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Abstract
An Increased frequency of extreme weather events and concerns of attacks has caused
a growing interest in island operation for parts of a power system to increase its
resilience. Island operation constitutes designing part of the power system as an
island system, able to disconnect from the larger grid and independently sustain its
loads. Wind power is also becoming increasingly important for the power system
as decarbonizing e�orts are made. Wind power does however have an intermittent
power production and a detrimental e�ect on power system inertia. These challenges
with wind power raise uncertainties regarding what role it can serve within island
systems and still maintain the island stability. Simulations have therefore been
conducted in MATLAB/Simulink and in PSS/E to address these uncertainties. The
simulations are conducted to evaluate how the stability of a wind and hydro based
island system changes when the wind power within the island provides frequency
control. The stability was analyzed during transition from grid connected to island
operation and during the continued operation thereafter.

The MATLAB/Simulink simulations were conducted to design the wind turbine
control and the strategies used for the wind power frequency control. Two wind
power frequency control strategies were implemented. The �rst is inertia emulation,
where the synchronous inertial power response to a frequency change is emulated
for the wind turbine. The second strategy implemented is droop control while de-
rating the turbine, where the wind turbine’s power is purposely reduced to create a
power reserve that is utilized for controlling the frequency. The design wind turbine
control was then converted to PSS/E using user de�ned models and applied to a
simple test network for island operation.

The simulations of the island test network showed that using wind power inertia
emulation caused frequency stability improvements for the frequency for all cases
analyzed. This frequency stability improvement could be further improved by also
including wind power droop control. However, using droop control up-regulation of
the frequency comes at the cost of reduced wind power production, as it is neces-
sary to create a power reserve for this method. The frequency improvements from
the wind power frequency control for the transition from grid connected to island
operation were especially signi�cant. The wind power frequency control also showed
an improvement for the voltage stability in the test network. The stability improve-
ments indicate that wind power frequency control can reduce the requirements on
the wind power penetration and on the possible power transfer between the island
system and the grid when grid connected.
Keywords: Island operation, Frequency control, Wind power control, Inertia emulation,
Wind power de-rating



Sammanfattning
En ökad frekvens av extrema väderhändelser och oro för attacker har orsakat ett växande
intresse för ödrift för delar av ett kraftsystem för att öka dess resilience. Ödrift innebär
att utforma en del av kraftsystemet som ett ö-system, vilket kan kopplas bort från det
större nätet och självständigt upprätthålla dess belastningar. Vindkraften blir också allt
viktigare för kraftsystemet på grund av ansträngningar för att minska koldioxidutsläpen.
Vindkraft har dock en intermittent kraftproduktion och har en negativ påverkan på kraft-
systemets svängmassa. Dessa utmaningar med vindkraft väcker osäkerhet gälande vilken
roll den kan fylla inom ö-system och ändå upprätthålla öns stabilitet. Simuleringar har
därför genomförts i MATLAB/Simulink och i PSS/E för att komma till rätta med dessa
osäkerheter. Simuleringarna genomförs för att utvärdera hur stabiliteten i ett vind- och
vattenkraft baserat ö-system förändras när vindkraften inom ön ger frekvenskontroll. Sta-
biliteten analyserades vid övergång från nätanslutet till ödrift och under den fortsatta
driften därefter.

MATLAB/Simulink-simuleringarna genomfördes för att designa vindkraftsstyrningen och
de strategier som används för vindkraftsfrekvensstyrningen. Två vindkraftsfrekvensstyrn-
ingsstrategier implementerades. Den första är svängmassaemulering, där det synkrona
e�ektsvaret från svängmassans på en frekvensändring emuleras för vindturbinen. Den
andra strategin som implementeras är droop-kontroll samtidigt som turbinen spiler vind,
där vindturbinens e�ekt avsiktligt reduceras för att skapa en e�ektreserv som används
för styra frekvensen. Den designade vindkraftsstyrningen konverterades sedan till PSS/E
med hjälp av användarde�nierade modeller och applicerades på ett enkelt testnätverk för
ödrift.

Simuleringarna av ö-testnätverket visade att användning av svängmassaemulering för vin-
dkraft skulle för alla analyserade fall orsaka till en stabilitetsförbättring för frekvensen.
Denna förbättring av frekvensstabiliteten skulle kunna förbättras ytterligare genom att
även inkludera droop kontroll av vindkraften. Att använda droo-kontroll för uppreglering
av frekvensen kommer dock på bekostnad av minskad vindkraftsproduktion, eftersom det
är nödvändigt att skapa en e�ektreserv för denna metod. Särskilt betydande var frekvens-
förbättringarna för övergången från nätanslutet till ödrift. Vindkraftens frekvensstyrning
visade också en förbättring för spänningsstabiliteten i testnätet. Stabilitetsförbättringarna
indikerar att vindkraftens frekvensstyrning kan minska kraven på vindkraftens genomslag
och den möjliga kraftöverföringen mellan ön och elnätet medan det är inkopplat.

Keywords: Island operation, Frequency control, Wind power control, Inertia emulation,
Wind power de-rating
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Introduction

1 Introduction

1.1 Background and motivation

The power system is changing in response to the changing climate and increasing lev-
els of greenhouse gas emissions. As a result, intermittent converter-based renewable en-
ergy production is rapidly growing, as e�orts are made to decarbonize energy systems.
Converter-based renewable production units are often connected to the distribution sys-
tem as distributed generation units, causing the distribution system to play a more active
role in power production [1]. Simultaneously, the power system is put under increasing
pressure as climate change causes extreme weather events to become more common and
the concerns related to malicious attacks on the power system are growing [2]. Extreme
weather is particularly demanding on the distribution power system and outages in these
scenarios will bring signi�cant economic damage as well as risk human lives, highlighting
the necessity for solutions improving the power system resilience [3].

A solution for increasing the resilience is for areas of the power system to disconnect from
the larger grid and continue to operate as islands, using distributed generation resources
within the disconnected areas to supply their loads. By disconnecting as an island and
locally maintaining power, disruptions to the continued service can be combated prevent-
ing large scale blackouts [4]. Rural areas radially connected to the power system are
particularly vulnerable as any fault on the radial connection will cause a blackout if not
power can be locally maintained as an island [3]. Island operation is therefore a strategy
through which critical loads can be maintained, increasing the power systems resilience in
the possible event of a crisis.

In Sweden has wind power become a rapidly growing distributed generation resource [5].
However, adding wind power can cause increased frequency instability due to wind power's
lack of natural inertial response and its intermittent production. These stability concerns
become especially important in the case of island operation as, due to their low inertia,
previously minor disturbances now become signi�cant [6]. Questions therefore appear
concerning how wind power contributes to the operation stability of islands. However, the
island's small size and isolated operation also make them a good testing ground for how
frequency control strategies that utilize wind power can mitigate the frequency instability.

1.2 Aim and Scope

The aim of this work is to evaluate the stabilety with focus on frequency of an island system
consisting of wind and hydro based generation. The stability is to be studied during the
transitioning and operation of the island, while considering di�erent wind power frequency
management strategies.

During the duration of will the work the following list of questions be investigated:

ˆ How does the island frequency react during unplanned transition to island operation
and during continued island operation thereafter?

ˆ In what way will frequency control strategies utilizing wind power a�ect the stability
of the island in the above cases?

ˆ How will the wind power penetration level impact the frequency stability and what
power imbalances caused by the transition can the island handle?
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ˆ How does the interaction between the wind and hydro frequency control strategies
contribute to the island stability?

ˆ What are the current regulations and recommendations regarding island operation
and what concerns exist leading to anti-islanding regulation?

ˆ What are the requirements for the island system for transition to island operation,
continued operation considering both planned and unplanned island with respect to
the previous answers?

1.3 Limitations

The focus of the work will be on technical aspects related to the control and power quality
in an island system. In particular the focus will be on management of the system frequency
quality for both the transitions to and from island operation as well as during the contin-
uous operation in an island state. As frequency stability is the primary focus of the work,
the work will be limited to studying phenomena on the time scale between10� 1 seconds
to minutes as this is the time scale of interest for frequency studies. Considering that
voltage phenomena also act on the considered time scale will this quantity also be studied
during the work. The voltage stibillet will however only be given limited attention where
it should stay within its requirements for the cases studied. Rotor angle stability also acts
on this time scale and some mentions with regard to this will be included. However it
will not be analyzed as it would require a somewhat more sophisticated test network then
what was used. Faster phenomena acting on time scales below this, namely resonance
stability and converter-driven stability, will not be included in the work.

The islands considered in this work will be limited to systems on the distribution grid with
AC and connection to the main grid and can thus operate as both an island and as a part
of a larger grid. Furthermore, issues related to monitoring and communication of electrical
quantities within the island and to the larger grid will be considered outside the scope of
this work. Due to this limitation, it is assumed during this work that an accurate state
of the power system will be available for real time study and control. Another limitation
of the work is that experimental measurements will not be used with the study focusing
solely on a simulated model.

Social, economic and environment aspects will also not be prioritized in this work, however
a brief discussion of these subjects will be included. The inclusion of these subjects is
because they are driving factors in establishing the possibility for island operation, as
island operation often is coupled with mitigating the economical and human harm that are
associated with power system faults and outages. Furthermore, the drive for integrating
wind power into the islands is directly tied with environmental issues.

1.4 Social, ethical and sustainable considerations

As the work will include the subjects of island operation and wind power, it is impor-
tant to also consider how these subjects impact society and the environment as well as
consider their ethical implications. When regarding island operations is the aspect of
resilience important as island operation can increase community resilience. thereby can
island operation be bene�cial for energy reliability, while also reducing reliance on external
assistance, contributing to sustainable development. Furthermore, can island operation
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in�uence local economies as many businesses are reliant on an uninterrupted power supply
and thereby can island operation bene�t the economic stability.

While island operation o�ers opportunities for enhancing resilience and empowering the
local community, it also poses ethical concerns related to equity. When islanding the
energy supply to certain areas may be prioritized and in these scenarios is it important to
ensure a fair distribution of the power. Critical infrastructure and vulnerable populations,
for example those with medical needs, should be prioritized and care should be taken to
not exacerbate existing inequalities through the power prioritizing.

When considering wind power, the environmental impacts become particularly relevant as
wind power is an alternative to fossil fuel power generation. As such, wind power develop-
ment helps in mitigating climate change and the magnitude of detrimental environmental
e�ects associated with it. Care should however be taken with the development in order to
minimize its direct environmental impact, such as disruptions for the local wildlife.

Wind power also carries with it certain ethical implications. For one are climate change,
which wind power development help mitigate, also unethical along with being environmen-
tally damaging. Climate change is unethical because its e�ect causes harm and endan-
gers peoples well-being globally and these harms are furthermore not equally distributed.
However, wind power development does require land use and therefore for an ethical de-
velopment is it necessary to consider and respect indigenous land rights as well as the
interests of local communities. Consultation and consent as well as participation from
local communities are paramount in order to avoid unequal development and to work with
the local communities is of particular importance for island operation applications of wind
power considering that it constitutes a development on a local level.

1.5 Outline of the thesis

The work carried out is presented in this report and structured into several sections.

Section 2 presents key concepts about power systems and in particular their stability as
well as also presenting an introduction to islanded systems, what their purpose as well as
challenges are. Furthermore, does the section present the characteristics for controlling
a hydro plant as well as the operational principles of wind turbines and their frequency
control.

Section 3 describes the modeling of a variable speed wind turbine providing frequency
control in MATLAB/Simulink. Models of the wind turbine's di�erent subsystems are
presented in this section along with a basic one bus power system model and hydro power
model.

Section 4 describes the PSS/E modeling, where a more detailed model of the wind-hydro
island system is presented using used de�ned models derived from the MATLAB/Simulink
models to model the wind power. This section also presents the di�erent cases tested on
the model to determine to analyze the island system stability.

Section 5 presents the results of the MATLAB/Simulink model showing how the wind
power frequency control functions, as well as the MATLAB/Simulink model ability to
regulate the frequency for small load variations and large disturbances.

Section 6 presents the results from the PSS/E island simulations.

Section 7 presents the conclusions from the work and recommendations of future work.
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Theory

2 Theory

2.1 Power system stability

In [7] is power system stability de�ned as: �Power system stability is the ability of an elec-
tric power system, for a given initial operating condition, to regain a state of operating
equilibrium after being subjected to a physical disturbance, with most system variables
bounded so that practically the entire system remains intact�. The purpose of the def-
inition presented in [7] was to provide an easily understood, physically based de�nition
encompassing all practical instability scenarios. The de�nition refers to a power system as
a whole and therefore allows for individual generators and/or load to become disconnected
as long as it does not cause a cascading e�ect, instabilizing the main system. Furthermore,
power system stability is categorized in [7] into three main categories, namely: frequency
stability, voltage stability and rotor angle stability.

Since the work in [7] was carried out, the power system has undergone signi�cant changes
due to the increase of converter interfaced technologies, where wind power is one exam-
ple. Although there have been changes in the power system, the original de�nition still
applies. The classi�cation has however been expanded to also include faster dynamics,
as the converter interfaced technologies extend the interesting timescale for power system
stability to include shorter time periods [8]. The expanded classi�cation from [8] is shown
in Figure 1 also includes resonance stability and converter-driven stability as categories
under power system stability, along with the original categories. This work will however
focus on frequency stability and its associated time scale and therefore are only the original
stability categories are reviewed in the following sections (Section2.1.1 - 2.1.4).

Figure 1: Power system stability classi�cation [8].

2.1.1 Frequency stability

Frequency stability is the ability of a power system to maintain its frequency within an
acceptable range and recover the frequency after a disturbance. The power generation
in the power system has traditionally consisted largely of synchronous generators which
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have large masses rotating in synchronisation. The speed of the generator's synchronous
rotation is what dictates the frequency of the system. Because of the energy inherent in
the rotating masses, they are resistant to any change in the rotational speed, therefore
providing inertia to the system frequency. Additionally, the inertia of individual machines
is cumulative due to the generators operating synchronously to one another [9]. When one
generator experiences a speed deviation it no longer rotates in step to the other generators,
resulting in the other generators using energy stored in their rotation to mitigate the speed
deviation until synchronisation is achieved between all generators.

For a rotating mechanical system, the response to rotational speed,! , due to an acceler-
ation torque, Ta, applied to the system can be expressed as

J
d!
dt

= Ta (2.1)

where, J is the moment of inertia of the system as a result of its rotating mass. When
considering a synchronous machine, the acceleration torque is a result of a power imbalance
between the mechanical power,Pm , applied to the rotor shaft and the electrical power,
Pe. Hence, for a synchronous machine, (2.1) can be written as

J i ! r;i
d! r;i

dt
= Pm;i � Pe;i (2.2)

where, ! r;i is the rotational speed of the machine rotor. The subscript i denotes the
individual machine considered. Additionally the moment of inertia is related to the kinetic
energy from the rotors rotation and when the machine rotate at the nominal speed,! n ,
J i can be expressed as

J i =
2Ek;n;i

! 2
n

(2.3)

in which Ek;n is the kinetic energy in the machine rotor when rotating at ! n . As a result
of the relationship in (2.3) it is useful to categorize the inertia of a synchronous machine
by introducing an inertia constant, H i , instead of using J i . The inertia constant for a
speci�c synchronous machine is de�ned as

H i =
Ek;n;i

Sn;i
(2.4)

where Sn;i is the machine rated apparent power [10]. The unit of H i is Ws/VA however,
it is usually expressed in seconds. The reason why seconds are used as unit inH i is due
to the value H i describes the time it takes for a machine to go from operating at! n to a
stand still while continually supplying the rated capacity by only utilizing the machine's
kinetic energy.

By combining (2.2), (2.3) and (2.4) the response of the rotational speed due to a power
imbalance is derived as

2H i Sn;i

! 2
n

! r;i
d! r;i

dt
= Pm;i � Pe;i : (2.5)

Assuming that the di�erence between ! r;i and ! n is small, it is possible to simplify (2.5)
as

2H i Sn;i
d(! r;i =! n )

dt
= Pm;i � Pe;i : (2.6)

To represent a larger power system instead of a single synchronous machine, the total
inertia constant can be considered the average inertia constant of the individual generators
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[11]. Hence, the inertia constant of a system consisting ofN synchronous machines can
be calculated as

Hsys =
P N

i =1 (Sn;i H i )
P N

i =1 Sn;i
=

P N
i =1 (Sn;i H i )

Sb
: (2.7)

Where, Sb denotes the system base power and is the sum of the apparent power ratings
for all synchronous machines connected to the considered system. Additionally for the
system ofN machines, the total power imbalance can be represented as

Pm � Pe =
NX

i =1

Pm;i �
NX

i =1

Pe;i : (2.8)

Therefore, when considering a system consisting of multiple synchronous machines and
applying (2.7) and (2.8) to ( 2.6), the synchronous rotational speed of the system is derived
as

2HsysSb
d(! r =! n )

dt
= Pm � Pe: (2.9)

In per unit format, the system's rotational speed and power imbalance is normalized by
their respective bases,! n and Sb. Additionally, as rotational speed and frequency are
proportional, ! r becomes equal to the system frequency,f when in per unit. Therefore,
by converting (2.9) to per unit, it becomes

2Hsys
d! r

dt
= 2Hsys

df
dt

= Pm � Pe: (2.10)

Furthermore, when considering a power imbalance causing a deviation from the nominal
operating point, (2.10) can be expressed as

2Hsys
d� f + f n

dt
= Pm;n + � Pm � (Pe;n + � Pe) (2.11)

where the parametersf n , Pm;n and Pe;n are the nominal system frequency, mechanical
power and electrical power respectively [12]. As the system is in steady state at nominal
operating point, Pm;n is equal to Pe;n and f n is a constant, resulting in it being possible
to reduce (2.11) down to

2Hsys
d� f
dt

= � Pm � � Pe: (2.12)

Another factor to consider when studying the speed response of the power system due to
a power imbalance, is the e�ect caused by the load. The power demand of the system
loads are not constant with respect to both the frequency and the voltage, where the
responses are di�erent depending on the load. The overall load demand change due to the
frequency is in the same direction as the frequency, and is described using a load frequency
dependency constant,D , typical in the range of 1 to 2, meaning that if the frequency goes
down by 1% the power demand also reduces by 1% to 2% [9]. The load voltage dependency
can be modeled using the second order polynomial ZIP model. The power consumption
in the ZIP model vary based on the percentage of the load that can be as a constant
impedance, ZP , the percentage that can be considered as a constant current,I P , and
the percentage that can be considered as a constant power,PP [13]. The load demand
can be represented, considering both frequency dependence and voltage dependence, by
expanding � Pe to

� Pe = � PL + PL 0[ZP (
V
V0

)2 + I P (
V
V0

) + PP � 1] + D � f (2.13)
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ZP + I P + PP = 1 (2.14)

where � PL is a disturbance in the load demand due to external factors, for example a
fault, PL 0 is the nominal load demand, V is the current voltage and V0 is the nominal
voltage.

As the load demand of (2.13) is included in (2.12), the systems frequency dynamics as a
result of a disturbance in the power balance is derived as

2Hsys
df
dt

+ PL 0[ZP (
V
V0

)2 + I P (
V
V0

) + PP � 1] + D � f = � Pm � � PL : (2.15)

Hence lacking any additional control and voltage change, the resulting steady state fre-
quency, f ss, to a power disturbance is decided by the load frequency dependency as steady
state is achieved whenD� f ss is equal to the power imbalance. Furthermore, (2.15) states
that the initial rate of change of frequency (RoCoF) is decided by the system inertia
constant [14].

Many processes in a power system depend on the frequency, and it is therefore important
to maintain it close to an agreed-upon value (50 Hz in Europe and large parts of the rest
of the world). An example of an issue that are caused by the frequency deviating from its
agreed upon value is that high stresses are applied to the blades of grid connected steam
turbines [14]. As steam turbines operate outside the normal frequency, the rotational speed
comes closer to a resonance frequency for the turbine blades which causes increased stress
due to vibration by several magnitudes. [14]. Another issue occurring at low frequencies
is overheating of the equipment. Because the magnetic �ux is proportional to the ratio
of voltage over frequency, low frequencies cause excessive �ux density in electromagnetic
equipment, such as generators and transformers. The excessive �ux density results in high
magnetizing currents and therefore overheating [14]. This issue is further compounded by
a reduced capability of cooling systems, as cooling is often operated by induction machines
whose performance is reduced when the frequency drops [14].

Resulting from these issues, the power system equipment is equipped with automatic
protection agents frequency deviation. The activation of this protection disconnects the
equipment from the system. However, activation at low frequencies leads to a further
power imbalance that eventually leads to a blackout. In an e�ort to avoid having to
disconnect generating units, a load shedding strategy is �rst utilized, where the power
demand is reduced by disconnecting loads to try to stabilize the frequency [14].

There is also a trend in power systems in which the inertia constant is reduced, increas-
ing the di�culty of maintaining the frequency [ 15]. The reason for this trend in power
systems is that converter-interfaced wind and photovoltaic generation is becoming partic-
ularly prominent due to decarbonization e�orts. Because of the power converters of these
resources, their power generation does not respond naturally to changes in frequency,
which contrasts with the frequency response of directly connected synchronous genera-
tors. Therefore, the converter-interfaced power generation is described as being decoupled
from the grid and has an inertia constant equal to zero. By considering (2.7), if the added
power generation does not provide an inertia constant, the overall system inertia is re-
duced. It is estimated that the inertia constant in Sweden was reduced by 20 percent
between 1996 and 2016 due to the in�uence of converter-interfaced power generation [15].
Consequently, the frequency response to a disturbance has a higher RoCoF, making it
more di�cult to handle the disturbance.
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An additional trend in the power system that causes frequency disturbances to be more
di�cult to handle is the connection of motors through converters [ 9]. This increases the
motors e�ciency by allowing for speed control. However, as a result the motors lose their
dependency on the frequency causing the overall system load frequency dependency to
decrees.

2.1.2 Frequency control

In order to improve on the power system frequency, generators perform control actions by
increasing or decreasing their active power production to compensate for power imbalances.
To perform the control actions a power reserve is required for the control to use. In the
Nordic power system, the power reserves used in the control of the generators are divided
into three main categories. Each category acts on a di�erent time scale and serves a
di�erent purpose for improving the frequency response to a disturbance. These di�erent
categories are the Fast Frequency Reserve (FFR), the Frequency Containment Reserve
(FCR) and the Frequency Restoration Reserve (FRR). The aim with these reserves is to
keep the frequency within +/- 0.1 Hz of 50 Hz during normal operation and within +/-
0.5 Hz during disturbed operation. Transient frequency deviations of maximum +/- 1 Hz
are however allowed [16].

The FFR were introduced as a response to the reducing inertia in the power system [17].
FFR acts during a short duration, but is activated rapidly. It aims to complement the
slower acting FCR by limiting the initial RoCoF, increasing the time it takes for the
frequency to reach its maximum deviation. After the FFR activation the FCR should
have taken over the burden of managing the frequency response.

The objective of the FCR is to contain the frequency disturbance by limiting the frequency
nadir [18]. It limits the frequency nadir by equipping generators with automatic droop
controllers that work independently to counteract changes in the frequency [19]. The droop
control is categorized by increasing� Pm;i of a generator in proportion to the frequency
deviation and is visualized in Figure 2. The droop setting R of the controller decides the
change in power and can be expressed as

R =
� f

� Pm;i
: (2.16)

With using a droop setting of 5% (0.05), the power of the unit, Pm;i , is changed by 100%
due to a 5% change inf . [19] The draw back of droop control used in the FCR are that
it is an proportional control and as a result can not fully restore the frequency after a
disturbance, leaving a steady state error [20].
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Figure 2: Frequency to power characteristic of a droop controller with a droop
setting of 5%, including example of a frequency droop to 49 Hz resulting in a power
increase onPm;i of 0.4 [pu].

The FCR is divided into three reserves, Frequency Containment Reserves for Normal
operation (FCR-N), for Disturbances Up-regulation (FCR-D up) and for Disturbances
Down-regulation (FCR-D down) [ 21]. FCR-N is utilized to maintain the frequency during
the small disturbances and power variations that occur during normal operation [22]. It
is a symmetrical reserve, meaning that the reserve acts to contain both over and under
frequencies and is fully activated for a frequency deviation of +/- 0.1 Hz. The FCR-D
reserves are instead utilized during large disturbances and are separated into individual
reserves for up and down regulation. These reserves have a deadband on the frequency
of +/- 0.1 Hz resulting in that the FCR-N is used before FCR-D [ 21]. The size of the
FCR-D reserves are made to cover the power system dimensioning fault according to the
N-1 criteria. Additionally, FCR-D may use a di�erent droop setting compared to FCR-N
[22].

The �nal reserve used in the Nordic power system to support the frequency is the FRR.
Its objective is to eliminate the frequency's steady state error caused by the droop control
of the FCR. It also acts to replenish the FCR to prepare the system for another distur-
bance. This is commonly accomplished by being activated based on the integral of the fre-
quency deviation [16]. FRR is separated into two reserves where the Automatic Frequency
Restoration Reserves (aFRR) main objective is to restore the steady state frequency [18].
This reserve utilization is controlled centrally and activated automatically, but acts slower
compared to the FCR. The Manual Frequency Restoration Reserve (mFRR) makes up the
second part of FRR and is activated manually by the system operator. The objective of
mFRR is to restore the FCR and aFRR reserves and is also utilized to manage congestion
in the system [18].
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2.1.3 Voltage stability

Voltage stability is maintained if all the buses in a system maintain a voltage level within
given limits. The voltage is a local quantity in contrast with the frequency which is
considered for a power system as a whole. Voltage instability is caused due to the transfer
of power to all loads connected to the system contrasted with the inherent voltage drop
in transferring power, both active and reactive, across power lines [8]. The voltage drop
limits the power transfer capabilities of lines which is further limited by excitation limits
of generators. As power transfer to the loads give rise to voltage instability issues, the
instability is usually driven by the load characteristic of the system [7]. As there is a
disturbance to the voltage causing a voltage drop, the power consumption of the loads
usually follows. However it is common for actions of automatic processes, for example slip
adjustment of inductive machines and tap changing of transformers, to restore the load
power [7]. This will however increase the power over the power lines, causing a further
voltage drop. The increased power transfer may therefore be pushed to the limit of the
system causing activation of protection, tripping lines or other equipment leading to a
cascading outage [8].

2.1.4 Rotor angle stability

Rotor stability is maintained if the synchronous machines connected to the network keep
their synchronization during normal operation and regain synchronism after a machine
is subject to a disturbance [8]. Rotor angle stability is, similar to frequency stability,
governed by motion of a rotating system due to an imbalance in torque. However, unlike
the frequency, the rotor angle is observed locally for a generator and (2.2) may therefore be
used to describe it. During normal operation there is equilibrium. However a disturbance
to the system may cause the acceleration of a machine. This causes the angle between
the accelerated machine and the other machines connected to the system to grow. As
the power transfer between machines depends on the angle di�erence, the accelerating
machine transfers more power and supplies a greater portion of the system load [7]. By
supplying more of the load the machine is again accelerated and an equilibrium will be
achieved. The relationship between angle di�erence and power transfer is however not
linear and beyond a point the transfer of power reduces [7]. The system becomes unstable
if the angular di�erence is su�ciently large causing the power transfer from the accelerated
machine to be lower compared to the system's equilibrium point.

What e�ect converter interfaced technologies has on rotor angle stability is not completely
understood and they may have a positive or negative e�ect depending on the system
composition and their control [8]. However, the reduction of inertia in the system due to
the in�uence of converter interfaced technologies can result in faster changes of the rotor
angle having a detrimental e�ect on the rotor angle stability [ 8].
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2.2 Island operations

An island system of distributed resources is, according to [23] described as a part of the
power system consisting of loads and distributed resources intentionally designed to have
the ability to disconnect from the main system. These island systems can also be referred
to as microgrids considering that a microgrid is described in [24] as a group of distributed
energy resources and loads which operates locally and can operate in either grid connected
mode or islanded mode. Grid connected microgrids are further described in [23] to have
the ability for seamless transition to island mode. These systems can be of a wide variety
of size and complexity, having the possibility of being of hundreds of kW up to tens of
MW and usually operating at either low or medium voltages.

When an island system/microgrid operates while disconnected from the grid, the island
can no longer rely on the grid to help with its management. The island system therefore
requires control systems to locally manage the operation of the connected distributed
resources. The control required within the island is to manage voltage and frequency
levels, ensure a balance in the power, manage transition from and to island mode of
operation and also ensure an economic dispatch of resources [23]. The control of the
island can be divided into hierarchies where the fastest controls are involved to manage
the island stability and it include frequency and voltage control as well as island detection.

2.2.1 Why and when to island

The main bene�t for islading, or having the possibility of islanding, a power system are
the increase in resilience it o�ers [3]. The transition to island operation may either be a
planned occurrence where the time is planned out ahead and the transition is performed
seamlessly or it may be unplanned and the result of an unexpected event. Reasons for
planned transition are forecasted severe weather conditions and stressed system operating
point [24]. In both these cases the islanding is a preventive measure to ensure operation of
the islanded system even in case of system faults due to the extreme operating conditions.
Further can islanding o�er �exibility for isolating part of the grid in order to perform
maintenance [3]. The Unplanned islanding may instead happen due to faults in the power
systems triggering protection to isolate the island system from the fault, ensuring continued
operability. The triggering of the protection resulting in the transition could also be to
isolate from Cyber-attacks [3].

2.2.2 Island stability aspects

An island system has signi�cant di�erences when compared to a main grid. For one are
island systems of a smaller size and have their power supplied from inverter interfaced pro-
duction and small synchronous machines resulting in low system inertia [23]. Their small
size and the intermittent nature of the inverter interfaced production does additionally
results in further di�culties with power balance as there is a greater uncertainty of the
power generation in the system which may result in higher discrepancies between genera-
tion and consumption [23]. Another di�erence is that an islanded system has shorter lines
resulting in low voltage drops. Furthermore, the lines have a high resistance to reactance
ratio compared to in a conventional grid caused by operating at low or medium voltage.
The high resistance to reactance ratio results in the assumption of separating active power
from the voltage to become invalid [23].

Due to these di�erences, maintaining frequency stability becomes especially di�cult in
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islanded systems compared to in the main grid. For example, outages of generation units
or loads for an island system represent signi�cant outages, majorly impacting system
stability [ 23]. An unplanned island transition also poses a challenge for the frequency
stability as it can result in a large power disturbance. Planned transitions are however less
challenging due to being able to change the operating point of the distributed generation
to re�ect the operating condition of the subsequent island prior to the islanding event
[23]. Changing operating points of the generators may therefore cause the system demand
to change depending on the load voltage sensitivity which could cause complications for
frequency control.

The voltage stability is not as large of an issue in islands compared to frequency stability
[23]. In conventional systems, voltage issues often occur due to the voltage drop of long
transmission lines. Considering that the power lines in the islands do not have as large of a
voltage drop, the islands do not experience the same issues with voltage as in conventional
systems. However, as a consequence of the low voltage drops, faults on the system may
result in very low voltages across the island system. The low voltages can cause induction
motors connected to the system to stall, absorbing large amounts of reactive power and if
not disconnected can potentially lead to insu�cient reactive power supply and therefore
voltage instability [ 23]. Due to the coupling between active power and voltage in an
islanded system may also a power disturbances cause low voltages in the system leading
to voltage instability [ 23].

Instability of the rotor angle of synchronous machines is rarely observed in island systems
[23]. One reason for not observing this is that, due to having a high resistance to reactant
ratio, the rotor angel does not experience the same acceleration in relation to the other
connected synchronous machines due to a fault as in a conventional system. A second
reason is that island systems often have a su�cient synchronizing and damping torque to
not experience undamped oscillations of the synchronous machines rotor angle.

2.2.3 Risks and Regulations

In [23] it is described that a microgrid (island system) can be considered stable if it
has appropriate values at a steady state and that after a disturbance the state variables
recover to give a satisfactory operational condition without involuntary load shedding.
This description is not unlike the power system stability de�nition given in [ 7]. Regarding
what constitutes an appropriate state variable, IEEE 1547.4-2011[24] states that the power
quality has to be satisfactory for everyone operating within the island system.

In [3] and [25] is the European standard EN-50 160 used to determine whether the is-
land systems have an appropriate power quality. This standard discusses various di�erent
characteristics of the voltage quality and the costumer side. The standards include require-
ments on the line voltage symmetry, the waveform, the magnitude and the frequency. In
this work the focus is on the frequency and magnitude limits speci�ed by the standard
for island operation. The standard focus is to ensure that the loads are functioning as
expected by the customers [3]. Table 1 summarizes the operational limits speci�ed by
EN-50 160 for frequency and voltage for an island system while operating in both grid
connected and operating as an island [3].
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Table 1: Voltage frequency and magnitude requirements for island system as de-
scribed in [3]

Grid connected Island operation
Frequency, continuous 49.5 Hz - 50.5 Hz 49 Hz - 51 Hz
Frequency, momentary 47 Hz - 52 Hz 42.5 Hz - 57.5 Hz

Voltage magnitude 0.9 pu - 1.1 pu 0.85 pu - 1.1 pu

These limits presented in Table1 must be adhered to at every point in the island system.
The continuous limit must be adhered to for 99.5 % of a year while in grid-connected mode
or for 95 % of a week while in island mode and the momentary limits must be adhered
to 100% of the time regardless of operating mode. Regarding the magnitude, the limits
are speci�ed for an average of their RMS value over a 10 minute period. The voltage may
therefore temporarily cross these limits [25] however, it may never be less than 0.5 pu [3].
From Table 1 it is noticeable that the constraints put on the system while operating as
an island are less strict due to the island operation inertia typically being lower compared
to when grid connected. However, the requirements for generators speci�ed in [26] state
further requirements on the frequency for which generators need to be connected to a
network. The requirements in the Nordic power system are summarized in Table2. In
[26] is it also speci�ed, for at least type C generators operating in the 10 to 30 MW range,
that these frequency requirements also apply during island operation.

Table 2: Time period generators are required to stay connected for di�erent fre-
quency ranges as described in [26]

Time period for operation Frequency range
30 minutes 47,5 Hz - 48,5 Hz

To be speci�ed by the transmission
system operator, but not less than 30

minutes

48,5 Hz - 49,0 Hz

Unlimited 49,0 Hz - 51,0 Hz
30 minutes 51,0 Hz - 51,5 Hz

There are also regulations concerning anti islanding protection. The anti islanding applies
for unintentional islanding of a system, where an island is created without being designed
for it, and any distributed generation unit connected to the island should be disconnected
within 2 s [3]. This is due to the energizing of such a system can lead to undesired and
potentially dangerous consequences. For example:

ˆ If the disconnected system is not recognised as operating as an island can it appear
to be de-energized while still being energized by connected distributed generators,
potentially causing harm to maintenance and restoration personnel [27]

ˆ If the island remains undetected the voltage and frequency quality may rapidly
deteriorate, damaging equipment connected to the formed island [27].

ˆ If island is formed due to a fault on a downstream line connecting the island to the
main grid, can also automatic re-closing of relays be damaging to equipment due
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to the island may lose synchronization with the grid during the fault, causing large
transients in the resynchronization event [27].

2.2.4 Island detection

The anti islanding concerns highlight the necessity of reliable island detection methods in
order to take appropriate response actions. The importance of island detection applies
both for unintentional islanding but also for unplanned islanding of a system having the
ability to operate as an island considering that there are substantial di�erences in operation
between grid-connected mode and island model [28]. There are a wide variety of di�erent
solutions for detecting island operation. Some of the more common detection methods
include the traditional passive and active island detection methods [29] . The passive
island detection method utilizes measurements of voltage and frequency at the terminals of
distributed generators to detect islanding if these parameters pass set thresholds. An island
may be detected using this method based on under/ over frequency and voltage as well as
based on frequency RoCoF. This method is however not reliable, failing to detect island
operation in many cases and also detecting many false islands. Active island detection
purposely introduces a disturbance whose response is monitored and if the response is
su�ciently large island operation is detected. This method is more reliable compared to the
passive method, however it causes a reduced power quality. More modern island detection
methods are an evolution of the passive detection method where signal processing tools,
for example the Wavelet transform, are applied in order to extract additional information
from the measured parameters, signi�cantly improving the detection reliability [ 29].
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2.3 Hydro power characteristic and frequency control

There is a wide variation in turbines used in hydro power plants, however common amongst
the turbines is that the power produced is proportional to the water's potential energy
and kinetic energy, represented by the water pressure and �ow respectively [14]. The
power production can therefore be controlled by controlling the water �ow by changing
the position of a gate. A commonly used representation of the power production of a
hydro turbine in per unit is the transfer function

� Pm

� G
=

1 � Tws
1 + 1

2Tws
(2.17)

expressing the change in power production as a result of a change in the gate position,
� G. A derivation of this transfer function can be found in [14] 1 and [30]. The parameter
Tw is called the starting time constant and results from the water inertia. It is represen-
tative of the time for the water �ow to increase after the gate position is opened. The
transfer function is a simpli�ed hydro turbine representation as the water is assumed to be
incompressible and the pen-stock pipe is assumed inelastic. Further are also the hydraulic
resistance and any dampening e�ects resulting from the turbine speed, for example due to
friction, neglected. However the representation is still su�cient for power stability studies
[14].

Figure 3 shows the power response of eq (2.17) for a unit step increase of the gate posi-
tion. When the gate position is changed to allow for an increased �ow the power output
immediately drops, having a reaction opposite to the desired reaction. This special char-
acteristic of hydro turbines is due to the inertia of the water as when the gate is opened
the water �ow will not change instantly [ 14]. However, due to the reluctance of the �ow to
change, the water pressure will immediately decrease when the gate is opened. As water
�ow accelerates according to Tw , the pressure will also increase resulting in the power
increase seen in Figure3, until a new steady state is achieved.

1page 379 - 383
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Figure 3: Hydro turbine power step response from unit step of gate position ac-
cording to (2.17) (Tw = 1 s).

2.3.1 Hydro droop control

An e�ect of the initial reverse response to a change in the gate position is that it becomes
infeasible to use a �xed droop for the hydro-governor. Due to the initial power drop, the
droop controller initially ampli�es the frequency error potentially, leading to an unstable
control action if the droop is low. However, using a high droop reduces the strength of
the control action. One solution is to use a combination of a high transient droop and
low permanent droop by �ltering the permanent droop through a lead-lag �lter [ 14]. The
lead-lag �lter can be expressed as

G(s) =
Tr s + 1

Tr
R t
Rp

s + 1
(2.18)

where, Rt , is the transient droop, Rp, is the permanent droop and Tr is a reset time
constant. The unit step response of the �lter is shown in in Figure 4 where it is shown
that the �lter initially has a low gain, corresponding to the high transient droop, with
transition in to a higher gain corresponding to the low permanent droop. This transition
from transient to permanent droop causes a smoother change of the gate position, giving
the �ow of water time to respond and not causing as severe drops in water pressure. The
speed of the droop transition is decided by the reset-time constant.
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Figure 4: Unit step response of hydro droop controller as presented in (2.18)
(Rt = 2; Rp = 1 and Tr = 1 s).
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2.4 Wind power theory

2.4.1 Power extraction

The main principle of a wind turbine is to convert kinetic power from the wind into
electrical power. The total kinetic power in wind can be calculated by

Pk =
1
2

m
t

v2
w (2.19)

where, m is the mass of the air considered,vw is the wind speed andt is time [31]. When
considering a wind turbine the mass of the air is equal to the product of air volume,V
passing a�ecting the turbine and air density, � . The air volume can be further expressed
as V = Avw t , where A is the swept area of the turbine, therefore making it possible to
modify (2.19) to

Pk =
1
2

�Av 3
w : (2.20)

To note is that the wind kinetic power increases by the cube of the wind speed causing
even a small changes wind speed to have a large impact on the wind power

Wind turbines can however not convert the total Pk to mechanical power, driving the
wind turbine, Pm;wt , and the ratio between these powers are called the power coe�cient,
Cp. By including Cp in to ( 2.20) the driving power of the wind turbine can be expressed
as

Pm;wt = �A
v3

w

2
Cp: (2.21)

It is also useful to describe a wind turbine in per unit format and converting (2.21) to per
unit by normalizing it with the wind turbines rated value, P0, results in

Pm;wt = �A
v3

w

2P0
Cp: (2.22)

The value of Cp is based on the aerodynamics of the turbine blades and their e�ciency
in gathering the energy of the wind. Consequently,Cp for a given turbine depends on
the turbine blade design and blade angel,� . Additionally Cp also depends on the the tip
speed ratio, � , which has the relationship

� = ! 0
R! wt

vw
(2.23)

in which ! wt is the rotational speed of the turbine in per unit and ! 0 is the wind turbine
rated rotational speed in rad/s. For an ideal rotor the value of Cp would be 16/27 or
approximately 0.593 according to Betz law. However, as the blades are not ideal and due
to losses in the drive train and electrical losses which are often included in toCp, turbines
usually have a maximum Cp of no more than 0.5 [32]. The Cp pro�le for a turbine is
determined by measurements, however a fourth order polynomial can be used to �t an
analytical expression ofCp to the measurements. The analytical fourth order polynomial
for Cp can be written as

Cp(�; � ) =
4X

i =1

4X

j =1

ai;j � i � j (2.24)

where, � i;j are �tting constants used to match the function to measured data [33]. A
representation of Cp versus� and � is shown in Figure 5
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Figure 5: A contour plot of Cp depending on� and � based on data from Chalmers
wind turbine on Björkö.

2.4.2 One mass drive train

The drive train of a wind turbine consists of the turbine blades, gearbox and generator
along with other masses part of the wind turbine's rotation [34]. In order to accurately
model the dynamic response of! t due to a change in the torque, every part of the drivetrain
can be individually represented in the model. However the drive train model can be
simpli�ed to an aggregated one mass model similar to the power system model of (2.15)
and expressed as

2Hwt
d! wt

dt
+ b =

1
! wt

(Pm;wt � Pe;wt ): (2.25)

Where, Hwt represent the inertia constant of all the drive trains parts, the parameter b
represent a dampening factor which consists of the friction and air resistance present in
the drive train and Pe;wt is the electrical output power of the wind turbine [33] [34]. The
inertia constant of a wind turbine in determined through

Hwt =
Jwt ! 2

0

2P0
(2.26)

where Jwt is the combined inertia moment of the wind turbine drive train in kg m2.

2.4.3 Wind turbine characteristics and types

Wind power turbines can be categorized into either Fixed-Speed Wind Turbines (FSWT)
or Variable-Speed Wind Turbines (VSWT). For FSWT, power is generated by an induction
machine that is directly connected to the grid, resulting in very little variation in the
rotor speed. A consequence of the �xed speed is that the power extraction from the wind
becomes ine�cient, as � cannot be controlled to achieve the maximumCp for optimal
power extraction in accordance with (2.21) and (2.24). An additional drawback of this
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category of wind turbines is that the induction generator draws reactive power, often
resulting in the need for external reactive power support [35]. Because of these factors,
FSWTs are seldom used today. However, because FSWT are directly connected to the
grid, the speed is linked to the system frequency. Therefore, if the frequency decreases,
the speed of the turbine decreases, and the energy inherent within the speed change is
pushed to the grid, resulting in FSWT providing a natural inertial response [36].

Instead, the VSWT are designed to optimize their e�ciency by controlling the rotor speed
for an optimal tip speed ratio � opt to maximize Cp. This speed control is achieved pri-
marily using one of the two technologies. The �rst technology is the doubly fed induction
generator (DFIG) turbine. The DFIG utilizes an AC to DC to AC converter connected
to the rotor winding to control the excitation frequency, thereby allowing for rapid speed
control [34]. As the converter is only connected to the rotor circuit, it is not required to be
rated at the full output of the turbine, and only a rating of 30 percent is usually su�cient.
Furthermore, this arrangement allows for control over the reactive power, resulting in the
fact that external reactive power support is not required, in contrast to FSWT [ 35].

The second technology that is utilized for the speed control of a VSWT is the full converter
interfaced generator, in which the generator is completely decoupled from the grid as the
only connection is through an AC to DC to AC converter [35]. This grants the turbine
a fully independent speed, active power and reactive power control, thereby making it
possible to operate at optimal e�ciency with respect to wind speed. However, this type
of turbine has an increased cost compared to the DFIG, considering that the converter is
required to be rated for the full output of the wind turbine.

One inherent characteristic of VSWT is that there is no natural inertia response to fre-
quency variations in the power system [36]. The reason for this lack of inertia response
is the speed control. As the control endeavors to maintain the speed for� opt it will be
una�ected by changes in the system frequency, in contrast to FSWT. Consequently, no
kinetic energy is extracted from a change in speed, resulting in the VSWT reducing the
overall system inertia.

2.4.4 Control system

The control of a VSWT can be divided into di�erent operations depending on either
rotational speed of the turbine or the wind speed condition[34], [37], [38]. In this work, the
VSWT operation has been divided into 4 di�erent operational regions based on rotational
speed visualized in Figure6

For region 1 the ! wt of the turbine is su�ciently low that the correlating wind speed
does not produce su�cient power according to (2.21) to justify the wear on equipment
[34]. Therefore when operating in this region, the VSWT does not produce any power.
Additionally this region is used to quickly accelerate the VSWT during start up, when the
wind speed has increased beyond the cut in limit [38]. This quick acceleration is useful
due to the wind turbine having a low Cp at low values of � , which can be seen from Figure
5, causing a limited mechanical output until the VSWT has picked up speed.

Region 2 for the VSWT is characterized by! wt being greater than the limit for region 1
while also being below its rating. For this region, the goal of the control is to optimize
the power extraction from the wind by operating at Cp;max [34],[37], [38]. By studying
how Cp depends on� and � as represented in Figure5, it is possible to determine the
optimal angle of � , � opt, and the optimal value of � , � opt that represents Cp;max , causing
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the optimal wind power extraction. As � do not have an external in�uence, this parameter
can simply be set to� opt, which is also its minimal value, when operating in region 2. The
control focus of region 2 is therefore on achieving� opt by controlling the output power to
change! wt proportionally to the current wind speed.

The third region for the VSWT shown in �gure 6 may appear as the VSWT! wt rating is
reached before the power rating of the VSWT while operating in region 2. Therefore in
operating region 3, the VSWT deviated from tracking the optimal power point due to the
limit imposed by the speed rating. Instead the output power is adjusted in order to keep
operating at the rated speed [37].

When the wind speed increases, causing the output power of the VSWT to also hit its limit,
it is no longer possible to increase the output power for limiting! wt . Instead is it therefore
necessary to reduce the mechanical power to not have! wt increase uncontrollably[34], [37].
Therefore, in region 4, the turbine Cp is controlled in order to control the e�ectiveness of
the wind turbine aerodynamics. The control strategy of this region is to change the angle
of � to e�ectively control Cp in order to keep ! wt constant.

Figure 6: VSWT operating regions based on turbine speed.

2.4.5 Inertia emulation

As mentioned in Section 2.4.3, VSWT does not naturally provide inertia to the power
system frequency. The mass and rotational speed of the combined drivetrain of a VSWT
does have an inertia constant comparable to traditional generation units. However, this
inertia is normally not accessible to the power system due to the control of the VSWT
for optimal power [15]. Therefore, by modifying the control for the VSWT to emulate the
synchronous generator response to a frequency deviation, the power system can access the
inertia constant of the VSWT. This inertia emulation control will mitigate the reduction of
the power system inertia constant caused by the increase of converter interfaced generation.
It is however important to keep in mind that unlike a directly connected synchronous
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generator which always operates close to the synchronous speed, the speed of a VSWT
can vary depending on the wind condition. Therefore the available inertia of a VSWT to
support the system frequency is not constant, but varies with regards to! wt [33]. Hence
the emulated inertia from a VSWT is reduced for low wind speeds. Additionally, if the
VSWT already operates close to its rated power, could the inertia emulation cause the
VSWT to shortly exceed its rated power. It is therefore also important to ensure that this
exceed operation does not damage the equipment in the VSWT before inertia emulation
is applied when at rated operation [33].

A additional important factor to consider when it relates to the ability of VSWT to provide
inertial response is that, unlike a synchronous generators which response to the frequency
is unchangeable and entirely decided by the mass of the machine and its electromagnetic
coupling to the grid, the inertial response of a VSWT can be controlled. As a result, there
is a freedom in creating an inertia response of VSWT that is optimized for the power
system frequency control needs. For example can the VSWT inertia response be used to
compensate for the initial opposite response a hydro power governor has to a frequency
disturbance, as discussed in Section2.3.1.

2.4.6 De-rated operation with droop control

A VSWT can also provide the power system with frequency control if the turbine is
controlled to not operate at its optimal point and if the rated power of the turbine is
limited. This control action creates a de-rated operation of the VSWT and establishes
a power reserve which is used for frequency containment. The de-rating of the VSWT
is achieved by either changing the pitch angle of the turbine blades or increasing the
rotational speed of the turbine. [39] The �rst method causes the turbine to operate
at a suboptimal � while the second causes the turbine to operate at a sub optimal� .
Both methods can therefore be used to reduceCp(�; � ) to a desired value. De-rating
speed control has a more rapid rapid response to desired change in the de-rating of the
turbine when compared to the pitch control for de-rating. The speed control however
risks signi�cantly overspeeding the turbine when creating only a small power reserve and
using the pitch may therefore be necessary if a larger power reserve is desired [39]. It is
also possible to reduce the speed in order to change� . However, power is required for
accelerating the turbine in order to extract the power from the created power reserve. This
acceleration will therefore mitigate any frequency control using this de-rating method for
the �rst seconds after a disturbance [15].

Using droop control, the power reserve can be deployed by reducing the de-rating level
for up-regulation of the frequency or more power can be shedded for regulating down the
frequency. As a wind turbine does not have the initial opposite reaction to a change in
power as a hydro generator, there is no need for a high transient droop and the same
droop constant can be used for the complete control action. As a result, the wind power
frequency droop control is quicker compared to the hydro control. The main drawback for
the VSWT droop control is the requirement of a de-rated operating point, reducing the
output power [8]. Therefore the de-rating is preferably kept low to limit the loss in power,
but at the cost of increased frequency stability. As the reserve for up regulation usually
is smaller than the power that can be shedded, di�erent droops can be used for up and
down regulation [40]. Using di�erent droops has the bene�t of not limiting the strength
of the down regulation due to a limited up regulation reserve. Figure7 shows the power
response as a function of the frequency when using di�erent droops.
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Figure 7: Example of frequency to power relationship with using a di�erent droop
for up and down frequency regulation [40].
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3 One bus modeling of a wind-hydro system for
frequency stability studies

Frequency stability simulations of a wind-hydro system was �rst conducted using the
MATLAB/Simulink environment. In the Simulink environment a model of a VSWT pro-
viding frequency support was created to represent an aggregated wind farm. This VSWT
model is then added to a one bus model of a power system which is using a hydro governor
for frequency control. In the following sections, the MATLAB/Simulink models used for
the frequency stability studies are described and values for the parameters in the models
can be found in Appendix A. The MATLAB/Simulink model does not include voltages or
electrical distances in the form of power lines. These will however instead be included in
the PSS/E simulations described in Section4.

3.1 One bus system model

Figure 8 depicts the model for the single bus power system used in the MATLAB/Simulink
simulations. The model is constructed by transforming (2.15), describing the power system
frequency change due to a power imbalance, to the frequency domain by replacing the
derivative with the Laplace operator. Additionally due to not modeling voltage in the
MATLAB/Simulink simulations, the voltage dependency of the load is neglected. In
frequency domain, (2.15) can be therefor expressed as

� f =
1

2Hsyss + D
(� Pm � � PL ): (3.1)

When considering that the power system model consist of a combination of wind and
hydro power, the change of the mechanical power,� Pm , experienced by the system can
be divided in to a wind power part, � Pe;wt and a hydro power, � Ph part. Additionally,
when increasing the wind power penetration,WPP, the inertia constant, Hsys, of the
system will change according to2.7, describing that the aggregate systemHsys is the
mean of the H i of all individual generators connected to the system. Considering that
VSWTs do not inherently providing inertia to the power system, the system inertia for
the simpli�ed system consisting of an aggregated hydro and VSWT unit can therefore be
calculated using

Hsys = Hh � (WPP � 1) (3.2)

where Hh is the hydro inertia constant. The Hh used for the system model is 4.9 s
and based on the system model in [11] of a hydro dominated system. Furthermore, the
control strength of the hydro power decrees relative to the size of the system whenWPP
increases. Therefore, to represent this control strength decrease when changing� Ph from
being represented on the machine base to being represented on the system base, it is
multiplied with 1 � WPP . � Pe;wt is instead multiplied with WPP when going from
machine base to system base as the strength of the wind power control increases with the
penetration of the wind power.
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Figure 8: Single bus power system model showing the incorporation of the hydro
governor and VSWT

3.2 Hydro unit with governor

The model used to represent the hydro governor power response from a deviation of the
system frequency is shown in Figure9. The governor model is created to give an equivalent
frequency control response as the model presented in [11] which, in turn, was made to
emulate the aggregated response of a hydro dominated system example. From the model
presented in Figure 9 are the turbine transfer function recognizable from (2.17) and the
lead-lag �lter is presented in (2.18). Additionally, the model has two �rst order low pass
�lters where one is meant to represent the actuator dynamics which physically changes
the gate position and the other represents a �lter on the input frequency error.

Figure 9: Hydro model based on [11] and [14] tuned to give an equivalent response
as the model in [11].

3.3 Wind turbine model

To represent wind power into the power system, a model of a VSWT is used and Figure
10 shows an overview of the VSWT model. The parameters used for the VSWT model
are based on the Chalmers wind turbine located on Björkö and available in Appendix
A. The output of the turbine model is treated as the aggregated output of a wind farm.
The inputs of the model are the frequency deviation from its nominal value,� f , and the
wind speed. The model is able to use both a constant wind speed and a variable wind
speed where for the variable wind speed, a time series of the wind speed is imported.
To implement the control structure used in this model, no changes to the wind turbine
hardware are required and can therefore be implemented though software changes.
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Figure 10: Wind turbine overall control structure including inertia emulation and
de-rated control with droop support form an available power estimate.

3.3.1 Aerodynamic and drivetrain model

The part of the VSWT model representing the physical turbine is presented in Figure11.
The model takes the wind speed, the current pitch as well as the set point for the VSWT
electrical power, Pe;wt;ref , as inputs and outputs ! wt . The model can be divided in to
a aerodynamic part and a drivetrain part, where in the aerodynamic part, the VSWT's
power extraction from the wind's kinetic energy is implemented according to (2.21) to get
the Pm;wt driving the turbine rotation. Necessary for (2.21) is Cp(�; � ) which is determined
through the use of a look-up table. The value of the VSWTCp is measured for di�erent
� and � to create the look-up table. Based on the supplied� and � to the table a linearly
interpolate estimation is made from the measured data points to determineCp, where � is
calculated from the wind speed and! wt using (2.23). A limit is also placed on the look-up
table output to not have a Cp less than 0, as the interpolation sometimes can produce
negative values.

For the drive train section of the model is Pm;wt compared to Pe;wt where the di�erence,
once divided with ! wt , constitutes the accelerating torque applied to the VSWT drive
train. To note is that the electrical e�ciency of the turbine generator has been neglected
to simplify the designing of the models. One simple method for including the e�ciency is to
multiply Pm;wt by an e�ciency factor. Including the generator e�ciency in this way would
however only result in a small power reduction and not impact the dynamic performance
of the wind turbine. By also considering that the generator e�ciency is usually high, has
therefore the generator e�ciency been neglected. The drivetrain is implemented in the
VSWT model by converting (2.25) to the frequency domain by the use of the Laplace
operator. The VSWT drivetrain is model is therefore implemented as

! wt =
1

2Hwt s + b
1

! wt
(Pm;wt � Pe;wt ): (3.3)

Within the MATLAB/Simulink modeling is the electric power set point, Pe;wt;ref , the same
as the electric powerPe;wt due to neglecting the in�uence of the converter. Neglecting the
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converter in�uence is motivated by the fact that the speed of the converter is typically
much faster than the speed of the mechanical system while also assuming that any current
limitations on the converter are not exceeded.

Figure 11: Wind turbine aerodynamic and drivetrain model.

3.3.2 Torque control model

The torque control of a wind turbine is utilized for controlling ! wt when operating in region
2 and 3 referring to Figure6. The block diagram of the torque controller used in the VSWT
model which is based on [41] is shown in Figure12. The controller has as inputs the VSWT
rotational speed, ! wt , a estimation of the speed change due to inertia emulation,� ! wt;est ,
a de-rating factor, kdr , and the inertia emulation auxiliary power, Paux;ie . The inputs of
Paux;ie , � ! wt;est and kdr will be further explained in Section 3.3.5 and 3.3.6 describing
VSWT control for supporting the frequency. The output of the torque controller is the
VSWT electrical power set point, Pe;wt;ref . The Torque controller is constructed around
a PI controller which uses a speed error to adjust the load torque reference. The load
torque reference is limited to be within Tmax = Pmax =! wt and Tmin = Pmin =! wt where
Pmax and Pmin are decided by the converter ratings. If the b! wt compensation shown
in Figure 12 is disregarded for the moment is the load torque reference then multiplied
with ! wt to get the electrical power set point excluding any frequency control,P0

e;wt;ref .
The P0

e;wt;ref are then modi�ed for de-rated operation to provide droop based frequency
control and/or modi�ed to emulate the VSWT inertia by multiplying P0

e;wt;ref with kdr

and adding Paux;ie . The resulting Pe;wt;ref is then supplied to the drivetrain to get the
Pe;wt and ! wt for the VSWT model as described in Section3.3.1. The resulted ! wt is
fed back to the torque controller where its di�erence compared to the sum of the speed
reference,! wt;ref , and � ! wt;est creates the speed error for the PI controller.

! wt;ref for the torque controller in Figure 12 is calculated from a pre-de�ned relationship
betweenP0

e;wt;ref and ! wt , derived to control the speed for operating the turbine atCp;max .
The relationship for calculating the ! wt;ref is derived by combining (2.22) and (2.23)
resulting in

Pm;wt =
�AC p

2P0
(
R! wt ! 0

�
)3: (3.4)

By then stating that the turbine operates at optimal power with � opt, Cp;max and that
P0

e;wt;ref is equal to Pm;wt by considering that the wind turbine generator electrical ef-
�ciency has been neglected, (3.4) can be rearranged to determine a preliminary! 0

wt;ref
as

! 0
wt;ref =

� opt

R! 0
(
2P0P0

e;wt;ref

�AC p;max
)1=3: (3.5)

! 0
wt;ref is then limited and sent through a �rst order transfer function to get the ! wt;ref

which is used for calculation the speed error. The limit is to avoid operating at turbine
speeds higher than what it is rated for and! 0

wt;ref is therefore limited by a max reference
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speed parameter,RefSpd, set to 0.97 pu. The limit of ! 0
wt;ref would ideally be set to its

rated speed at 1 pu. However for this VSWT model, when both the speed and pitch
controllers control the speed to the rated speed, it results in interference between the
controllers and to early pitching. By including a 0.03 pu cushion between the max speed
used for the torque control and the rated speed used for the pitch, the torque control has
time to fully activate before the pitching starts. Therefore by increasing the speed of the
torque control could this cushion be reduced. The! 0

wt;ref is also limited by a cut in speed,
CutSpd. The cut in speed results in the VSWT quickly accelerating during start up but
has limited e�ect on the VSWT during operation as the power at the cut in speed is low. If
the wind speed is low enough to cause! wt to drop down to the cut in speed the operation
VSWT should fall within region 1 referring to Figure 6 and hence stop producing power.
The �lter is also included in the calculation of ! wt;ref to allow for some variation of ! wt

around the optimal power point and therefore reduce transients in the torque control [41].

Also to note is that once the power rating of the converter is reached, the torque controller
is no longer able to control the speed. Instead the pitch controller is used to maintain the
rated speed. However, there may still be a speed error supplied to the PI controller which,
due to the converter power limit, it is unable to act upon, causing a build up of the error
in the PI controllers integrator. This error build up causes the controller to not respond
to changes in the speed once the speed goes down until the error is removed. Therefore,
to avoid the integrator error build up, an anti wind-up loop is added to the controller (not
included in �gure 12 but symbolized by the PI saturation). The anti wind-up loop adds
a term proportional to the di�erence between the power limited by the converter and the
unlimited power to the PI integrator input, creating a zero input to the integrator after
the power reaches the converter rating.

Figure 12: Torque control model including modi�cation to allow for inertia emu-
lation and de-rated control.

It is important to note that, due to assuming optimal power operation when using (3.5) to
calculate ! wt;ref the result will di�er from the optimal speed of the turbine if the VSWT
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is not operating at its optimal point. However, the VSWT mechanical power is a�ected
by the a change in! wt through Cp while the electrical power is proportional to the cube of
! wt and considering that the blades are designed to have a highCp for a large variation of
! wt , the electrical power will be a�ected by the speed error to a greater extent compared
to the mechanical power. As a result, if the calculated reference speed is lower than the
optimal speed, the electrical power will be lower than the mechanical power causing the
speed to increase until equilibrium is found. The same reasoning applies when! wt;ref is
higher than the optimal speed. This phenomena is visualized in Figure13 showing how
Pm;wt and Pe;wt changes depending on! wt while the wind speed is constant. ThePm;wt is
decided by the VSWT aerodynamics and the wind speed when thePe;wt is decided by the
torque controller. Figure 13 shows that ! wt will accelerate or decelerate if! wt deviates
from the intersection point causing it to operate close to this point. This method will
however still create a small error between! wt and the optimal speed at steady state. This
error is a result of the damping, b, in the drivetrain creating a di�erence between Pm;wt

and Pe;wt at steady state. This error can be compensated for by subtracting the termb! wt

from the load torque reference calculated by the PI controller as shown in Figure12.

Figure 13: Operating principle for �nding the optimal speed, ! wt;opt , of the wind
turbine by visualising how thePm;wt and Pe;wt depends on! wt for a constant wind
speed

3.3.3 Pitch control model

To avoid an uncontrolled runaway of ! wt at high wind speeds, as a result of the torque
control retching the VSWT power rating, Pm;wt is limited by pitching the blades of the
VSWT. The control used for the blade pitching in the VSWT model is presented in Figure
14. The pitch is controlled using a PI controller on the speed di�erence between! wt and
! 0;pu , where ! 0;pu is the VSWT rated speed in pu. The pitch is then saturated to keep
it within its allowed range as well as its allowed rate of change. The minimum pitch for
the saturation is determined in the de-rating and droop control model of Section3.3.5
where it is set to 0 during normal operation and increased as the VSWT is de-rated. It is
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also important to keep the integrator in the PI controller from winding up as the VSWT
often will operate with a saturated pitch when at the same time there is a large speed
error going in to the controller, i.e. when the VSWT operate below rated! wt . Therefore,
the pitch controller is supplied with an anti windup loop which removes the input to the
integrator when the controller hits saturation.

Figure 14: Pitch controller and actuator model.

3.3.4 Available power estimation

For a VSWT to be able to contribute to frequency regulation by controlling its de-rated
operation to provide droop support, it is required to be able to reliably estimate the power
available to the VSWT. The available power estimate is used as a reference signal for the
de-rated control to know by how much the VSWT should be de-rated. The method used
to estimate the available power is based on the method described in [42]. This method of
estimation of the available power can be divided into two stages where initially the wind
speed seen by the wind turbine is estimated using parameters from the wind turbine. This
estimated wind speed is then used to calculate the available power.

The wind speed is estimation is shown in Figure15 and is based on

vw;est = (
2Pe;wtP0

�AC p
)(1=3) (3.6)

which is a rewrite of (2.22) where � and A is known for the VSWT. Pm;wt form (2.22)
is however replaced byPe;wt as the Pm;wt applied to the VSWT is di�cult to measure
and Pe;wt should equal Pm;wt considering that the VSWT generator electrical e�ciency
has been neglected. ThatPe;wt and Pm;wt is equal does however not hold when inertia
emulation is applied and the case of inertia emulation on the wind speed estimation is
further discussed in Section3.3.7. The VSWT Cp is required for (3.6) and is determined
through a look-up table of Cp(�; � ) measurement in a similar manner as in Section3.3.1.
� is however calculated in this case through (2.23) by feeding the estimated wind speed
back instead of using the applied wind speed. By feeding back estimated wind speed
does the wind speed estimation become an iterative method, performing a new iteration
every simulation time step. This iterative method of estimating the wind speed could
cause issues if the initial wind speed used is far from the applied wind speed. However,
unless the initial wind speed is 0 causing problems in the division in (2.23), where there
is no problem in �nding an estimated wind speed. Using an initial wind speed of 3 m/s
worked for all cases tested in this work. As the estimated wind speed is based on the
VSWT current Cp and power output, it will be able to correctly estimate the wind speed
even when the VSWT is de-rated. Using this method to estimate the wind speed causes
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the moment of inertia of the VSWT to become included in the estimation and there is
therefore no need for compensating for the inertia when calculating the available power.

Figure 15: Flow diagram of wind speed estimation based on (3.6) where Cp is
determined from a lookup table.

Figure 16 shows the block diagram of how the available power is calculated based on the
estimated wind speed. For the available power calculation is (2.21) utilized. However
the Cp used is the optimal Cp possible with regards to the estimated wind speed. The
optimal Cp is determined by �rstly calculating the VSWT optimal rotational speed for
the estimated wind speed according to

! wt;opt =
� opt � vw;est

R! 0
(3.7)

where � opt is the value of � corresponding to Cp;max . The calculated ! wt;opt is added
with � ! wt;est to avoid controller interference, see Section3.3.7, then limited to keep it
within the speed ratings of the VSWT, i.e. within 0 to 1 pu. This limited ! wt;opt is then
through (3.7) converted to a � representing the optimal � possible for the estimated wind
speed while considering the limitations of the VSWT rotational speed. A look-up table
Cp(� )

�
�
� =0 is then used which gives the value ofCp based on the� supplied to the table

while the pitch is 0. By supplying the most optimal possible � to the look-up table, the
optimal Cp is gathered for use in (2.21) to determine the available power. However, up to
this point in the available power calculation, the power limit of the VSWT has not been
taken into account. Hence a saturation is necessary at the end to limit the available power
to the rating of the VSWT. In the limitation there is also a inclusion of the auxiliary
inertia emulation power, Paux;ie , from the inertia emulation model. Paux;ie is included to
avoid controller interference and further discussed in Section3.3.7.

Figure 16: Flow diagram of available power estimation based on2.21 using Cp
determined from� = 0 and the optimal possible� .
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3.3.5 Control model for de-rated operation

The control structure used for providing droop frequency support by creating a power
reserve through de-rated operation from the VSWT as discussed in Section2.4.6is shown in
Figure 17. The de-rating control calculates the factor, kdr , which states at what percentage
of available power the VSWT should operate in order achieve the desired output.kdr is
calculated through the equation

kdr =
Pavail � Preserve + Paux;dr

Pavail
(3.8)

wherePavail is the available power,Preserve is the speci�ed power reserve andPaux;dr is the
droop based frequency power support for the frequency control. The reason for placing
the �lter on Pavail is to break up a loop in the VSWT model, making it easier for the
solver to �nd a solution. The �lter will also help by removing any high frequency noise
on the signal. To not have the �lter signi�cantly in�uence the VSWT operation should
the time constant for the �lter, Ta, be low, where 0.01 s is what has been used in the
work. The �lter output does also have a small lower limit in order to not have a division
by 0 to occur. A limit is also set on kdr to keep it within 0.2 to 1. The upper limit is
there for the control to not try to operate the VSWT beyond its optimal point while the
lower limit is there because the wind speed estimation needs some power production to
function correctly. Additionally, the lower limit is in place to avoid issues when reducing
the power too much. When the power reduces,Cp in (3.6) follows as the pitch is changed.
However whenCp is low are any inaccuracies in the wind speed estimation ampli�ed and
the wind speed estimation sensitivity to changes in the pith is increased. As a result, the
wind speed estimation can produce large errors when the VSWT is de-rated by too much.
The Paux;dr is decided by using a proportional gain on the frequency error to decide the
desired wind power frequency support. Considering that the ability for a VSWT to down
regulate the frequency is greater, di�erent droops are used for up and down regulation
where a lower droop (higher gain) is used for down regulation as shown in Figure7. A
deadband on the droop control is also implemented causing frequency deviations within
the deadband to not be acted upon by the controller. Furthermore can the droop and
de-rating control be turned o� by setting the parameter DeRatedON to 0.

Figure 17: Model of droop frequency control and de-rated operation showing the
calculation of kdr from (3.8) and the � min for the pitch control.

The operational principle of the de-rating controller is shown in Figure 18. The solid lines
show how Pm;wt and Pe;wt change depending on! wt for a constant wind speed during
normal operation while the dotted lines show the same for de-rated operation. Figure18
shows that in order to operate de-rated at the same! wt as normal operation, both the
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driving and the load power for ! wt needs to be reduced by the same amount. The load
power is modi�ed by taking the product of P0

e;wt;ref in Figure 12) and the de-rating factor,
kdr , as the new VSWT power reference. This product causes the power-to-speed curve
of the VSWT to be reduced by the factor, kdr . The reduction of Pm;wt is achieved by
pitching the turbine blades and therefore reducing the VSWT'sCp. Pitching for de-rating
the VSWT were chosen over increasing the speed as pitching gives more freedom over the
size of the created power reserve. As noted in Section2.4.6 , using the speed for de-rating
the VSWT will limit the possible power reserve due to limitations of the possible speed
of the turbine. The determination of the required pitching is shown in Figure 17 and is
achieved by calculating a desiredCp though the product of kdr and Cp;max . Then, using a
look-up table, the pitch associated with the desired value ofCp is determined. This pitch
becomes the minimum pitch for the pitch controller, see Figure14, where normal pitching
still applies when the VSWT reaches its speci�ed de-rated power limit.

Figure 18: Pe;wt and Pm;wt dependency of! wt for a constant wind speed during
VSWT normal operation and de-rated operation, showing how the VSWT operation
point moves when de-rated

Figure 19 shows how the de-rating factor and the minimum pitch changes for the model
based on Chalmers wind turbine when creating a 0.1 pu power reserve for di�erent wind
speeds. Up until approximately 3.5 m/s is the wind speed not large enough to to be able
to de-rate the turbine by the desired amount. Instead the lower limit on kdr is reached.
This showed that there is a lower limit for the wind speed in order to have the de-rated
control function as desired. As the wind speed increases, the wind turbine is de-rated less
percentage wise to achieve the 0.1 pu power reserve, causing the pitch to decrease and
move closer to optimal operation. At approximately 7.5 m/s, the wind turbine's new de-
rated rated operating point is reached. Further increase of the wind speed has therefore
no impact on the de-rated control. From Figure 19 it can be noted that the de-rated
control and droop support prefers a high wind speed. When at a high wind speed there is
greater range of possible power production for the wind turbine, resulting in an increased
�exibility in the amount of power which can be de-rated. The increased �exibility allows
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for the possibility of greater power reserves, both for up and down-regulation.

Figure 19: How kdr and � min relate to the wind speed when creating a power
reserve of 0.1 pu.

The use of Cp;max to calculate the desiredCp is an approximation as the VSWT Cp is
not equal to Cp;max during the VSWT operating regions 3 and 4. This approximation
is not relevant for region 4 as the minimum pitch is not used in this region. ThePe;wt

curve from the torque control is moved down when de-rated. This e�ectively causes the
rated operating point of the VSWT to be less than 1 pu. The VSWT will therefore reach
region 4 at a lower power output and use pitching over the minimal pitch to control the
speed. This approximation however causes inaccuracies when in region 3. The result
of the approximation of using Cp;max is that the de-rated control creates a too small
power reserve compared to what is desired. The reduced power reserve is due to the
approximation giving a slightly too large target Cp for the look-up table, causing a too
small minimum pitch angle. The approximation is however justi�ed by it being di�cult
to measure the current value ofCp for the VSWT and by considering that the Cp curve
is usually quite �at along the � -axis around Cp;max causing the current Cp to not stray
far. It is potentially possible to use the estimated Cp from the wind speed estimation of
Section 3.3.4. However this was not done as the use ofCp;max where considered to be
su�ciently accurate.

3.3.6 Control model for inertia emulation

Section 2.4.5 describes how the VSWT can be utilized for providing a power response to
the power system which emulates inertia response from an synchronous generator. Figure
20 shows the controller used for supplying an emulated inertia response of the VSWT
drivetrain to the power system. The auxiliary power, Paux;ie , of the emulated inertia
response is calculated by the controller as

Paux;ie = 2Hwt ki
d� f
dt

f (3.9)

and is based on the synchronous machine response to a frequency deviation as is described
in eq 2.12 [43]. ki is a gain used to change the impact of inertial response of the VSWT
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by controlling what inertia constant the inertial response of the VSWT should emulate.
An additional di�erence is the inclusion of the frequency, f , in (3.9) compared to (2.12).
This di�erence is due to the assumption of a rotational speed close to the nominal speed
in (2.12) is not used in (3.9).

Figure 20: Inertia emulation control model showing the calculation ofPaux;ie ac-
cording to (3.9) and � ! wt;est according to (3.15)

Figure 20 also includes a �lter on the frequency derivative to avoid large spikes inPaux;ie

due to sharp transients on the frequency signal. This �lter will however reduce the re-
sponsiveness of the inertia emulation, causing a di�erence compared to the response of a
synchronous generator. The size of the response di�erence is decided by the �lter time
constant. An additional di�erence to the synchronous response is the possible inclusion of
deadbands in the inertia emulation. There is also a block in the inertia emulation which
turns it o� when the VSWT is operating at a speed lower than the value speci�ed in the
parameter ! ie;min . The kinetic energy in the rotation is low when speed is below this
limit. Therefore may the inertia emulation reduce the wind turbine rotational speed too
much if applied at the low speed, causing the turbine to stall. The output Paux;ie of the
controller is added to the VSWT power reference as shown in Figure10 to facilitate the
inertia emulation.

Of note is that the current implementation has no upper limit on the inertia emulation
power support being implemented. Consequently, could the VSWT power shortly increase
over the VSWT rating if the inertia emulation tries to regulate a frequency drop while
close to rated power. Whether this overloading condition is possible is decided by the
converter. The mechanical system has enough thermal mass that operating it shortly
over the rating will not cause any damages. However the converter may quickly overheat
causing signi�cant aging. Therefore must the converter be able to handle the operating
overrated caused by the inertia emulation for this implementation to be possible. To
prevent overloading a maximum power limit Pmax can be added on the output of Figure
12 if the converter cannot operate beyond its rated power.

The inertia emulation control of Figure 20 also consists of a second part where the es-
timated turbine speed change� ! wt;est due to the added Paux;ie is determined. This
estimation is necessary to have the torque controller not try to compensate for the inertia
emulation causing speed change and therefore cause the inertia emulation to be weaker
than calculated. Hence the speed reference of the torque control is modi�ed by adding
� ! wt;est as shown in Figure10. The estimation of � ! wt;est is derived by using the equation
calculating the change in the turbine's kinetic energy caused by the extraction ofPaux;ie

and can be set up as
Ek;ie = Ek � E ie (3.10)
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Ek;ie is the kinetic energy of the VSWT after the inertia emulation and E ie is the energy
extracted by the inertia emulation. By taking the integral of E ie and using (2.3) to rewrite
Ek;ie and Ek , (3.10) becomes

J! 2
wt;ie

2
=

J! 2
wt

2
�

Z
Paux;ie dt: (3.11)

Important to note is that the speed and power is in rad/s and W respectively. Rearranging
(3.11) to single out ! wt;ie and removing ! wt from both sides the following relationship is
derived:

! wt;ie � ! wt =

s

! 2
wt �

2
J

Z
Paux;ie dt � ! wt : (3.12)

Through combining (2.3) and (2.4) as well as letting P0 be the base powerJ can be
expressed as

J =
2Hwt

! 2
0

P0: (3.13)

Combining (3.12) and (3.13) results in

! wt;ie � ! wt =

s

! 2
wt �

! 2
0

Hwt P0

Z
Paux;ie dt � ! wt : (3.14)

Converting (3.14) to pu by normalizing the speeds with ! 0 and Paux;ie with P0 and also
defying � ! wt;est as ! wt;ie � ! wt , � ! wt;est is derived as

� ! wt;est =

s

! 2
wt �

1
Hwt

Z
Paux;ie dt � ! wt : (3.15)

When adding � ! wt;est to ! wt;ref , the VSWT behaves similarly to a synchronous machine
and as such the VSWT will have a small deviation from its optimal speed when the
frequency deviates from 50 Hz. Another solution creating a similar e�ect is to use the� f
multiplied with a gain in place of � ! wt;est . This solution however lacks the integral of
(3.15) and is therefore less �exible to modify in order to accommodate special needs.

For example can (3.15) be modi�ed to cause the ! wt to return after an emulated inertia
response. This can be done by removing the integration output scaled by a gain,ksc, from
the integrator input as seen in Figure 20. The value of ksc decides the time for ! wt to
return to its optimal value and should be chosen quite low in order for it to not majorly
impact the estimation of � ! wt;est during the inertia response. However if chosen too low
and the return time to ! wt becomes long. A value of 0.02ksc where found in this case
to be appropriate. The Parameter InertiaON in Figure 20 is used to turn o� the inertia
emulation control by setting this parameter to 0.

Figure 21 shows a comparison of the inertia emulation from the VSWT when the� ! wt;est

estimation is used compared to when it is not used. The solid line shows thePaux;ie signal
that result from a power disturbance of 0.04 pu on the system causing a under-frequency,
while the blue dashed and the red dashed and dotted lines show the achieved inertia
response when the� ! wt;est is used and when it is not respectively. From21 is it clear that
by using the � ! wt;est estimation, the VSWT inertia estimation can be made signi�cantly
more accurate. Some errors compared to the reference still exist and can be resonated
due to the factor ksc needing to reduce the output power to bring! wt back to its optimal
point.
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Figure 21: Comparison of VSWT inertia emulation against references when
� ! wt;est estimation is used and when� ! wt;est estimation is not used for a power
disturbance of 0.04 pu causing over-frequency.

Lastly do Figure 20 additionally contain a logic operation with turns of the � ! wt;est

estimation during the speci�c circumstance of when the frequency is greater than 50 Hz
and when ! wt is within a 0.005 pu range of its rated speed or greater. This is due to the
� ! wt;est estimation causing unintended consequences when the inertia emulation down-
regulates the frequency and the VSWT is operating at rated speed. At this point the pitch
controller is used to regulate the VSWT speed to 1 pu and therefore can the� ! wt;est not
be realized as an over frequency event occurs. Due to the� ! wt;est not being realized,
the speed error for the PI controller in the torque controller changes, reducing the VSWT
power production. The requirement of the 0.005 pu range is a result of using a variable
wind speed during which the wind speed causes oscillations on the! wt signal and the value
of 0.005 pu where chosen as it was observed that reduced power production occurred when
the ! wt where within 0.005 pu of rated speed. The e�ect of the logic control is visualized in
Figure 22 where the red dashed and dotted line representing the VSWT inertia emulation
response to a 0.04 pu power disturbances on the system causing a over-frequency while the
� ! wt;est calculation is active and the VSWT operates at rated speed. It is observed that
this response is too large compared to the desired response,Paux;ie , as shown by the solid
black line. The solution to turn of the � ! wt;est during these circumstance is shown by the
blue dashed line in Figure22 which is overlaid on top of the reference, suggesting that this
solution does well in eliminating the unintended increased inertia emulation response.
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Figure 22: Comparison of VSWT inertia emulation against references when the
logic control is used and when the logic control is not used for a power disturbance
of 0.04 pu causing over-frequency when the VSWT is operating at rated speed.

A other solution for the down-regulation at rated speed could possibly be to limit the
� ! wt;est + ! wt;ref to the VSWT rated speed. However, due to having the! wt;ref in this
case be limited to 0.97 pu as described in Section3.3.2would this limit not have any e�ect.
Setting the � ! wt;est + ! wt;ref limit to 0.97 pu would resolve the issue when the VSWT
operates at the rated speed. However the� ! wt;est would be lost during the ! wt range of
0.97 to 1 pu during which it should still be active. Furthermore the solution with placing
a limit on � ! wt;est + ! wt;ref causes windup in the integral for calculating� ! wt;est creating
the need for an anti wind up solution.

3.3.7 Droop and inertia emulation controllers interference compensation

Using both the inertia emulation and the droop control of the VSWT, there is some
interference between the two controllers. This interference originates from the available
power estimation used as a reference for the de-rated control which is used for establishing
the power reserve for the droop control. A power change caused by inertia emulation
should also be included in the available power as otherwise would the inertia emulation
reduce the power reserve available for the droop control. The droop control would as a
result be reduced by the inertia emulation, e�ectively eliminating the support from the
inertia emulation. However, the method used for available power estimation described in
Section3.3.4causes the inertia emulation to be re�ected in the available power due to the
use ofPe;wt as an analog forpm;wt in the wind speed estimation. As the inertia emulation
increasesPe;wt , the estimated wind speed is also increased, see Figure15, and the increased
wind speed estimation propagates to the available power, causing it to also increase. There
are however two issues which cause interference between the inertia emulation and the
droop control resulting in the available power increase not properly following thePe;wt

increase.

The �rst is that the inertia emulation, along with increasing Pe;wt , causes a reduction
of ! wt when the VSWT operates below rated power. This! wt reduction in turn causes
Cp in the wind speed estimation to reduce and therefore does the estimated wind speed
increase more than if only Pe;wt was changed by the inertia emulation. As a result in
the available power estimation to high, resulting in calculating the power reserve as more
then is actually available. To compensate for the! wt reduction, the estimated � ! wt;est

is added to the optimal speed calculated in the available power block as shown in Figure
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16. The aim by adding � ! wt;est is to reduceCp in the available power estimation by the
same amount as it is reduced in the wind speed estimation and thereby eliminating the
in�uence of the changing ! wt . The result of including the compensation of � ! wt;est is
shown in �gure 23b describing the power reserve that is available to the droop control for
a low constant wind speed and a frequency disturbance at 10 s. The de-rating been turned
o� in order to give a clearer view of the inertia emulation e�ect on the power reserve. The
power reserve would therefore ideally be kept at 0 pu. From �gure23b it is shown that
the compensation reduces the interference, but does not eliminate it. This e�ects are most
prominent at low wind speed due to causing the greatest reduction in! wt while there is
no interference at higher wind speeds as the pitch is used to keep! wt at rated.

The second issue causing interference is the power limit on the available power. If a
disturbance occurs when the power is rated, inertia emulation would cause the power to
shortly exceed the VSWT rating. Therefore, the available power also needs to exceed
the 1 pu limit which is done by adding the Paux;ie to the available power upper limit, as
shown in Figure 16. The result of adding the power limit compensation is shown in �gure
23a describing a similar case to Figure23b however using a high wind speed to operate
at rated power. Figure 23a shows that by adding the inertia emulation power signal to
the available power limit, the interference is completely removed considering that in the
presented case a power reserve of 0 pu is ideal. This available power limit compensation
should only be performed if the inertia emulation is allowed to cause the VSWT to operate
over rated power, it is otherwise not necessary.

(a) Result of compensation of interfer-
ence on power reserve due to a reduction
on ! wt caused by the inertia emulation at
a wind speed of 6 m/s

(b) Result of compensation of interfer-
ence on power reserve due to a the limit
on the available power at a wind speed of
8.5 m/s

Figure 23: Comparison of the interference on the droop power reserve caused by
inertia emulation from a power imbalance of 0.05 pu with and without compensation
and without using de-rated operation

3.3.8 Initialization of VSWT

In order for the VSWT model to not start from stand still every time the model is sim-
ulated, the initial conditions of the integrals and transfer functions in the VSWT model
needs to be determined. The blocks in the model that need an initialization are the drive
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train in Figure 11, the pitch control integral in Figure 14, the available power �lter in
Figure 17 and the torque control integral as well as the speed reference �lter in Figure12.
Any other integral or transfer function will have an initial condition of 0.

The initialization process is carried out by running the model until steady state while
increasing the wind speed and saving! wt from the drivetrain, ! wt;ref from the reference
speed �lter, the pitch integral output, the torque integral output, and also the power
output for every wind speed just before steeping to a new speed. The available power
�lter outputs do not need to be saved, as Pavail = Pe;wt + Preserv is used as the initial
condition. This relationship holds for initialization considering that there is no initial
frequency deviation and therefore no initial droop support.

To determine the initial condition for any wind speed which is not speci�cally included in
the wind speeds used for the initialization, a linear interpolation of the saved data points
is carried out to arti�cially increase the sample size. A look-up table is then used to �nd
the wind speed in the extended data set closest to a desired initial wind speed, as well as
the initial condition values corresponding to the wind speed found. The same table can be
used if instead an initial power output is speci�ed, where then the closest power output
in the data set is found along with the corresponding initial conditions.
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4 Modeling of island operation of wind-hydro sys-
tem in PSS/E

The stability analysis of a wind-hydro island will primarily be conducted through simula-
tions using the tool Power System Simulator for Engineering (PSS/E) from Siemens. This
tool is used as it is more easily able to analyze a more complex power system consisting of
multiple buses and measure additional quantities within the power systems over only the
frequency. In PSS/E, the island stability analysis is conducted through dynamic simula-
tions that simulate how the island responds to a disturbance and variations in power over
time. To perform the dynamic simulation, dynamic models of the power units subsystems
are required in order to simulate how the units behave over time. The dynamic models
used for the island simulations are based on the control systems presented in Section3 and
the parameters used for dynamic models as well as for the island network are presented
in Appendix B.

4.1 Network model

Figure 24 shows the one line diagram of the island network model used for the island
studies and it is based on the network used in [44] on which some modi�cations are done.
The base network is an example of a medium voltage distribution level system from the
west coast of Sweden and consists of a hydro unit and a paper and pulp factory as a
load connected to a 140/11 kV substation. The load nominally has a power consumption
of 18.4 MW and 10.4 MVAr. The modi�cations that were done to the network were to
add a wind power unit connected through a cable to the load bus. Additionally where
a power line was added between the load bus and the substation as the original network
did not include distances. The parameters for the added line are imported from branch
25 in the IEEE 33 bus distribution system network in [45]. The imported branch has a
resistance of 0.203
 and a reactance of 0.1034
 . These parameters correspond to what
can be observed in a practical distribution system [45]. The cable used to connect the
wind power unit was based on [46] and made to have a distance of 5.8 km and therefore
where a resistance of 0.58
 and a reactance of 0.620
 used. The island network model
is connected to a larger power system from which it is disconnected when operating as an
island. Considering that the main grid is not the interest of the studies and that it will
also be largely una�ected by what happens at the island due to their di�erence in size,
the main network has been approximated as an in�nite grid.
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Figure 24: PSS/E one line diagram of island network used for stability analysis
including connection to the grid represented by a single machine in�nite bus [44]

4.2 Dynamic models for generation and loads

Dynamic models are necessary in PSS/E for performing dynamic simulations to analyze
how a system behaves over time when subjected to a change in condition. PSS/E provides
users with many built-in dynamic models of subsystems within the network, for example
generators, loads and exciters. Information regarding the models and their use is supplied
in the model library, which is part of the PSS/E documentation. However, PSS/E do
support the use of a user de�ned model (UDM) if it is necessary to use models not
available in the PSS/E model library for performing a desired simulation. An UDM is a
model of subsystems within the network built in FORTRAN by the user.

4.2.1 Hydro unit dynamic implementation

The hydro unit shown in the one-line diagram in Figure 24 is modeled for the PSS/E
dynamic studies using existing models within PSS/E. To model the hydro units generator's
dynamics, the model GENROU where chosen, which is a representation of solid rotor
generators down to the subtransient level. The SEXS excitation system model was chosen
to represent the voltage control of the hydro unit. SEXS is a general model of an excitation
system representing their characteristics and is useful when the details for the excitation
system are not known as in this case. Further is the stabilizer model STAB1 included to
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represent the hydro unit dynamics. Stabilizing models are useful as excitation systems
tend to reduce the dampening of rotor angle oscillations, where the use of an additional
stabilizing signal during transient events can mitigate the loss of dampening. The STAB1
model uses the generator speed as input to supply the excitation system with the stabilizing
signal.

For representing the hydro units governor dynamics have the governor model HYGOV be
chosen and then tuned in order to resemble the Simulink hydro governor model of Section
3.2. An additional turbine load controller model LCFB1 has been included to model
frequency restoration from the hydro unit for returning the frequency to its nominal value
after a disturbance. This frequency restoration is accomplished by integrating with the
HYGOV model and adding an integrator on the generator speed deviation. The reason for
including the LCFB1 model for the PSS/E studies was for the ability to run simulations
of the length of several minutes, during which changes in wind speed and loading causes
multiple power variations. The LCFB1 will restore the wind unit's power reserve after a
variation in the power, allowing for the wind unit to be able to continuously support the
frequency during the minutes-long simulation.

4.2.2 Wind power dynamic implementation

The wind power unit used in the island network shown in Figure 24 is an agrogated
representation of 3.6 MW VSWTs. Why 3.6 MW VSWTs have been used instead of the
Chalmers wind turbine as was used in Section3 are due to the Chalmers turbine being too
small, 2.5 kW, compared to the size of the test network. The parameters of the 3.6 MW
VSWT are loosely based on the General Electric wind turbine [41]. However the rated
speed,! 0, has been set to 1.8 rad/s to have a similar speed to power curve as the Chalmers
turbine and the Chalmers turbine Cp(�; � ) curve has also been kept. The reactive power
from the wind power unit is controlled to keep a constant power factor of 0.95 if not
otherwise stated.

The wind power units have been modeled for dynamic studies using a combination of UDM
and built-in models. The use of UDMs allows for added control over the wind power units
to design their speed and frequency control. The systems within the wind power units
that use UDM to model their dynamics are the aerodynamics of the turbine, the turbine
drivetrain, the torque controller, the pitch controller and the control systems used for the
frequency regulation. The UDMs were developed to be used together and therefore are
all UDMs required for the VSWT to function correctly and it is not possible to replace a
model for a built in alternative. The input to the wind power models is the wind speed
which is imported from a �le containing a time series of a variable wind speed. The UDMs
are made to be as equivalent as possible to the MATLAB/Simulink models presented in
Section 3.3.1 - 3.3.6, where the UDM of the frequency control consists of the available
power estimation, the droop along with the de-rated control and the inertia estimation.
The source code for the UDMs is included in AppendixD.

Additionally, the PSS/E dynamic studies do also require a generator and electrical model
for the wind power unit, which were neglected for the MATLAB/Simulink modeling.
There is no requirement on what generator and electrical models are used as the only
output from the UDMs are the electrical power setpoint. In this work the built in models
REGCA1 and REECA1 from the PSS/E model library were used. Furthermore, as noted
in Section 3.3.6 were any overloading limits on the inertia emulation neglected in the
MATLAB/Simulink modeling. However in PSS/E were power and current limits included
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in the REECA1 model. These limits were chosen as 1.2 pu for the power and 1.3 pu for
the current to allow for overloading, causing the PSS/E model to behave similarly to the
MATLAB/Simulink implementation with respect to inertia emulation.

There are, however, di�erences between the UDM and the MATLAB/Simulink models.
Firstly, the look-up tables used in the MATLAB/Simulink have been approximated as
polynomial functions for the UDMs. This change was made as implementing look-up tables
in FORTRAN can be quite challenging. Look-up tables were used in MATLAB/Simulink
to determine Cp(�; � ) in the turbine aerodynamic model and the wind speed estimation.
Look-up tables were also used in the available power estimation to determineCp(� )

�
�
� =0

and to determine the � min (kdr ) for the de-rated control. In the UDM is the Cp(�; � )
approximated using a two-dimensional fourth-order polynomial of 2.24 and Cp(� )

�
�
� =0 as

well as � min (kdr ) has been approximated as one-dimensional fourth-order polynomials.

Cp(� )
�
�
� =0 =

4X

i =1

bi � i (4.1)

� min (kdr ) =
4X

i =1

ci (Cp;max kdr ) i : (4.2)

Figure 25a- 25cshows how well these polynomial approximations correspond to the lookup
tables. An additional di�erence between the UDMs and their MATLAB/Simulink coun-
terparts is that the low-pass �lter and the derivative in the inertia emulation control in
Section3.3.6have been combined in the UDM to form a high- pass �lter. Furthermore, the
�lter on the available power signal in the de-rated control system, shown in Section3.3.5,
has been removed for the UDM as it is not necessary for the PSS/E dynamic simulations.
Lastly, also a rate of change limit of 0.5 per second has been placed on the calculatedkdr

in the de-rated and droop control of Section3.3.5 as this value where observers to start
oscillating quickly as the wind power unit approached a low power operating point. The
rate of change limit was included to mitigate these oscillations without otherwise impact-
ing its function as the source of the oscillations were not discovered. The oscillations are
however believed to be caused by the polynomial approximation of theCp(�; � ) and it at
some point increasesCp as � is increased.

44



4.2 Dynamic models for generation and loads

(a) Cp(�; � ) curve for a � of 0 and 6 de-
grees of turbine measurement and poly-
nomial �t according to ( 2.24)

(b) Cp(� )
�
�
�
� =0

of turbine measurement

and polynomial �t according to (4.1)

(c) � min (kdr ) of turbine measurement and
polynomial �t according to ( 4.2)

Figure 25: Comparison between measured data form wind turbine used for lookup
tables and fourth order polynomial �ttings (missing axis labels)

In order for the wind power units to operate in steady state at the start of the dynamic
simulation, the UDM has to be initialized. The initialization calculates, similar to the
MATLAB/Simulink initialization, the initial condition of the states within the UDM where
states refer to any transfer function and integral. The most important states to initialize
are the torque integrator in the torque controller, the speed reference feedback �lter in
the torque controller, the turbine drive train and the pitch integral in the pitch controller.
Any other states, namely the states in the inertia emulation, are initialized to zero for
steady state. Before running a dynamic simulation, a load �ow is performed to calculate
the unit's power production in order to satisfy the load demand and losses. Therefore the
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wind units power production is the known quantity with the initialization of the UDMs
are based on.

The initialization in the torque controller back calculates the speed reference state from
(3.5) and the initial torque state from Pe;wt=! wt where ! wt = ! wt;ref as there is steady
state. Considering that ! wt is equal to ! wt;ref , the drive train can also be initialized
using the calculated ! wt;ref . For steady state of the drive train, the condition Pm;wt =
Pe;wt + b! wt also needs to be ful�lled. Therefore requiring the pitch angle to be set to
acquire the Pm;wt that satisfy the condition based on the wind speed data. However,
instead of setting the pitch based on the wind speed in the initialization, the pitch is
set to zero and the corresponding wind speed is calculated. The time series containing
the wind speed data is then shifted up or down to have it start at the calculated initial
wind speed. The initial wind speed is calculated by increasing the wind speed in small
increments and using (2.19) to determine the Pm;wt that relates to the wind speed until
the conditionjPm;wt � Pe;wt � b! wt j < � is met, where � is an error tolerance.

When initializing the turbine for de-rated operation, some changes are made to the initial-
ization. For properly calculating the speed, speed reference state and the torque integral
state in de-rated operation, Pe;wt needs to be divided by the de-rating factorkdr before-
hand. During initialization kdr cannot be calculated according to (3.8) as Pavail is not
available. However considering that there is no frequency error at the start and therefore
no droop support, Pavail is equal to Pe;wt + Preserv causing (3.8) to be written as

kdr =
Pe;wt

Pe;wt + Preserve
(4.3)

during initialisation. Another change that is necessary when initializing for de-rated oper-
ation is to set the pitch at � min (kdr ) calculated according to (4.2) in the de-rated control
instead of setting the pitch at zero.

4.2.3 Load dynamic implementation

To model the dynamics of the load the user-de�ned load model presented in [47] is used.
This model introduces load variations of a speci�ed power factor to a load's power con-
sumption by reading a time series of these variations from a �le. The �le used consists
of load variations created by a random walk which changes the load every time step by
a random amount within a set limit. The voltage dependency of the load is introduced
according to the ZIP model when converting loads for dynamic studies in PSS/E. To add
the frequency dependence of the load the UDM from [47] is used as it also has this func-
tionality resulting that the load ultimately has a dependency with regards to voltage and
frequency in accordance with (2.13). Regarding the load voltage dependency, the load has
been modeled as a constant current type causingZp and Pp in (2.13) to become 0 while
I p become 1.

4.3 Simulation cases for island stability analysis

From the created dynamic model of an island network is the island stability analyzed while
considering the transition to island operation and the continuous operation thereafter.
These transition and continuous operations have been divided up into two simulation
cases where the transition to island and the continuous operation of the island are analyzed
individually. Table 3 presents the simulation cases run on the PSS/E island network and
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the main analysis of the island for that case. For both cases the stability improvement
will be analyzed using only inertia emulation and when using inertia emulation along
with droop support while de-rated. Using only droop support while de-rated will be
included brie�y in Section 6.3. However it is not included as a main test case as inertia
emulation as well as droop with inertia emulation where regarded as more signi�cant test
cases. Additionally are the voltage levels observed for all cases to ensure that these are
reasonable.

Table 3: Overview of dynamic simulations run on the PSS/E island network and
the main analysis of each case

Test case No VSWT
frequency support

VSWT inertia
emulation

VSWT inertia
emulation and droop
support while de-rated

Continuous
operation

Acceptable wind
power penetration

Changed in frequency
distribution compared
to no support

Changed in frequency
distribution compared
to no support

Transition
to island

Acceptable power
transfer from grid

Change in frequency
nadir / change in
acceptable power
transfer compared to
no support

Change in frequency
nadir / change in
acceptable power
transfer compared to
no support

For the continuous island operation case is a simulation of 15 minutes run during which
the island is disconnected from the larger grid throughout the simulation. The continuous
operation case can also be considered as an analysis of a planned transition to island
operation, as in these cases there is no power �ow from the grid causing a disturbance
during the transition. While in continuous operation the frequency variations will come
from the changing wind speed and from load variations caused by the dynamic load. The
changing wind speed is a main contribution to the power variations the island experiences,
resulting in changes in the wind power production. Therefore increasing the wind power
penetration will reduce the frequency quality in the island. Regarding the load variation,
a time series for a variable load used. The time series caused the load to change by
approximately +/- 3MW and it was derived using a random walk function. The wind
power penetration will therefore be set at a level during which the frequency quality in
the island is at the limit of what is acceptable when wind power is not supporting the
frequency. The acceptable frequency quality limit has been chosen as 49.5 to 50.5 Hz
which is the widest continuous frequency range allowed in the Nordic power system [16].
By keeping to this range, there will also not be any issues through disconnections of
generators as they are required to be connected for a wider frequency range as presented
in Table 2. The range 0.85 to 1.1 pu has been used for the voltage requirements and
corresponds to the voltage magnitude requirement presented in Table1 for islanding. The
solid rectangle in Figure 26 summarizes the continued operating limits. The frequency
quality improvement will be recorded when using the frequency support of the wind power
unit, namely when utilizing inertia emulation and when utilizing both inertia emulation
and droop support while de-rated by 0.1 pu. When de-rated the same wind speed will be
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used as in the normal operating case, causing a decrease in the wind power penetration
while de-rated.

For the transition case is the island network initially connected to the larger grid with
a power �ow across the grid connection. The island is then disconnected from the grid
where the power �ow causes a large disturbance to the island frequency. The initial
acceptable power �ow to the island is determined in order for the island frequency to not
pass the chosen frequency range of 49 to 51 Hz. This frequency range was chosen as the
instantaneous frequency needs to be within this range in the Nordic synchronous area
[16]. Similarly to the continuous cases, the used range does not surpass what presented
in Table 2, requiring the generators to stay connected. The instantaneous voltage limit
used is also 0.85 to 1.1 pu, as they were for the continuous island operation. In Figure26
are the instantaneous limits used summarized by the dashed rectangle. The wind power
production set for the initial load �ow will be equal to the power production set in the
continuous operation case and the same wind speed and load variation will be used in both
cases. For the transition to island operation is the frequency nadir improvement evaluated
when using wind power inertia emulation and when using both inertia emulation and a
droop support while being de-rated by 0.1 pu. Similar to the continuous operation case
will the same wind speed be used while de-rated and compared to continuous operation
causing a slight decrease in wind power penetration. Additionally will also the possible
increase in power transfer from the grid be determined while using wind power frequency
support in order to achieve the same frequency nadir as the no frequency support case.

Figure 26: Frequency and voltage limits used.
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5 Frequency simulations in MATLAB/Simulink

This section shows the MATLAB/Simulink one-bus frequency simulation results for the
VSWT. The focus of this section is to show the behavior of the VSWT frequency support
strategies, namely inertia emulation, droop support with de-rated operation as well as
the use of both together, and show how they in�uence the operation of the wind turbine.
The section also investigates the impact of using a variable wind speed on the accuracy
of the frequency support. The system set up used for the MATLAB/Simulink simulations
is shown in Figure 8. It consists of a hydro governor, a VSWT and a load connected to
a simple representation of a power system. This power system representation has been
derived in (3.1). The wind power penetration used for all MATLAB/Simulink simulations
is 30%.

5.1 Wind power frequency support accuracy

For the wind power to be able to help support the frequency, it is important that the
control strategies for frequency support produce a response from the VSWT which is
accurate to a desired response based on the frequency deviation. The following Sections
5.1.1 - 5.1.3 shows how the VSWT responds to an under-frequency event due to a power
disturbance on the system of 0.04 pu while de-rated and providing droop support, while
providing inertia emulation and while providing both simultaneously. The in�uence of
using a variable speed on the accuracy of the wind power response is also shown. The
system frequency for all the analyzed cases are shown in AppendixC. Further analysis of
the VSWT in�uence on the frequency is also included in Section5.2 and Section5.3.

5.1.1 De-rated operation with droop

Figure 27 shows the VSWT behavior and frequency control accuracy while de-rated by
0.1 pu on the machine base and providing droop support. A power disturbance of 0.04 pu
applied to the system at 20 s causing an under-frequency event and a constant wind speed
of 7 m/s is used. Waiting 20 s before applying the disturbance is to allow the VSWT to
�nd steady state after initialization errors. The VSWT uses a droop setting of 5% for
the up-regulation. In Figure 27a the estimate of available power and the output power
of the VSWT is shown along with a comparison between the wind speed used and the
estimated wind speed. The wind speed graph shows an initial disturbance to the estimated
wind speed due to an initialization error and also a continuous deviation of the estimated
speed compared to the used wind speed. These estimation errors are however su�ciently
small, at maximum 0.03 m/s, that any e�ects on the VSWT caused by these errors are
negligible. Prior to the disturbance, the VSWT keeps a power reserve of 0.1 pu on the
machine base when compared to the available power estimation which is in accordance
with the de-rating setting. After the disturbance, the VSWT output power increases by
0.1 pu in accordance with the droop setting, using the entire power reserve. The available
power and the wind speed estimations does however remain una�ected by the disturbance.
This is important as the available power estimate is used to calculate the de-rating of the
VSWT to have the desired output power. Therefore, a disturbance in this signal would
cause an error in the frequency support accuracy.
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(a) Comparison between available
power estimation and output power of
VSWT (top) and between wind speed
estimation and wind speed input (bot-
tom).

(b) Comparison of VSWT rotational
speed (top) and pitch (bottom) be-
tween when providing droop fre-
quency support during normal oper-
ation.

(c) Droop frequency support accuracy while the VSWT de-
rated by 0.1 pu.

Figure 27: VSWT behavior and frequency support accuracy while de-rated by 0.1
pu and providing droop frequency support for up-regulation of frequency after a
power disturbance of 0.04 pu on the system base at 20 s during a constant wind
speed of 7 m/s.

The frequency accuracy of the droop support is shown in Figure27c in which the increase
in power from the VSWT due to the frequency disturbance is compared to a reference.
The reference signal is thePaux;dr signal shown in Figure17 while the increase in output
power is derived by running the VSWT with and without frequency support for the same
scenario and comparing the di�erence in output power.

Additionally, Figure 27b shows how the VSWT speed and pitch change when providing
droop frequency support while de-rated compared to when the VSWT does not provide
frequency support. The de-rating has a negligible e�ect on the speed, which is the desired
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result considering that the de-rating controls were designed to not cause a change in the
speed as shown in Figure18. The initial speed change shown is a result of an initialization
error, but is su�ciently small to not cause any issues. The pitch is, on the other hand, what
the VSWT uses for controlling the de-rating by limiting the mechanical power. The pitch
is therefore higher for the frequency support case to establish the 0.1 pu power reserve and
when the frequency disturbance occurs, the pitch decreases down to its minimum value as
the entire power reserve is used for supporting the frequency.

Figure 28 shows how the use of a variable wind speed a�ects the operation and accuracy of
the de-rated operation with droop frequency support. Other than the wind speed change,
the setup is the same as in Figure27, except having the disturbance occur at 10 s. The
disturbance moved to occur earlier as there is no need to wait on errors in the initialization
being corrected. Figure28a shows a compression between the estimated available power
and the VSWT output power, as well as the comparison between the estimated wind speed
and the variable wind speed input signal. Similarly to Figure 27a the VSWT attempts to
keep a reserve in accordance with the de-rating setting of 0.1 pu and the droop setting.
However, in this case this reserve is not always achieved as fast changes in the available
power can cause interference on the power reserve. Additionally, the �gure shows that
there is no disturbance to the estimations when the power disturbance occurs at 10 s,
similar to the constant wind speed case, and this is therefore not a source of inaccuracy
when using a variable wind speed.
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(a) Comparison between available power
estimation and output power of VSWT
(top) and between wind speed estimation
and wind speed input (bottom).

(b) Comparison of VSWT rotational
speed (top) and pitch (bottom) between
when providing droop frequency support
during normal operation.

(c) Droop frequency support accuracy while the VSWT de-rated by
0.1 pu.

Figure 28: VSWT behavior and frequency support accuracy while de-rated by
0.1 pu and providing droop frequency support for up-regulation of frequency after
a power disturbance of 0.04 pu on the system base at 10 s during a variable wind
speed.

The wind speed comparison of Figure28ashows a wind speed estimation that is very simi-
lar to the wind speed input signal when the VSWT operates at maximum power. However
there is a low pass �ltering e�ect on the wind speed estimation when the VSWT operates
below this power. The �ltering is a desired e�ect and is due to the inertia of the VSWT
combined with using the VSWT electrical power as an analog for the mechanical power
in the wind speed estimation. When operating at maximum power, there is no change in
the rotational speed of the VSWT, causing it to react quickly to changes in wind speed.
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5.1 Wind power frequency support accuracy

However, when operating below the maximum power, the change in VSWT rotational
speed becomes a factor and this is a comparatively slow process due to the inertia. As
a result the VSWT responds slower to changes in the wind speed when operating below
rated rotational speed. Even when the applied wind speed suddenly drops for a short
period of time during 38 and 45 s, the estimated wind speed does provide an accurate
power reserve. During these times the wind speed is overestimated, however, as stated,
it takes time for the VSWT to respond to the change in wind speed. Therefore is this
overestimation accurate for a limited time and by then has the wind speed increased again.
If fast changes in wind speed were present in the estimated wind speed signal when below
rated rotational speed, they would propagate to the available power estimation, causing
an inaccuracy in its estimation.

Figure 28c shows the accuracy of the droop frequency support while de-rated when using
a variable wind speed as its input signal. The �gure shows a very good accuracy during
5 to 17 s, which is the time period during which the VSWT operates at maximum power
according to Figure 28a. Outside this time period does however a noise of approximately
0.01 pu appear on the frequency support signal. The source of this noise has partly to do
with the power reserve interference due to fast changes in the estimated Wind speed and
available power estimation mentioned. An additional source of the noise may have to do
with the look-up table for the minimum pitch in the de-rating control. This look-up table
assumes that the VSWT operates at� opt. However, this is not the case when operating in
regions 3 and 4 referring to Figure6. The deviation from � opt in region 4 is not relevant,
as the pitch is greater than minimum in this region. However, minimum pitch is used in
region 3. Therefore, the deviation from� opt in region 3 causes an error in the pitch angle
compared to the desired de-rating of the VSWT. One further source of the inaccuracy
are the interpolations used in the creation of the look-up table for the minimum pitch.
This interpolation can cause the pitch to deviate from the value required for the wanted
de-rating. The biggest inaccuracy occurs at the beginning, during the �rst 5 s when the
power is rapidly increasing. The pitch is during this time slightly too high compared to
desired. It is not fully known what the cause of this inaccuracy is and the cause can be a
combination of the discussed reasons for inaccuracy.

The comparison of the VSWT speed and pitch between de-rated operation and normal
operation for a variable wind speed shown in Figure28bgives similar results as the constant
wind speed case of Figure27b. The rotational speed of the VSWT does not signi�cantly
change between the two cases. The pitch is, however, greater in the de-rated case to limit
the mechanical power. The di�erence between the pitch of the two cases is reduced after 10
s and the di�erence is completely removed when the VSWT uses the entire power reserve
to support the frequency.

5.1.2 Inertia emulation

Figure 29 shows the accuracy of the inertia emulation frequency support to a power distur-
bance of 0.04 pu on the system at 10 s causing an under-frequency event and while using a
constant wind speed. Figure29 does also show how the speed and the pitch behaves when
providing inertia emulation. Two di�erent wind speed cases are shown. One case uses
a wind speed of 7 m/s causing the VSWT to operate below rated power and use kinetic
energy extraction for providing the inertia power. The other case uses a wind speed of
9 m/s causing the VSWT to operate at rated speed and using the pith for providing the
inertia power, resulting in an overloading of the VSWT.
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5.1 Wind power frequency support accuracy

(a) Inertia emulation frequency support
accuracy while VSWT operates below
rated speed.

(b) Inertia emulation frequency support
accuracy while VSWT operates at rated
speed.

(c) Comparison of speed (top) and pitch
(bottom) between normal operation and
when providing inertia emulation support
through kinetic energy extraction while
operating below rated speed.

(d) Comparison of speed (top) and pitch
(bottom) between normal operation and
when providing inertia emulation support
through pitch control while operating at
rated speed.

Figure 29: VSWT behavior and frequency support accuracy while providing inertia
emulation support for up-regulation of frequency after a power disturbance of 0.04
pu on the system base at 10 s during a constant wind speed of 7 m/s (below rated
speed) and 9 m/s (above rated speed).

The frequency support accuracy provided by inertia emulation is shown in Figure29a
when operating below rated speed and in Figure29b when operating at rated speed. For
the frequency support reference is the signalPaux;ie shown in Figure 20 with an inertia
gain, ki , equal to 5. The results show that the inertia emulation power response clearly
follows its reference. However there are minor di�erences between them for the case when
operating under rated speed. This di�erence is, as mentioned in Section3.3.6, due to
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5.1 Wind power frequency support accuracy

the integrator feedback gain,ks, returning the VSWT speed back to its optimal point, as
inertia emulation would otherwise cause a change in the rotational speed of the VSWT
in accordance with the frequency change. The reason for being more accurate in the high
wind speed case are due to the VSWT being able to reduce the pitch to gain the desired
power increase instead of reducing the rotational speed. Therefore, there is no need to
useks to return the speed to its optimal point, which is the cause of accuracy error in the
case of low wind speed.

There are three di�erences when comparing the inertia emulation power response to the
traditional synchronous response. The �rst is the inclusion of the parameterki in the
inertia emulation, creating the ability to control the strength of the power response, which
is not possible in the traditional synchronous case. The second di�erence is caused by
including a �lter on the frequency signal for the inertia emulation. This �lter reduces
the responsiveness of the inertia emulation, making it act a little bit slower compared
to the traditional synchronous power response. The third di�erence is a result of the
parameter ks, returning the VSWT speed back to optimal speed after the initial power
change. The inertia emulation power response is therefore slightly reduced due toks,
unless pitch controlled inertia emulation is used where the VSWT speed does not change.

Figures 29cand 29d show what e�ect inertia emulation has on the VSWT speed and pitch
compared to normal operation when operating at a rotational speed below rated and at
rated respectively. From the Figure 29cwhen the VSWT operated below rated speed, it is
shown how the VSWT speed reduces after the power disturbance as the inertia emulation
uses kinetic energy from the rotation to support the frequency. At 20 s, inertia emulation
starts to return energy to the rotation to increase the speed back to its optimal point.
To increase the speed, the VSWT uses energy from the system, but at this point slower
frequency support actions from the hydro have been activated and are able to compensate
for the VSWT speed acceleration. The overshot of the speed that is observed stems from
a down regulation action as the support of the slower hydro unit governor that is paired
with the VSWT causes a slight overshot of the frequency. In Figure29c it is also shown
that inertia emulation has no in�uence on the pitch when the VSWT operates below the
rated speed.

However, when operating at the rated speed as shown in Figure29d pitching is used
to control the inertia emulation power. The pitch is able to be reduced for increasing
the VSWT output power. In this case the VSWT rotational speed is kept practically
constant, using more energy from the wind instead of using kinetic energy from the VSWT.
Important to note is that the converter needs to be able to handle the overloading which
the pitch controlled inertia emulation causes for the high wind speed case to be possible.
In this work it was assumed that the converter is able to handle being overloaded by up to
0.2 pu, although this may not be the case. It may therefore be necessary to disable pitch
controlled inertia emulation or impose limits on the power response size and the length of
time it may be active.

The accuracy of inertia emulation and its resulting e�ect on the pitch and the speed for a
variable wind speed is shown in Figure30. The accuracy of the inertia emulation support
is shown in Figure 30a and is, similarly to the droop support case in Figure 28c, very
accurate up to approximately 16 s during which the VSWT operates at the power limit.
After this point can a fairly large inaccuracy be noticed as the inertia emulation transitions
from being controlled by the pith to Boeing controlled by the kinetic energy. The reason
for the inaccuracy is due to an error in the calculation of ! wt;est used to decouple the
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5.1 Wind power frequency support accuracy

torque control from the inertia emulation. During the calculation of ! wt;est has the pitch
controlled inertia emulation not been taken into account. Therefore, during the �rst
couple of s of the inertia emulation are a speed decrease calculated for! wt;est which does
not occur for the actual ! wt . The torque control therefore has a low speed reference as
the inertia emulation transitions from pitch controlled to kinetic energy control. The low
speed reference results in the power increase noticed in the achieved inertia emulation
response. However, the inertia emulation support still follows the path of the frequency
support reference even with this inaccuracy. A similar error is the cause of the error at 33
s, however in this case does the inertia emulation transition from being controlled by the
kinetic energy to being pitch controlled.

(a) Inertia emulation frequency support accuracy.

(b) Comparison of speed (top) and pitch (bottom) between normal
operation and when providing inertia emulation support.

Figure 30: VSWT behavior and frequency support accuracy while providing inertia
emulation support for up-regulation of frequency after a power disturbance of 0.04
pu on the system base at 10 s during a variable wind speed.

The speed and pitch are shown in Figure30b and shows the expected behavior. When
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5.1 Wind power frequency support accuracy

the frequency disturbance occurs, the VSWT operates at its rated operating point and
therefore is the pitch initially used for providing inertia emulation and the rotational speed
is left una�ected. However as the wind speed drops, it is no longer possible to use the
pitch and kinetic energy from the VSWT rotation is used, causing a decrease in rotational
speed.

5.1.3 De-rated operation with droop and inertia emulation combined

Figure 31 shows the VSWT behavior and frequency support accuracy to a 0.04 pu power
disturbance applied to the system at 10 s resulting in an under-frequency when the VSWT
uses both inertia emulation and droop support while de-rated by 0.1 pu. For the combined
inertia and droop support case only the frequency support accuracy and VSWT behavior
impact is shown for constant wind speed. The reasons for not showing the variable wind
speed case are due to this case not a�ecting the accuracy in any way that are not observed
when using the frequency control strategies individually and the constant wind speed gives
a clearer result.

In the available power and wind speed estimates shown in Figure31a, there is a clear
increase in the estimations when the power disturbance is applied. This increase in the
estimates is a result of the inertia emulation and is a desired e�ect. The available power is
used as the reference for the droop control. Not including the inertia emulation power in
the available power signal would therefore cause a reduction of the power reserve available
to the droop. This power reserve reduction would reduce the droop control e�ectiveness
and e�ectively mitigate any added support from inertia emulation. It is therefore necessary
for inertia emulation power to be included in the available power signal, leading to the
noticed increase of the estimate. As the available power is a direct result of the wind
speed estimation is also the increase due to inertia emulation noticed for the wind speed
estimate. This impact of inertia emulation on the droop power reserve has been further
discussed in Section3.3.7.

From �gure 31c showing the achieved frequency support accuracy it is observed that the
frequency support has a high accuracy. The reference for the frequency support is in this
case the sum ofPaux;dr and Paux;ie . A small deviation is however observed which is a result
of the inertia emulations and its work to restore the VSWT speed to its optimal point
as discussed in Section5.1.2. Furthermore, the VSWT power response to the frequency
disturbance resembles the case of only using droop support shown in Figure27c. However,
in this case when also including the inertia emulation, the di�erence is that not the entire
power reserve is used, as was the case when only using droop. That there still is a power
reserve can be seen from the available power estimation in Figure31a where, due to
the inertia emulation, there is a continuous di�erence between the output power and the
available power. Furthermore can the available reserve also be observed from Figure31b,
where the pitch does not reach its minimum, suggesting that a further decrease is possible
to increase the VSWT production further.
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5.1 Wind power frequency support accuracy

(a) Comparison between available power
estimation and output power of VSWT
(top) and between wind speed estimation
and wind speed input (bottom).

(b) Comparison of VSWT rotational
speed (top) and pitch (bottom) between
when providing droop and inertia emu-
lation frequency support during normal
operation.

(c) Droop and inertia emulation frequency support accuracy while the
VSWT is de-rated by 0.1 pu.

Figure 31: VSWT behavior and frequency support accuracy while de-rated by 0.1
pu and providing droop and inertia emulation frequency support for up-regulation
of frequency after a power disturbance of 0.04 pu on the system base at 10 s during
a constant wind speed of 7 m/s.
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5.2 Frequency response from small load variations

In Figure 32, the frequency of the MATLAB/Simulink system that results from small
random load variations is shown together with the combined hydro governor and VSWT
frequency control response. In the Figure32, three cases are analyzed where wind power
penetration is set at 30%. The scenarios include when the VSWT is not providing fre-
quency support, when the VSWT is providing inertia emulation, and when the VSWT
is de-rated by 0.1 pu while providing both droop support and inertia emulation. For the
�rst case, when the VSWT is not providing frequency support, the e�ective inertia of the
system is 3.43 s. When having the VSWT provide inertia emulation and using aki of 5, as
in this case, the system inertia would ideally become 8.23 s. However the actual e�ective
system inertia is lower due to having slower wind power inertia response and inaccuracies
is wind power inertia.

A variable wind speed has been used for the three cases. However, the frequency variations
occurring from the VSWT's power variations are not included for this simulation. The
VSWT only a�ects the system through the power di�erence between VSWT normal oper-
ation and its frequency control operation. Only the changes in load power does therefore
cause variations to the frequency. It is therefore assumed that the frequency is kept at 50
Hz if there are no variations of the load. The e�ects of the frequency variations caused by
the VSWT's power variations will be analyzed in Section 6. The load variations for this
case have a normal distribution, changes every second and their size were chosen in order
to keep the normal operation frequency within approximately 49.9 and 50.1 Hz.

From Figure 32 it is observed that the hydro unit on its own is slow to change its output
and often has its peak slightly after the frequency has reached its local maximum or
minimum. As a result, it has di�culty containing the frequency. When VSWT inertia
emulation is added, the combined control action gains the ability to rapidly change its
power output, reducing the frequency range by approximately half. By also including the
VSWT droop control while it is being de-rated, the strength of the rapid control action is
increased, further limiting the frequency range. These results suggest that proper VSWT
frequency control can mitigate frequency variations caused by small and rapid changes in
operating conditions. By only including the inertia emulation the frequency is suggested
to be signi�cantly improved. However if further improvements are necessary and if the
power loss is acceptable, the VSWT can be de-rated to further support the frequency with
droop control.
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5.2 Frequency response from small load variations

Figure 32: Frequency and frequency control power response from hydro and VSWT
to small random variations in the load when the VSWT uses no frequency control,
provides inertia emulation and provides inertia emulation along with droop support
while de-rated by 0.1 pu.
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The power reserve of the VSWT was chosen to be 0.1 pu in Figure32. However, if the
purpose of the droop is to only aid with the continued frequency variations shown in
Figure 32, such a large reserve is not necessary. By having a frequency range of +/-
0.1 Hz and a VSWT droop setting of 5% will, according to (2.16), a reserve of 0.04 pu
be enough. By also considering that inertia emulation and droop support reduce the
frequency range in this case by more than half can the reserve, and therefore also VSWT
de-rating, be further reduced to 0.02 pu. Reduction in the VSWT de-rating beyond this
should result in reduced droop control strength, but still cause stability bene�ts. Figure
33, showing the frequency probability distribution when running the case of Figure32 for
900 s, including cases for 0.02 pu and 0.01 pu power reserves. Table4 does also show for
what percentage of the 900 s simulation time the �ve analyzed cases are outside speci�ed
frequency ranges. Figure33 and Table 4 suggest that reducing the power reserve, and
therefore de-rating, down to even 0.01 pu causes for this case only limited, if any, practical
reduction in frequency stability. It is even shown to have less time outside 49.99 - 50.01 Hz
compared to the 0.1 pu reserve case. The necessary de-rating will vary depending on the
size of the frequency variations for which the droop control is designed to regulate and the
necessary stability improvement of the droop control, though these results suggest that
signi�cant improvements are possible with only a small reduction in the VSWT average
power production.

Figure 33: Frequency probability distribution for 900 second simulations of small
random load power variations when the VSWT uses no frequency control, provides
inertia emulation and provides inertia emulation along with droop support while
de-rated 0.1 pu, 0.02 pu and 0.01 pu.

Table 4: Percentage of simulation time in which the analyzed cases are outside
certain frequency ranges.

49.9 - 50.1 Hz 49.95 - 50.05 Hz 49.99 - 50.01 Hz
Hydro governor only 2,61% 27,98% 83,27%

Inertia emulation 0,10% 6,03% 68,70%
Inertia and droop, 0.01 pu reserve 0,00% 0,14% 35,94%
Inertia and droop, 0.02 pu reserve 0,00% 0,05% 35,91%
Inertia and droop, 0.1 pu reserve 0,00% 0,01% 38,30%

Table 5 presents the average VSWT power loss for the analyzed power reserves and the
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case of only using inertia emulation and shows that the power loss is similar, but slightly
higher compared to the desired power reserve. One factor contributing to the extra power
loss is that the strength VSWT droop down-regulation is set higher than for the up-
regulation due to the VSWTs having a greater ability in reducing power. There may also
be inaccuracies in the control which contributes to the power loss. Furthermore Table5
shows that any VSWT power losses due to inertia emulation are, on average, small enough
to be negligible.

Table 5: Average VSWT power loss when de-rated to give a reserve of 0.1 pu, 0.02
pu and 0.01 pu, using droop as well as inertia emulation to control the frequency.
Also shows the power loss of inertia emulation

VSWT frequency control Power reserve [pu] VSWT power loss [pu]
Inertia emulation 0 2.10e-5

Inertia emulation
and droop

0.01 0.012
0.02 0.022
0.1 0.108

5.3 Frequency response from large disturbance

The resulting frequency response of the system from the cases in Section5.1.2and Section
5.1.3 for a variable wind speed is shown in Figure34 along with the frequency response
when only the hydro governor is used. The wind power penetration used is 30% for all
three cases. The power responses from the VSWT and the hydro governor are also shown
in Figure 34, along with the load power change that caused the disturbance. Similar to in
Figure 32, only the VSWT a�ects the system through the power di�erence between normal
operation and frequency control operation, removing the power variations to the system
caused by the VSWT changing operational point. Figure32 shows signi�cant frequency
improvements when including the VSWT inertia emulation and even further improvement
when the VSWT is de-rated and droop support is included. These results suggest that
both VSWT frequency control methods can help signi�cantly in managing large frequency
disturbances.
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Figure 34: Frequency response and power response from hydro governor and
VSWT due to a 0.04 pu power disturbance occurring at 10 s. The frequency and
power responses from no VSWT frequency control, inertial emulation and inertia
emulation along with droop support from VSWT when de-rated by 0.1 pu are shown.

The hydro governor is shown to have a slow power response with a small initial power
decrease resulting from the water inertia, as discussed in Section2.3. By including the
VSWT inertia emulation, the initial problems of the hydro governor can be compensated.
The power increase from the VSWT inertial emulation is rapid but active for a limited
period of time, after which the slower hydro governor has had time to catch up and takes
over to achieve a balance of power. By having a faster initial power increase, the frequency
has a lower RoCoF when using inertia emulation, increasing the time until the frequency
nadir occurs and making it easier for the hydro governor to respond to the falling frequency,
improving the frequency stability. The spike in the inertia emulation frequency control
action noticed at approximately 16 s is a result of an error in the! wt;est calculation as
discussed in Section5.1.2.

To improve the frequency response further can the VSWT be de-rated to create a power
reserve, allowing for droop support. The VSWT droop causes the initial power increase to
become larger as the VSWT droop can, in contrast to the hydro governor, respond rapidly
to frequency variations and does not require a slow transient droop. As discussed in Section
5.2, the required power reserve, and therefore VSWT de-rating, vary depending on what
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frequency variations it is designed to control and the stability improvement necessary.
Figure 35 shows how the frequency nadir changes for the considered system disturbance
of 0.04 pu when the power reserve is changed, and the �gure shows an increased control
strength as the reserve is increased. However any increase over 0.1 pu does not have any
stability improvements which can be reasoned from Figure31 as the 0.1 pu power reserve
is not fully utilized. By comparing Figure 35 to Figure 33, it is shown that the necessary
VSWT de-rating may increase as larger frequency disturbances are considered. However
the VSWT de-rating does not need to fully cover the power increase of the worst case
scenario for it to be bene�cial. A balance between necessary stability improvement and
acceptable VSWT power loss need to be met.

Figure 35: Frequency response due to a 0.04 pu power disturbance occurring at
10 s when the VSWT provides inertia emulation and droop support with a power
reserve of 0 pu, 0.05 pu 0.1 pu and 0.15 pu.
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6 System simulations in PSS/E

This section presents the result for the analysis of the island system shown in �gure24
according to the test cases presented in Table3. Firstly will, in Section 6.1, the continuous
operation of the island system while disconnected from the larger grid be analyzed as this
case decides the wind power penetration used. Thereafter is the transition of the island
system from being connected to the grid to being operated independently analyzed in
Section 6.2. This case uses the same initial operating point of the VSWTs as in the case
analyzing continuous operation, as well as the same wind speed time series and load to
determine the possible power transfer to the island system.

6.1 Continues operation of island system while disconnected
from the grid

For the case of operating the island system while disconnected from the grid are the
frequency stability improvements analyzed for when the VSWTs within the system provide
frequency support compared to when only the hydro unit is used for frequency control. The
VSWT frequency support analyzed are inertia emulation and inertia emulation together
with droop support while de-rating the VSWT. However, �rst, the operating condition
for the island system is chosen in order to keep the frequency within the range of 49.5
to 50.5 Hz when no VSWT frequency control is active. This involves choosing a wind
power penetration, wind speed time series and the size of load variations which gives
the desired frequency range. The wind power penetration is important for the frequency
variation as the variable wind speed used will cause the wind power production to vary,
continuously causing power variations inside the island system. As the penetration of
wind power increases, the sizes of these power variations grow, causing larger variations of
the frequency. Together with the wind power induced power variations have also random
variation the the load been added, causing future power variations in the island system.

6.1.1 Stability of island system during VSWT normal operation

The chosen operational condition used for the analysis of the continuous island operation
is shown in Figure 36, where a 900 s simulation is used. In Figure36a are the wind and
hydro power production observed in MW. The wind power is composed of 3 arrogated
3.6 MW VSWT for a combined rated power of 10.8 MW. The same wind speed is used
for every VSWT, shown in Figure 36b, giving an average power production for the wind
turbines of 9.39 MW or 0.87 pu on the machine base and a power variation from 0.60 to
1 pu. The hydro unit produces on average 10.39 MW to supply the load variations shown
in Figure 36c. This wind and hydro power production gives a wind power penetration of
47.5%. The resulting frequency distribution from this operation condition for the island
system is shown in Figure37 where it is observed that the resulting frequency rage is 49.56
Hz to 50.56 Hz, with is close to the 49.5 to 50.5 Hz target range.
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6.1 Continues operation of island system while disconnected from the grid

(a) Hydro and wind power production for continuous island operation
with 47.5% wind power penetration and no wind power frequency
control.

(b) Wind speed used for the wind power production in the island.

(c) Variation in the load power during the continuous island operation.

Figure 36: Power production, wind speed, and load variation for 900 s (15 minutes)
of continuous island operation
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6.1 Continues operation of island system while disconnected from the grid

Figure 37: Frequency probability distribution for continuous island operation with
47.5% wind power penetration and no wind power frequency control.

Concerning the voltage levels in the island during this operation condition are these shown
in Figure 38. From the voltages in the �gure it is shown that they are all within the 0.85
to 1.1 pu range speci�ed for the island operation in Table1 and even within the 0.9 to
1.1 pu range speci�ed for the grid connected operation. The buses which have a voltage
deviating the most from the 1 pu nominal value are bus 4, which is the bus where the load
is connected, and bus 5, where the VSWTs are connected. The voltage deviation for these
buses is due to the line between bus 4 and the substation at bus 3 as well as the cable
between bus 4 and bus 5 being the main distances within the island system model. Due
to having a high R/X ratio on the line connecting the substation and the load, both the
active and reactive power �ow from the hydro unit causes a voltage drop on the load bus.
However as the wind power production is increased the power �owing from the substation
will decrease, raising the load bus voltage closer to the nominal value, but due to the
voltage drop over the cable will the voltage on the wind power bus increase above the
nominal voltage. Furthermore it is observed that the voltage varies continuously across all
buses which is due to having a quite strong coupling between frequency and voltage within
the system. As a power variation is the system causes a change in operational points will
the change be re�ected on the generator terminals. Power variation in the system will
therefore result in voltage variations causing the voltage distribution to be similar to the
frequency distribution.
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Figure 38: Voltages in the island system during continuous island operation.

6.1.2 Impact of VSWT frequency control on stability

The impact of the frequency control of the connected VSWTs on the frequency stability
during the island continuous operation can be observed in Figure39. Figure 39ashows the
frequency time series during the analyzed time and Figure39b shows the corresponding
frequency probability distribution. The normal operation case without any frequency
control is shown along with the cases where the VSWTs uses inertia emulation and when
the VSWTs uses both inertia emulation and droop support while de-rated. By comparing
the normal case to the inertia emulation case is a small improvement shown on both the
up-regulation and down-regulation sides. It is shown from Figure39b that the absolute
minimum frequency are slightly higher in the inertia emulation cases where the minimum
frequency increases from 49.56 Hz to 49.59 Hz and a similar e�ect is noticed for the
maximum frequency where it is reduced from 50.56 to 50.53 when using inertia emulation.
This constitutes an overall frequency range improvement of 6%

When analyzing the frequency stability improvement due to the inertia emulation and
droop support with de-rated operation shown in Figure 39, a greater improvement can be
observed compared to the purely inertia emulation case. This improvement is as expected
due to the power reserve along with the droop resulting in a greater control strength.
The improved frequency range becomes 49.68 Hz to 50.22 Hz, which is a 44% range
improvement compared to the normal case, reducing the range by almost half. The down-
regulation side shows a greater reduction of the range, caused by the greater VSWT droop
strength for down-regulation.
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6.1 Continues operation of island system while disconnected from the grid

(a) Frequency response.

(b) Frequency probability distribution.

Figure 39: Analysis of continuous island operation frequency, comparing only using
the hydro governor frequency control, using wind power inertia emulation and using
wind power inertia emulation together with droop support while de-rating the wind
power.

Through studying Figure 40acan it be noted that the achieved inertia emulation frequency
support power is fairly accurate to its reference. The achieved frequency support is deter-
mined by calculating the VSWTs power di�erence between its normal control and when
providing inertia emulation, while the frequency support reference is the signalPaux;ie

shown in Figure 20. Further, Figure 40b shows the power production within the island
system where the wind power and hydro power is observed to behave reasonably and the
wind power penetration during the studies time is 47.4%. This is a 0.1% reduction in wind
power penetration compared to the normal operation case and corresponds to a 0.003 pu
power reduction. This small, although not negligible, power reduction where not noted for
the MATLAB/Simulink simulation and is believed to be a product of the frequency prob-
ability distribution showing a slight predominance for over-frequencies. Therefore is there
a greater need for down-regulating the frequency resulting in reduced power compared to
the normal case.
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6.1 Continues operation of island system while disconnected from the grid

The inertia emulation from the PSS/E shows less frequency improvement than expected
by comparing the frequency probability distribution from the PSS/E simulation with the
MATLAB/Simulink simulation from Figure 33. Figure 40a suggests that the reduced
improvement for the PSS/E case is not due to inaccuracies in the inertia emulation control
system. The reason instead has to do with the nature of the power variation. In the
MATLAB/Simulink case the power changes instantaneously, which is in contrast to the
PSS/E case. In PSS/E, the power variation caused by the wind speed and load change
takes some time to realize, approximately 2 to 3 s for the faster wind speed changes up to
tens of s for the load variations. The slower changes of power in the PSS/E results in a
slower RoCoF and therefore causes the VSWTs inertia emulation to be less e�ective.

(a) Inertia emulation frequency support accuracy during continu-
ous island operation by comparing the achieved frequency support
against a referencePaux;ie .

(b) Hydro and wind power production for continuous island op-
eration with 47.5% wind power penetration and inertia emulation
frequency support.

Figure 40: Wind power inertia emulation e�ect on power production during con-
tinuous island operation.

Figure 41ashows that an accurate achieved frequency support is observed when comparing
it to the reference consisting of the sum ofPaux;ie and Paux;dr . However due to de-rating the
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VSWTs, in this case by 0.1 pu, the VSWT output is reduced while the hydro power output
is increased compared to the normal case as shown in Figure41b. This causes a reduction
of the wind power penetration from 47.5% down to 41.1%, corresponding to a power loss of
0.12 pu compared to the normal operation case. The reason for having losses greater than
the power reserve are due to having a stronger down-regulation droop setting compared to
the setting for the up-regulation. The loss in this case is somewhat larger then the 0.108
pu power loss observed from the MATLAB/Simulink simulations, which once again is due
to the predominance for over-frequency in the PSS/E simulation, causing an increased
need for down regulation the frequency. The reduction in the wind power penetration
may contribute to the reduced frequency range as it causes the total inertia in the island
system to increase. The reduced wind power penetration would however not cause any
reduction in the VSWTs power variations as the de-rating is designed to keep a constant
power reserve of 0.1 pu for the droop control to utilize. Figure41a shows a maximum
frequency power support of a level similar to the VSWT de-rating and therefore similar
to the power reserve, suggesting that this de-rating setting gives the maximum frequency
improvement. Reducing the de-rating will therefore result in less power loss but also less
frequency improvement as discussed in Section5.2 and in Section 5.3.

An additional factor a�ecting the droop support capability is the frequency restoration
caused by the LCFB1 model. As either the wind power production is reduced or the
load is increased for a long period of time, the power reserve for the droop control would
be depleted without the frequency restoration. This depleted power reserve would cause
a reduced control strength, creating di�culty in managing the frequency if any power
variations would cause further frequency decrees. An example of such a time instance
where the power reserve would be depleted is during a period between 620 to 670 s in
Figure 36. However, when the LCFB1 controller is active it attempts to restore the
VSWT power reserve, resulting in a greater ability for the droop control to manage the
furthest frequency dips.
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6.1 Continues operation of island system while disconnected from the grid

(a) Inertia emulation and droop frequency support accuracy during
continuous island operation by comparing the achieved frequency
support against a referencePaux;ie + Paux;dr .

(b) Hydro and wind power production for continuous island op-
eration with 41.1% wind power penetration and inertia emulation
together with droop frequency support while de-rating the wind
power.

Figure 41: Wind power inertia emulation together with droop support e�ect on
power production during continuous island operation.

Figure 42 shows how the probability distribution of the voltage on the most vulnerable
busses changes when the VSWT provides frequency control. The buses in question are
bus 4, the load bus, and bus 5, the wind power bus. The �gure shows an improvement of
the voltage as the frequency control is applied. The extreme voltages have an increased
margin to 0.9 pu in the case of bus 4 and from 1.1 pu in the case of bus 5. Furthermore the
voltage range is reduced for the buses, where the addition of droop control causes a further
reduction of the range compared to solely using inertia emulation. The frequency control
does in general show a similar e�ect on voltage probability distributions as compared to
the frequency probability distributions shown in 39b. The similar e�ect is due to the
strong coupling between voltage and frequency apparent in the island system network.
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6.1 Continues operation of island system while disconnected from the grid

(a) Voltage probability distribution for
Bus 4 (the load bus).

(b) Voltage probability distribution for
Bus 5 (the wind power bus).

Figure 42: Voltage probability distribution for normal wind power operation and
when the wind power is using frequency control.

Another change to the voltage caused by the frequency control is that the de-rating and
droop control causes the average voltage to drop slightly for both buses. The average
voltage goes from 0.971 pu to 0.968 pu for bus 4 and from 1.029 pu to 1.020 pu for bus
5. The cause for the voltage decrees is the reduction of the wind power fed into bus 4
causing a greater power transfer and therefore also greater voltage droop across the line
between bus 4 and 3. There is also less power transferred across the cable between bus 4
and 5, resulting in the greater average voltage reduction of bus 5. The voltage drops are
however in this case small enough to be of little signi�cance.

6.1.3 E�ects of controlling the voltage on the wind power bus by the
VSWT

The reactive power production for the VSWT has normally during this work been con-
trolled to have a constant power factor of 0.95. However Figure43 show the voltage
probability distributions if the VSWTs reactive power is instead controlled to regulate
the voltage at their own bus using the REECA1 model. This local bus voltage control
was implemented by changing the PFFLAG to 1, VFLAG to 1 and the QFLAG to 0 in
the REECA1 model. The target value for the voltage regulation is the voltage calculated
during the load �ow for a power factor of 1, which is 1.008 pu for the normal as well
as the inertia emulation cases and 1.002 pu for the inertia emulation together with the
droop case. The target is closer to 1 pu in the later case due to de-rating the VSWTs.
The voltage probability distribution at the wind power bus, bus 5, is shown in Figure
43b where the voltage range is signi�cantly reduced compared to Figure42b for all cases.
Figure 43b also shows that the inertia together with droop still manages to have a higher
proportion of the voltage at the target voltage compared to the other cases, similarly to the
uncontrolled cases, also when VSWT voltage control is applied. The voltage probability
distribution at bus 4 shown in Figure 43a is similar to the distribution of Figure 42a, but
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6.1 Continues operation of island system while disconnected from the grid

shows an increased probability for the voltage to be closer to its average value, suggesting
that the VSWTs voltage control also reduces the size of the voltage oscillations on bus 4.
Furthermore,controlling the voltage with the VSWTs causes no noticeable e�ect on the
ability for the VSWTs to control the frequency.

(a) Voltage probability distribution for
Bus 4 (the load bus).

(b) Voltage probability distribution for
Bus 5 (the wind power bus).

Figure 43: Voltage probability distribution when the wind power is controlled to
maintain 1 pu voltage on bus 5 for normal wind power operation and when the wind
power is using frequency control.

An investigation into using the VSWTs to control the voltage at the load bus, bus 4, was
also made by changing the bus number for voltage control in the REECA1 model. However
it was noted, at least for version 35.5 of PSS/E, that the REECA1 model is not able to
perform remote bus voltage control and a plant model is instead necessary. Therefore, due
to the extra complexity and time limitations, where therefore remote bus voltage control
not simulated.
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6.2 Island system stability during unplanned transition

6.2 Island system stability during unplanned transition

For analyzing the island system during the transition from grid connected to island op-
eration are the power transfer to the system of importance. This power will be cut o�,
resulting in a large instantaneous power di�erence within the island when it is discon-
nected. The power transfer to the island therefore has a limit, considering that the chosen
frequency limit for the instantaneous frequency is 49.0 to 51.0 Hz. For the power transfer
limit, the frequency nadir improvement are analyzed when the VSWTs connected to the
island are controlled to help in regulating the frequency. The VSWT frequency control
analysed is inertia emulation and inertia emulation together with droop control while de-
rated. The corresponding power transfer increase from the grid that is possible when the
VSWT provides frequency support is also analyzed.

6.2.1 Stability of island system during VSWT normal operation

Figure 44shows the operation of the island system during the transition to island operation
when there is no frequency support from the VSWTs. The operational point at the VSWT
at the moment of transition was chosen due to this point giving an average improvement
of the frequency when VSWT frequency control is activated, which is further discussed in
Section 6.2.2. The wind and hydro production are shown in Figure 44a, where the wind
power production is set to operate in the same manner as in Section6.1.1, using the same
wind speed, shown in Figure44b. The hydro unit is set to operate at 5.20 MW before the
transition. The wind power production is 8.62 MW and the load is 18.88 MW just before
the transition, as shown in Figure 44c. When including the losses in the system does the
power transfer at the moment of transition come to 5.75 MW, which is equal to 31.3% of
the 18.4 MW nominal load in the island. Regarding the reactive power, approximately 1.00
MVAr were transferred to the island system at the moment of transition. The frequency
response which cuts o� this power transfer results in are shown in Figure45 where the
frequency nadir is 48.99 Hz, close to the target of 49.0 Hz. From the frequency �gure can
also the in�uence of the LCFB1 turbine load controller model be observed as the frequency
returns to oscillating around 50 Hz after the hydro unit has responded instead of having
a steady state deviation, which would be the case without the LCFB1 model.
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6.2 Island system stability during unplanned transition

(a) Hydro and wind power production within the island for transi-
tion to island operation and no wind power frequency control.

(b) Wind speed used for the wind power production on the island.

(c) Variation in the load power during the transition to island op-
eration.

Figure 44: Power production, wind speed, and load variation for approximately
80 s when transitioning to island operation.
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Figure 45: Frequency in the island system during transition to island operation
with a power transfer of 5.75 MW.

From Figure 46 can it also be observed that the voltage drops as the transition occurs,
similarly to the frequency, due to the coupling between frequency and voltage present
within the island system. The bus where the voltage deviates the most from 1 pu is bus
4, the load bus, and is due to the voltage drop over the line between bus 3 and 4. The
voltage brie�y deviates below 0.9 pu, but stays above 0.85 pu throughout. Looking closely
at Figure 46 can also a small transient in the voltage be observed just as the transition
occurs. This transient is a result of the reactive power transfer from the grid being cut
o�, resulting in a de�cit of reactive power within the island until the units in the island
adjusts their reactive power production. Cutting o� this reactive power �ow causes in
this case limited e�ect on the island. However if the reactive power �ow is larger can this
voltage transient impact the island. For example would the loading change in accordance
to the load voltage sensitivity, which in this case would cause it to decrease proportionally
as the load is of the constant current type.

Figure 46: Voltages in the island system during transition to island operation with
a power transfer of 5.75 MW.
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6.2.2 Impact of VSWT frequency control on stability

Because the operational point of the VSWTs varies in time depending on the current wind
speed, the e�ectiveness of the VSWT control strategies is observed to change depending on
what time instance the island system is disconnected from the larger grid. Table6 presents
the maximum, minimum and average frequency improvement observed when analyzing the
transition to island operation for 10 di�erent time instances. The operational points for
the VSWTs power when not providing frequency control during the analyzed transition
instance are shown in Figure47 where there is a 2 second gap between each case. These
time instances were chosen due to that they give a wide range of operating points for
the VSWTs. This range includes rated operation and medium power operation as well
as including time periods when the VSWTs power is both increasing and decreasing. For
a more rigorous analysis would also VSWT low power operational points be included.
However the wind speed time series used did not include any operational points below
0.6 pu. For the frequency improvement studies when the VSWTs provide droop support
where the de-rating set to 0.1 pu.

Figure 47: Operational point for the VSWTs power when not providing frequency
control at the analysed transition time instances.

The transition for the di�erent time instances result in di�erent power transfer during
the transition as the VSWTs operating point and the load changes in time. The change
in power transfer causes the normal VSWT operation frequency nadir to change depend-
ing on when the transition occurs. Therefore has the instance resulting in maximum
and minimum improvement in Table 6 been chosen based on the improvement percentage
rather than on the absolute improvement in Hz. The improvement percentage is calcu-
lated as max(j� f fc (t i )j)=max(j� f (t i )j) where � f fc represents the change in frequency
when VSWT frequency control is applied and the subscript i represents the transition
time instance. The average improvement in Table6 were calculated as the average nadir
improvement in Hz and in percentage across all time instances. The normal VSWT oper-
ation nadir has been left blank as this is an average and does not represent a speci�c time
instance .
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Table 6: Maximum, minimum and average frequency improvement for the di�erent
frequency control strategies when transitioning to island operation at di�erent time
instances

Minimum
improvement

Maximum
improvement

Average
improvement

Inertia improvement 0.02 Hz / 3% 0.20 Hz / 22% 0.12 Hz / 12%

Inertia and droop
improvement

0.11 Hz / 14% 0.30 / 32% 0.21 Hz / 22%

Normal VSWT
operation nadir

49.18 49.06 -

From Table 6 is a frequency improvement always observed when the VSWT frequency
control is applied and the average improvement for both cases is signi�cant. A wide range
in the improvement is however also observed depending on the instance of transition and
when only using inertia emulation can the improvement for the worst case scenario be quite
small. Figure 48 shows the frequency response from the transition time instants giving the
minimum and maximum frequency improvements from VSWT frequency control, where
Figure 48aand Figure 48b shows the minimum and maximum improvements respectively.
Note that in Figure 48 has the time of transition time instance been represented as 0 s.
With respect to Figure 47, the transition of Figure 48a and of Figure 48b occurs at 19
and 21 s respectively. From Figure48a can it be noted that the VSWT inertia emulation
has a di�culty in improving the frequency if the random power variations from the wind
power and the load acts against the frequency restoration, resulting in a low frequency
for a long period of time. The inertia emulation mainly helps in reducing the RoCoF and
does therefore present little bene�t in these situations. The opposite is the case for Figure
48b where the random power variation shortly after the transition helps in restoring the
frequency, resulting in a brief frequency nadir for normal wind power operation. Therefore
can the inertia emulation reduction of RoCoF signi�cantly help the frequency response
by increasing the time to the nadir. It is also of note that the frequency improvements
tend to be smallest when the VSWTs are either operating at their rated power or when
the power of the VSWTs are increasing. The reason for having di�culty in improving the
frequency at these times is due to it being more likely to have a VSWT power change
shortly thereafter which hinders the frequency recovery.
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(a) Frequency response observed for min-
imum improvement. Transition occurs at
19 s with respect to Figure47

(b) Frequency response observed for
maximum improvement.Transition oc-
curs at 21 s with respect to Figure47

Figure 48: Maximum and minimum improvements observed frequency response
from transitioning to island operation at di�erent time instances. Normal VSWT
operation is compared with VSWT inertia emulation and VSWT inertia emulation
together with droop support while the VSWTs are de-rated

It is also important to note that for these tests have VSWTs been modeled as an aggregate
wind power unit where each unit in the aggregated model operates according to the same
wind speed time series and has the same operating positions. The wind power production
would in reality be achieved by a number of VSWTs whose operation is determined by
the wind speed at their individual location, creating an averaging e�ect on the aggregated
wind power unit operational point. This would probably cause less power variations from
the wind power and therefore a tighter range of the frequency improvement around the
averages.

Figure 49 shows the frequency response of the analyzed island transition which resembles
the calculated average frequency improvement from Table6 the most. This corresponds
to the transition time instance of 11 s with respect to Figure 47. The normal VSWT
operation for this case was discussed in Section6.2.1, where it was determined that a
maximum power transfer of 5.75 MW was possible for the system to keep within 49.0
Hz. The nadir improvement shown in Figure 49 is a 0.10 Hz improvement for inertia
emulation and 0.20 Hz improvement when droop support is also included, while the VSWTs
are de-rated by 0.1 pu. From Figure 49 are also the restoration of the frequency and
the continued operation within island operation shown up to approximately 80 s. This
continued operation shows that the VSWT frequency control does not cause any di�culties
for the frequency restoration and that the frequency is returned to 50 Hz without any
problems.

Figure 45 suggest that the power transfer to the island system can be increased if the
VSWTs are set to provide frequency control, considering that the set limit for the frequency
is 49.0 Hz. If the average transition case of Figure45 is considered, the inertia emulation
enable a potential power transfer of 6.45 MW, equivalent to 35.1% of the island's nominal
load, until the frequency nadir reaches 49.0 Hz. If droop with de-rated control is also
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provided along with inertia emulation, the power transfer increases to 7.27 MW, equal
to 39.5% of the island's nominal load. This is an increase in the possible power transfer
of 12.2% and 26.4% respectively compared to the normal VSWT operation case. The
reactive power transfer was kept the same for all cases.

Figure 49: Frequency in the island system during transition to island operation
with a power transfer of 5.75 MW, comparing only using the hydro governor fre-
quency control against using wind power inertia emulation and against using wind
power inertia emulation together with droop support while de-rating the wind power.

In Figure 50b are the power output from the VSWTs and from the island hydro unit
shown for the average island transition case of Figure45 when the VSWTs are controlled
to provide inertia emulation. When the transition occurs, there is a fast increase in power
noticed for both the hydro unit and the VSWTs, which is caused by the synchronous
inertia response and the emulated inertia response respectively. Also noticeable are that
the peak from the VSWTs emulated inertia response occurs slightly later then for the
synchronous inertia response by approximately 0.75 s, which is due to the �lter included
on � f in the inertia controller shown in Figure 20. Figure 50a shows that the desired
emulated inertia response is achieved for the VSWT as the �gure describe the accuracy of
the VSWTs inertia emulation compared to a reference composed of thePaux;ie signal. The
achieved frequency support is determined by taking the di�erence in the VSWTs power
output between normal operation and inertia emulation operation.

81



6.2 Island system stability during unplanned transition

(a) Inertia emulation frequency support accuracy during transition to
island operation by comparing the achieved frequency support against
a referencePaux;ie .

(b) Hydro and wind power production during transition to island
operation with inertia emulation frequency support.

Figure 50: Wind power inertia emulation e�ect on power production during tran-
sition to island.

Figure 51b instead shows the VSWTs and the islands hydro unit power output for the
average transition case when the VSWTs are controlled for both inertia emulation and
droop support while de-rated by 0.1 pu. The hydro unit inertia response results in a
similar change in power as compared to Figure50b. The power change is of the same size
when comparing the �gures, although the power peak is slightly higher in Figure51b as
the hydro unit produces more power overall due to the de-rating of the VSWT. The initial
power increase of the VSWT is however in this case larger compared to Figure50b as the
inertia emulation is supplemented by a quick droop response, using the power reserve for
supporting the frequency.

From Figure 51a, showing the achieved frequency support against the a reference consisting
of the sum ofPaux;ie and Paux;dr , are the achieved frequency support shown to resemble the
achieved support in Figure50a. However there is a di�erence between the �gures in that
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the inertia and droop support is increased by approximately 0.1 pu for the �rst 15 s after
the transition, which is expected considering this is the size of the available power reserve
for the droop control. After those 15 s, the frequency has recovered enough to cause the
VSWTs power reserves to start being restored, reducing the VSWTs output power back
down to the de-rated operating point. From Figure 51a is it also shown that the achieved
frequency support do not follow its reference for the �rst 15 s after the transition, which is
a result of the frequency nadir causing a desired droop response beyond the power reserve
set for the VSWTs. Therefore are the reference frequency support unattainable unless the
VSWTs are de-rated further, which these results suggest would cause a further frequency
nadir improvement.

(a) Inertia emulation and droop frequency support accuracy during
transition to island operation by comparing the achieved frequency
support against a referencePaux;ie + Paux;dr .

(b) Hydro and wind power production during transition to island
operation inertia emulation together with droop frequency support
while de-rating the wind power.

Figure 51: Wind power inertia emulation together with droop support e�ect on
power production during transition to island operation.

Figure 52 shows the voltage of bus 4, the load bus, for the average transition case when
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the VSWTs participate in the frequency control. This bus voltage is investigated as this
bus deviates the most from the nominal voltage of 1 pu. Figure52 shows that as VSWT
frequency control is applied, the voltage drop caused by the transition improves. Inertia
emulation causes the minimum voltage to increase from 0.880 pu to 0.893 pu, where the
inclusion of the droop causes the minimum voltage to further increase to 0.901 pu. The
reason for the increase in minimum voltage is the strong coupling between frequency
and voltage in the island system, causing an increase in the frequency nadir due to the
frequency control also resulting in less voltage drop.

Figure 52: Voltage at bus 4 (the load bus) during transition to island operation
with a power transfer of 5.75 MW, comparing only using the hydro governor fre-
quency control against using wind power inertia emulation and against using wind
power inertia emulation together with droop support while de-rating the wind power.

6.2.3 Ability for VSWT to help with Down-regulation of frequency

In Figure 53 are the frequency response to a transition case causing over-frequency shown
for when the VSWTs operate normally and when they provide inertia emulation support
as well as when they provide both inertia emulation and droop support while being de-
rated by 0.1 pu. The transition occurs at the same VSWT operating point as in Figure
45. However there is a power �ow of 8.05 MW from the island to the larger grid instead,
although the reactive power �ow is kept the same with 1.00 MVAr �owing from the grid
to the island system. This power �ow causes for the normal VSWT operation a over-
frequency of 50.99 Hz as shown in Figure53. Figure 53 also shows that the VSWT
frequency control utilized are also able to be bene�cial for down-regulating the frequency,
reducing the over-frequency by 0.18 Hz when only inertia emulation is utilized and by
0.56 Hz when both inertia emulation and droop is used. The large frequency improvement
from the droop control is a result of having a larger droop setting for down-regulating and
having an increased power reserve which the droop control can use in this direction. De-
rating the VSWTs for the down-regulation case is not necessary and it reduces the power
which the down-regulation droop can use. However de-rating the VSWTs is necessary if
both up and down-regulation droop regulation should be possible.
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Figure 53: Frequency in the island system during transition to island operation
with a power transfer of -8.05 MW causing over-frequency, comparing only using
the hydro governor frequency control against using wind power inertia emulation
and against using wind power inertia emulation together with droop support while
de-rating the wind power.

6.3 Impact of using VSWT droop support individually while
de-rated

From Figure 54 are the e�ects on the frequency from using VSWT droop support indi-
vidually while de-rating the VSWT by 0.1 pu shown. The e�ect of the droop support
is compared with the e�ect of VSWT inertia emulation and the e�ect of droop support
while de-rated used together with inertia emulation. From Figure 54a is the e�ects on the
frequency distribution during continuous island operations shown where the case stud-
ied is similar to the one described in Section6.1. Figure 54a suggests that only using
droop may give an improved frequency distribution even compared to inertia emulation
and droop used together. However the improvement observed when using VSWT droop
support individually may be a result of the wind time series used, where a di�erent time
series could show a di�erent result, or inertia emulation may have a detrimental e�ect
on the frequency distribution for continuous operation when paired with droop control.
Further investigation, using a larger and more varied wind time series is therefore needed
to conclude how using droop support individually compares with using droop together
with inertia emulation.

Figure 54b instead shows the e�ect on the frequency from using VSWT droop support
individually during the transition from grid connected to island operation. The same time
instance for the transition is used as the average time instance in Section6.2. Figure 54b
shows a similar nadir for using droop support individually as for the inertia emulation
case. However with a higher RoCoF. The droop nadirs do not necessarily have to be
similar as the performance of the droop control can be altered by changing the size of the
power reserve. However, it can be noted that in this case, using inertia emulation together
with the droop causes an improved frequency response.
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(a) Probability Distribution of Frequency for continuous island operation
while using VSWT inertia emulation, droop support and inertia emulation
together with droop support.

(b) Frequency Response from transition to island operation while
using VSWT inertia emulation, droop support and inertia emula-
tion together with droop support.

Figure 54: E�ect on frequency stability from using VSWT droop support individu-
ally while de-rating the VSWT by 0.1 pu compared to the e�ect of inertia emulation
and the e�ect of droop support together with inertia emulation.
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7 Conclusions

The work evaluates the stability of an island system consisting of wind and hydro-based
generation. The work analyzed what the impacts are of frequency control from the wind
power units in the island. The evaluation was done during the transition from being grid
connected to operating as an island as well as during the continuous operation thereafter.
Furthermore, the objective of the work was also to identify some of the requirements for this
wind and hydro island system to stably transition to and operate as an island. To achieve
these objectives, simulations of a wind and hydro island system in MATLAB/Simulink and
PSS/E were carried out. By applying the wind power frequency control strategies in the
simulations, the island stability is compared to when the wind power operated normally,
having no wind power frequency control active. Two methods for controlling the frequency
with wind power were analyzed. The �rst method emulates a synchronous generator's
inertia response by either using the kinetic energy stored in the rotor or changing the pitch
of the turbine blades if possible. The other method, which de-rates the wind turbines in
order to create a power reserve, enables the use of droop control from the wind power. No
modi�cation to the hardware is necessary for implementing these methods for controlling
the frequency with wind power. It is only necessary to modify parts of the control software.
The cases studied used inertia emulation alone or inertia emulation together with droop
control from de-rated operation.

The wind power had during its normal operation an adverse e�ect on the frequency. .The
wind power causes a reduction of the inertia of the system and the intermittent power
production present in wind power causes continuous power variations, resulting in the
frequency varying within a range. The wind power penetration was found to have a limit
as the detrimental e�ects on the stability from wind power increases when the wind power
penetration is increased. This limit will change depending on the acceptable frequency
range in the island, the variations of the load in the island, the island inertia and the
frequency control strength of the connected hydro power. However, in the simulated
case, the penetration limit of wind power was found to be approximately 47.5%, using
a continuous frequency range of 49.95 to 50.05 .and no frequency support from the wind
power. Additionally, for this wind power penetration level and normal wind power control,
the acceptable power imbalance for the transition was found to be approximately 31.3%
of the nominal load for the island system in order to keep the transient frequency over 49
Hz.

This work has identi�ed that the use of droop control can improve the stability, potentially
by a signi�cant amount depending on how much the wind power is de-rated, while inertia
emulation can improve the stability to a lesser extent. The inertia emulation alone did
cause an improvement of the frequency range for the continuous operation from 49.56
Hz - 50.56 Hz to 49.59 Hz - 50.53 Hz, which represents a 5% range improvement. The
inertia together with droop reduced the range down to 49.68 Hz - 50.22 Hz,representing
a 44% range improvement. Regarding the transition, the inertia emulation improves the
frequency nadir on average by 12% however the worst case scenario showed an improvement
of 3% . The inertia together with the droop showed an average improvement of 22%
where an improvement of 14% were found to be the worst case scenario. The average
improvements shown constitute an increase in the acceptable power imbalance caused by
the transition of 12.2% and to 26.4% of the nominal load in the island respectively. The
wind power frequency support also showed similar results for voltage stability both for
the continuous operation and the transition due to having a strong correlation between
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frequency and voltage in the test network. Using inertia emulation may however, when
used together with the droop, have a detrimental e�ect for managing the power variations
during continuous operation, although it was bene�cial to use both together when handling
a large disturbance.

.When performing inertia emulation, a higher wind speed is preferable and the wind speed
needs to be high enough that there is su�cient kinetic energy in the turbine rotation to be
extracted by the inertia emulation. There may also be a limit on the maximum wind speed
for up-regulation from inertia emulation to avoid overloading the wind turbine converter
if this overloading is not possible. The inertia emulation from kinetic energy and from the
pitch behaves similarly. However as the pitch controlled inertia emulation does not cause
a reduction in the rotational speed there is no need for this method to accelerate the speed
back to the optimal speed, which for the kinetic energy case results in a slightly reduced
inertia response. The inertia emulation for the wind power incorporates a �lter on the
frequency signal. Thus, the wind power inertia response is slower than for a traditional
synchronous machine. In this work the time constant of the �lter was set to 1 s and it
resulted in the peak of the wind power inertia response occurring approximately 0.75 s
after the peak of the hydro inertia response.

For the droop control where the wind turbines de-rated by 0.1 pu, meaning that the power
was reduced by 0.1 pu compared to the available power, causing the stability improvement
to come at the cost of the power loss this control strategy entails. .There are no technical
requirements for the de-rating and the droop control other than that there is enough
power in the wind for the desired de-rating to be possible. However, similar to inertia
emulation, a high wind speed is preferred. The higher wind speed allows for an increased
�exibility in the amount of power which can be de-rate and the possibility of greater
power reserves, both for up and down-regulation. The power loss was noted for the
continuous operation to be 0.12 pu which is similar, but slightly more, then the 0.1 pu
expected power loss. The reason for having a greater power loss than expected is due
to using a greater control strength for down-regulating the frequency and due to the
test case run having slight predominance for over-frequencies. The power loss can be
reduced, although this will cause a similar reduction in the stability improvement when
up-regulating the frequency. A balance does therefore have to be made between needed
stability improvement and acceptable power loss. However increasing the power loss only
causes a stability improvement up to a point until the frequency disturbances do not fully
utilize the power reserve available.

.De-rating and droop is particularly valuable during the continuous island operation where
it can provide a large stability bene�t when the system is more vulnerable. If necessary
de-rating and droop can be applied even when grid connected to help with the transition.
However, considering the ability of inertia emulation to help during the transition, one
strategy may be to use inertia emulation when grid connected and preparing for a transi-
tion and not de-rate the turbine. Therefore, there are no power losses from the wind while
connected to the grid. Then, the de-rating and droop control of the wind power can be
applied after islanding is detected, if the hydro is able to compensate for the power loss
from the wind.

7.1 Future work

Future studies could be to address the limitations of the work and to provide a more
rigorous analysis of how wind power frequency control a�ects the stability of an island
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system. Future work couls therefore include:

ˆ Separating the aggregated wind power unit into individual wind turbines.
Splitting the aggregated wind power unit utilized for the simulations into the indi-
vidual wind turbines the wind unit is made out of allows for the operating point on
the individual wind turbines to change independently to the operating point of the
other wind turbines. Therefore, by using an individual wind speed time series for
each wind turbine, a more realistic combined power output from the is achieved.
The combined power output should have less power variation than the aggregated
wind power unit as the individual wind speed time series causes an averaging e�ect
on the combined power output. The individual wind speed time series could be
implemented by shifting them in time, where the time shifted is calculated by the
distance between the wind turbines in the wind farm and the average wind speed
applied.

ˆ Using a detailed model of a wind farm.
By having the wind power unit instead be represented by a detailed model of a
wind farm using individual models of wind turbines, as in the above point, as well
as including the cables connecting the wind turbines together, could the wind power
frequency control e�ect on the voltage within the wind farm can be analyzed.

ˆ Using a more detailed test network for the PSS/E studies.
To analyze how the wind power frequency control a�ects the rotor angle stability in
the island during transition to island operation as well as during continuous island
operation thereafter should the wind power frequency control be applied to a larger
and more detailed island network, with multiple generation units, loads and power
lines. Additional will the more detailed network provide further insight on the
frequency control e�ect on the voltage stability.

ˆ Further analysis using a di�erent wind time series.
The wind time series was chosen as it gives a good variation of operating points
for the wind turbines, including operation at rated power down to operation at 0.6
pu. However, to further analyze the e�ect of wind power frequency control on the
island system stability during low wind speed scenarios is it necessary to use a wind
speed time series causing wind turbine operation within the power interval of 0 pu
to 0.6 pu. Furthermore, is it necessary to use a wider sample size of wind speeds
to investigate what e�ect wind power inertia emulation has on managing the power
variations during continuous island operation when used together with wind power
droop control.

ˆ Analysis of the e�ect caused by the reactive power �ow to the grid.
No analysis over the e�ects of the reactive power �ow between the grid and the
island system at the moment of transition was investigated and the reactive power
�ow was kept constant for all cases. To therefore also evaluate the requirements
on the reactive power �ow should further cases be simulated for di�erent reactive
power �ows.

ˆ Voltage control at remote bus
To further analyze what e�ects the wind power voltage control has on the island
stability could it be useful to investigate voltage control from the wind power at a
remote bus. In the island system presented in this work would voltage control at
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the load bus be interesting to investigate. However it was not done in this work as
it requires the wind power unit to be modeled with an extra dynamic plant model.

Additionally could also future work aim to improve the UDMs constructed for this work.
The UDMs were constructed in order to be able to be applied on a general wind turbine or
on an aggregated representation of multiple wind turbines. The UDMs have however only
been tested on the 3.6 MW and there aggregate representation used in this work, as well as
tested to a limited extent on a representation of Chalmers wind turbine. Therefore could
the UDMs applied to a general wind turbine result in issues that need to be �xed before
general application of the UDMs is possible. Additionally could it be useful to combine
the UDMs created for this work into a single UDM as they need to be used together.
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