency wind power curtailment, as it is mandatory in the Danish
grid code for wind power plants. When power is curtailed during
steady-state operation, the full wind power is injected into the grid
at a fixed frequency value of 49.2 Hz. This control scheme aims to
reduce the risk of UFLS. The dead-band value is fixed at 0.2 Hz,
specified in the Danish grid code as the standard value. Full power
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Fig. 8: System frequency and wind power during a 100 MW gener-
ator failure with changed frequency control behavior. The threshold
for severe under-frequency occurrence is shown in yellow.

curtailment is performed at a frequency of 52 Hz, protecting the sys-
tem from over-frequency deactivation of equipment. The values for
Droopy and Droops are adjusted during this analysis, as Ppejzq 1S
varied and the frequency set-points for zero and full power curtail-
ment are fixed. This control is implemented in the wind power plant
controller, receiving the controller setting from the TSO.

4.3 Results of the study case

The IEEE RTS with the different capacities of installed wind power
and the changed controller settings is simulated. The system fre-
quency is highly affected by the additional frequency control in the
wind power plants. In the shown contingency in Fig. 8, a 100 MW
generator failed, causing a severe frequency drop in the system. The
installed amount of wind power in the system is 1000 MW. Due
to the control settings, the wind power reserve allows for a power
increase during the frequency drop.

The simulation results in Fig. 8 shows one system state, where
the power curtailment Pp.;4, is set to 0.2 pu. This offers frequency
control options during under-frequency contingencies. In the shown
contingency, the frequency control is able to prevent a severe fre-
quency drop below 49.5 Hz. This reduces the expected number of
severe frequency events and therefore enhancing the frequency qual-
ity during operation. The reduction of wind power in steady-state
causes a slightly higher system inertia, as more generation units
have to be activated to supply the system load. In the shown result,
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states.

this increased inertia is only marginal so that the rate of change of
frequency is not severely affected.

The frequency-related security assessment results with all pos-
sible system states and contingencies allow an estimation of the
system security during the grid operation of one year. The results of
the assessment are illustrated in the following figures. The expected
number of under-frequency drops below 49.5 Hz, ENUF, is shown in
Fig.9. The results are shown for the used values of Pp.js,, Which
are varied in the analysis.

The change in the number of severe under-frequency events is
twofold. The usage of wind power plants reduces the number of
running conventional units, resulting in a reduction of inertia dur-
ing high renewable power injection phases. Counteracting is the
reduction of potential contingencies, as the generation units are less
likely to be in operation during wind power injection. Therefore,
the expected number of severe under-frequency events are not rising
severely.

The influence of the used *frequency control’ in the wind turbines
can be seen by calculating the change relative to the deactivated con-
trol, as described in Section 3.2. The improvement in the number of
severe under-frequency events is shown in Fig. 10.

With rising wind power and increasing Ppejtq. the values of the
reduction due to this steady-state power curtailment is shown in
Fig. 10. The positive control impact is dependent on the system and
frequency control settings. Nevertheless, the control has a positive
effect on the frequency quality under various system conditions.
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Hence, the ’frequency control’ has also drawbacks which have
to be considered for reliable frequency management. The EWEW
is shown in Fig. 11 for the different determined study cases. It is
affected by the remedial actions of the TSO. These are the tested
frequency control as well as the curtailment of wind power when
the available injection is higher than the allowed share of the system
load.

The results show that the EWEW increases severely with more
wind power plants installed in the grid, but only slightly with the
additional frequency control. The deviation caused by the *frequency
control’ is determined by a change in EWEW for each assessed
Ppeitq setting for the different wind power levels, which is illus-
trated in Fig. 12. This change due to remedial has to be balanced with
the frequency quality gain, allowing for a reliable system operation.

The EWEW increases with the amount of installed wind power
plants and curtailed wind energy in steady-state. The most reli-
able setting is determined in the following section by two different
approaches to illustrate the capability of the framework to adapt to
the TSO demands. One optimization strategy determines the wasted
wind energy that is needed to restore the frequency quality that the
system has without wind integration. The other one determines the
most efficient ratio of wind energy curtailment with the enhancement
in frequency quality.

4.4 Improved system security management

Two strategies are used to determine the remedial actions best suited
for enhancing security management.
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Fig. 13: Change in the expected wind power wasted during opera-
tion. EWEW depends on the amount of installed wind power and on
the change in preventive action by the TSO.

4.4.1  Optimizing for restoring frequency quality: The first
strategy assesses the needed amount of wasted wind energy to
achieve the same frequency quality the system has without wind
power penetration. The change in frequency-related security can be
determined by comparing the results shown in Fig.9 and Fig. 11.
It can be seen that the additional frequency control service with
600 MW and lower are not capable of restoring the number of severe
abnormal frequency events (26.8 occurrences per year) that the grid
had before installing the wind turbines. With 800 MW installed wind
power plants, this index can be achieved with a setting of 0.16 pu.
The expected wasted wind energy is 9.88 GWh per year in this
condition. With the full 1000 MW installed rated wind power, the
abnormal frequency states can be reduced to the original value with
Ppeitq set to 0.12pu and 12.5 GWh wasted wind energy per year.
The proposed assessment allows determining this quickly, giving a
secure frequency management.

4.4.2  Optimizing for effective wind energy usage: When the
goal of the optimization strategy is to determine the most efficient
balance between frequency quality increase and wasted wind energy,
one has to compare the relative changes the control variation causes.
The control value, where the highest benefit in system quality is
gained compared to the wasted wind energy, can be easily deter-
mined for the different wind integration levels. The relationship is
shown in Fig. 13.

In this case study, a Ppe;z, value of 0.08 pu is the most effective
at a wind power penetration of 800 MW and 1000 MW, whereas it
is more effective to use a power curtailment of 0.12 pu when wind
power plants with a rated power of 600 MW are installed. The most
effective setting, at lower penetration levels, can be found at 0.16 pu.
Other combinations of indices used for the evaluation of the system
performance can be chosen as well. This depends on the strategy a
TSO decides for the respective grid performance evaluation.

5 Discussion

The proposed framework for enhancing the system’s operational
reliability can be used, as described in Section 4.4.2, to optimize the
frequency controls in the evaluated power system. The framework is
only assisting TSOs when all steps in the framework are designed
carefully.

The power system modeling has to incorporate all important gen-
eration units with their dynamics and frequency controls. In the
framework, it is also possible to implement demand-side controls
that balance the system load throughout the operation, shifting the
LDC in steady-state operation. Other load-shedding strategies are
also a research target to assist reliable frequency management.

The evaluated contingencies have a severe impact on the relia-
bility results. When too few contingencies are considered, it is not
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possible to correctly estimate the system behavior. Including too
many system states and grid disturbances but increases the com-
putational burden severely. A balance has to be found that allows
sufficient accuracy in the reliability evaluation in an acceptable
simulation time.

The evaluation of the different frequency management strategies
is done in the shown study by determining which control setting
utilized the curtailment of wind power most effectively concerning
the number of abnormal frequency states. Other evaluations may be
more appropriate for the usage in real power grids. Often, TSOs
have a maximal number of abnormal frequency states as a defined
threshold that is not allowed to be violated. Then, the evaluation may
consider the minimum EWEW to achieve this target.

6 Conclusion

The proliferation of power electronic-based generation units makes
the coordination of frequency controls a more demanding task for
system operators. Nevertheless, power converter-based units provide
an unused degree of flexibility in frequency controls. The proposed
framework for frequency security optimization in highly converter
integrated power grids allows system operators to determine optimal
strategies in the usage of these units. The framework adds differ-
ent steps to the assessment process, beginning at the variable system
input to choose the optimization strategy. This allows a strict pro-
cedure while keeping the assessment open to the requirements of
the analyzed power grid. The combination of fixed and variable sys-
tem parameters allows a fast assessment of the reliability of different
scenarios. The costs and the benefits of the different scenarios can
be evaluated and combined to estimate the control options that are
suited the best for the given system demand.

The different steps in the proposed framework can be adapted
to any grid that faces a high integration of converter-based units,
allowing the operator to choose their remedial actions to manage the
system’s frequency-related security. Different power sources, such
as photovoltaic, wind, and battery systems, can be included in the
analysis, as well as HVDC transmission systems. For this, the pos-
sible variations increase even more, as frequency controls can be
realized in all connected equipment. Then, other indices have to be
respected, representing the not utilized solar energy or the amount of
battery system usages.

In the study case, the power reduction in steady-state for a given
frequency controller settings of a wind-integrated power system is
shown. The test case shows that converter-based units can contribute,
at least partially, to the frequency quality. The proposed frame-
work can be combined with more advanced ways of optimizing the
control, such as more iterative steps to further enhance the system
frequency management.
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Abstract:

The transition to renewable energy-based power systems is in fast progress. One of the main challenges in keeping a power system
with high operational reliability is to maintain the system frequency. As synchronous generator units are replaced with power-
electronic converters, the rotating mass and the system inertia are decreasing. Virtual Synchronous Machine (VSM) control is a
modern control technique that is aiming to compensate for the inertia reduction. The usage of power electronic-based converter
units equipped with VSM control has to be managed and scheduled by system operators. An assessment of the operational
frequency reliability is used to evaluate different service usages. A method is proposed that allows the comparison of different
frequency management strategies. The proposed method uses fuzzy-logic to evaluate the system risk for abnormal frequency as
well as the system effort in the form of frequency control usage. This allows to compare different frequency managements fast
whilst respecting many different reliability indices together. The proposed method is validated with a modified IEEE Reliability Test

System (RTS) with wind power capacity integrated.

1 Introduction

Modern power systems integrate more and more renewable genera-
tion units [1]. These use converters as the linking part between the
renewable power source (solar or wind) and the power grid. The
replacement of conventional, synchronous generation units with con-
verters reduces the system inertia significantly during high renew-
able penetration phases. This weakens the system’s capability of
maintaining a normal frequency when contingencies occur, reducing
the system operational reliability of the power grid. Transmission
system operators (TSOs) have named reduced inertia the major con-
cern for their operation in the modern power grids [2, 3]. Severe
frequency incidents are recorded and analyzed by system operators
to observe their grid operation and to improve their future handling
of these incidents [4]. Modern frequency controls in wind power
plants aim to contribute to the reliable system frequency. However,
system operators have to evaluate when to utilize which additional
frequency services. This is done by evaluating the system reliability
with different frequency management strategies [S]. The evaluation
of many different study cases is time-consuming and requires to con-
sider many different factors on system performance. In this work, a
method that allows fast comparison of multiple reliability assess-
ments is proposed, which improves the decision-making process by
system operators.

Fig. 1 shows the power system’s hierarchical levels, which are
taken into account to assess the operational frequency security. The
ICT-layer (Information and Communication Technologies) describes
the system operators’ view of the system. The system operator eval-
uates the system and reacts with remedial action when necessary
in order to change the behavior of the transmission network and
the connected units at the plant level. These remedial system oper-
ator actions can be preventive or responsive. Responsive actions
are, for example, the manual activation and deactivation of gen-
eration units. Preventive actions include the power curtailment of
renewable sources during steady-state operation to maintain mini-
mum inertia, and the change of set-points and control strategies. In
this work, the impact of strategies to order VSM-service by wind
power plants is discussed. The main question is how a system oper-
ator can decide which frequency management strategy is improving
the system performance the best.
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Fig. 1: Considered hierarchical Levels for the system reliability
assessment and the interactions between them [6].

In conventional power systems, the needed amount of primary fre-
quency reserves is only determined by the reference incident. This
worst-case assumption for a system contingency varies for every
power system and is defined in the system operator policies [7].
However, modern power grids with converter-based units offer the
system operators a much wider variety of frequency services and
how and when to utilize them. These modern units are capable
of implementing modern frequency controls that can be changed
according to the system’s needs, even during the operation.

Modern controller designs in power electronic-based genera-
tion units aim to replace the conventional units and their system-
supporting functions. Already now are these units contributing dur-
ing the system operation with assisting controls, as demanded by
grid codes [8, 9]. These units stay nowadays in operation and inject
reactive power during transient grid events, e.g., lightning strikes.
Renewable units are required to curtail their power injection dur-
ing events of over-frequency [8, 9]. Virtual synchronous machines
(VSMs) control converter-based units to mimic the synchronous
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machine behavior. This control structure is promising, as it allows
the system operator to maintain an acceptable frequency deviation
(NaDir) as well as limit the rate of change of frequency (RoCof).
Recent overviews of VSMs and their frequency-supporting capabili-
ties are given in [10-12]. Other, very similar controls are fuzzy-based
VSM Controls [13, 14], power-synchronization controls [15, 16],
and inertia emulating adaptations for microgrids [17, 18]. So far,
VSM controls are not used in many countries; only Hydro-Quebec
demands inertia controls with 3.5 sec time constant emulation during
severe frequency deviations [19]. However, many system operators
discuss the need for converter based units to provide frequency sup-
port by emulating the inertia of synchronous machines and can soon
be a more general demand.

TSOs have to decide when to utilize the new frequency controls as
services to improve their frequency controls. Thus, the power system
reliability assessment is utilized to compare multiple frequency man-
agement strategies to choose the most suitable one. A framework for
enhancing the frequency management of modern power systems is
given in Fig. 2 [6].

The framework describes the different steps of the system reliabil-
ity enhancement design process. Parts of the system data are fixed to
describe the constant grid conditions for the assessment. Frequency
management variations are then implemented to change the fre-
quency controls by converter-based units. The dynamic frequency-
security assessment for all considered variations is performed. This
is done by modeling the different controls and system states, per-
forming the contingency-simulations, and then calculating the relia-
bility indices from the simulation results. Afterward, the reliability
indices have to be evaluated and compared, based on the defined
evaluation criteria. A number of different indices are used to describe
the system frequency performance and the utilized frequency con-
trols [5, 20-24]. In this study, a fuzzy-logic based evaluation is
utilized to combine the different indices for a fast comparison of
the frequency management strategies.

Fuzzy-logic is introduced to emulate language-based decision-
making [25, 26]. Until now, it is not used to evaluate the reliability
assessment results. However, it is used for the reliability assessment

procedure, describing the probability of the system states to reduce
the simulation burden during the assessment [27-30]. The fuzzy-
sets are thereby used to represent the system states’ probability, such
as load distribution. In some works [27-29], this is directly going
into the assessment method; in others, the fuzzy-logic is utilized
together with Monte-Carlo simulation to incorporate uncertainties
in the system description [30].

The proposed evaluation method of system frequency manage-
ment is presented in Section2. A study case using the proposed
method is described in Section 3; the results are given in Section4.
Finally, the conclusions are drawn in Section 5.

2 Methods

The evaluation of the system reliability is based on the indices as the
result of the dynamic frequency-security assessment. The frequency
controls aim to reduce the number, duration, and negative effects
of severe frequency disturbances. Well-designed frequency manage-
ment strategies only utilize additional frequency control effectively,
so with well-chosen settings and only when required to keep the
system operation economical.

2.1  Frequency reliability indices

The reliability indices are obtained by combining the results of the
dynamic system simulations. Different system states, N;, are deter-
mined, and N; contingencies are applied to evaluate the system
frequency, and the control performance. The results of the dynamic
system simulation are evaluated in terms of abnormal frequency
states, the curtailment of system loads, and the energy used for
controlling the system frequency. A system reliability index is then
calculated with the effect on the reliability index Indez; ; during the
system state 7 and the contingency j, the probability of the respective
system state p;, an the probability for the simulated contingency p;,
as described in [5].

N; Nj
Indez:ZZIndezM “Pi Py (1)
i=1j=1

These indices are separated into two groups for evaluation. The
first group describes the frequency quality as a measure of the
system’s Risk of failing or operating in an abnormal state. It is deter-
mined by the abnormal frequency states due to contingencies during
operation. The number and duration of abnormal frequencies are
taken as indices that determine if the frequency controls are sufficient
for the safe system operation. An abnormal system frequency is in
this work defined by a frequency deviation of more than 0.2 Hz. Sys-
tem operators use this threshold in the central Europe synchronous
area [4]. The system risk of failing is also often described by the
expected amount of energy not served to loads (EENS) [31]. This
energy is not being served during severe frequency drops that cause
activation of under-frequency load shedding functions [32]. The gen-
eration controls maintain the better the system frequency, the less
this index is. Other evaluated indices are the number and duration of
abnormal frequency events throughout the operation [5]. The indices
used in this study for describing the system Risk are given in Table 1.

Table 1: Frequency reliability-related Indices

Index Unit Full Name

ENAF  occur/year Expected Number of Abnormal Frequencies
EAFD  min/year
EENS GWh

Expected Abnormal Frequency Duration

Expected Energy Not Served

The second group of indices is used to describe the system Effort
by the frequency controls. Therefore are the energies estimated,
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which are used by the frequency reserves (primary and secondary),
and also the curtailed wind energy during operation (EWEW) [5]. In
this work, a new index, EVSM, is introduced. This index describes
the amount of VSM service ordered by the system operator through-
out the operation. The index EVSM stands for the expected VSM
service demanded. It measures how much the service is activated
in the wind power plants, but not its actual energy delivery dur-
ing operation. It is used to compare the effectiveness of different
scheduling strategies for activating this service. Table 2 shows the
used energy-related indices in this study.

Table 2: Frequency reliability-related Indices

Index Unit Full Name

EVSM  GWh/year Expected Amount of VSM service provided
EWEW GWh/year
IENS  GWh/year
ECU  GWh/year

Expected Wind Energy Wasted
Indirect Energy Not Supplied
Expected Curtailed Energy

These indices are used in the proposed fuzzy-based evaluation to
describe the system control Effort and Risk. The system’s Risk is an
evaluation of the system’s benefit by the additional frequency con-
trols. The Effort-related indices are combined in fuzzy-evaluation
to determine which frequency management uses the least amount
of frequency controls. This aims to reduce the number of values to
compare, but not only respecting one index for the Risk and only one
for the system Effort.

2.2 Fuzzy-Based Security Evaluation

Fuzzy-logic has been introduced to emulate language-based
decision-making processes [25]. Comparing different strategies by
the TSO is challenging, as the given indices are all changed when
the remedial actions are varied. The evaluation step from Fig.2 is
realized with the proposed fuzzy-evaluation. Therefore, the reliabil-
ity indices are combined in the two groups from Section 2.1 to better
evaluate the balance between System Risk and System Effort. This
is possible using fuzzy-logic, as it allows multiple inputs. Fuzzy-
logic is based on the three steps fuzzyfication, interference, and
de-fuzzyfication, as shown in Fig. 3.

2.2.1 Fuzzyfication: The indices are normalized with a refer-
ence value to allow an easier comparison of variations in the system
performance. In the presented study, the reference value is given for
the system reliability without the evaluated additional frequency ser-
vices by the wind power plants. The reference index values for the
study case can be seen in Table 7 and Table 6 in the first row.

Indeaopmi = et @
ndeTgef

In the fuzzyfication the indices are assigned to fuzzy-sets, describ-
ing the index behavior. The indices are thereby assigned to the
sets not fully, but with a certain share, also called membership
Mrndes,Set- The assignment function of M, geq,set for the used
three sets is shown in Fig. 4. The indices are assigned to three sets
(Low, Normal, and High) with trapezoidal and triangle-shaped func-
tions. The assignment of an index to the Low set is described with

the respective function as in (3).

]\/[Indez,Low = anw(IndexRef) (3)

The example in Fig.4 assigns the relative index value of 93 %
with 30 % to the Normal set and with 70 % to the Low set.

The three frequency-related indices are combined with different
levels of importance. The proposed evaluation uses two different
levels of importance, reduced priority, and increased priority. This
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Fig. 4: Fuzzy-sets, describing the membership-functions of the
system reliability indices.

allows a fast weighting of the indices by the system operator. In
the study case, the amount of load curtailment is considered with
increased priority, whereas the number and duration of abnormal
frequency events are considered with reduced priority. Afterward,
the set-values of the two priorities are combined with their averaged
memberships. As a result of this, six sets are assigned with differ-
ent shares, reduced and increased priority with each of the three sets
Low, Normal, and High.

2.2.2  Fuzzy-Interference: The fuzzy-sets are, in this step,
combined based on their memberships. The sets for reduced pri-
ority indices and the increased priority indices are used to achieve
the set values for the five sets that are afterward used to describe the
system Risk and Effort values. The five sets are Very Low, Low, Nor-
mal, High, Very High. These five sets’ assignment is described with
the relationships in Table 3 by multiplying the low priority and high
priority set memberships.

As an example, the membership for Very Low system Risk is
determined by the combined memberships of EENS, ENAF and
EAFD as:



Table 3: Interference matrix used to combine multiple input indices

Increased Priority
Low Normal High
Low Very Low Low High
Reduced Priority | Normal Low Normal High
High Low High Very High
Very Normal Very
Low |1 Low High

0 05 1 2 5

Fig. 5: Fuzzy-sets, used to calculate the outcome of the evaluation.

} ) MENAFLow + MEAFDL
MRiskVeryLow = MEENSLow o 3 o
)

When output sets are assigned to multiple combinations, then the
respective membership products are summed up. The five sets are
used in the de-fuzzyfication step to the two values Risk and Effort.

2.2.3  De-Fuzzyfication: The five output fuzzy-sets achieved in
the interference are translated back into a single value in the third
and last step, the de-fuzzyfication. In this step, the sets are assigned
to discrete values representing the state of the system. Hereby, the
five sets are summed up with their memberships. This is done with
the mean weighted value, determined with the membership values of
the corresponding sets, as shown in (5).

Risk =0- JWRisk'Vm'yLow + 0.5 MRiskLow
+ 1 MRiskNormal + 2+ MRiskHigh )

+5- ]\4R1IskVe7'yHigh

Fig.5 shows an example, where the Risk sets Very Low, Low,
Normal, and High are assigned with a membership value. The out-
come of the evaluation is thereby given as the summation of the share
of the set with its assigned value. This means, the outcome of the
system Risk and the system Effort, respectively, can vary between
zero and five. A Risk value of zero indicates that all three frequency-
related indices are totally assigned to the Low set, meaning the Risk
in the system is severely reduced compared to the reference case. A
Risk value of five indicates an assignment of these three indices to
the High set, so the system frequency is worse than in the reference
case.

The same relationship exists for the Effort of the system in
maintaining the system frequency. A value of zero means that all
determined energies have been significantly reduced, meaning they
are assigned to the Low set. A system Effort of five, on the other
hand, means that the frequency controls are utilized more often and
more severely.

3 Case Study

The proposed evaluation method of multiple reliability assessments
is tested on an IEEE reliability test system (RTS) with 1000 MW
additional wind power plants. The system is described in detail in
[33, 34]. The integration of VSM services provided by the wind

System Load [GW]
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Fig. 6: Load duration curve in the IEEE reliability test system, data
given in [33].

power plants into the system aims to support the remaining syn-
chronous machines to keep the frequency-related indices within an
acceptable range.

The main power system information is given in Section3.1,
together with the additional wind power plant information. The
additional VSM service from the wind power plants, as well as
the utilized scheduling scheme for the service, are described in
Section 3.3.

3.1  Power system modeling

The dynamic generator data to simulate the system frequency dur-
ing contingencies are given in [34]. The system is represented as
a one-bus system with multiple generation units. The unit commit-
ment order of the conventional generators activates the generators
with the higher time constants first, only activating the smaller units
if needed. This results in the highest system inertia for any given
load and wind power injection condition. Primary and secondary
frequency controls are implemented in dedicated conventional gen-
eration units, as described in [5].

The system load is represented by the hourly peak load, resulting
in the load duration curve (LDC). The data for the LDC is given in
[33] and shown in Fig. 6. For the IEEE RTS, the maximum hourly
peak load is 2850 MW.

Under-frequency load-shedding (UFLS) is implemented to deter-
mine the amount of load not supplied. This is the last option for
the system operation during frequency drop contingencies. With the
controlled load deactivation, still, the remaining parts of the system
can be supplied. The UFLS-scheme is fixed in this analysis, as it
is implemented in protection relays, and it is not changed dynam-
ically over the operation of the grid. The used under-frequency
load-shedding scheme follows the ENTSO-E guidelines [32]. The
additional wind power plants in the test system are described in detail
in Section 3.2.

3.2 Wind power plant modeling

Wind power plants are additionally included in the IEEE RTS to ana-
lyze their impact on the frequency quality. The wind power plants
included in the analysis have a total rated power of 1000 MW. The
current power injection of the wind power plants depends on the
wind speed distribution and the design and control of the turbines.
The wind speed probability follows Gaussian distribution, a com-
monly used way of modeling wind power throughout the yearly
operation [35]. The wind speed is translated to the wind power
output, respecting cut-in wind speed, cut out wind speed, and max-
imum wind power. Two hundred wind turbines are included in the
IEEE RTS with a rated wind turbine power of 5SMW. The cut-in, the
rated, and the cut-out wind speed are 3 m/s, 11.4 m/s, and 25 m/s, the
details of the turbine are described in [36]. The produced wind power
in every hour of a year can be combined in a wind power duration
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Fig. 7: Virtual Inertia control block of a wind turbine [12].

curve. The wind power plants together with the wind speed distri-
bution are designed to have 4000 full load hours [37], representing
offshore wind conditions.

3.3 VSM service by wind power plants

Additional frequency controls in wind power plants are designed
to improve the system frequency reliability in power electronic
converter-based generation units. Wind power plants are also, in cer-
tain limits, capable of performing VSM services. However, when
additional active power is supplied to the grid, then the wind tur-
bines are slowed down and have to recover after the disturbance is
cleared. The VSM control is described in Section 3.3.1, whereas the
two compared scheduling schemes are described in Section 3.3.2.

3.3.1  VSM control in the wind power plants: Wind power
plants in operation have a certain amount of kinetic energy available
in the form of the rotating blade, gear, and generator. This allows the
short-term power output to increase by reducing the rotational speed
of the turbine. It has been shown that wind power plants are capable
of delivering this kind of active power service [38—40].

Until now, converter-based units are current-controlled, mean-
ing they synchronize to the grid voltage and then inject current
into the grid. VSM control is changing the way converters behave
severely. The active and reactive power flows of VSM-controlled
machines are directly dependent on changing grid conditions. Reac-
tive power loops change the magnitude of the converter output
voltage, whereas the active power control is responsible for the volt-
age angle, emulating the inertia from machines. Different ways of
VSM implementations are possible. In practice, however, inner cur-
rent controls are still responsible for the equipment protection as well
as for backup-purposes during grid faults, together with a phase-
locked loop (PLL) for grid synchronization [12]. The virtual inertia
and power control block is responsible for the frequency-dependent
converter behavior. This control block is shown in Fig. 7. Two time-
frames are given in this control block, the inertia-emulating part and
then the steady-state droop-based control actions.

It can be seen in Fig.7 that the measured active power flow P
into the grid is compared to the reference value P*. Any deviation
causes a change in the internal rotational speed value and, there-
fore, the angle of the output voltage and with this, the amount of
produced active power. The internal frequency is also used in an
internal loop so that the converter operates with a Droop characteris-
tic, being defined with the control value k. This allows for finding
a stable operating point after disturbances in systems with multiple
machines. Ty, is the time constant that represents the time constant
of the synchronous machine. The emulated time constant 7, is set
to 5 seconds, the damping kg is set to 50, as used in [41]. The possi-
ble active power change due to the enabled VSM service in the wind
power plants is set to 0.2 pu. The VSM service is, when activated,
used in 20 % of the wind power plants, as not all wind power plants
may be equipped with the control option of the VSM service.

This study evaluates the active power delivery as a system ser-
vice and does not give design proposals for the internal controls,
such as the synchronization, current, and voltage controls. When
system operator orders the service during operation, then the wind
power plants can deliver more active power for a short time during
frequency drops. During an increasing system frequency, the wind
turbines curtail their power output, balancing the system’s active
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Fig. 8: SNSP of the IEEE RTS system with 1000 MW wind power
installed.
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Fig. 9: Proposed VSM scheduling scheme based on the SNSP,
with the variable Tsysp being changed during the reliability
assessment.

power. The power reduction can be realized for a long duration
without damaging the equipment.

3.3.2  VSM Scheduling Strategies: The VSM functionality is
a system service ordered by the system operator. This service is to be
scheduled to utilize it only when needed by the system during weak
grid conditions. With the scheduling scheme, the TSO can decide
when to activate this service and when it is not needed. For this,
the system operators have to estimate the state of the power grid, so
the amount of system load, the number of conventional generation
units in operation, as well as the current number of converter based
generation. The decision is based on the scheduling strategy, which
considers the acquired information. Service activation is then dis-
tributed via communication links to the system equipment, changing
the operating states.

The first analyzed scheduling scheme evaluates the SNSP, the
System Non-Synchronous Penetration. With higher penetration of
converters, this value is increased throughout the operation. How-
ever, it is not a direct measure of the remaining system inertia, as it
only depends on the share of converter based injection, not on the
total value of remaining synchronous generation units. It is given,
as described in (6). The SNSP for the given IEEE RTS with the
additional wind power plants is given in Fig. 8.

The scheduling scheme is illustrated in Fig.9. The scheduling
strategy activates the VSM service by the wind power plants when-
ever the actual SNSP is above a pre-defined threshold T's ygp. The
value of Tgngp is varied in this analysis from 50 % to 30 % to
compare the different settings according to their impact on the sys-
tem reliability. The wind power is always curtailed so that it never
exceeds a penetration level of 50 %, so the service is first activated at
this threshold. Reducing the threshold activates the service already
at lower penetration levels, so the service is used more often during
the operation.
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Fig. 10: TSI of the IEEE RTS system without and with 1000 MW
wind power installed.

The second strategy for utilizing the VSM service is based on the
remaining total system inertia (TSI). When the TSI is below a certain
threshold T'rg;, then the system frequency is at greater danger of
being in an abnormal state, and the VSM service is demanded. The
TSI is defined by the conventional synchronous generation units in
the system.

N
TSI=Y SB;-H; ©)
i=1

The TSI of the IEEE RTS system without and with the 1000 MW
wind power installed are shown in Fig. 10.

Trs;, the threshold for demanding the VSM service, is varied in
this analysis from 2 GWs to 4 GWs in order to determine the most
reliable setting for frequency management. The results of the two
compared scheduling schemes are illustrated in Section 4; the fuzzy-
based evaluation for the study case is described in Section4.3.

4 Results
4.1  Reliability with TSI-based scheduling

The system reliability is influenced by the value set for the schedul-
ing scheme T g;. The Risk-based indices of the system are shown
in Table 4. The results show how a higher threshold value changes
the VSM service usage, which influences EENS, ENAF, and EAFD.

The used system Efforts for the different frequency management
are shown in Table 5, with the indices EWEW, EVSM, ECU, and
IENS. Other indices can help determine determining the optimal
frequency management strategy when utilizing different frequency
control schemes.

It can be seen that changing the scheduling strategy has an influ-
ence on all the determined frequency control-related indices. The
comparison of the frequency performance and the control effort is
further shown in Section4.4. The proposed evaluation method is
used to determine which scheduling strategy is better suited for
reliable frequency management.

4.2 Reliability with SNSP-based scheduling

In this section, the system reliability using an SNSP-based schedul-
ing strategy is evaluated. The threshold for activating the VSM
service, T'g g p is varied in order to determine its influence on the
system frequency reliability. The Risk-related indices are shown in
Table. 6.

The Effort of the system with SNSP-based scheduling is shown in
Table 7. Tgngp is varied in order to determine its influence on the
frequency control effort by the system.

As different indices describe the system reliability for the tested
management strategies, it is difficult to assess which one is suitable
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Table 4: Results of the System Risk with TSI-based scheduling

Trsr EENS ENAF EAFD
GWs GWh  occur min

NoVSM 6234 39.67 552
2 6.194 3931 5478
22 6.156  39.17 54.72
2.4 6.122  39.04 54.63
2.6 6.088 3891 54.58
2.8 6.032 38.67 54.54
3 5971 3845 5450
32 5923 3829 5446
3.4 5.896 3825 5442
3.6 5882 38.10 54.38
3.8 5879 37.67 5427
4 5.874 3746 54.12

Table 5: Results of the System Effort with TSI-based scheduling

Trsr EWEW EVSM ECU IENS
GWs GWh GWh GWh GWh

NoVSM  518.19 0 0.447  0.2629
2 517.63 423 0442 0.2621
22 517.41 6.73  0.438 0.2619
2.4 517.07 7.18  0.434 0.2619
2.6 516.87 891 0433 0.2617
2.8 516.41 10.30 0430 0.2614
3 51590 11.59 0428 0.2611
32 51524 1325 0423 0.2609
34 51448 1593 0418 0.2608
3.6 513.76  17.27 0416 0.2606
3.8 51332 19.89 0414 0.2603
4 513.17  21.32 0412 0.2601

for TSO needs. The Effort has to be compared with the system’s
frequency behavior, described in Table 6. The proposed fuzzy-based
evaluation method aims to allow this. It is shown in Section 4.3 how
the fuzzy evaluation is adapted for the study case. The calculated
System Effort and System Risk are then compared in Section 4.4.

4.3 Fuzzy-based evaluation in the study case

The fuzzy-based evaluation is adapted to the analyzed power system
and the used frequency managements. The fuzzy-sets for the given
study case allow for comparing the system frequency performance
and load curtailment enhancement. The three indices for the system
Risk description (EENS, ENAF, and EAFD) are fully assigned to the
Low set when their values are reduced by 10 %; they are assigned as
High when they increased more than 10 %. This value is dependent
on the amount of change that system has in its reliability throughout
the analyzed system conditions.

The Effort-related index EVSM changes severely for the different
used scheduling strategies and settings. The assignment is Normal
at zero VSM service usage. It is fully assigned to the High set when
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Table 6: Results of the System Risk with SNSP-based scheduling

Tsnsp EENS ENAF EAFD

GWh  occur min

No VSM  6.234 39.67 55.21
50% 5.902 3756 5437
48% 5.887 3749 5410
46% 5883 3742 54.08
44% 5879 3736 54.06
2% 5875 3729 54.04
40% 5870 37.16 54.04
38% 5866 37.03 54.03
36% 5.862 36.89 5397
34% 5860 36.83 53.89
32% 5858 3676 53.82
30% 5.856  36.69 53.80

Table 7: Results of the System Effort with SNSP-based scheduling

Tsnsp EWEW EVSM ECU IENS
GWh GWh GWh GWh

2 518.19 0 0.447  0.2629
22 516.57 16.63 0425 0.2609
2.4 516.34  16.68 0.425 0.2607
2.6 51603 16.81 0.423 0.2606
2.8 515.63 1699 0419 0.2604

3 51527 17.16 0417 0.2604
32 51472 1742 0414 0.2604
34 512.890 17.68 0.409 0.2601
3.6 511.35 1795 0406 0.2599
3.8 510.61 18.13  0.404 0.2597

4 510.22 1830 0.401 0.2597

it is at 36 GWh. This is the amount of VSM service that would be
demanded when the service is ordered full-time. It depends on the
power system behavior and has to be adapted when the VSM usage,
control settings, and the scheduling strategy are varied. EWEW,
IENS, and ECU are also assigned to the Low set when reduced by
10%. They are fully assigned as High when increased by 10%.

The interference matrix used in the study case is shown in Table 3.
The interference is not dependent on the study case, as the fuzzy-sets
themselves are adapted to the specific case study.

The de-fuzzyfication is performed as described in Section2.2.3.
The five sets, Very Low, Low, Normal, High, and Very High, are
assigned with 0, 0.5, 1, 2, and 5, respectively. This is done to weight
the rise of indices more than the reduction of indices due to fre-
quency management changes. In the shown test case, this would
mean an increase in system Risk if the ENAF rises by 10 % and
the EAFD drops by 10 %. Other strategies for the evaluation can be
chosen, such as a balanced rise to reduction ratio. This changes then
the outcome values of the system Risk and Effort values.
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Fig. 11: Results of the reliability evaluation, allowing for compari-
son of different frequency management strategies.

4.4  Comparison of the scheduling strategies

The reliability indices shown in Sections4.1 and 4.2 are difficult
to compare. Multiple indices have to be assessed in order to find
the most reliable frequency management. The proposed fuzzy-based
evaluation determines the Risk and Effort values of the respective
scheduling settings and strategies. The results of both strategies in
the evaluated study case with the utilized frequency managements
are shown in Fig. 11.

It can be seen that both strategies reduce the system Risk by
increasing the frequency management Effort. The reduction in Risk
indicates that the additional frequency control reduces the amount of
load curtailment, as well as abnormal frequency states and duration.
However, the SNSP-based scheduling strategy is more effectively
reduces the system Risk while not increasing the Effort too much.
This indicates that the SNSP-based scheduling activates the VSM
service more effectively in grid conditions, where it is more useful
for frequency management in the evaluated power system and wind
condition.

On the other hand, the TSI-based scheduling scheme allows a
more gradient change in system frequency management. This can
be explained by comparing Fig.8 and Fig. 10. An increase in the
threshold of the TSI-based scheduling causes a slow increase in the
VSM service usage, whereas the SNSP-based scheduling is initially
activated during larger shares of the system operation at the initial
usage at SNSP being 50 %.

Comparing the different scheduling strategies allows TSOs to
decide fast which frequency management strategies are worth inves-
tigating closer.

5 Conclusion

A new evaluation method for power system frequency assessments
is proposed in this work. It utilizes fuzzy-logic to combine multi-
ple different reliability indices to only two values, the system Risk
and the system Effort. These two values allow a fast comparison of
different frequency management strategies by the system operator.
This allows finding the most reliable operational strategy for power
systems with a high penetration of converter-based generation units.

Comparing two scheduling strategies with changing settings for
VSM service by wind power plants has been evaluated in this
study. It shows which strategy allows a more effective VSM ser-
vice usage concerning the frequency management. The different
schemes activate the service based on two different criteria, the
remaining system inertia or the actual non-synchronous penetration
level. Therefore, the VSM service can be utilized more effectively,
and weaker grid conditions can be controlled in a more reliable way.
The proposed fuzzy-based evaluation allows adapting to operator
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preferences quickly by assigning the indices with different priori-
ties. Under different grid conditions, the evaluation can be adapted
very fast, by changing the shape of the fuzzy-memberships in the
fuzzyfication step.

The proposed method is not only be used to compare different
scheduling strategies as done in the shown study case. It can also
be utilized to compare different control structures, settings in the
controls, as well as service scheduling. The frequency management
design for improved frequency reliability allows for a wider inte-
gration of renewable-based generation units into the system while
maintaining high operational frequency reliability. Solar systems,
as well as HVDC and battery systems, can also provide frequency-
services to the system. Their effect on the system reliability has to
be determined to guarantee the best system performance for the least
frequency control effort.

Further research aims to utilize more advanced fuzzy-set shapes
during the fuzzyfication. Different Interference strategies can also
be utilized and compared in their ability to detect optimal frequency
management strategies.
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