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Resumé

Elproduktion fra vindkraft har hurtigt vokset i de seneste fem ar pa verdensplan. I
mange lande har vind energimal sat i intervallet fra 20% til 50% af al elproduktion pa
grund af bekymringerne for CO,-emissioner, fossile brendsler omkostninger og
energieffektivitet. For at opretholde en baeredygtig og palidelig drift af elsystemet for
disse mal, har transmissionssystemoperatorerne (TSO) revideredes de
forsyningsnetkodeks krav. Ogsa, skal TSO'erne planlaegger den fremtidige udvikling af
elsystemet med forskellige vind indtreengen scenarier at integrere mere vindkraft i
henhold til deres netkrav. I disse scenarier serligt med heje vindkraft penetration sager,
konventionelle kraftveerker (CPPs) sadanne som gamle termiske kraftveerker
planleegges at blive erstattet med vindkraftverker (WPPs). Derfor vil elsystemet

stabilitet blive pévirket og kontrol evne WPPs wville blive undersogt.

Formalet med dette projekt er at analysere og identificere elsystemet krav til
synkroniserende stremforsyning og inerti svar kontrol af WPPs i hej vindkraft
penetration scenarier. Den dynamiske frekvensrespons WPPs er realiseret som den
synkroniserende stremforsyning og inerti svar kontrol i denne athandling. Derfor er
vurderingen af dynamiske frekvensrespons udferelse af WPPs udfert. Et generisk
elsystemet model og en generisk WPP model med flere forskellige vindkraftprojekter
indtreengen scenarier gennemfores pd en RMS varktejskasse, som er udviklet til vinden

integrationsstudier.

For den inerti respons undersggelse bliver en ny kontrol foresldede metode, som
forbedrer de eksisterende kontrolbestemmelser begreber i forhold til at reducere den

frigjorte energi og peak aktiv magt WPPs. Det er ogsa vist, at nar evnen til WPPs



betragtes foresldede kontrol metode har mindre indflydelse pa elsystemet frekvens i
forhold til eksisterende styringskoncepter. En anden fordel ved den foreslaede inerti
respons regulator tuning metode, som kan anvendes som en generisk fremgangsmade

til enhver power system med hgj vindkraft penetrationen.

Desuden er en vurderingsmetode af synkroniseringssekvensen stremforsyning fra
WPPs udviklet til synkroniserende stremforsyning. De simulering Resultaterne viser, at
integration af WPPs har reduceret synkroniserende power flow mellem CPPs i hgj
vindkraft penetration scenarier. Desuden er kontrolmetoder til at stotte synkronisering

magt foreslaet og evalueret med den udviklede metode.
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Abstract

Electricity generation from wind energy has rapidly increased for the last five years
worldwide. In many countries, wind energy targets have been set in the range of 20%
to 50% of all electricity generation due to the concerns of CO, emissions, fossil fuel
costs, and energy efficiency. In order to maintain sustainable and reliable operation of
the power system for these targets, transmission system operators (TSOs) have revised
the grid code requirements. Also, the TSOs are planning the future development of the
power system with various wind penetration scenarios to integrate more wind power
according to their grid codes. In these scenarios particularly with high wind power
penetration cases, conventional power plants (CPPs) such as old thermal power plants
are planned to be replaced with wind power plants (WPPs). Consequently, the power
system stability will be affected and the control capability of WPPs would be

investigated.

The objective of this project is to analyze and identify the power system requirements
for the synchronizing power support and inertial response control of WPPs in high
wind power penetration scenarios. The dynamic frequency response of WPPs is
realized as the synchronizing power support and inertial response control in this thesis.
Accordingly, the assessment of dynamic frequency response performance of WPPs is
carried out. A generic power system model and a generic WPP model with various
wind power penetration scenarios are implemented in a RMS toolbox which is

developed for the wind integration studies.



For the inertial response study, a new control method is proposed which improves the
existing control concepts in terms of reducing the released energy and peak active
power of WPPs. It is also shown that when the capability of WPPs considered proposed
control method has less impact of the power system frequency compared to existing
control concepts. Another advantage of the proposed inertial response control has the
tuning methodology which can be utilized as a generic approach for any power system

with high wind power penetration levels.

Additionally, an assessment methodology of the synchronizing power support from
WPPs is developed for the synchronizing power support. The simulation results show
that integration of WPPs have reduced the synchronizing power flow between CPPs in
high wind power penetration scenarios. Moreover, the control methods to support

synchronizing power are proposed and evaluated with the developed methodology.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

As power systems have grown in size and complexity over the last century, power
system stability is an important concern for the power system operators to maintain the
equilibrium between generation and consumption. Since the power system is highly
nonlinear and vast, the classification of the power system stability is required to
understand the instability problems and to develop solutions to these problems
regarding the physical nature of the instability, the size of the disturbance, and the time
frame [1.1]. Frequency stability has been defined in this classification as the ability of
the power system to maintain steady frequency within a nominal range following a

major system upset [1.2].

From 1970s to 2000s, major frequency disturbances had been experienced resulting

serious system upsets (e.g. islanding situations or blackouts) led to investigate the

reasons of the frequency instability problems. For instance, following cases are selected
among these frequency disturbances:

e In England, during 1981 summer, due to the inadequate clearance of a temporary
line fault, there was an islanding condition for one part of the power system (South
West and South Coast of England) where load shedding occurred following
cascade tripping of lines. The islanded part of the power system experienced 47.3

Hz with a recovery as shown in Fig. 1.1 [1.3].
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Freque‘ncy (Hz)
4
A
50
Events
A West WeyBridge-Bramley No 1 Tripped
B B Canterbury-SittingBourne (137 kV) Tripped
C Load Tripped by L.F Relays set at 48.5 Hz
D Load Tripped by L.F Relays set at 48.3 Hz
49 E Load Tripped by L.F Relays set at 48.2 Hz
B F Load Tripped by L.F Relays set at 48.0 Hz
G Load Tripped by L.F Relays set at 47.7 Hz
48
47 - Tij
5 : o Time(s)

Time(s)
Fig. 1.1. Frequency deviation of isolated system in England after the cascade tripping

of lines (1981) [1.3]

e In France, on February 1985 [1.3], an incident started with tripping of six HV
transmission lines and caused twelve pole slips after the action of fast valving
systems. At the same time the frequency of the European system dropped to 49.6
Hz due to the lack of generation (Fig. 1.2).

Frequency
(Hz) A
52 Cruas-Tricastin Frequency
Area (Hz)
51 - / 50
49.9
50 ¥a A\ ﬂ A 498
W iAores »
49 49.6
Bugey Area 49.5
T T T - [ -
0 5 10 15 Time (s) 0 10 20 30 Time (s)

@ ®
Fig. 1.2. System frequency of France (a) and Europe (b) after the major frequency

disturbance in 1985 [1.3]
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e In small island systems, the frequency deviations are more serious than the cases
mentioned above due to low inertia of the power system. The Perth island
frequency dropped at a rate of 3.5 Hz/s and stabilized at around 40 Hz for 30 to 40
seconds. After the load shedding occurred a 300 kV transmission line was tripped
by flashover due to the overvoltage. The frequency declined further leading to
blackout.

e In Malaysia, on August 1996, due to a stuck breaker and incorrect protection
coordination 922 MW generation was lost. The frequency dropped to 49.1 Hz
during 3 seconds. Gas turbines with primary frequency control picked up rapidly,
however a number of them tripped out on either turbine temperature limit or
“flame out” resulting in 2143 MW loss of generation. After loss of generation, load

shedding was not sufficient hence, blackout occurred.

The major frequency disturbances were investigated by evaluating the ability of power
plants to ride through these disturbances, analyzing behavior of different power system
components, and proposing control and protection methods to improve the frequency

stability. The extensive summary of related studies is presented in [1.3].

In addition to the frequency stability studies, the rotor angle stability has been also
investigated in terms of synchronizing and damping power of synchronous generators
(SG). Due to lack of these components, the rotor angle instability limits power transfers
over long distances. Therefore, several methods have been developed such as fast fault
clearing, fast exciters, power system stabilizers, and the generator tripping. These

advanced angle stability control methods have been summarized extensively in [1.4].

Aforementioned power system stability problems are very complex in nature and
require extensive analysis of the power systems regardless of the size and structure.
Every power system component and controller should be modeled and simulated in
detail. Furthermore, in the last decade the power system stability has started to be
affected by the integration of wind power into power systems. Due to the low wind

power penetration level accommodated so far, the impact is not significant. However,
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for high wind power penetration levels, the analysis of the power system for the
frequency stability and rotor angle stability analyses should be broadened considering

the behavior and control capability of wind power.

Electricity generation from wind energy has rapidly increased for the last five years by
27.4% worldwide [1.5]. In many countries, wind energy targets have been set in the
range of 20% to 50% of all electricity generation due to the concerns of CO, emissions,
fossil fuel costs, and energy efficiency [1.6]-[1.8]. In order to maintain stable and
reliable operation of the power system for these targets, TSOs have revised the grid
code requirements [1.9]. Also, the transmission system operators (TSOs) are planning
the future development of the power system to integrate more wind power according to
the grid code requirements. In [1.6], the fundamental issue was defined as the
frequency stability after largest infeed loss (i.e. N-1 contingency). Additionally, the
impact of the severe network faults on the frequency and rotor angle stability was
investigated the as the next key issue in the wind integration studies. Accordingly,
various future wind penetration scenarios have been specified covering low level to
high level of wind penetration with low and high level of load [1.5], [1.10]. In the
scenarios with high wind power penetrations, conventional power plants (CPP) such as
old thermal power plants (TPP) are planned to be replaced with wind power plants

(WPP) [1.11].

The variable speed wind turbines (VSWT), which dominate the current wind industry
market [1.12], with converter-based grid interface provide decoupled, fast, and flexible
control of active and reactive power [1.13], [1.14]. However, due to this control
strategy, a VSWT does not have characteristics of a SG in terms of contributing to the
power system inertia and synchronizing power between CPPs. With integration of
WPPs employing VSWTs, the power system inertia becomes reduced for high wind
power penetration scenarios which include replacement of CPPs. Therefore, in the
future the frequency stability of power systems with high wind power penetration will
be affected adversely and the control capability of WPPs should be investigated to

enhance the frequency stability of the power system. Accordingly, the synchronizing
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power support from WPPs has not been addressed in detail by TSOs. Since there are no
mandatory requirements for both of the research areas, the power system requirements
should be addressed first for a given generic power system with appropriate

representation of WPPs.

1.2 Problem Formulation

In this thesis, two problems are addressed and investigated in accordance with the
power system stability studies mentioned above. The first problem is how to enable the
inertial response control of WPPs which may be a future code requirement for high
wind power penetration scenarios. The second problem is the investigation of the
synchronizing power change between remaining CPPs when some of the CPPs are

replaced with WPPs in high wind power penetration scenarios.

In order to solve the first problem, several control concepts have been proposed related
to the inertial response of VSWTs in the previous studies [1.15]-[1.25]. The derivative
control, which estimates the rate of change of frequency (ROCOF) with a low-pass
filter, is implemented to emulate the inherent inertial response of a SG [1.15]-[1.21].
The impact of the derivative control on the power system is studied without
considering the converter limitations of the VSWT in [1.15]. In [1.16], the influence of
the derivative control on the converter and generator limitations of the VSWT is
addressed and a novel control algorithm, which extracts the maximum energy from the
turbine, is proposed. However, the proposed control algorithm provides a pre-defined
temporary active power which is independent from the frequency deviation. In [1.17]-
[1.19], the inertial response control of the VSWT is improved by implementing primary
frequency control as an additional control loop. Further improvement for the DFIG
based VSWT is achieved by employing the generator slip control [1.20], and
coordinating WPPs with the CPPs’ frequency response [1.21]. Besides the derivative
control, the temporary frequency control, which is provision of an additional active
power for a certain time period after detection of the frequency deviation, has been
introduced [1.22]-[1.23]. The temporary frequency control response is determined with

respect to the frequency deviation in [1.22] or a predefined active power pulse in

5
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[1.23]-[1.25]. Similar to the derivative control studies, the capability of VSWTs is
evaluated for the temporary frequency control in [1.24], and evaluation results are
utilized to tune the parameters of the temporary frequency control in [1.23]. Briefly, the
previous inertial response control studies are focused on either capability of VSWTs or
simulation of the control concepts, however, without considering the power system
requirements for the inertial response. Additionally, the description of the methodology
for tuning the control parameters has not been mentioned in the previous studies. In
fact, the inertial response control should consider power system requirements and the
tuning methodology of the control concept should be developed according to power
system characteristics. Furthermore, in future grid code revision studies, a generic
inertial response control with the tuning methodology should be able to be used for

power systems with high wind power penetration.

About second problem addressed in this thesis, there are a few publications available in
the literature [1.26]-[1.28]. In [1.26], the rotor angle stability of the 39-bus test system
with high wind penetration (22%) was investigated for different active and reactive
power operating conditions of WPPs. The aim of the study was to determine the
interaction between the rotor angle stability and the active and reactive power control
strategies. Another study proposed a new control strategy to provide VSWTs the
synchronizing power capability similar to synchronous generators [1.27]. Finally, the
small signal stability and transient stability assessment were performed to analyze the
impact of increased DFIG-based wind turbines in [1.28]. The primary basis of the
method is to converted DFIG machines to round rotor SGs, then evaluate the sensitivity
of the eigenvalues with respect to inertia. However, the previous studies have not
mentioned directly the impact of the wind power on the synchronizing power between

CPPs.

1.3 Objectives

According to the reviewed discussions about the impact of the wind power on the
frequency stability and synchronizing power of CPPs, the main objective of this thesis

is to analyze the impact of high wind power penetration on the frequency stability and

6
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the synchronizing power between CPPs for identifying the power system requirements;
accordingly, to develop methods for WPPs’ contribution considering these power

system requirements.

The main objective can be divided into two sub-objectives; the first sub-objective is to
analyze the inertial response control requirements of a generic power system taking
into account the WPP capability and then to develop a control method which satisfies
these requirements. In order to reach this sub-objective, the previous inertial response
control concepts are analyzed to comprehend requirements for a generic power system.
The investigation results are employed to propose a new control concept with a tuning
methodology for the generic power system. Eventually, the aim of the proposed control
is to quantify the inertial response requirements from WPPs considering the VSWT
capability for a given power system. The proposed control concept determines the
inertial response profile, and the tuning methodology specifies the parameters of the

profile according to the power system characteristics.

The second sub-objective is to analyze the impact of WPPs on the synchronizing power
between remaining CPPs where the old CPPs are replaced by the WPPs. For the
analysis, a small generic power system is required to understand the synchronizing
power phenomena and a methodology is developed to assess the impact of WPPs and
also the contribution of the WPPs’ control methods to support the synchronizing

power.

In summary, to achieve the main objective the following objectives should be reached:

e to establish a generic power system model which accommodates various wind
power penetration scenarios to have the analysis platform with related operational
metrics;

e to derive appropriate models of wind turbines and WPPs is required for the wind
power integration studies particularly inertial response control;

e to develop and open source and flexible RMS toolbox for wind integration studies;
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e to assess the existing control concepts for the inertial response using the generic
power system and additionally to propose a new control method with a tuning
methodology that can be utilized to any power system with high wind power
penetration;

e to develop an assessment methodology for the impact of WPPs on the
synchronizing power between CPPs also the contribution of WPPs for the

synchronizing power support.

1.4 Scope and Limitations

The scope of this thesis is the analysis of the inertial response control and
synchronizing power support of WPPs consist of FC-VSWTs. The simulations
performed for the wind integration studies cover only symmetrical stead-state dynamics
of the power system (i.e. RMS simulations). The developed models are in the
frequency range of the RMS simulations. Additionally, the power -electronic

components and their fast inner current controllers are not included in the modeling.

For the frequency stability studies voltage dynamics of the CPPs (i.e. AVR) and WPPs
are also included to have realistic scenarios in the generic power system. WPPs are
operated at constant power factor control mode. In the analysis, the largest infeed loss
is considered as an N-1 contingency to observe a major frequency disturbance.
Moreover, to specify the power system requirements for the inertial response of WPPs
the simplified WPP model is employed without the aerodynamic and mechanical
dynamics of wind turbines. Later, with the aggregated WPP model the inertial response
control methods are assessed considering both the wind turbine capability and its
impact on the generic power system. WPPs consist of FC-VSWTs are modeled and
investigated. In the aggregated WPP model, the effects of WPP collector system and

different wind turbine conditions are not included.

Finally, in the synchronizing power analysis the severe faults (e.g. three-phase short

circuit fault) are not included and the control of wind turbines during these transient
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events is not modeled. Instead of the severe faults, the load increase is determined as

the disturbance to observe rotor angle deviations.
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1.6 Outline of the thesis

The introduction chapter is followed by the main body of the thesis which is organized

as follows:

In the second chapter, a brief overview regarding synchronizing power support and
inertial response control is presented for wind turbines and WPPs, which will be the

basis for the proposed control methods [P2], [P3].

In the third chapter, a generic power system model with various wind power
penetration scenarios [P5] are developed with generic WPP models [P6] including a
simplified and aggregated representation for wind power integration studies. The

developed models are utilized in the simulations of Chapter 4 and Chapter 5.

In the fourth chapter, the existing control concepts, which are summarized in Chapter 2,
are analyzed according to the defined operational metrics for the generic power systems
[P4]. Using the results of the analysis, a new control method is proposed considering
the power system requirements and the capability of the WPP. Consequently, the
proposed control method is compared with the existing control methods in terms of the

peak active power and released energy during the inertial response control [P6].

In the fifth chapter, the assessment of the WPPs’ impact on the synchronizing power
between CPPs is analyzed for high wind power penetration scenarios where CPPs are
replaced with WPPs. The analysis results are demonstrated by simulations and a
methodology which is based on the piecewise linear approximation of current
injections of WPPs and load flow equations. Furthermore, various control methods of

the synchronizing power support are proposed and assessed with this methodology.

The final chapter summarizes the conclusions of this thesis with discussions and the

recommendations for future work.
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Chapter 2
Synchronizing Power Support and Inertial

Response Control of WPPs, an Overview

2.1 Introduction

With the integration of the wind power plants (WPP), the power system stability is
going to be affected in the future for high wind power penetration scenarios [2.1], [2.2].
The stability analysis of conventional power plants (CPP) is defined in [2.3] and

consists of the following steps:

1. Modeling assumptions and formulation of appropriate mathematical models for the
time scales and phenomena under analysis
2. Appropriate stability definition

3. Simulations to determine the stability using a scenario of events

However, WPPs due to the wind turbine technology do not behave like CPPs, and
classical control methods to enhance the power system stability should be revised
considering the dynamics of WPPs. First, the impact of WPPs on the power system
stability should be investigated, accordingly the control methods of WPPs should be
proposed considering these impact studies for the stable and reliable operation of power
systems with high wind power penetration. Therefore, in this chapter, the rotor angle

and frequency stability studies regarding WTs and WPPs are summarized.
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2.2 Synchronizing Power Support, Overview

There are a few publications directly related to the synchronizing power support from
WTs and WPPs in the literature [2.4], [2.5]. Furthermore, flexible AC transmission
systems (FACTSs) control [2.6], [2.7], excitation control of CPPs, prime mover control
with fast valving, control of load and generator tripping [2.8] are investigated for the
rotor angle stability of power systems. In this section, starting with the definition of the
rotor angle stability, the impact studies of wind power penetration on the rotor angle
stability, and the control solutions of WTs and other power system equipments to the

rotor angle instability are reviewed.

Rotor angle stability refers to the ability of synchronous generators (SG) of an
interconnected power system to remain in synchronism after being subjected to a
disturbance [2.9]. It depends on the ability to maintain equilibrium between
electromagnetic torque (7,) and mechanical torque (7,,) of each SG in the system which
is represented in (1). This equation describes the source of the acceleration and
deceleration of SGs due to the imbalance between 7, and 7,,. Fig. 2.1 briefly illustrates

(2.1) and (2.2) for a SG with generator and power system dynamics.

2H ‘2—‘;’=Tm -T, (2.1)
% - Ao (2.2)

where H is the inertia constant, d is the rotor angle and Aw is the speed deviation.

Instability that may result occurs in the form of increasing angular swings of some
generators (J) leading to their loss of synchronism with other generators. Subjecting a
disturbance the equilibrium between 7, and T, is upset. SGs start to decelerate or
accelerate according to (1). If a SG rotates faster than another generator, the angular
position of its rotor relative to the slower generator will increase. This increase results
in change of the generators’ loading, and if the power system is stable, the speed and

the angular difference between the generators tend to reduce. Otherwise, the excess
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kinetic energy due to the rotor speed difference cause loss of synchronism that can

occur for one generators or a group of generators in a power system.

k
1

Tm Tacc 1 AW o
2Hs Tl os
Te
Machine
. Power
Electrical [ System |
Equations Y

T Disturbances

Fig. 0.1. Block diagram of synchronous generator electromechanical dynamics [2.2]

Following a disturbance, 7, can be characterized by two components according to rotor
angle and speed deviation; synchronizing torque and damping torque, respectively.
Since the rotor speed deviation is considered within a small range the terms can be
referred as synchronizing and damping power which are the components of electrical
power (P,) [2.8]. Since the damping power is outside the scope of the study, the studies

related to the damping power is not reviewed in this section.

In [2.4], the rotor angle stability of the 39-bus test system with high wind penetration
(22%) was investigated for different active and reactive power operating conditions of
WPPs. The aim of the study was to determine the interaction between the rotor angle
stability and the active and reactive power control strategies. First, the impact of active
power control for WPPs based on doubly-fed induction generator (DFIG) on the rotor
angle stability was presented using prony analysis for loss of generation contingency.
In the active power analysis, the case of WPPs with DFIGs operated at a fixed 0.95
capacitive power factor was compared to another case where WPPs are replaced by
equivalently rated SGs with exciter systems. As a result, in the capacitive DFIG
operated case, the burden on the CPPs increased in terms of providing large active

power output and increasing damping support. Second, the reactive power control
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strategies of the WPPs were varied to assess the impact on the rotor angle stability. The
cases varied in the simulations were the unity power factor control and terminal voltage
control of the WPPs. According to simulation results, the voltage control is better able

to damp power system oscillations that may lead to the rotor angle stability.

Another study proposed a control strategy to provide variable speed wind turbines
(VSWT) the synchronizing power capability similar to synchronous generators [2.5].
The auxiliary control loop was developed on the ‘flux magnitude and angle control’
(FMAC) which controls the position and magnitude of the rotor-flux vector to enable
the synchronizing power-angle characteristics of a synchronous generator. The
simulation results showed that providing the synchronizing power-angle characteristic
with the proposed control was possible, however it eliminated the beneficial transient-
power characteristics of the FMAC control such as better voltage recovery and

damping of the post-fault oscillations.

In addition to above mentioned studies, synchronizing power/torque analysis of
synchronous generators with FACTS are available in the literature [2.6], [2.7]. FACTs
have the capability of providing reactive power for rotor angle stability and also
voltage stability of the power system. While increasing the transient stability, FACTs
may decrease the damping of the power oscillations in power systems. Regarding the
synchronizing power analysis, the effect of the static VAR compensator (SVC) was
analytically explained in [2.6] for a simplified power system. The simplified power

system and the derived equation for the synchronizing torque are given as follows:

P
E,/d — E,/0
X, \Y% m X5
& I S
G
SvC
L

Fig. 0.2. Simplified Power System Model [2.6]
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Current equation at the connection point of the SVC:

i i0
LT S o3
JXi JX, Xy JX,
Current injection of the SVC:
a. o 1 0 Ve'®
I =X ————— V" +— (2.4)
XXX JX,
Ve = (X E, "+ X E ") /Xe (2.5)

Effective reactance of the power system with SVC:
Xe =(Xl +X2)+X1X2 (ai/Xi_ac/XC) (26)

With a constant voltage (V) control of SVC the effective reactance is:

1 2 2
X =— (XE) +(XE) +2EE X X cosd 2.7)
ey 172 271 127172
0
The power transfer from G1:
P:ElEzsiné/Xe (2.8)

Synchronizing torque coefficient is defined as:

_op

K = 29
Increase in the synchronizing torque considering SVC effect:
2
XX
AK =12 Eis +EE cosd| -1 (2.10)
’ Xe V() b2 Xe Xl + XZ

Both steady-state and transient stability limits for the synchronous generator was
increased by modifying the effective reactance (X,) of the power system with SVC. As
a result, implementing a fast voltage control with a SVC increased the synchronizing

power of the synchronous generator connected via long transmission lines.
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Similar to the analysis summarized above, [2.7] also investigated the SVC effect on the
synchronizing and damping torque and the power system steady-state stability. The

following equations were employed to analyze the synchronizing torque.

Ao (jo) = jo.AS(jo) @2.11)

AT (5)=K (5)A8(s) 2.12)

Replacing s with jw and substituting (12) in (11), it was obtained:

ATe (s)= Ke (5).A3(s) (2.13)
AT (Jo) = ATS (j©).Ad(s) + AT, (joa).A(ur (s) (2.14)
ATS (jo)=real (Ke (jo)) (2.15)

The contribution was the sensitivity analysis with varied operating conditions of the
synchronous generator and reactive power support from the SVC for different power
system oscillation frequencies. Consequently, SVC reactive power contribution through
the voltage control enhances the synchronizing torque coefficient. Better enhancement

can be achieved if the SVC is applied to the electric center of the power system.

An extensive summary was presented in [2.8] about the advanced angle stability
control. Feedback and feedforward controls for the rotor angle stability were reviewed.

Accordingly, examples of the stability controls are of many types including:

e Generator excitation control (e.g. automatic voltage regulator, power system
stabilizer)

e  Prime mover controls including fast valving

e  Generator tripping

e  Fast fault clearing

e High speed reclosing, and single-pole switching

e Dynamic braking
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e Load tripping and modulation

e Reactive power compensation switching or modulation (series and shunt)

e Current and voltage injections by voltage source inverter devices (e.g. STATCOM,
UPFC, SMES, battery storage)

e Fast voltage phase angle control

e HVDC link supplementary controls

e  Adjustable-speed (doubly-fed) generation

e Controlled separation and under-frequency load shedding

One of the statements in [2.8] is that for the rotor angle stability control, injection of
real power is more effective than reactive power regarding the energy storage (e.g.
superconducting magnetic energy storage or battery storage). The applications of
energy storage systems for damping of the power oscillations were also presented in

this study.

As a result of the overview, the impact of FACTs on the rotor angle stability are
addressed and quantified by the derived equations for the synchronizing power
analysis. The control solutions proposed and implemented for FACTs mainly focused
on voltage control. Consequently, the reactive power injection by the voltage control
enhances both steady-state and transient stability. However, the impact of the wind
power penetration on the power system in terms of synchronizing power flow between
CPPs was only studied by time domain simulations. For a given power system how the
penetration level changes the synchronizing power flows between CPPs and the
angular separation is affected with the integration of WPPs need extensive analysis and

simulations.

2.3 Inertial Response Control, Overview

Similar to rotor angle stability definition, frequency stability is defined as the ability of
a power system to maintain steady frequency after a disturbance resulting in a
significant imbalance between generation and consumption. It depends on the control
performance at the generation side and the protection settings at the consumption side.
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Generally, frequency stability problems are associated with inadequacies in power
system component responses, poor coordination of control and protection equipment,

or insufficient generation reserve [2.3].

In frequency stability studies, the system frequency response’s stages following a
disturbance are investigated. The power system progresses through the frequency
response stages which are described in Table 2.1. The frequency response stages
represent the response of SGs to frequency deviations without and with a control. The
first two stages in Table 2.1 describe the natural response of SGs (i.e. without control).
The last two stages on the contrary, describe the control responses by governor

controller in CPPs and automatic generation controller in power system dispatch center.

Table 2.1. Frequency Response Stages Following a Generation Loss [2.10]

Stage Impact Origin

1 | Electromagnetic Maintain synchronism Magnetic field of
energy release (synchronizing power release) synchronous

generator
2 | Inertial response Slow down ROCOF (providing Kinetic energy from
time for primary frequency control) | rotor

3 | Primary frequency | Bring frequency to a steady-state Frequency
control level responsive reserve

4 | Automatic Bring frequency back to its nominal | Contingency reserve
generation control | value

The first stage is described in the previous section. After this stage, the inertial response
stage has started immediately according to (2.1). During the inertial response stage, the
additional power comes primarily from the stored rotational energy in SGs. The change
of the active power depends on the H and dw/dt. The inertial response of a SG is
illustrated in Fig. 2.3. The dashed curve is the active power delivered from the
rotational stored energy and the dotted curve shows the active power given by the
primary frequency control after a generation loss. As an overall response the solid line

represents the active power output.
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The total inertial response of each SG determines the power system inertia.
Accordingly, the power system inertia determines the sensitivity of the system
frequency which indicates how fast and deep the system frequency deviates after a
disturbance. It is the resistance of power system with respect to the frequency
deviations after a disturbance (e.g. loss of generation or load). For instance, lower
system inertia (e.g. in isolated power systems) causes higher frequency deviation after a

generation loss.

Active Power Deviation (pu

0 5 10 15 20 25 30
Time (s)

Fig. 0.3. Frequency response of a synchronous generator after a generator loss or load

increase

On the contrary, variable speed wind turbines (VSWT) with power electronic grid
interface are insensitive to frequency deviations and therefore do not behave like CPPs
following a disturbance. The speed of the wind turbine is decoupled from the system
frequency due to the control strategy of VSWTs [2.11], [2.12]. Without any
supplementary control, WPPs based on VSWTs only control their active power output
according to the set value such as available or curtailed active power reference.
Therefore, WPPs can be realized as constant active and reactive power sources. With
integration of WPPs employing VSWTs, the power system inertia becomes reduced for
high wind power penetration scenarios which include replacement of CPPs. Therefore,

in the future, the frequency stability of power systems with high wind power
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penetration will be affected adversely and the control capability of WPPs should be
reconsidered to enhance the frequency stability [2.1], [2.2].

The wind power industry has focused on the inertial response capability of VSWTs in
the last five years [2.13]. Transmission system operators (TSO) have been working on
grid code requirements for implementation of a generic inertial response from WPPs
[2.14]. Although some reports and recommendations for future grid codes have been
published [2.15], there are no mandatory requirements at present. National Grid in UK,
ENTSO-E in EU, Red Electrica in Spain, and Hydro-Quebec in Canada have been
working on grid code requirements for the implementation of an inertial response from
WTGs mainly and WPPs. Table 2.2 summarizes the recent requirements and studies

from TSOs with the illustration in Fig. 2.4.

Table 2.2. Summary of the requirements and studies for inertial response from WPPs

TSO Requirements

Red Electrica df/dt control (future requirement)

Hydro Quebec | emulating a synchronous generator with H=3.5s

(draft grid code requirement)

National Grid similar to inertial response of a synchronous generator

(discussion and recommendation )

ENTSO-E similar to inertial response of a synchronous generator

(pilot grid code draft)

In this section, previous studies for the inertial response control of VSWTs and WPPs
are reviewed in terms of control approach and procurement of additional active power
[2.16]-[2.32]. The inertial response has introduced with different phrases such as
synthetic inertial response [2.14], [2.15], inertial response [2.16]-[2.18], inertia
emulation [2.19], [2.20], frequency control/response [2.21]-[2.26], short-term
frequency regulation [2.27], and temporary frequency control [2.28]-[2.31]. These

studies are reviewed in two parts; the first part discusses how to provide the additional
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active power from VSWTs regardless of the control approach. In the second part the

control methods are investigated.

Prnax Time of machine loss triggered by df/dt
9]
B3
(e}
o
)
+APgmax £ Active power decay to be
< proportional to the ROCOF
Af APy
—> 7+L » -KdS —> Pnom
- | \77 7|7 777777777777
[
-APgmax % |
d o | ref: ENTSO-E, National Grid UK
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Fig. 2.4. Recommendations and studies regarding inertial response of WPPs

When the inertial response is activated for a VSWT, the additional active power can be
released from:
1. Reserve active power (i.e. de-rated operation) [2.16], [2.18], [2.22], [2.25]
2. Kinetic energy of the wind turbine where the VSWT is operating at available
power, low wind speed [2.17], [2.19]-[2.21], [2.25], [2.26], [2.28]-[2.31]
3. Excess wind power where the VSWT is operating at high wind speed [2.21],
[2.23],[2.24], [2.27]-[2.31]
4. Energy storage employed in the VSWT [2.32]

If the reserve active power is used for the inertial response control, the operating point
should be different than the optimum operating point (i.e. maximum available power at
given wind speed). This can be done by setting a different pitch angle reference for the
pitch control (Fig. 2.5) or different rotor speed reference for torque/active power
control (Fig. 2.6). The drawback of this approach is that the mechanical dynamics of
the pitch control determines the inertial response performance. In Fig. 2.6, there are
two ways depending on the end point of the inertial response control (i.e. from A to B
or A to C). Furthermore, during the inertial response control implemented in Fig. 2.6,

the kinetic energy of the rotor has been also used. This approach is faster than the
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previous approach, also efficient by using kinetic energy. The VSWT is operated less

than the available power for both of the approaches thus spilling wind power.

e P
d Optimum (maximum) 4 .
power curve /. OP“m:‘;’ne'(_n(:S:\l:um) V.
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Fig. 2.5. Illustration of active power Fig. 2.6. Illustration of active power

reserve by setting different pitch angle reserve usage by setting different rotor
reference speed reference (e.g. A to B or A to C)

Kinetic energy stored in the wind turbine is hidden due to VSWT control strategy.
Therefore, with a supplementary control, the additional active power can be released to
the power system as illustrated in Fig. 2.7. In this approach, the advantage is the fast
performance of the inertial response control, however there will be a ‘recovery period’
after releasing the additional active power. The recovery period can be described as the
duration to recover its previous operating condition after releasing the additional power
when it is operating at available power due to deceleration of the wind turbine rotor
(Fig. 2.7). During this period, the active power output is reduced below the available

power (i.e. optimum power).

When the VSWT operates at high wind speed conditions (above rated wind speed), the
additional active power can be provided from the excess wind by overloading the
VSWT. This approach is illustrated in Fig. 2.8 where straight line represents the

available active power, dashed line is optimum rotor speed, and pitch angle is the
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Fig. 2.7. Illustration of releasing additional active power from kinetic energy of the

wind turbine

dashed line with dots with respect to different wind speeds. In this case, the recovery
period will not be observed due to high wind speed. The pitch angle is controlled to

capture the excess active power from wind.
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Finally, the energy storage is another option to enable the inertial response control
[2.32]. In this option, there can be several approaches such as energy storage control
with VSWTs at turbine level or control at the WPP level without including wind
turbine control. However, energy storage option is very expensive approach with

respect to previously mentioned approaches.

After reviewing the procurement approaches of the additional active power for the
inertial response control, the control methods are summarized in the rest of the section.
In the literature, several control methods are proposed to enable the inertial response of
WPPs [2.11]-[2.31]. These control methods can be grouped generally into two
categories according to response profiles [2.33]. The first method is the derivative
control based on rate of change of frequency (i.e. ROCOF or df/df). Accordingly, the
second method is temporary frequency control which is triggered by ROCOF or
frequency deviation (4f).

The derivative control method based on ROCOF was proposed to emulate the inertial
response of a synchronous generator [2.16], [2.18], [2.20], [2.21], [2.23]-[2.25], [2.27].
The control modifies the active power or torque set point by an additional active or
torque value based on (2.1). However, the derivative control is sensitive to the noise in
the frequency measurements. To solve this problem, a low-pass filter is added to the
control as shown in Fig. 2.9. However, the derivative control should be fast (order of
milliseconds) and it should not be affected by non-generation loss events (e.g.

switching incidents) that makes the appropriate filtering becomes challenging [2.13].

df/dt estimation dead band
f grid S df rid / d t AIDinertia + })ref
o ] *(?_>
1+T filterS o | T

Pnff’

Fig. 2.9. Block diagram of the derivative control
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The derivative control method can be modified by adding a droop control similar to
CPPs’ governor control. The droop control given in Fig. 2.10 improves the inertial
response behavior, but active power reserve is required in order to sustain the
frequency support. Another frequency support control was developed in Fig. 2.11 to
extract the stored kinetic energy from wind turbine when the operating point is higher

the optimum rotor speed (i.e. Fig. 2.6 from A to B) [2.18].

dead band

f nominal — Af i N
——> 7+L grid P e
A+ 1+Tdelays AP

Droop control droop

df/dt estimation dead band
fgrid o S dfgrid /dt‘ I ABnertia + X+ })ref
o 1+ Tﬁlters o l i +
Derivative control P

ref

Fig. 2.10. Block diagram of the derivative control with the droop control

Erolor

AP,

inertia

\J
=

Wind-rotor speed
look-up table

Fig. 2.11. Block diagram of the frequency support control to extract stored kinetic
energy [2.17]

In temporary frequency control, an additional active power is released temporarily after
detecting the frequency disturbance [2.19], [2.22],[2.24], [2.26], [2.28]-[2.31]. The
magnitude of the additional active power is determined in two ways; proportional to the
frequency deviation [2.19] or a predefined value (e.g. an active power pulse) [2.26],
[2.28]-[2.31]. The control provides additional active for a certain period of time faster

than the CPPs’ frequency response. The temporary frequency control with a ROCOF
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triggering is illustrated in Fig. 2.12. Moreover, it is mainly developed to test the
capability of VSWTs for the frequency support. When the disturbance or the operating
conditions of the power system has changed, the magnitude and duration of the
temporary frequency response should be changed by the WPP operator or TSO.
Otherwise, it may destabilize the power system providing less or more active power

without considering the frequency deviation and CPPs’ frequency response.

fg”id s | / enable signal APf@mp ABemp + R’ef*
—> > > >
1+ Tﬁllers / | <_>t T
temp

inertial r n ion -
ertial response detectio active power pulse

Fig. 2.12. Temporary frequency control with ROCOF triggering

2.4 Summary

To sum up, various inertial response control methods and procurement of the active
power for these control methods have been reviewed in this chapter. The previous
studies investigated either capability of VSWTs or simulation of the control methods’
performance; however without considering the power system requirements of the
inertial response control from WPPs. Additionally, the description of the methodology
for tuning the control parameters has not been mentioned in the previous studies. Only,
sensitivity analyses for the parameters of control methods have been conducted. In fact,
the inertial response control should consider power system requirements and the tuning
methodology of the control method should be developed according to power system
characteristics. Furthermore, in future grid code revision studies, a generic inertial
response control with the tuning methodology will be able to be used for power

systems with high wind power penetration.
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Chapter 3
Modeling for Inertial Response Control and

Synchronizing Power Support

3.1 Introduction

Beyond a certain level a wind power penetration into a power system poses challenges
regarding wind power control and stable power system operation. With the
advancements in wind turbine technology, wind power can offer capabilities for
ancillary services that can contribute to the power system stability (Chapter 2). It is
expected that these control capabilities will expand in the future with new
functionalities such as inertial response, power system damping, secondary voltage
control, etc. Thus, grid connection requirements of wind power are revised considering
the new functionalities. The ancillary services may play an important role especially in

power systems with high wind power penetration levels.

In order to identify power system requirements and investigate the impact of this
control capability on power systems, simulation studies must be performed on a generic
power system model including a WPP model with various power penetration scenarios.
Therefore, the generic power system model is developed with various wind power
penetration scenarios [3.1], accordingly WPP models (i.e. simplified and aggregated
WPP models) are developed and implemented in the generic power system model. This

section describes the details of the generic power system model and the WPP models

34



Chapter 3 Modeling for Inertial Response Control and Synchronizing Power Support

used in this thesis. Moreover, an RMS toolbox is introduced which is used to simulate

the generic power system and WPP models for the wind integration studies.

3.2 Power System Model [3.1]

Various power system models were proposed in the literature [3.2]-[3.4]. A simple test
system represented by a voltage source behind an impedance is proposed in Danish
grid code [3.2] to assess the stability of a wind turbine for symmetric three-phase faults.
However, this simple power system does not include the dynamics regarding the
frequency response, voltage control, and electromechanical oscillations. Furthermore,
for the inertial response and frequency control studies the average system frequency
(i.e. single mass) model is implemented in the literature [3.3]. The rotating masses of
all synchronous generators in CPPs are lumped as a single-mass; and governor controls
act on this single-mass. The single-mass model represents the frequency control
dynamics however neglecting the voltage variations and electromechanical oscillations.
Another simplified model comprising these two models’ behavior is implemented as a
single-bus model in the literature [3.4], where all the generating units are connected to
a single bus with their voltage and frequency controllers. In the single-bus model, the
voltage dynamics are limited due to the small electrical distances between the
synchronous generators. However, in order to cover the wind integration studies, which
comprise inertial response, power system damping control, and reactive power/voltage
control analyses, thoroughly, a multi-machine multi-bus power system model is

required with appropriate voltage and frequency controls.

A multi-machine multi-bus power system represents a HV transmission system. It has
the generation side modeled as CPPs and the consumption side modeled as lumped
loads at HV level. Different multi-machine multi-bus power system models that can
exhibit particular phenomena exist in the available literature, e.g. 9-bus system [3.5], 2-
area 4-machine system [3.6], 12-bus system [3.7], [3.8], and 68-bus 16-generator
system [3.8]. There are other power system models also available in the literature
however the aim is to develop a generic power system model, which should be generic

and adequate enough for the wind integration studies, among the reviewed models. It
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can be realized that the developed power system model should represent the

fundamental theory related to analysis without complex grid and test cases.

The 9-bus system [3.5] is not adequate to create various generation mixes, voltage
profiles and electromechanical oscillation modes. The 2-area 4-machine system [3.6]
has been developed for studying the theory of the small signal stability; however it is
not representing a realistic power system layout. The voltage profile of the 2-area 4-
machine system is relatively stiff due to small electrical distances between the system
buses and the radial and symmetrical system structure does not allow flexibility in
mode creation. The original 12-bus system [3.7], [3.8] was developed to test FACTS
devices and it is supporting small signal stability analysis. However, it does not include
a wide range of parameters and settings for CPPs. The 68-bus 16-generator system
[3.9] gives great flexibility in formulating system dynamics and enables approaching
realistic system behavior. However, due to the system size it is too complex to handle it

analytically in small-signal stability analysis or other wind integration studies.

The existing power system models described briefly are not able to accommodate wind
integration studies when they are used in their current form. For wind integration
studies, the wind power locations in the power system and different wind penetration
scenarios should be specified in detail. Moreover, the frequency stability studies
require a power system model with different conventional generation mix including
settings for governors as well as load variations. Inertial response control studies have
the similar requirements additionally with different wind power penetration scenarios.
Considering these model requirements, number of test cases can be defined in order to
impose disturbances such as line/generating tripping, step load change etc. and excite
different types of instabilities. By modifying the original 12-bus system, the generic 12-
bus system model is developed for the wind integration studies. The details regarding

the power system layout, CPPs, and loads are described in the following subsections.
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3.2.1 Generic 12-bus System Description

The layout (i.e. single-line diagram) of the generic 12-bus system is given in Fig. 3.1.
To demonstrate a realistic power system with the symmetrical stead-state dynamics
(i.e. RMS simulation), the following modifications are made to the original 12-bus

system:

e  Generator step-up transformers were sized accordingly to plants MV A capacities;
ratings for the autotransformers were matched with 345kV line rating. Also per-
unit values of impedances were slightly increased.

e Reactive power consumption at the load buses was reduced in order to maintain
adequate voltage profile within the limits for HV networks.

e Voltage set point of the AVR in generator 1 was lowered to the more reasonable
level of 1pu and for the rest of the generators, it was 1.01pu.

e Line parameters were adjusted to make a consistent set for the system. Length of
lines between Bus 2-5 and Bus 4-5 were adjusted to diversify the impact of a WPP
on the areas 1 and 3.

e Active power dispatch between the areas was adjusted to improve voltage profile
and to meet the N-1 contingency criterion. For the inertial response control studies,
N-1 contingency is defined as the largest infeed loss which is the trip of 200 MW
from G2 (connected to Bus 10 in Fig. 3.1).

o Loads were shifted from Area2 to Areal in order to balance power flow.

e Previous generation profile was re-defined. First, the infinite bus (Bus 1) was
replaced by a slack bus. A reference CPP, which is the biggest plant in the generic
12-bus system, was connected to the slack bus. Second, it was also decided to
change the generation mix from hydro dominated to thermal dominated as can be
found in most of European countries and US. Therefore, HPPs, which are
connected to Bus 9 and Bus 10, were replaced by TPPs.

e The detailed CPP’s model was implemented which includes the 5™ and 6™ order of
the SG models (i.e. for steam and hydro units respectively), the prime mover,

governor control, AVR, exciter, and PSS.
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Fig. 3.1. Single-line diagram of generic 12-bus system for wind integration studies

[3.1]

As a result of the above adjustments the generic 12-bus system has four areas; Areal is
the biggest thermal generation area with industrial and residential loads, Area2 is rich
hydro power generation with small amount of rural load, Area 3 is heavily industrial
load centre with thermal generation with possible wind power installation, finally Area
4 is very rich in wind resources but no other generation connected to Bus 5. With this
representation, the generic power system can also be linked to some countries like US,
UK and Germany as small scale power system. For example, in UK, area 4 is

representing offshore WPPs, area 2 is Wales, finally area 1 and 3 are the congested,

-100 MVAR

north-south generation regions of the country as shown in Fig. 3.2.
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3.2.2 Generic 12-bus System Base Case

Before proposing the wind power penetration scenarios, the base case scenario is
defined for the generic 12-bus system (Fig. 3.1). In the base case, voltage profiles and
load flows are balanced in order to represent steady-state operating conditions of the
generic 12-bus system with proper reactive power compensation. Bus voltages are
within the specified limits as £5% of the nominal value, and accordingly the generator
loadings (around 70%) and line loadings (around 50%) are within the acceptable limits.
N-1 contingency criterion is achieved except the tripping of the longest line between
Bus 7 and Bus 8. As a result of these considerations, the load flow results are illustrated
in Fig. 3.3. The parameters of the lines, transformers, shunt reactors, shunt capacitor

banks, and set points of CPPs and loads are given in [3.1].
From the load flow results the voltage profiles of the base case is shown in Fig. 3.4. In

addition to the load flow analysis, the stiffness of the system buses is evaluated by the

short circuit calculation, and presented in Fig. 3.5.
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Fig. 3.5. Short-circuit power levels of the

generic 12-bus system [3.1]

It can be observed that all voltage levels are within the limits of HV transmission

systems (£5%). Considering the short-circuit levels, the installed capacity of CPPs

without wind power is about 2 GW, thus the generic 12-bus system can be

characterized as a weak islanded system.
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3.2.3 Generic 12-bus System CPP Model

The CPP model is composed of two parts; the electrical part comprises the SG and
excitation system (i.e. AVR, exciter, and PSS) models, the mechanical part comprises

the prime mover and governor models. This structure is illustrated in Fig. 3.6.
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Fig. 3.6. Structure of a CPP model
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The SG model represents symmetrical stead-state electro-mechanical dynamics with
the differential and algebraic equations. The differential equations are in the two-axis
(d-q axis) rotor reference frame. These differential equations describe the damper and
field windings in terms of related currents and flux linkages. Further, the algebraic
equations transfer the stator currents from the rotor reference frame to the common
reference frame of the power system [3.10]. The differential and algebraic equations
are given in [3.1] with the parameters implemented in the generic 12-bus system.
Additionally, if a CPP consist of more than one SG, the aggregation approach is
applied and SGs are modeled as single SG.

The excitation system of CPPs provide direct current to SG field winding in order to
control voltage and reactive power flow, thus to enhance the power system stability.
The exciter provides DC power to the SG field winding, constituting the power stage of
the excitation system. Additionally, the AVR processes and amplifies voltage reference
signal to a level and form appropriate for control of the exciter. Most of the CPPs have

the PSS in their excitation system to damp power system oscillations by providing
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additional input signal to the AVR [3.6]. Excitation system models [3.5], [3.11]
implemented in the generic 12-bus system for CPPs are given in [3.1] with the related

parameters.

Finally, the prime mover and governor provide a means of controlling active power and
system frequency. The prime mover model represents the dynamics of the hydro and
steam turbines. Accordingly, the governor model provides the necessary mechanical
input signal to the prime mover in order to control the active power together with the
system frequency. The dynamics of prime movers and governors is very important for
the inertial response control studies of WPPs that are addressed in Chapter 4. The
generic 12-bus system has the flexibility to utilize different prime mover and governor
models which are grouped in three categories according to their performance. In Fig.
3.7, these different prime mover and governor models are illustrated in terms of system
frequency response for the largest infeed loss. In Chapter 4, Casel is employed to

investigate the inertial response control methods of WPPs.
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Fig. 3.7. Different frequency responses of generic 12-bus system with different prime

mover and governor models
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3.2.4 Generic 12-bus System Wind Power Penetration Scenarios

Various operational scenarios are considered for the generic 12-bus system model.
These scenarios reflect different wind penetrations into the power system. Two trends
in development of the power system have been considered. The first trend assumes that
the increased loads are covered by the increase of wind power while the installed
capacity of the CPPs is kept constant. This is a typical situation in countries with
incentives for wind power in the early stages of wind power development. For these
cases some levels of wind power penetration may require reinforcement of lines;
however no major changes in the network layout are expected. The second trend
assumes that the load will not change significantly, but new wind farm installations
would replace some for the existing CPPs. This is typically in countries where wind
power is reaching a relatively high penetration level e.g. more than 20%. A typical
example for this trend is Denmark where 50% of electricity demand is planned to be
covered from wind energy by 2025 [3.12]. Thus, the generic power system model can
accommodate wind penetrations from 0% (base case) up to 50% as shown in Table 3.1.
In these scenarios, the percentage of the wind power penetration is defined as the ratio
of the installed wind power capacity to installed conventional power capacity.
Additionally, the wind power penetration scenarios on the single-line diagram with UK

wind power installations are illustrated in Fig. 3.8.

Table 3.1. Wind power penetration scenarios in generic 12-bus system [3.1]
0% | 5% | 10% | 20% | 30% | 40% | 50%
CPPs (MW) 1480 | 1470 | 1470 | 1470 | 1260 | 1120 | 1020
Loads (MW) | 1450 | 1550 | 1650 | 1850 | 1850 | 1850 | 1850
WPP-1 (MW) 0 100 | 200 | 400 | 400 | 400 | 400
WPP-2 (MW) 0 0 0 0 200 | 200 | 200
WPP-3 (MW) 0 0 0 0 0 150 | 250
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Fig. 3.8. Mapping of wind power penetration scenarios on the generic 12-bus system

with UK wind power installations [3.1]

3.2.5 Generic 12-bus System Load Model

Since the stable operation of systems depends on the ability to continuously match the
active and reactive output of CPPs with the loads in the power system [3.6], load
representation is important for the power system stability studies, even more critical for
the wind power integration studies. Load models are different from the SG models and
more complicated due to the composition of large number of equipments in HV level.
Mainly, there are three types of load representation; static, dynamic, and induction
motor loads. The combinations of the different load types are also possible according to
load behavior [3.13]. In this thesis, for the inertial response control studies the load
model is expressed in terms of algebraic equations as the exponential static load types.
Only the voltage dependency is enabled in the load models, and they are not dependent
on the frequency. The active power demand of loads is assumed as constant power

behavior, and the reactive power demand of the loads is assumed as constant
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impendence behavior during the simulations in the generic 12-bus system. The load

models are given in the following formulations with the parameters [3.14]:

e_aP e_bP e_cP
p=plar| L | sop|L|  t(1-aP-bP)| L 3.1)
0 % v v

0 0

v e_aQ - e_bQ v e_cQ
Q=Q0 aQ{VJ +bQ[7J +(1—aQ—bQ)[7} (3.2)

0 0 0

where 1—aP—-bP=cP, 1-aQ-bQ=cQ, and the coefficients are aP=0, bP=0,
e _aP=0,e bP=0, a0=1, b0=0, e aQ=2,e bO=0.

3.3 Wind Power Plant Model

Models of wind turbines and WPPs have been developed in the literature for the wind
power integration studies with different modeling approaches [3.15]-[3.23]. The
developed models have been employed in harmonic, sub-synchronous resonance, short-
circuit, transient stability, frequency stability, voltage stability, and small-signal
stability analyses of power systems. One type of wind turbine or WPP model cannot
comprise all the dynamics in these studies, accordingly the most detailed model should
not be utilized for simpler analyses. Main focus in the modeling studies is to develop a
wind turbine model (e.g. fixed speed, variable speed with partial or full converter), and
further the aggregated and full WPP models have been proposed to perform wind
integration studies. Although, both wind turbine and WPP models have not been
standardized yet, the IEEE and IEC working groups are working on this issue [3.17],
[3.24].

In this section, a simplified WPP model and an aggregated WPP model based on a full-
converter VSWT (FC-VSWT) with a permanent magnet synchronous generator
(PMSGQG) are developed and employed to investigate the inertial response control and
synchronizing power support in the generic 12-bus system. First, the simplified WPP

model is proposed to simulate the overall WPP behavior for high wind speed

45



Dynamic Frequency Response of Wind Power Plants

conditions (i.e. above rated wind speed). Second, the aggregated WPP model is
proposed to capture the aerodynamical and mechanical features for the inertial response

control studies.

3.3.1 Simplified Wind Power Plant Model

In a WPP, mainly there are two control layers; one of them is the WPP control level as
a centralized and high level control, and the other level is the wind turbine control as
distributed and individual control. The performance of the overall WPP is both
dependent on these control levels. If the aim of the wind integration studies is to
investigate the impact of WPPs on the frequency and transient (i.e. synchronizing
power studies) stability or to specify the power system requirements, the overall WPP
can be represented as a first order time delay. With this representation the WPP is
treated as one single fast generation unit. It is assumed that all the wind turbines
operate at high wind speed conditions and the inner current control loops of the full-
converter are very fast compared to the power control loops. The simplified model (or
PQ source model) is shown in Fig. 3.9 and is employed in the simulations of Chapter 4
and Chapter 5. Further improvements can be made by implementing current limits of
the wind turbine converters and utilizing the aerodynamical and mechanical dynamics

of the wind turbine into the simplified model [3.23].

rate limiter
B RWPPi R ,
Oy — (B JOer " 1 e
. —ll Vece 1+ Tiwpps
PCC

Fig. 3.9. Block diagram of simplified WPP model

3.3.2 Aggregated Wind Power Plant Model based on FC-VSWT

In order to propose an aggregated WPP model, first a generic FC-VSWT model is
implemented which expresses the acrodynamical and mechanical dynamics of a generic
wind turbine with the electrical and control dynamics of PMSG and FC. Including

these dynamics the performance of the inertial response control can be investigated in
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the generic power system (Chapter 4). Similar to the CPP model described above, there
are three parts in the generic FC-VSWT model developed in this section. The first part
is the wind turbine model which is the generic utility-scale multi-megawatt turbine
(NREL 5MW) model adapted from [3.18], [3.19]. The second part is the electrical
model of the PMSG and FC (MSC and GSC) which are developed with the author of
[3.25]. Finally, the third part is the control structure of the FC model. The overall block
diagram of the FC-VSWT is given in Fig. 3.10.
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Fig. 3.10. Overall block diagram of FC-VSWT model

In the wind turbine model, the kinetic energy extracted from the wind is modeled using
the algebraic equations of the rotor torque (7,,,) and the thrust force (¥,). The T,,, and F,

equations [3.19] are defined as

T = 52— PRV, o) (3.3)
()]

rot
T
F, = EpRszfCT(x,B) (3.4)

where p is the air density, R is the rotor radius, V,,, is the effective wind speed on the
rotor, Cp is the power efficiency coefficient, and Cr is the torque efficiency coefficient.
As in the formulations above, the Cp and Cr from the lookup tables [3.18] are both
dependent on tip speed ratio (1) and blade pitch angle (f). In Fig. 3.10, the 'wind

turbine aerodynamics' block comprises the above formulations.

The pitch control limits the active power at the rated value for high wind speeds. The
pitch control is not enabled all the operation range, however a control logic activates
only during the certain operating conditions such as, de-rated active power operation

(Pset*<Pm,-,able) and cases with above the rated generator speed (@gen<®,qreq) [3.19].
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Furthermore, the drive-train is represented as a two-mass shaft model with spring and

damping constants. The formulations of the drive train are expressed as follows:

. 1 .
(Dt - 2H (Tm _esthh _esh Dshj 3-5)
t
. 1 .
wg = 2H (Te _esthh _esh Dshj (3-6)
g
=0 -0 3.7

sh 1 g
The aerodynamic and mechanical dynamics of the wind turbine are represented
adequately to observe the 'recovery period' with the aforementioned blocks (i.e.
formulations). The recovery period can be described as the duration to recover its
previous operating condition after releasing an additional power when it is operating at
available power due to deceleration of the wind turbine rotor. Moreover, the active
power reference (P, is generated in the 'maximum power tracking' block by
calculating the available active power (P,uiiasie) from the pre-defined torque-speed
lookup table [3.18]. Fig. 3.11 presents both the torque-speed lookup table, and the
relationship between the wind speed and Pguiape, tespectively. Therefore, P, is
selected as the minimum of the external active power set value (Py,;) and P, iape- All
these modeling considerations are implemented in the 'maximum power tracking' block

given in Fig. 3.12.
Steady-State Operation Curves

Generator Speed-Generator Torque Wind Speed-Available Active Power

1 1.2
508 !
~ = Pbase=5MW
o 3 base’
2 06 g o8 Vnasase=11.4m/s
S 3 06
5 [N
s 04 : . ®
5 Thase=43093.55Nm £ 04
S Wgen base=123rad/s <
o 02 0.2

0 H H H i 0

06 0.7 0.8 0.9 1 02 04 06 08 1 12 14 16
Generator Speed (pu) Wind Speed (pu)
(@) (b)

Fig. 3.11. Pre-defined operation curves of FC-VSWT; (a) generator speed to torque

curve [3.18], (b) wind speed to available active power curve
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Fig. 3.12. Maximum power tracking block diagram

In the control structure of the FC-VSWT, the active power and the PMSG AC voltage
are controlled with the machine-side converter (MSC) and the reactive power and the
DC-link voltage are controlled with the machine-side converter (MSC). The inner
current control loops of MSC and GSC are neglected, since the inner current control of
the full-converter is very fast for the inertial response control studies (i.e. in the order
of milliseconds [3.24]). The control dynamics of DC-link voltage and active power
control are important for the inertial response control, thus the PI control loops retain in
the FC control. Finally for the electrical model of the FC-VSWT (i.e. PMSG, MSC,
and GSC), simplifications are made in order to reduce the computation time and
complexity. The steady-state algebraic equations are implemented for the PMSG, MSC
and GSC, additionally the DC-link is implemented as a differential equation to
represent the charging of the capacitor [3.25].

The developed FC-VSWT model is utilized for the behavior of aggregated WPP model
to investigate the inertial response control. The aggregation approach is simply
modifying the base value of a single turbine to get overall WPP response [3.26]. The
park layout of the WPP is not included in the aggregation approach, since the voltage
variations at the wind turbine connection point are of no interest for the inertial

response of the overall WPP performance in Chapter 4.
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3.4 Validation of Aggregated WPP Model with RISO Model

Active and reactive power control performance of the developed aggregated WPP
model based on FC-VSWT is compared with another aggregated model developed in
RISO [3.16], [3.27]. The simulation results are shown in Fig. 3.13. The compared WPP
models are not in the same structure such as the active power control of FC is
implemented for the MSC in the developed model and the GSC in RISO model.
Accordingly, the DC-link voltage control is also different between the models.
However, the dynamics of the active power is not significantly different between the
models (Fig. 3.13 (a)). For the reactive power control performance, there is a
significant disturbance between the models due to the measurement point of the
reactive power (Fig. 3.13 (b)). According to the simulation results presented below, the
electrical model and control structure of the developed model can be used for the

inertial response control studies.
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Fig. 3.13. Comparison of the performance of the developed and RISO WPP models; (a)
step change in active power, (b) step change in reactive power

3.5 RMS Toolbox

For the simulations performed in Chapter 4 and Chapter 5, the generic power system
and WPP models described in the previous sections are implemented in the RMS
toolbox, which is developed in MATLAB/Simulink. The aim is to develop an RMS
simulation platform for the wind integration studies. The RMS toolbox is open source

and flexible in terms of implementing control methods for the WPPs. The other power
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system simulation software toolboxes have their advantages and limitations according

to the related power system analysis.

The power system simulations are generally solutions of the differential and algebraic
equations. The models of the CPPs and WPPs with their controls and the dynamic
loads are represented by a set of differential equations (3.8), and the rest of the power
system describing the grid, the static loads, and the algebraic equations of the generator

is described in (3.9).

3c=f(x,y) (3.8)

0=g(x,y) (3.9
To solve these two sets of equations in order to define the electromechanical states of
the power system at any time instant with the bus voltage magnitudes and angles in the
RMS simulations. There are two approaches solving the differential algebraic equations
[3.28]:

e  Partitioned-explicit (PE) method,

e  Simultaneous-implicit (SI) method.

In the PE method, the differential equations are solved using numerical integration with
the algebraic equations being solved separately. On the contrary, the SI method uses
the numerical integration to convert the differential equations into algebraic equations
which are formed overall power system model together with the network algebraic
equations. In order to solve the algebraic equations, Newton-Raphson method is used at
each time step. In the RMS toolbox the PE method is chosen and employed. The
differential equations are solved by the differential equation solver (i.e. variable-step
solver) of MATLAB/Simulink, and the implemented network solver handles the

algebraic equations.

The PE method can be summarized as follows:
Stepl: Solve the initial load flow to initialize the states (X,) in the differential equations

Step2: After initialization, at t=t, make a disturbance in the system
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Step3: Keeping the initial states constant solve the network algebraic equations to get
the bus voltage magnitudes and angles

Step4: Using the bus voltages at t=t,t+At integrate and solve the differential equations
for Xyg+a¢

StepS: Go to Step3 and solve the network algebraic equations to get the bus voltage
magnitudes and angles for t=t+At

Step6: This loop is repeated until the desired time has been reached (t<max. time).

The above mentioned steps are illustrated as a flow chart in Fig. 3.14. As an example,
after a disturbance applied to the generic power system, the states are assumed constant
during the following time step since the differential variables cannot change
instantaneously. Using the previous state variables, the algebraic equations comprised
of the network and stator equations are solved algebraically (at Step 4) in the current-

balance form [3.27].

3.6 Summary

In this chapter, a generic power system model has been developed with various wind
power penetration scenarios. Therefore, the developed power system model is realized
as a realistic power system and is utilized for the wind power integration studies,
particularly inertial response control studies conducted in Chapter 4. Accordingly, WPP
models have been proposed in order to assess the impact on the generic power system
and to develop new control methods considering the assessment results. The simplified
WPP model is employed in the generic power system to demonstrate generic power
system requirements for the inertial response control and synchronizing power support.
It is the starting point of the investigations and high level control can be utilized with
this model to analyze the impact on the power system dynamics. However, for the
inertial response control studies the WPP model should comprise aerodynamic and
mechanical dynamics of the wind turbine that have important impact on the power
system frequency. Therefore, an aggregated WPP model based on FC-VSWT has been
developed and the validation of the model is done with limited simulation results. Since

the standardization of the models for both wind turbines and WPPs is still under
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development, the developed models in this section are sufficient for the frequency
stability studies (Chapter 4). On the other hand, the validity of the models should be
improved further for the short-circuit fault (i.e. FRT). In Chapter 5, the synchronizing
power support study is kept limited without considering the short-circuit fault cases.
Consequently, all the developed models are implemented in the RMS toolbox which is
developed in MATLAB/Simulink with the authors of [3.1]. The aim is to create an
open source and flexible simulation platform for wind power integration studies. The

developed RMS toolbox is also validated with DigSilent Power Factory software.
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Fig. 3.14. Simplified algorithm for the PE method
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Chapter 4

Inertial Response Control of Wind Power Plants

4.1 Introduction

The frequency stability is reviewed in Chapter 2 with the inertial response control
methods of WPPs which are proposed in the previous studies [2.16]-[2.32]. This
chapter begins with analyzing these control methods to comprehend the requirements
of the generic power system described in Chapter 3. The assessment of the analysis
results is based on the operational metrics defined for the generic power system.
Moreover, these results are employed to propose a new control method with a tuning
methodology which has not been mentioned in previous studies. Eventually, the aim of
the proposed control is to quantify the inertial response requirements from WPPs
considering the VSWT capability for a given power system. The proposed control
method determines the inertial response profile, and the tuning methodology specifies
the parameters of the profile according to the power system characteristics. Finally, the
proposed control method performance is compared with the existing control methods

proposed in the previous studies.

4.2 Analysis of Inertial Response Control Methods
4.2.1 Operational Metrics for Inertial Response Control of WPPs

Operational metrics are critical to assess the impact of wind power penetration on
power systems and the performance of the inertial response control methods. In the

generic power system the operational metrics are defined for the largest infeed loss (i.e.
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a critical N-1 contingency). These metrics are chosen from the GC requirements of
TSOs and the studies regarding the frequency stability. TSOs have defined GC
requirements for the frequency stability to keep the power system frequency in the
limits to protect the power system equipments (e.g. SGs, motors, transformers, and

distributed generation).

One of the well-known metric is the maximum frequency deviation or in other terms
minimum frequency point (i.e. frequency nadir). This metric is very important with
respect to the frequency stability of the power system and management of the CPPs’
frequency control (i.e. performance of the primary and secondary control and
coordination of the reserves). The value of the metric is 800 mHz in 50 Hz systems
[4.1] and 900 mHz in 60 Hz systems [4.2] due to the under-frequency load shedding
limits. For the analysis in this chapter, the operational metric is defined as 0.016 pu in

50 Hz base.

The second metric is the maximum ROCOF value employed for islanding detection
relays in the MV distributed generation. These relays can measure ROCOF following a
disturbance and once the threshold value is exceeded after a detection time, a trip signal
is initiated. The initiated signal trips the distributed generation to protect the
equipments during islanding. This protection scheme is defined as a passive method to
detect islanding conditions [4.3], [4.4]. The threshold value for maximum ROCOF is
dependent on the power system and varies from 0.3 Hz/s to 2 Hz/s (e.g. Hawaii:0.37
Hz/s, Ireland:0.5 Hz/s, New Zealand:0.75Hz/s, ENTSO-E: 2Hz/s) . Additionally, the
detection time of the relays varies from 50 ms to 500 ms in 50 Hz systems [4.3].
Considering these values, the second metric is defined 0.008 pu/s (i.e. 0.4 Hz/s in 50
Hz) with 200ms.

Finally, the third metric is selected as the time to reach the minimum frequency point.
The minimum frequency point and the time to reach this point are determined by the
energy released during the inertial response stage. The time to reach the minimum

frequency point has an influence on the frequency response stages. Thus, it affects the
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management of the frequency control such as primary and secondary frequency
performance and their reserve. In this chapter, the value is chosen as 4.68s due to the
simulation result for the base case (20% wind penetration case) following the largest

infeed loss in the generic power system.
Abovementioned operational metrics are summarized in Table 4.1, and used for
assessing the impact of the wind power penetration and the performance of the inertial

response control methods.

Table 4.1. Operational metrics for the generic power system

Operational Metric Ranges/Values Remarks
max. dynamic 0.016pu Load shedding frequency
frequency deviation (=800mHz in 50 Hz) limit

1 . . .
(or min. frequency (1 Hz) with a margin
point) (200mHz)

5 | max. df/dt with 0.008 pu/s with 200ms | ROCOF relay settings for
a given detection time | (=0.4Hz/s in 50 Hz) distributed generation

3 time to reach the min. | 4.68s Not to exceed the time
frequency point (20% wind scenario) simulated for the base case

4.2.2 Existing Inertial Response Control Methods

As described in Chapter 2, there are several control methods which enable inertial
response from WPPs. The first control concept is the derivative control which
calculates the ROCOF and with a gain modifies the active power reference (4P;,er4i4)-
Since the derivative control is sensitive to the noise, a low pass filter is added to the
control method. Moreover, it may be further supported by a dead band. However, the
derivative control should be quite fast and not be affected by the non-generation loss
events (e.g. switching of transmission lines) that makes the appropriate filtering
becomes challenging [2.15]. The block diagram is illustrated in Fig. 4.1 and the
parameters of the control are summarized in Table 4.2. To conduct sensitivity analysis,

Hypp values are selected from the literature for the given range.

59



Dynamic Frequency Response of Wind Power Plants

ROCOF estimation dead band

fg id S dfg d/dt I APinertia
7i T ri y.
1+T SfilterS > I %

Fig. 4.1. Block diagram of derivative control

Table 4.2. Parameters of derivative control

Parameter Name | Unit | Parameter Value | Remarks
Hypp [s] 3.5,5.3,13.4,28.3 |Similar to SG inertia constant
Thtser [ms] |20 Low pass time constant
Dead-band [Hz/s] |+0.05 To reduce the activity of the control

The second inertial response control method is the temporary frequency control which
enables an active power pulse (4P, for a certain time (#.,,) after detection of the
disturbance. In this chapter, 4P, is varied for the sensitivity analysis of the temporary
frequency control to investigate the impact on the power system frequency. The
detection of the frequency disturbance is similar to the control blocks of the derivative
control (i.e. ROCOF estimation and dead-band blocks). The block diagram is

illustrated in Fig. 4.2 and the parameters of the control are summarized in Table 4.3.

f grid s I / enable signal - ABemp Angm-a
—_— L
1+T filterS / I

inertial response detection

ttemp

active power pulse

Fig. 4.2. Block diagram of temporary frequency control with ROCOF triggering

Table 4.3. Parameters of temporary frequency control

Parameter Name | Unit | Parameter Value | Remarks
AP oy [pu] 0.05,0.1,0.2,0.3 |Magnitude of the active power pulse
Liemp [s] 2,3,5 Duration of the active power pulse
Thtter [ms] |20 Low pass time constant
Dead-band [Hz/s] [+0.05 To reduce the activity of the control
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In order to utilize the control methods in the generic power system, the simplified WPP
model (i.e. PQ source model), which is described in Chapter 3, is implemented in the
simulations (Fig. 4.3), and the parameters for the sensitivity analysis is summarized in
Table 4.4. The aim of the sensitivity analysis is to determine which parameters of the
inertial response control method and the WPP model has an impact on the operational
metrics. As mentioned in Chapter2, this model is valid only for high (i.e. above rated)
wind speed conditions. Therefore, the inertial response requirements of the generic

power system can be specified to improve the inertial response control.

rate limiter
R@/ + A})inel'tia RWPP o 1
J—é Q:~g/' [ B‘Cf *ijef ref - 1 ﬂ»
% Vece 1+ Twpps
pcc

Fig. 4.3. Block diagram of simplified WPP model for sensitivity analysis (Chapter 3)

Table 4.4. Parameters of simplified WPP model

Parameter | Unit Parameter Remarks
Name Value
Rywpp [pu/s] 0.1,0.5, 1 Rate limiter of the active power
reference
Tywpp [s] 0.025, 0.125, 0.25 [Performance of the overall WPP
active power control

4.2.3 Need for Inertial Response Control

The generic power system has been developed with the wind power scenarios which
vary from 0% to 50% penetration levels. The details of the wind power penetration
scenarios have been given in Chapter 3. In this section, the impact of these wind power
penetration on the frequency stability of the generic power system is investigated in
terms of the defined operational metrics. The disturbance is assumed as the largest

infeed loss (i.e. 200 MW).

Fig. 4.4 indicates that the wind power penetration levels higher than 20% do not

achieve the operational metric 1. For 40% and 50% wind penetration levels, the
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minimum frequency point even reaches lower values exceeding the trip limit of load
shedding relays. Accordingly, when the effect of the time constant of the WPP (Typp) is
considered, there is no significant change in the minimum frequency point as shown in
Fig. 4.5. For the 50% wind penetration, the slowest response (7ypp=0.25s) gives 10

mHz improvement. Thus, the response time of the WPP active power control does not

have substantial impact on the minimum frequency point.
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Fig. 4.4. System frequency of the generic
power system following the largest infeed
loss for different wind power penetration

Fig. 4.5. Impact of Typp on the minimum
frequency point for different wind power
penetration scenarios

scenarios (Typp=0.025s)

The impact of wind power penetration on the maximum ROCOF of the power system
at 200ms after the disturbance (operational metric 2) is illustrated in Fig. 4.6. The wind
power penetration is restricted due to the ROCOF relay settings and thus Typp affects
the wind power penetration level. If a WPP has faster response (i.e. lower Typp), it will
quickly recover to its pre-disturbance operating condition and the ROCOF will be
smaller. In order to increase the wind power penetration level, there are two possible
solutions: the first solution is to change the settings of the ROCOF relays, and the
second solution is to enable inertial response control from WPPs. Therefore, in the
generic power system for high wind power penetration scenarios which comprise
replacement of CPPs, there is a need for the inertial response control from WPPs with

respect to the simulation results regarding operational metric 1 and 2.
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Further investigation is performed for the impact of Typp on the time to reach minimum
frequency point (operational metric 3). The simulation results are given in Fig. 4.6. The
difference between the fast and slow response is 30ms for the 50% wind penetration
scenario. Following the largest infeed loss, WPPs regulate their active power output
with Typp value and due to this response time, the frequency control of CPPs is affected
just after the disturbance. However, the effect is minor and can be neglected as given in

Fig. 4.6.

4.71

47 et N -
N \ ~N : — - = Twpp=0.025s
469F - \ \\ i [EEEREEES D Twep=0.125s |'|

A4B8 - \.\'f cevieis ] — — Twep=0.25s |. |

Time to reach minimum frequency point (s)

4- i i i i i
0 100 200 400 600 750 850
Wind Power Penetration (MW)
Fig. 4.6. Impact of TWPP on the time to reach minimum frequency point for different

wind power penetration scenarios

When the CPPs’ active power outputs are considered in terms of primary frequency
control response, the used primary frequency reserve until the minimum frequency
point is illustrated in Fig. 4.7. Up to 20% wind penetration level, the primary frequency
response of each CPP is not changing significantly. However, for 30%-50% wind
power penetration scenarios, activated primary frequency reserve from G1 and G2 is
decreasing due to the replacement of the generating units (i.e. 2 units in G1 and 1 unit
in G2). For G3 and G4, the activated primary frequency response is increasing due to

increased maximum frequency deviation (Fig. 4.4).
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Fig. 4.7. Activated primary frequency reserve of CPPs at the minimum frequency point

4.2.4 Sensitivity Analysis of Derivative Control

In the previous section, need for the inertial response from WPPs is described in detail
with the simulation results. According to results, above 20% wind power penetration,
frequency response of the system is exceeding the operational metric 1. Moreover, in
40% and 50% wind penetration scenarios, the operational metric 2 is also exceeded.
The first inertial response control method, the derivative control, is investigated by
performing the sensitivity analysis with the parameters Hypp, Typp, and Rypp for all the
wind power penetration scenarios. For the simulations, each time only one parameter is
varied and the other parameters are kept constant. The simulation results regarding only
40% and 50% wind power penetration scenarios are summarized to assess the impact

of the derivative control.

4.2.4.1 Impact of Derivative Control Gain (Hypp)

In this section, the effect of Hyppis investigated in terms of the operational metrics for
the 40% wind power penetration. Hpypp represents the inertia constant of a SG.
Accordingly, in the derivative control, the Hypp value determines how much additional
active power is released from the WPPs following the largest infeed loss. Hence, this
released power changes the ROCOF and the minimum frequency point. The effect on
the power system frequency is illustrated in Fig. 4.8. When the Hypp value is increased,
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the minimum frequency point is increasing as expected and achieving the operational
metric 1 where Hypp value is close to 28.3pu. The important remark is that the ROCOF
does not change immediately due to active power drop at the PCC point of the WPPs at
the instant of the largest infeed loss (Fig. 4.9). After the loss of the largest infeed, the
reactive power flow has been changed in the generic power system, and the voltage at

the PCC point of the WPPs has been reduced, thus the active power poutput of WPP.
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Fig. 4.8. SystemTlmet("sr:)quency for Fig. 4.9. Active powal:r;e (;;:;nge of WPP-1
different ~ Hypp  values  where at Bus 5 during 200 ms after the loss of
Tywpp=0.025s and Rypp=0.1pu/s the largest infeed for different Hiypp
values where Twpp=0.025s and
Rywpp=0.1pu/s
The ROCOF results are given in Fig. 4.10. It can be noticed that during the 200ms after
the loss of largest infeed, the ROCOF has not been changed due to active power and
voltage drop at the PCC point of the WPPs. Therefore, Hypp does not affect the
operational metric 2 when Ry pp is 0.1pu/s. Thus, Rypp also specify the performance of
the active power control. This is very important consideration while determining the
derivative control parameters according to the power system requirements (i.e. ROCOF
relay settings) and the WPP parameters (i.e. Rypp). The active power output of the
WPP also shows the reason of the impact of Hypp on the ROCOF (Fig. 4.11);
difference between the active power outputs of WPP-1 for different Hypp values starts
after 500 msec. following the disturbance. Moreover, the additional active power
provided by the WPPs during the inertial response control varies between 5% and 15 %
of the rated power which is in the pre-defined interval (i.e. 0.1pu to 0.3pu control

output).
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For the last operational metric, the simulation results of the time to reach the minimum

frequency point are summarized in Fig. 4.12 with different Hypp values. The time

increases while the additional active power provided by the WPPs is increased. The

reason is shown in Fig. 4.13 as the active power change of the G3. When the additional

active power is increased by Hypp, the governors of CPPs detect the frequency drop

slowly and increasing their mechanical power slowly as well. Thus, the minimum

frequency point is delayed in time.
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frequency point for different Hypp values
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When the CPPs are replaced by the WPPs, the inertial response of these CPPs is
considered to be transferred to the WPPs by the derivative control. However, if the
replaced generating units are providing primary frequency control, this solution is not
enough. Fig. 4.14 shows the total energy released from the WPPs for different Hypp
values and compared it to the calculated replaced inertial energy. The red straight line
indicates the replaced inertial energy of the generating units (i.e. one unit from G1 and
one unit from G2). From Fig. 4.12, even in the case of Hypp=3.5pu the released energy
is sufficient compared to the replaced inertial energy. However, in Fig. 4.8 the
minimum frequency point of the derivative control with Hypp=3.5pu does not achieve
the operational metric 1. Consequently, implementing the derivative control is not a
solution itself, the active power drop at the PCC of the WPPs and the replaced energy

of the primary frequency control should be taken into account.

4
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3 L
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15 Replaced inertial energy: 1.023 pu.s
0 3.5 5.3

13.4 28.3
Hwep (pu)
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Fig. 4.14. Comparison of the total released energy from WPPs where 7ypp=0.025s and
RWPPZO. lpLI/S

4.2.4.2 Impact of WPP Rate Limiter (Rypp)

Rypp can represent a grid code requirement (e.g. ramp rates defined for the active and
reactive power control of WPPs) or the active power control limitation for WTGs [4.5].
In this section, the effect of the Ryppis investigated in terms of the operational metrics

for the 40% wind power penetration scenario.
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Fig. 4.15 shows the frequency response of the generic power system where the Hypp
value is kept constant at 28.3pu, and Typp is 0.025s. In the figure, the minimum
frequency point is not affected significantly by Rypp variation however; the time to
reach this point has been changed. Fig. 4.16 illustrates this impact of Rypp. The reason
is that the energy released from WPPs is increased when the Rypp value has increased,

therefore the time to reach minimum frequency point is delayed.
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For the operational metric 2, the ROCOF during the first 200ms after the largest infeed
loss is given in Fig. 4.17. With the chosen Hypp (28.3pu) and Typp (0.025s) values, the
operational metric 2 is achieved for every values of the Rypp due to faster WPP
response (7ypp=0.025s). In Fig. 4.18, the additional active power output of WPPs is
presented as 17%, 8%, and 2% to keep the ROCOF values at 0.37Hz/s, 0.29Hz/s, and
0.19Hz/s respectively. These results provide critical information how much and how
fast the inertial response of WPPs should act in terms of not to trip ROCOF relays in
the MV distributed generation. Additionally, the WPPs with Rypp>0.5pu/s and
Tywpp=0.025s performs better inertial response performance than the CPPs’ inherent

inertial response in the base case (20% wind penetration scenario).
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The impact of Rypp on the active power output of CPPs is shown in Fig. 4.19. For the

value of Rypp equals to 0.1pu/s, the magnitude

of the power oscillations is less than the

cases where Rypp equals to 0.5pu/s or 1pu/s. Therefore, selecting a high gain and a high

rate limiter for the derivative control can destabilize the power system due to the small

signal stability. Consequently, when the total released energy from WPPs is considered

in Fig. 4.20, the lowest energy is obtained with the lowest Rypp. However, the

frequency minimum point is almost same with different times to reach this point while

Rypp value is varied. This result indicates that the amount of energy should be

determined considering the time to reach the minimum frequency point together with

the minimum frequency point.
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4.2.4.3 Impact of WPP Time Constant (7ypp)

According to the modeling assumptions made in Chapter 3 for the simplified WPP
model (i.e. PQ source model), Typp represents the overall WPP active and reactive
control performance as a first order time delay. This assumption is sufficient to analyze
the impact of the inertial response control of the WPP which operates at high wind
speed on the power system. In this section, the impact of the Typp is investigated in

terms of the operational metrics for the 40% wind power penetration.

Fig. 4.21 presents that the minimum frequency point is not significantly affected for
different Typp values. Additionally, the impact on the time to reach this minimum
frequency point is shown in Fig. 4.22, thus there is no major difference (approximately

250ms) obtained by varying the Typp values.
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Twpp with high Rypp value such as 1 pu/s has an impact on the ROCOF as seen in the
Fig. 4.23 due to the active power output of the WPPs shown in Fig. 4.24. For all the

cases given in the following figures, operational metric 2 has been achieved.
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By changing the performance of the WPP active power control (i.e. varying Tyep),
CPPs’ active power outputs have been affected such as the magnitude of the power
oscillations increase when the Typp is decreased. The simulation result for the active
power output of G3 is given in Fig. 4.25, and as stated before the small signal analysis
is required for inertial response control studies in order to not to disturb the modes in
the power system. Additionally, the energy released during the inertial response from
WPPs (Fig. 4.26) is not changed significant amount as expected from the simulation

results of the minimum frequency point (Fig. 4.21).
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4.2.5 Sensitivity Analysis of Temporary Frequency Control

The temporary frequency control (Fig. 4.2) of WPPs is simulated in the generic power
system with the parameters specified above (Table 4.3) for all the wind power
penetration scenarios. Since the sensitivity analyses of Rypp and Typp are performed in
the previous section, parameters of #.,,, (duration of the active power pulse) and 4P,
(magnitude of the active power pulse) are analyzed in this section. Accordingly, the
simulation results regarding 40% and 50% wind power penetration scenarios are

summarized for assessing the impact of the temporary frequency control.

4.2.5.1 Impact of Active Power Pulse Duration (t:.,)

The impact of ¢,,, on the power system frequency is illustrated in Fig. 4.27. When the
temp value has been increased, the minimum frequency point increases as expected and
satisfying the operational metric 1 where #,,, value is close to 5s. On the other hand,
changing #.,,, does not affect the ROCOF, while the ROCOF value is kept below the

operational metric 2 limit as shown in Fig. 4.28.
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In Fig. 4.27, if the t,,, value equals to 5 s, the minimum frequency point is close to the

operational metric 1 defined in Table 4.1. However, after this point a second small dip

in the frequency occurs. The reason of the frequency dip is that when the inertial

response control ends its action at t=7s, the system frequency starts to increase by the
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governor action of CPPs. The active power

4.29 and Fig. 4.30, respectively.
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outputs of WPP1 and G3 are given in Fig.
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Fig. 4.31 presents the correlation between #.,, and the time to reach the minimum

frequency point for simulated values of #.,,,. Although the correlation seems linear, the

time to reach the minimum frequency poin
of the inertial response control. Also, this
energy increases with #,,,. The total releas

for simulated values of #,,,.
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4.2.5.2 Impact of Active Power Pulse Magnitude (4Pcp)

The effect of the active power pulse magnitude (4P,,) is illustrated for the power
frequency in Fig. 4.33. When the 4P, value is increased (while keeping #.,,,=2s), the
minimum frequency point increases as expected. However, with this #.,, value, the
temporary frequency control does not achieve the operational metric 1. It can be easily
noticed that after t=4s, the ROCOF is reduced due to the decrase in 4Py, Fig. 4.34
describes how the WPP1’s active power output changes according to the temporary
frequency control with different AP, values. In Fig. 4.33 and 34, the 4P,,,, value for
0.3pu is not presented due to the rate limiter value. Thus, the active power output
cannot reach the additional 0.3pu during 2s. Additionally, the results for ROCOF are
the same with the results of previous section (sensitivity analysis of t.,,), because Rypp
and Typp have not been changed in the simulations in this section (7ypp=0.025s and

RWPPIO. 1 pu/S).
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Fig. 4.33. System frequency for different Fig. 4.34. Active power ouput of WPP-1
AP oy values where tempy=2s, at Bus 5 for different different AP,
Tywpp=0.025s, and Rypp=0.1pu/s values where f,,,=2s, Typp=0.025s, and

RWPP:O. IPU/S

Fig. 4.35 shows the correlation between t,.,,, and time to reach the minimum frequency
point. The results are again similar to the results obtained in the previous section.
Accordingly, when the released energy from WPPs during the inertial response has
been analysed, the amount of the total energy cannot be considered as a requirement in
order to achieve the operational metric 1. The total energy, when AP, equals to 0.2pu

and temp equals to 2s, is higher than the energy which is given in the previous section as
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AP ey 1s 0.05pu and t,,,, is 5s. However, in the first case the minimum frequency point

is lower than the second case. The results are presented in Fig 36 and 37, respectively.
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Fig. 4.35. Time to reach the minimum frequency point for different AP,,,, values where

tiemp=28, Twpp=0.025s, and Rypp=0.1pu/s
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Fig. 4.36. Comparison of the total released
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values where #,,,,=2s, Typpr=0.025s, and
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In the simulation results presented above, the ., value is kept constant at 2s, and the

sensitivity analysis of APy, is performed. Moreover, the #.,,, value is considered as 5s,

and the simulations are repeated. The simulation results in Fig. 4.38 can be found

undesirable for the frequency response of the generic power system. The power system

has experienced double dip in the frequency, as the frequency goes up to the quasi-
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steady state and the inertial response control completes its action. This is due to the
lack of feedback loop of the temporary frequency control from the power system. The
pre-defined power pulse without considering the power system frequency and ROCOF

causes undesirable frequency dips similar to disturbances in the power system.

1.005

S 0.995
2
$ 099
=}
o
o
[V

00985 F - AN Y et . .

X/ no inertial response
: B 20% wind penetration

: 40% wind penetration

..| = APemp=0.05 pu, tremp=5$|
— — APiemp=0.1 pU, tremp=5'§
"""" APiemp=0.2 pU, tremp=5 s
— - = APiemp=0.3 pU, tremp=5

0.98 fovverreety

0.975 L L L
0 5 10 15 20 25 30
Time (sec)

Fig. 4.38. System frequency for different 4P, values where t,,=5s, Typr=0.025s,
and Rypp=0.1pu/s

4.2.6 Summary of Sensitivity Analysis of Existing Inertial
Response Control Methods

Performance of the first control method, the derivative control, for the inertial response
of WPPs is dependent on the parameters such as Hypp (derivative control parameter),
Rypp and Typp (WPP active power control parameters). Thus, the impact of the
derivative control performance on the generic power system should be assessed in
terms of these parameters to achieve the pre-defined operational metrics (Table 4.1).
The following conclusions are obtained from the simulation results of both 40% and
50% wind penetration levels:

e  Hypp has an impact on the minimum frequency point (operational metric 1) and

time to reach this point (operational metric 3).
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Rypp has an impact on the ROCOF following the disturbance within 200ms
(operational metric 2) and the time to reach the minimum frequency point
(operational metric 3).

Twpp has an impact on the ROCOF following the disturbance within 200ms
(operational metric 2) only.

Replacement of CPPs should be realized not only providing the inertial response
but also compensating the replaced primary frequency control by WPPs.
Therefore, released energy for the inertial response control of WPPs should cover
the energy of the replaced primary frequency control until the time to reach the
minimum frequency point.

Selecting proper Rypp and Hypp values WPPs can perform better than CPPs. The
inertial response control of WPPs has the advantage of the programmable inertia
by changing these values.

High Rypp and Hypp values increase the magnitude of power oscillations in the
generic power system. The derivative control should be tuned properly considering
the small signal stability of the power system. Hence, the response of the active
power control with inertial response control should not disturb the poorly damped
modes in the power system.

By using the simplified WPP model (i.e. PQ source model, Chapter 3), the
ROCOF during 200ms after the largest infeed loss has been affected due to the
voltage drop at the PCC point of the WPP. The accurate WPP model comprising
the voltage and frequency dynamics of the power system should be utilized for the

inertial response control studies.

In addition to the conclusions stated above, the simulation results are summarized in

Table 4.5 and Table 4.6 for the 40% and 50% wind power penetration scenarios,

respectively. The operational metrics are represented as ROCOF (ROCOF at 200ms

after the largest infeed loss), f,;, (minimum frequency point), ¢, (time to reach the

minimum frequency point), and Eypp. (total released energy from WPPs during the

inertial response, 100MW base). Additionally, P,....wpp; (peak active power output of

WPP-1 connected to Bus 5), and Pg2pgms-wep; (active power output of WPP-1 connected
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to Bus 5 at 200ms after the largest infeed loss) are added for further information. The

highlighted values in gray are the cases which do not achieve the operational metrics.

Table 4.5. Summary of the assessment of the derivative control for 40% wind
penetration scenario

40% Wind Power Penetration Scenario

Hwpp Rywpp Twep ROCOF finin tmin | EwpPtotat | Pmax | P@200ms-
(pw) (pu/s) (s) WPP1 WPP1
0.25 0.42 48.96 | 4.76 - - -
0.25 0.42 48.96 | 4.76 - - -
0.1 0.025 0.38 49.02 | 5.32 0.93 1.047 1.016
35 0.25 0.42 49.03 | 5.27 0.88 1.046 | 0.985
! 0.025 0.33 49.02 | 5.36 1.02 1.048 1.045
0.25 0.38 49.03 | 5.34 1.00 1.048 1.008
0.1 0.025 0.38 49.05 | 5.58 1.31 1.066 1.016
53 0.25 0.42 49.06 | 5.54 1.23 1.060 | 0.985
1 0.025 0.31 49.05 | 5.68 1.50 1.067 1.063
0.25 0.37 49.06 | 5.67 1.45 1.064 1.021
| 0.025 0.38 49.13 | 6.50 2.54 1.111 1.016
13.4 ’ 0.25 0.42 49.14 | 6.33 2.32 1.100 | 0.985
1 0.025 0.23 49.14 | 6.95 3.36 1.127 1.120
0.25 0.34 49.15 | 6.87 3.21 1.117 1.048
0.1 0.025 0.38 49.22 | 7.71 3.91 1.150 1.016
283 0.25 0.42 49.22 | 7.37 3.48 1.132 | 0.985
: 0.025 0.20 49.24 | 8.97 6.11 1.185 1.164
0.25 0.34 49.25 | 8.72 5.73 1.169 1.048
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Table 4.6. Summary of the assessment of the derivative control for 50% wind
penetration scenario

50% Wind Power Penetration Scenario

Hwep (pu) | Rwep Twep | df/dt | fiin timin Ewpp- P nax- P @200ms-
(pu/s) (s) total WPP1 WPPI

0.025 | 0.44 | 48.84 | 4.74 - - -

0.25 048 | 48.83 | 4.76 - - -

0.1 0.025 | 042 | 4891 | 542 1.16 1.054 1.015

35 0.25 0.47 | 48.93 | 5.38 1.08 1.055 0.979

1 0.025 | 0.36 | 48.92 | 549 1.28 1.055 1.047

0.25 0.43 | 48.93 | 5.50 1.23 1.058 1.006

0.1 0.025 | 042 | 4895 | 5.76 1.61 1.072 1.015

53 0.25 0.47 | 48.96 | 5.76 1.48 1.069 0.979

1 0.025 | 0.33 | 48.95 | 5.89 1.87 1.075 1.065

0.25 0.41 | 48.97 | 5.92 1.79 1.075 1.019

0.1 0.025 | 042 | 49.05 | 6.84 | 3.05 1.114 1.015

13.4 025 | 047 [49.06 | 6.62 | 275 | 1.103 | 0979

1 0.025 | 0.24 | 49.06 | 7.39 | 4.14 1.137 1.120

0.25 | 038 | 49.08 | 7.29 | 3.91 1.125 1.042

01 | 0025 [ 042 [49.15 [ 823 | 466 | 1.145 | 1.015

783 025 | 047 | 49.15 | 7.74 | 407 | 1.128 | 0.979

1 0.025 | 0.20 | 49.18 | 9.69 | 7.45 1.200 1.162

0.25 0.38 | 49.20 | 9.37 | 6.90 1.170 1.042

The assessment of the derivative control method for inertial response has revealed the
requirements of the generic power system with high wind power penetration scenarios.
The need for the inertial response from WPPs is required for the wind penetration
levels above 30%. The simulation results have showed that for 40% and 50% wind
penetration levels the generic power system exceeds the limits of the operational
metrics. The reason is the replacement of the CPPs by WPPs which do not have inertial

response and primary frequency control action.
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According to the simulation results given in Table 4.5 and Table 4.6, the following
figure specifies the requirements of the generic power system (i.e. active power profile
of the WPPs’ inertial response control) in order to achieve the operational metrics for

high wind power penetration scenarios.

Active Power A
AP '} / *, (Optional part of the response)

dP/dt ramp-y
P l dP/dt ramp-down

AE inertial response

Pnom

-
-

Trault detect ~ tROCOF min Time (s)

Fig. 4.39. Graphical representation of the generic power system requirements for the

derivative control

The description of the parameters given in Fig. 4.39 is specified as follows:

®  fnu time instance of the fault (e.g. largest infeed loss)

e P, nominal power of WPPs

®  tuwe detection time for df/dt control (covering active power recovery time of
WPPs)

o dP/dt,mpp: increase rate of active power (related to ROCOF relay settings)

®  frocor: detection time setting for ROCOF relays

e AP, maximum additional active power from WPPs to limit ROCOF

o dP/dt,ump-aom: decrease rate of active power (e.g. ROCOF of the power system)

o AEuerial response: €nergy released from WPPs during the inertial response

® ., time to reach the minimum frequency point

The parameters obtained from the simulation results above are given in the following

table:
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Table 4.7. Summary of the assessment of the derivative control for 50% wind

penetration scenario

Parameters Values Explanation

tdetect <50ms Detection time + recovery time of WPP

dP/dtamp-up 0.35pu/s | Ramp-up rate to reach 4P, in order to limit the
ROCOF

trocor 200ms Detection time setting of ROCOF relays

AP0 5% Additional active power increase at fpocor to limit the
ROCOF

AP/t amp-down <ROCOF | Ramp-down of the inertial response control action

AL ertial response 5 pu.s Released energy during the inertial response (at 100
MW base)

taetects AP/Atvamp-up trocor, and AP, are determined from the simulation results in order
to achieve operational metric 2. ... is dependent on the frequency measurement and
the ROCOF calculaiton. dP/dt,,,.,, 1S determined by the generic power system,
replaced CPPs, fieer, trocor, and AP,,. Additionally, 4P, is dependent on the
ROCOF relay settings. dP/dt.qmp-aown can be selected as the ROCOF of the generic
power system by detection or smaller than the ROCOF as pre-defined value. AE;, i
response 15 defined as a result of the simulations. However, it can be calculated from the
inertial response and the primary frequency control of the replaced generating units of
CPPs. Consequently, these requirements and related parameters are going to be

employed to propose the new inertial response control method for WPPs.

Similar to the assessment of the derivative control method, the second inertial response
control method, which is the temporary frequency control, is also evaluated according
to the operational metrics. Performance of the temporary frequency control is
dependent on f,, and 4Py, parameters together with Rypp and Typp. The temporary
frequency control is implemented as an open loop control which releases a pre-defined

active power pulse triggered by ROCOF. The triggering event can be also defined in
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terms of frequency deviation or combined consideration of voltage deviation,
frequency deviation, and ROCOF for the future implementations. Accordingly, the
detection time (fze.;) for these implementations has an effect on the minimum
frequency point as given in the Fig. 4.40. In Fig. 4.40 (a), the #,...; value is varied from
0Os to 2s when 4P, is 0.05pu and ¢, is 2s. As a result the minimum frequency point
is increased when the detection time is increased. On the contrary, if the #,, value is
chosen as 5s (4Py.,,=0.05pu) and the same detection times are employed, the minimum

frequency point will decrease (Fig. 4.40 (b)).
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Fig. 4.40. System frequency for different t4... values where t,,=2s, 4P,,,,=0.05pu,
Twpp=0.025s, Rypp=0.1pu/s (a) and t,o,=5S, AP,,=0.05pu, Typp=0.025s, Rypp=0.1pu/s
(b)

The following conclusions are based on the simulation results given above for the

temporary frequency control:

e The released energy during the inertial response control does not determine the
operational metrics especially the minimum frequency point 1 directly How this
energy is delivered during the inertial response control should be taken into
account for the power system.

e The releasing of the energy for inertial response should be considered and
separated into two parts; in the first part, the additional active power value is
determined by the ROCOF relays to limit the ROCOF. The duration of this

additional active power can be determined with respect to the power system
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disturbance (or ROCOF). For the second part, the additional active power will be
ramped down with the ROCOF of the power system (or less than ROCOF), in
order not to disturb the power system such as a secondary frequency dip.

e For the delays of the detection time further investigation is required.

4.3 Improved Inertial Response Control

Based on the conclusions obtained from the sensitivity analysis of the existing inertial
control methods, an improved inertial response control concept is proposed in this
section. The design of the inertial response control is explained in the following
sections in two steps; in the first step the background of the proposed control, the pre-
designed implementation of the inertial response control, and the sensitivity analysis of
the pre-designed inertial response control. In the second step, considering the
simulation results of the pre-designed control the inertial response control is improved.
Thereafter, the following section describes the tuning methodology of the proposed
control. This section is very critical for a power system to implement the proposed
inertial response control and has not been mentioned in the previous studies. The
proposed control and its tuning methodology can be utilized for the generic inertial

response control of any power system with high wind power penetration.

4.3.1 Pre-designed Inertial Response Control

The way of providing energy for inertial response control should be considered in two
parts. The first part should be related to the boost of the additional active power. It
should be fast and the magnitude of this active power is determined by the operational
metric 2 in order not to trigger ROCOF relays, where the ramp-up rate of the active
power can be determined with respect to the power system disturbance (i.e. ROCOF for
the given generation loss). Moreover, the second part should consider both the duration
and the ramp-down rate of the additional active power to achieve the operational metric
1 (the minimum frequency point). The duration and the ramp-down rate should be
tuned in order not to disturb the frequency response of the power system for instance

with a double dip in the system frequency.
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In addition to above considerations, following a generation loss or a load increase (i.e.
low frequency events) the ROCOF is maximum and the frequency deviation (Af) is
minimum. At this time instant, the WPP should provide an immediate active power
boost not to trip the ROCOF relays considering the detection time and the performance
of the active power control loop. Furthermore, at the time instant when the minimum
frequency occurs, the mechanical power supplied from the CPPs is equal to electrical
power of the total load in the power system. On the contrary to previous statement, at
this time Af is maximum and ROCOF is minimum (=0). These considerations are

determined particularly by the operation of a CPP which is illustrated in Fig. 4.41.
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Fig. 4.41. Tllustration of mechanical and inertial power deviations of a CPP with the
system frequency deviation following a generation loss

Improved control method for inertial response of WPPs should provide additional
energy to the power system taking into account aforementioned considerations and the
behaviour of a CPP presented in Fig. 4.41. The following design criteria are going to be

employed to propose the new improved inertial response control concept:
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e The control should temporarily release an additional energy dependent on the
dynamics of the power system frequency (e.g. ROCOF, Af).

e The control should comprise two components; the first component increases the
active power output of the WPP using the ROCOF signal (similar to the df/dt
control). However, the gain of this component is not required to be as high as in
the derivative control. The second component is a droop control similar to the
primary frequency control of a CPP, however in this component the value of the
droop is varying. The reason of the variable droop is to minimize the released
energy compared to the existing inertial response control methods.

e  The control should coordinate the energy provided by two components; derivative
control and droop control.

e The control should provide less energy compare to the derivative and temporary
frequency control methods in order not to force unnecessarily the WPP and
decrease the recovery time when the aerodynamical capability is considered.

e The control should not cause any instability such as a double dip in the power

system frequency.

These design criteria are transformed into the control block diagrams as illustrated in
Fig. 4.42. In this figure, the first component is similar to the derivative control, but in
this case, the gain of this component is less and determined in order not to trip the
ROCOF relays or in other words to achieve the operational metric 2. The second
component is similar to the primary frequency control of CPPs, however in this case it
represents a droop control with a variable gain to provide an additional active power
temporarily during the inertial response. In this study, this control action is defined as
‘variable-droop’. The variable-droop control is enabled by an external signal, which
can be triggered by dfg/dt or Af,.q using a dead-band. After enabling the variable-
droop control, the droop value starts to increase, and is multiplied by Af,.q, then added
as APyuproop 10 AProcor in Fig. 4.42. During the ramp-up period of the variable-droop
control, APgocor signal starts to decrease due to the declined df,,;/dt signal. Thus, the
released energy during the inertial response is minimized compared to the existing

control methods by coordinating the two components of the proposed control. Besides
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releasing less energy, the variable-droop control is based on Af,,;, signal, which is
easier and more reliable to detect compared to df,.«/dt signal. Taking the derivative of
the power system frequency is challenging due to filtering of the noise. Another
advantage is that, the variable-droop control represents a fast frequency control action
with a smooth ramp-down rate which does not affect the power system frequency

adversely.

—»(-1 wpp
d.fgrid / dt inertia
Variable | T
Y B Y
grid . " VarDroop
Enable®  Ttve
signal T ~~~~~~ TD"”’”

Fig. 4.42. Pre-designed inertial response control

4.3.2 Sensitivity Analysis of Pre-designed Inertial Response

Control
The simplified WPP model and the pre-designed inertial response control in are
implemented together in Fig. 4.43. The parameters (Rypp, Twpp, Hwpp, Kproop, and
Tproop) are swept with predefined values which are given in Table 4.8 for each wind
power penetration scenarios in the generic power system to perform the sensitivity
analysis. The simulation results are assessed according to the operational metrics. In
this section, the sensitivity analyses of Hypp, Kproop, and Tp,,, are presented for the

40% and 50% wind power penetration scenarios.

rate limiter
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> ; 1, 1,
df;m / dt A})RO(‘OI-‘ + Aanm i Q“‘/ — {PM V'IQY/] ! » ! "
% Vpce 1+ Twpps
Pcc
Variable
A f; B » Droop A Pn’f

VarDroop
Enable
signal

Fig. 4.43. Simplified WPP model with pre-designed inertial response control
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Table 4.8. Parameters of simplified WPP model and pre-designed control

Parameter Unit Parameter Value | Remarks

Name

Rypp [pu/s] 0.1,0.5,1 Rate limiter of the active power
Twep [s] 0.025, 0.125, 0.25 | Performance of the overall WPP
Hypp [pu] 5,7.5,10 Similar to SG inertia constant
Kbroop [pu] 5,7.5,10 Gain of the variable-droop control
Tproop [s] 7,9,11 Duration of the variable-droop

4.3.2.1 Sensitivity Analysis of Inertial Response Gain (Hypp)

The effect of the Hypp, which is the inertial gain of the first component of the pre-
designed inertial response control, is investigated in terms of the operational metrics for
the 40% and 50% wind power penetration scenarios. Hypp represents the inertia
constant of a SG similar to the derivative control. However, in this control structure,
the Hypp value has an impact on how much additional power is released from a WPP in
order not trip the ROCOF relays in the distributed generation. Hence, this released
power affects ROCOF directly and has less impact on the minimum frequency point
(due to small Hypp value). Furthermore, the impact on the frequency of the generic
power system is illustrated in Fig. 4.44. Also, similar considerations are valid that was

obtained for the derivative control.
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Fig. 4.44. System frequency for different Hypp values where Rypp=1pu/s, Typp=0.025s,
Kproop=5pUu, and T'p,o,,=9s for 40% and 50% wind power penetration scenarios
ROCOF is given in Fig. 4.45 for 200ms following the disturbance. It can be noticed

that during this time, ROCOF has been changed and come close to the CPP inertial
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response for different Hyypp. Therefore, Hypp affects the operational metric 2 when the
Rwpp value is 1pu/s on the contrary to results found in derivative control section. This is
a very important point to tune the inertial response gain of pre-designed inertial

response control according to the power system requirements (i.e. ROCOF relay

settings).
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Fig. 4.45. ROCOF during 200ms after the largest infeed loss for different Hypp values
where Rypp=1pu/s, Typp=0.025s, Kpep=5pu, and Tp,e,,=9s for 40% and 50% wind
power penetration scenarios

The reason of differences in plots given Fig. 4.45 is presented in Fig. 4.46 as the active
power output of the WPP-1. The released active power by the inertial response
component (i.e. the first component) is elevated when the Hypp value is increased. The
P, value is not changed significantly for different Hypp values in both of the
scenarios however, the overall response of the WPP looks like a rectangular shape as in
the temporary frequency control. In order to tune the Hypp value not only is the
operational metric 2 taken into account but also overall response of the WPP should be

considered.
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40% Wind Penetration Scenario 50% Wind Penetration Scenario
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Fig. 4.46. Active power ouput of WPP-1 at Bus 5 for different Hypp values where
Rypp=1pu/s, Typp=0.025s, Kpoop=5pu, and Tp,,,,=9s for 40% and 50% wind power
penetration scenarios

The time to reach the minimum frequency point (operational metric 3) for the 40% and
50% wind power penetration scenarios is presented in Fig. 4.47 for different Hypp
values. The time is increasing slightly while the additional active power provided by
the WPPs is increased. This is due to low values of the Hypp in the first component of

the pre-designed inertial response control.

o
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40% wind power penetration

= = 50% wind power penetration
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Fig. 4.47. Time to reach the minimum frequency point for different Hypp values where

Rypp=1pu/s, Typp=0.025s, Kp,o0p=5pu, and Tp,,,,=9s for 40% and 50% wind power

penetration scenarios
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As explained above the variable-droop control is also replacing the primary frequency
control temporarily until the time to reach the minimum frequency point. Fig. 4.48
shows the total energy released from the WPPs for different Hypp and the calculated
replaced inertial energy. The red straight line indicates the replaced inertial energy of
the generating units (i.e. 1 unit from G1, 1 unit from G2 for 40% wind power and 2
units from G1, 1 unit from G2 for 50% wind power). Furthermore, the Hypp value

affects the released energy slightly during the inertial response control.

40% Wind Power Penetration 50% Wind Power Penetration

N

o N o W oo D o

Replaced inertial energy: 1.519 pu.s

Replaced inertial energy: 1.023 pu.s

w

N

-

o
-

Released Energy from WPPs (pu.s)
[N

25 3.75 5 25 3.75 5
Hwep (pu) Hwee (pu)

Fig. 4.48. Comparison of the total released energy from WPPs for different Hypp values
where Rypp=1pu/s, Typp=0.025s, Kpep=5pu, and Tp,e,=9s for 40% and 50% wind

power penetration scenarios

4.3.2.2 Sensitivity Analysis of Variable-Droop Gain (Kp;.p)

Kproop 18 @ variable gain of the second component of the pre-designed inertial response
control which provides an additional active power with respect to the frequency
deviation following the disturbance. The motivation of the variable-droop control is to
utilize a similar control concept of governors in CPPs to provide a temporary energy in
order to satisfy the operational metric 1. This can be also realized to delay the CPPs’
primary frequency response while achieving the operational metrics by providing fast
and temporary energy from WPPs. Additionally, considering the first component of the
pre-designed inertial control which is the inertial response by the derivative control, the

overall response of the WPP improves the frequency stability of the power system.
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In this section, the effect of the K),,,, value is investigated by sensitivity analysis of the
parameter. The important point in this sensitivity analysis is that only the Kp,.,, value is
changed, not the time to reach this Kp,,,, value. The sensitivity analysis is illustrated in
Fig. 4.49. The Kp,,,, value is varied where Tp,,,, and Tip,o, are kept constant. The aim

is to investigate the impact of Kp,,,, on the power system frequency.

3

KDrcop

-

Tkoroop TDroop
* varied parameters
in the simulations

Fig. 4.49. Variable-droop control implementation of the pre-designed inertial response
control

Fig. 4.50 presents the generic power system frequency when the Kp,,,, value is
increased from 5pu to 10 pu. For 40% wind power penetration, all the Kp,,,, values
improve the minimum frequency point. However, for the50% wind power penetration,
when the value of the Kp,,,, value is 10 pu, a double dip occurs in the system
frequency, and this situation is not preferred by the TSOs [4.7]. In Fig. 4.50, it is
obviously seen that the time to reach the minimum frequency point is increasing to a

higher value for Kp,,,=10 pu.
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Fig. 4.50. System frequency for different Kp,,,, values where Tp,,0,=9s, Hypp=5pu,
TWPp:0.0255, and RWszlpll/S
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Time to reach minimum frequency point (s)
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Fig. 4.51. Time to reach the minimum frequency point for different Kp,,,, values where

TD,00p=9s, HWPPZSPU, TWPPZO.OZSS, and RW]JP:1PU/S

For the operational metric 2, there is no difference between the cases of different Kp,o,,

values. Accordingly, the additional active power delivered from the WPP1 is shown in

Fig. 4.52 for both of the wind power penetration scenarios. The reason of the increase

in the minimum frequency point can be realized as the increase of the peak power from

WPPs at the time where the minimum frequency occurs. However, when the peak

value of the active power is increased, the active power ramp-down rate is also

increased that cause a double dip in the power system frequency (e.g. Kp,,,,=10pu/s for

50% wind power penetration).

1.15

0.95

0.9

40% Wind Penetration Scenario

50% Wind Penetration Scenario

Kbroop=5 pu
Kproop=7.5 pu
Kbroop=10 pu
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Kproop=10 pu
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8
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Fig. 4.52. Active power ouput of WPP-1 at Bus 5 for for different K),,,, values where

TDm(,,,=9s, Hpr=5pu, Tpr=0.0255, and prpzlplI/S
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Consequently, in order to tune the variable-droop control, the ramp-down rate and the
peak value of the inertial response should be considered carefully with the control

performance of the CPPs’ governors and the inertia of the power system.

Finally, the energy released during the inertial response control is given in Fig. 4.53 for
both of the scenarios. The released energy is increased as an expected result, when the
Kproop value is increased. Another important remark is that the amount of energy does
not specify the minimum frequency point directly due to the ramp-down rate of the

variable-droop control.

40% Wind Power Penetration 50% Wind Power Penetration

2]

Replaced inertial energy: 1.519 pu.s

(&)

Replaced inertial energy: 1.023 pu.s

IN

w

N

Released Energy from WPPs (pu.s)

o

5 75 10 5 7.5 10
KDroop (PU) KDYOOP (pu)

Fig. 4.53. Comparison of the total released energy from WPPs for different K,

values where Tp,40,=9s, Hypp=5pu, Typp=0.025s, and Rypp=1pu/s

4.3.2.3 Sensitivity Analysis of Variable-Droop Duration (7p,.p)

By sweeping the Tp,, parameter, the impact of the variable-droop control on the
generic power system is investigated in this section. The important remark in this
sensitivity analysis is that only the Tp,,,, value is changed not the time to reach this
Kpyroop value which is illustrated in Fig. 4.49. The frequency response given in Fig. 4.54
illustrates the effect of 7p,,, after the minimum frequency point. Thus, the minimum
frequency has not been affected significantly with the change of Tp,o0p. If the T,

value is selected a small value as 7s, the minimum frequency point is going down
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further. Additionally, the effect on the time to reach the minimum frequency point is

presented in Fig. 4.55. The reason is the same that is obtained in the previous section

due to the increase in the ramp-down rate of the variable-droop control. However, in

this case the peak value of the power is the same for all the Tp,,,, values (i.e. no change

in Kp,0p) With different duration of the additional active power.
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o
©
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Fig. 4.54. System frequency for different T),,,, values where Kp,o,,=5pu, Hypp=5pu,

TWPPZO.OZSS, and RW]JP:1PU/S
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Fig. 4.55. Time to reach the minimum frequency point for different 7),,,, values where

KDmop=5pu, HWPPZSPU, TWPPZO.OZSS, and RWszlpLI/S
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The additional active power delivered from the WPPs is shown in Fig. 4.56 for both of
the wind power penetration scenarios. As mentioned above, the minimum frequency
point is not affected by changing the 7),,,, value, thus the ramp-down rate is smooth
(even for Tp,,,=7s) enough not to cause a double dip in the frequency. When the rate
of change of the active power from the minimum frequency point to pre-disturbance
operating point is considered, the smoother rate is obtained for the higher values of
Tproop- High values of T, help the governor control by slowing down the active
power deviation of the CPPs. As a result, the frequency of the power system is

deviating smoothly to the quasi steady-state frequency point after the minimum

frequency point.
40% Wind Penetration Scenario 50% Wind Penetration Scenario
1.12
— — Toop=7 s — — Torop=7's
11} Toroop=9 S | Toroop=9 8

Toroop=11's

0.925 4 6 8 10 12 14 2 7! 6 8 10 12 14
Time (sec) Time (sec)

Fig. 4.56. Active power ouput of WPP-1 at Bus 5 for for different 7),,,, values where
KDmop=5pu, HWPP=5pu, TWPPZO.OZSS, and Rpr=1pu/s

As the final simulation result, the energy released during the inertial response control is
given in Fig. 4.57. The released energy is increasing when the T),,,, value is increased.
The same conclusion as with the sensitivity analysis of Kp,., is obtained that the
amount of energy is not specifying the minimum frequency point directly due to the

ramp-down rate of the variable-droop control.
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Fig. 4.57. Comparison of the total released energy from WPPs for different T,
values where Kp,o,,=5pu, Hypp=5pu, Typp=0.025s, and Rypp=1pu/s

4.3.3 Proposed Inertial Response Control

From the simulation results above, the following considerations are employed to

improve the pre-designed inertial response control:

o Rypp and Typp parameters of the simplified WPP model affect the ROCOF after
the largest infeed loss (i.e. operational metric 2) together with the Hypp parameter.
These three parameters specify the active power boost value of the WPP during
500ms after the generation loss. The active power boost value is dependent on the
ROCOF relay settings including the detection time and the threshold value. The
inertia of the power system and the amount of the generation loss are the other
factors.

e Hypp is determined by the operational metric 2 in order not to trip ROCOF relays
in the MV distributed generation. However, for the overall response of the
proposed inertial response control, it can be adjusted after tuning the Kp,e,
parameter.

o  The parameters of Kp,s, and Tp,,,, affect the operation of the primary frequency
control of CPPs (i.e. governor control), and if they haven’t been tuned properly, a

double dip can occur in the power system frequency.

According to these considerations and in order to implement more practical variable-

droop control, the pre-designed inertial response control is improved as given in Fig.
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4.58. Only the variable-droop control component has been updated and the derivative
control component is kept same (Fig. 4.2). The variable-control gain profiles of the pre-
designed and proposed inertial response controls are compared in Fig. 4.59. The tuning

methodology of the proposed control is described in the next section.

B S
1_l'STDroop

Y

AP,

VarDroop

[t

Enable signal > e*STDmop |

1
1+sT Droop Af grid

Fig. 4.58. Proposed variable-droop control

-------- Pre-designed control
Proposed control

Variable-Droop Gain

Time

Fig. 4.59. Comparison of pre-designed and proposed inertial response variable-droop
controls’ gain

4.3.4 Tuning Methodology of Proposed Inertial Response Control

The tuning methodology for inertial response control concepts has not been described
particularly in the previous studies (Chapter 2). Every specific power system model
used in the inertial response control studies has different characteristics in terms of the
inertia and the primary frequency control. These two features determine the frequency
response of the power system, and should be taken into account in order to provide a
temporary active power contribution from inertial response control of WPPs.
Therefore, the tuning methodology of the variable-droop control aims selecting proper
parameters (Kp,,, and Tp,,,) not to cause potential frequency instability while

achieving the operational metric 1. Since, the Hypp parameter of the derivative control
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in the proposed inertial response control is tuned according to the operational metric 2,

the tuning methodology of the variable-droop control is explained in this section.

The tuning methodology is based on a simplified model which is employed to estimate
the minimum frequency point and the time to reach this point for low frequency events
without simulations. The generic power system model is simplified in two steps; the
first simplification is an average system frequency model (i.e. single mass model) [4.8],
and the second simplification is a delay model adapted from [4.9], [4.10]. The delay
model for power systems with different generation mixes is developed to estimate the
maximum frequency deviation (4f,,;,) and the time to reach the minimum frequency
point (#,,,). Consequently, these estimated values are used to tune the Tp,o,, and Kp,oep

values of the variable-droop control.

4.3.4.1 Average System Frequency Model

In the average system frequency model, all CPPs are represented as one equivalent
mass, which has the average inertia constant (/7,,) with damping constant (D,) and is
driven by the difference between the mechanical power change (4P,,) and the electrical
power change (4P;). The largest infeed loss can be represented by 4P;. The model is
presented in Fig. 4.60 where two types of CPPs are modeled as an illustration, but can

be extended to N number of CPPs [4.6].

Hydroelectric Power Plant
»| Controller | | Hydro | [ Hydro- APm,HPP
» (Governor) [ | Dynamics Turbine
APsez,HPP
Thermal Power Plant
» Controller | | Steam | | Steam 1
»| (Governor) [ | Dynamics | | Turbine 2H g5+ Dy
AP
set,TPP
Afgrid

Fig. 4.60. Average system frequency model representation
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4.3.4.2 Delay Model

The delay model, which is based on the average system frequency model, uses pure
time delays to model the time constants of the governor, steam and hydro dynamics
(e.g. valve motion, steam bowl dynamics), and converts the closed loop model (i.e. Fig.
4.10) into an open loop delay model [4.9]. The hydro and thermal turbine models can
be kept as they are, or they can be assumed also as time delays with respect to their
response characteristics. The equivalent representation of the average system frequency

model (i.e. Fig. 4.60) as a delay model is illustrated in Fig. 4.61.

Hydroelectric Power Plant
, - -7
APL Time Delay ' Hydro- |_| M’quPP
| (Thydro) | Turbine |
_————
.Thermal Powelr_F’Iini -, APm,TPP Af
. Time Delay Steam |_| % arid
(Tthermal) | Turbine | 2H g5+ Deg g
—_————

Fig. 4.61. Delay model representation

The simplification approach of the delay model for the hydroelectric power plant (HPP)
is described in [4.10], which is adopted from [4.9]. In this approach, the first
assumption is to represent governor dynamics, which is a transfer function of the form
1/(1+sT;), with a pure time delay of 7. The second assumption is considered for the
transfer function of the transient droop compensation ((1+s7%)/(1+S(Rzyar/Rp) Tx)), and
the exact response of this transfer function is transformed into linear function by using
the slope of the overall response. Additionally, this linear function is simplified to a
delay representation as illustrated in Fig. 4.62. This simplification is based on the

equality of the Areal and Area2 in Fig. 4.62.
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Fig. 4.62. Illustration of the second assumption [4.9]

(c

Area2

Delay representation

)

t

In the third assumption, the hydro-turbine response is also modeled as a time delay.

Due to the non-minimum phase characteristic of the hydro-turbine, the transfer function

of the turbine is assumed as a time delay considering the energy balance of the

response (i.e. Areal=Area2 in Fig. 4.63). Finally, the governor-turbine model of a HPP

in the average system frequency model is simplified to a pure time delay (¢ypp) and

calculated as follows:

t =t +t /2
HPP G 0

t =T +t
G G hydro

where T is governor time constant (1* assumption).

2" assumption:

D

— eq
tO /2 a HeqRT,hydro 1= 1 D
R a

p

where Ry 41, 1S temporary droop, and R, is permanent droop.

3" assumption:
=2t / T
t  +15T e Ml W =15T
0 w w

hydr

where Ty is the water starting time of the hydro-turbine.
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tzero thydro t | thydro t
Area 1 Areal=Area 2
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Fig. 4.63. Illustration of the third assumption for hydro-turbines [4.10]

For thermal power plants (TPP), the first assumption of the HPP delay model is valid,
therefore governor dynamics (e.g. control time constant, servo, and steam valve bowl
time constant) is assumed as a pure time delay of 7. The transfer function of the steam
turbine ((1+sF7%)/(1+s7k)) is similar to the transient droop compensation, and
accordingly R7 ema 18 defined in order to calculate the time delay of the steam turbine.

The derivation of Ry ermq 1S shown in Fig. 4.64.

Wgen > | 1457 R m

pr > I+s (RT,hytim / RP)TR ‘

simplified to a gain as 1/Rr,pyaro

(a) HPP simplification
Wgen > 1 p| 1sFT | B >
Rp I+s71s

I %l

simplified to a gain as F/R;, = 1/Rr thermal
(b) TPP simplification

Fig. 4.64. Ry hermal parameter calculation of TPP
Consequently, after the simulations to validate the ¢,,;, and A4f,,;, values for a TPP with

the average system frequency model, an additional correction time delay (#,/2) is added

to trpp and trpp ., 1s calculated. The difference between these two parameters is that
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trpp 1s associated to calculated Af,,;, and ¢7pp .., 1S used to calculate t,,;,. So the #7pp and

trpp.corr are as follows:

top =1 +1, /2 (4.5)

=1 + to (4.6)

t
TPP,corr G
thTG+TS+TV 4.7

where T is governor time constant T is servo time constant, and 7y is steam valve

bowl time constant (1% assumption).

2" assumption:

D
tO /2 - HeqRT,thermal 1- 1 : (48)
—+D
R eq

P

where R, is permanent droop.

Aforementioned assumptions are considered for TPPs and HPPs when there is one type
of CPP is employed in the average system model frequency model (e.g. only a TPP or a
HPP) [19]. Accordingly, with the calculated time delays (i.e. ¢ypp and t7pp), Afy, and
tnin values of the power system can be estimated according to the following

formulations:

Afmin = APL DL(etcPPDeq/ZHeq _lj (49)

eq

where tcpp equals to typp for only one type of HPP or trpp for only one type of TPP.

t =t (4.10)

if there is only one type of HPP.
. =t (4.11)

min TPP corr
if there is only one type of TPP.
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Five test cases are defined and simulated in MATLAB/Simulink in order to verify
formulations above for both power system with one type HPP and one type of TPP.
The average system frequency model of the test cases and the parameters are given in
Table 4.9and Fig. 4.65, respectively. The models and related parameters are used from

Chapter 3, [4.8], [4.10].

Table 4.9. Parameters of average system frequency models for only one type of HPP

and TPP
Power System with HPP Tg(s) | Tr(S) Ry Rp Tw(s) Heq D
(a) 02 |5 038 0051 3 1
(b) 0.25 8.59 0.7245 | 0.05 | 1.48 6.5457 | 1
Power System with TPP Tg(s) | Tr(S) F R, Ts(s) | Heq D
(a) 0.2 7 0.3 0.05]0.3 5 1
(b) 0.2 10 0.237 0.05]0.3 5 1
(©) 02 |5 028 [0.05]005 |5 1
i’ ___________________ | Hydro-turbine Equivalent Inertia
|+ 1 _ 1+5Tr :A(i l-stw |AF, + 1 _
APe| T~ 1+sT6 TN 1+ 5(Rrpare/ Re)Te [ T [1450.5Tw ? 2Hes+D =
sel I
| | AP
! 7| ! i A
| Re | :
Governor
(a)
T T T T T T T T T T T T | Steam-turbine Equivalent Inertia
L, 1 o : AG | 1+sFt |AP o 1 _
AP tl - 14516 T 145t | " 1+s7Tx - 2Hes+D o
se | |
! AP,
: 1 | I Af
I Rr | T
L e e e |
Governor (b)

Fig. 4.65. Average system frequency models for only one type of HPP (a) and TPP (b)

For the given parameters above, the simulation results and estimated values (according
to the given formulations above) for Af,.i, tuin and i, corr are given in Table 4.10. The
simulation results are consistent with the estimated values for the power system with

HPP (a) and the power system with TPP (a), (b), (c). For the power system with HPP
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(b), due to the large time constant of governor and inertia of the power system, the error
between the simulation result and the estimated value is higher than the other cases. It
can be realized that the assumptions become invalid. However, regardless of the
mismatch value, the variable-droop control can be tuned using the Af,in, tuin and s corr

values.

Table 4.10. Comparison of the simulation results and the estimated values of the power

system models (Table 4.9)

tmin (S) tmin (S) Afmin (HZ) Afmin (HZ)

(Simulated) (Estimated) (Simulated) (Estimated)
PS with HPP (a) 2.8230 2.6957 -1.810 -1.692
PS with HPP (b) 8.8810 6.8545 -1.746 -2.038
PS with TPP (a) 2.2470 2.0873 -0.587 -0.607
PS with TPP (b) 2.6660 2.5092 -0.674 -0.698
PS with TPP (c) 2.1690 1.9507 -0.519 -0.521

The formulations (4.1)-(4.11) can be employed for power systems which comprise
different types of generation with different types of governor and turbine parameters
(e.g. 3 TPPs and 1 HPP in the generic 12-bus system). Therefore, the delay model of a
generic power system with different generation mixes is developed considering the
response of each CPP independently. The calculation is based on the weighted average
of time delay values of each CPPs (i.e. tcpp) according to their power ratings (i.e. ncpp).
The derivation of the time delay of the generic power system (f,,.,) and maximum

frequency deviation (4f,,,e,) are defined as follows:

tmin,eq - z nCPPtcpp/z Repp (4.12)
where ncpp is power rating of the CPP in system MVA base.

t (4.13)

=t +t /2
CPP G,CPP 0,CPP

where ¢ cpp is (2) for a HPP, and (7) for a TPP.
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by [2=H Br crr 1- D (4.14)
e @ Tepp ! +D€

p.CPP

q

where Rz, cpp 1S Rz pyaro for a HPP or Ry jermai for a TPP.

r.. =>R /R
cpp p.CPP| " p.CPP

(4.15)
1 _tmin queq /ZHeq

Afmin,eq :APLD_ e ? -1 (416)
eq

Similar to the above calculations for the power system with one type of CPP (4.1)-
(4.8), tyineq 1s amended by adding ) cpp/2 for TPPs in (4.13) in order to estimate the
time to reach the minimum frequency point (Z,i,eqcor) consistently with the simulation
results. With the developed formulations, t,, g5 tmineqcorrs A0 Afyyinoq are estimated for
the generic power system. The comparison of the simulation results and delay model

estimation are presented in Table 4.11.

Table 4.11. Comparison of the simulation results and delay model estimation

tmin,eq,corr (S) tmin,eq,corr (S) Afmin,eq (HZ) Afmin,eq (HZ)

(Estimated) | (Simulated) | (Estimated) | (Simulated)
4.81 4.79 -1.44 -1.1

After estimating both i eqcorr A0d Afyyineq, Which are the former values before the
implementation of the variable-droop control, the parameters (i.e. Tpo0p and Kpyoop) are
tuned considering the delay model response of the power system. The tuning
methodology of Tp,e0, and Kpy, is designed in order not to disturb the primary
frequency response of CPPs which is represented as i, eqcorr a0d Afpuineq in the delay
model. fieqcor defines the duration of the variable-droop control, and Afy,.,

determines how much additional power is released in order to increase frequency as
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demanded (Af;ucrease)- The response of the variable-droop control is illustrated in Fig.

4.66, and the parameters are calculated as follows:

_; /2 4.17)

Droop min,eq,err

-H, (RT*Deq + Af*)—TdDeq

K = A (4.18)
Droop Af + R D
T eq
where
* RT CPP Deq
R’ = > n... 1- I > n... (4.19)
r +D
CPP eq
p,CPP
. D
— €q
Af =2In (A]pmin,eq + Afz"ncrease ) AP +1 (420)
L
I, = )y M epplc crp /Z Repp (4.21)
AP — Delay representation of CPPs’response
A — — WPP variable-droop response
APcpp
KDroop
/:\
] \
! S
/ [~ - >
l TDroop tmin,eq,corr t

Frequency disturbance
detection time

Fig. 4.66. Illustration of the tuning methodology of the variable-droop control

According to the formulations (4.17)-( 4.18) for the generic power system with the
50% wind penetration scenario, Tproop Vvalue is calculated as 2.5 s (ie.
bnin eq con! 272.58), and Kp,,,, value is 15 pu in the WPP installed capacity base (i.e. 850
MW, Chapter 3) to increase the minimum frequency point by 250 mHz (i.e.
Afiperease=250 mHz).
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4.4 Comparison of Inertial Response Control Methods

In the simulations, the largest infeed from G2 (Chapter 3) is tripped to demonstrate the
performance of the proposed inertial response control and to compare it with the
existing control concepts for the 50% wind power penetration scenario. The advantages
of the proposed control are presented in terms of the peak value of the additional active
power and the released energy during the inertial response. The simulation results are
shown in the following subsections; in the first subsection, all the aggregated WPPs are
assumed to operate high wind speed (i.e. average wind speed (V,;,q) =14m/s). In the
second subsection, the WPP-2, which is connected at Bus 3 (Fig. 4.1), operates at low
wind speed (i.e. V,,;,,~10m/s) to assess the impact of the recovery period of the FC-
VSWT on the power system frequency.

4.4.1 Simulation Results for High Wind Speed Operations

In Fig. 4.67, the minimum frequency point of the generic power system is compared for
the proposed inertial response control and the existing control concepts. All three
control concepts achieve the first operational metric 1 (Table 1), however the
temporary frequency control creates a double dip in the power system frequency due to
the steep ramp-down rate of the released active power (Fig. 4.68). Additionally, the
derivative control method has the highest value for the time to reach the minimum
frequency point. The reason is that in the derivative control more energy is released
when the ramp-down rate equal to ROCOF compared to the proposed control. This can
be seen in Fig. 4.68 which illustrates the active power output of the WPP-1 connected
to Bus 5. For the operational metric 2, all the control concepts provide sufficient active
power within 200 ms after the detection of the disturbance. Only difference between
the control concepts is the ramp-up rate of the released active power (Fig. 4.68), where

the impact on the ROCOF is insignificant.

For the operational metric 2, all the control concepts provide sufficient active power

within 200 ms after the detection of the disturbance. Only difference between the
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control concepts is the ramp-up rate of the

released active power (Fig. 4.68), and the

impact on the ROCOF of the generic power system is given in Fig. 4.69.
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Fig. 4.67. Comparison of the system
frequency with the proposed and the
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Fig. 4.69. Comparison of the ROCOF within 200 ms with the proposed and the existing

control concepts for high wind speed operation

One of the advantages of the proposed control is to achieve operational metric 1 and 2

with releasing less than 15% additional active power. Accordingly, the total energy

released during the inertial response for the

proposed control is also less than the other

control strategies. The released energy from the WPP-1 during the inertial response is
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compared for the control concepts in Fig. 4.70. Another advantage of the proposed
control is that the dependency on the derivative component is limited selecting a small
Hypp value, which is implemented to achieve the operational metric 2. On the contrary,
the derivative control does not have this flexibility due to the large Hypp value and is
only dependent on the df/dt signal. Furthermore, the temporary frequency control does
not have the adaptive ramp-up and ramp-down rate for the released active power

causing the frequency instability (double dip in Fig. 4.67).

NN

Derivative Temporary frequency Proposed
control control control
Inertial Response Control Concepts

Fig. 4.70. Comparison of the released energy from WPP-1 with the proposed and the

existing control concepts for high wind speed operation

4.4.2 Simulation Results for Low Wind Speed Operations

For low wind speed conditions, the recovery period occurs after boosting the active
power by the inertial response control. The active power reduction due to the recovery
period is highly dependent on the wind speed, released energy during the active power
boost, and the duration of the active power boost [4.11], [4.12]. Considering the
recovery period, the simulations are performed by taking the wind speed of the
aggregated WPP-2 (200 MW) as 10m/s (WPP-1 and WPP-3 are operated at high wind
speed conditions). Since the wind speed has been modified in the simulations, the gain
for the aggregated WPP-2 (explained in Chapter 3) has increased not to change the load
flow of the 50% wind power penetration scenario. In Fig. 4.71, the impact of the
recovery period on the system frequency (a) is presented with the active power output

of WPP-2 (b). The double dip in the system frequency has become deeper for the
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temporary control due to the drop in the active power output of the WPP-2 (Fig. 4.71
(b)). Both the temporary frequency control and the derivative control do not satisfy the
operational metric 1 for the below rated wind speed operation of the WPP-2. Moreover,
the proposed control has better performance than the other two control concepts in
terms of the minimum frequency point, and the recovery period has a small impact
when the system frequency tries to reach the quasi-steady state value. This is due to the
less energy provided during the inertial response of the proposed control than the other
control concepts. In addition to simulation results, the proposed control has less
sensitive to the ROCOF measurement noise compared to the derivative control, also

more stable and flexible than the temporary frequency control.
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Fig. 4.71. Comparison of the system frequency (a) and the active power output of
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WPP-2 (b) with the proposed and the existing control concepts for low wind speed
operation
In Fig. 4.71, V, ;.0 is assumed 10m/s for the aggregated WPP-2. However, for different

wind speeds the recovery period of FC-VSWT would be different [4.11]. The impact of
different wind speeds on the generic power system frequency is illustrated in Fig. 4.72.
In order not to change the load flow of the 50% wind power penetration scenario, the
gain for the aggregated WPP-2 has increased also for the cases with different wind
speeds. From Fig. 4.72, it is observed that there is no significant difference between the
wind speed conditions, which are lower than the rated wind speed. However, when the
WPP is operated at the rated wind speed, the double dip occurs in the power system
frequency occurs. The result is consistent with the simulation results presented in
[4.11]. Therefore, the wind speed conditions should be considered while enabling the

inertial response control.
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Fig. 4.72. Comparison of the system frequency for different wind speed conditions of

WPP-2

4.5 Summary

In this chapter, a new inertial response control for WPPs is proposed and demonstrated

considering the inertial response requirements of a generic power system. Before

111



Dynamic Frequency Response of Wind Power Plants

developing the new inertial response control, the existing control methods are
investigated by the sensitivity analysis. The advantages and disadvantages of the
existing control methods are summarized to guide the new control method.
Additionally, the tuning methodology for the proposed control is described in detail
taking into account the power system characteristics (i.e. inertia, governor response of
the CPPs). Using the tuning methodology, the proposed control can be applied to any

power system with high wind power penetration.

In order to assess the inertial control and the existing control concepts (i.e. the
derivative control and temporary frequency control), the generic power system with
wind power penetration scenarios, and the aggregated WPP model are utilized with the
operational metrics. According to these metrics, the simulation results are evaluated in
terms of the power system requirements and the operational constraints of the FC-
VSWT (i.e. aggregated WPP). The proposed control provides less energy and peak
active power compared to the existing control methods while achieving the operational
metrics. Another improvement has been made for the below rated wind speed operation
where the impact of the recovery period has been reduced with the proposed inertial

response control.
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Chapter 5
Synchronizing Power Support from Wind Power

Plants

5.1 Introduction

Rotor angle stability of power systems determines how CPPs can remain in
synchronism following a disturbance such as short-circuit fault, loss of generation,
increase in mechanical power or step increase in load. These disturbances cause an
imbalance between generation and consumption. According to source of the imbalance,
the electromagnetic torque/power (7,/P,) or mechanical torque (7,/P,) decelerates or
accelerates rotors of SGs connected to a power system. Equations (2.1) and (2.2) given
in Chapter 2 describe these dynamics for the rotor speed and angle of SGs. In order to
illustrate these dynamics, a generation loss or a step load increase as a disturbance can
be considered for a power system operating at steady-state. Following the generation
loss, SGs start to accelerate or decelerate with respect to each other according to their
characteristics. If one generator temporarily runs faster than another, the angular
position of its rotor relative to that of the slower SG will advance. The resulting angular
difference transfers part of the load (i.e. 7, or P,) from the slow SG to the fast SG,
depending on the power-angle relationship. Beyond a stability limit, an increase in
angular separation between SGs results in a decrease of the power transfer such that the
angular separation is increased further. Thus, the instability occurs if the power system
cannot absorb the kinetic energy corresponding to these rotor speed differences. Loss

synchronism may occur between one SG and the rest of the system, or groups of SGs
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[5.1]. The power-angle characteristic of a SG represents both the steady-state and
transient rotor angle stability of the SG with the infinite bus. Considering the power-
angle characteristic, the synchronizing power of the SG can be realized as the ability of
the SG remaining in synchronism with the rest of the power system. In this chapter, the
steady-state and transient power-angle characteristics of a SG are described in order to
understand the synchronizing power of the SG in the single machine-infinite bus
(SMIB) model. However, the integration of WPPs requires the synchronizing power
analysis of the multi-machine systems. Therefore, the dynamic ward equivalencing
approach is introduced and modified to include the WPP impact on the multi-machine
systems. Accordingly, the following sections investigate the possible impacts on a
simplified generic power system regarding the lack of synchronizing power with the
integration of WPPs. After analyzing the impacts, the control concepts are proposed
and simulated to compensate both the steady-state and transient power-angle

characteristics. Finally, the simulation results are discussed in the summary section.

5.2 Steady-State Power-Angle Characteristic

In SMIB system model given in Fig. 5.1, the steady-state stability of a SG can be
analyzed. The active power supplied by the SG to the power system is calculated as

follows for the salient-pole and round-rotor types respectively:

EV 7?2 X, -x

P =—2"gind+-% 7 §in 25 (5.1
e X 2 xx
d d q

where E, is the internal emf, Vs is the infinite bus voltage, x,=X;+X.,, and x,=X,+X..,

which are the combined reactance of the generator and external grid.

sind (5.2)
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E,[d V[0

Fig. 5.1. SMIB model in steady-state; (a) single line, (b) circuit, and (c) phasor

diagrams

Equation (5.1) is simplified to (5.2) by assuming X=X, can be used for the steady-state
analysis of the SG. The resistances and shunt admittances are neglected, and constant
excitation emf (£,) is assumed for (5.1) and (5.2). According to (5.2), the power-angle
characteristic is illustrated in Fig. 5.2. For the operating conditions on the left hand side
of the power-angle characteristic curve, the SG is steady-state stable where it can reach
an equilibrium point after subjected to a disturbance (e.g. increase in P,,). On the other
hand, if the SG is operating at the operating conditions, which is higher than 90’, it will
lose the synchronism due to lack of equilibrium point. From these considerations, it can
be concluded that if dP./do is higher than 0, the SG is steady-state stable for the SMIB
model with constant excitation. The dP./dJ is referred as the steady-state synchronizing

power coefficient, Kg, and given in (5.3).

Equ
= 6 .
Eqls=s, X, €039 -3)

116



Chapter 5 Synchronizing Power Support from Wind Power Plants
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Fig. 5.2. Tllustration of the power-angle characteristic of a SG

5.3 Transient Power-Angle Characteristic

Any disturbance acting on a SG produces a sudden change in the armature currents and
flux. This flux change induces additional currents in the rotor which will affect the E,
which is proportional to the field current. Thus, the steady-state power-angle
characteristic is not valid for the post-disturbance rotor dynamics [5.2]. In order to
modify the power-angle characteristic the transient emfs E,” and E,’ are assumed
constant. Additionally, the transient saliency can be ignored by assuming x,’ = x,’ (i.e.

classical model), and as a result the active power equation becomes

P (8)=—72sind' (5.4)

Al

X
d

where x,' =X,;'+X.,, and the circuit and phasor diagrams are given in Fig. 5.3.

According to (5.4) and Fig. 5.3, the transient power-angle characteristic is illustrated
with the steady-state characteristic for the SMIB model in Fig. 4. As x4>X4, the values
of the transient characteristic is higher than the steady-state characteristic. The angle
shift of the curve comes from the angle difference between g-axis and E' (Fig. 5.3).
Furthermore, these characteristics are illustrated for the unregulated SG which does not
have an automatic voltage regulator (AVR). In Fig. 5.4, the AVR effect is also included

and the details of the calculations are given in [5.2]. As it can be seen clearly from Fig.
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4, when the effect of the rotor circuits, damper windings, field flux variation, and AVR

is included, the synchronizing power of the SG is increasing in SMIB model. The

q-axis I
E{

EV

Fig. 5.3. SMIB model in transient state; (a) circuit and (b) phasor diagrams

transient synchronizing power coefficient (Kz) is greater than steady-state (Kg,), and
lower than regulated synchronizing power coefficient (Ky,), Ky,> Kg> K, at the

operating point A in Fig. 5.4.

P A
———————— 7 \Pe,avr (5 )

/

Pcr,avr

Pcr,transient

Pcr,steady

s

o Oy w2

Fig. 5.4. Illustration of the power-angle characteristic of a SG for steady-state,
unregulated transient, and regulated transient cases [2.3]

Regardless of power-angle characteristics, the synchronizing power coefficient should
be positive for stable operation of the SG connected to the infinite bus (i.e. SMIB

model). It is also the indication of the stiffness of the SG’s electrical connection to the

power system. Up to this point, single SG connected to an infinite bus system has been
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analyzed to capture the theory of the synchronizing power. However, in order to
analyze the impact of WPPs on the rotor angle stability of power systems, the analysis
should be expanded to multi-machine systems by using (5.4) between each SG. The

details are given in the following section.

5.4 Synchronizing Power Analysis of Multi-Machine Systems

Transient power-angle characteristic derived in the previous section can be used for the
synchronizing power analysis of multi-machine systems. The advantage of the classical
model (5.4) used in the transient characteristic is that the SG transient reactance is
added directly to the reactance of the transmission lines and transformers in the power
system. To employ the classical model of SGs for multi-machine systems, the power
system model should be reduced to a simplified representation which consists of only
SGs’ internal buses (i.e. E'). When the loads are assumed as constant impedances, they
can be included in the admittance matrix of the power system. For a given multi-

machine power system, the current and voltage equations are obtained as follows:

BT fork=1,..n (5.5)
gk ' ’
dk
N
O:EYMV[—ng fork=1,.,n (5.6)
N
OZEYHVz fork=n+1,.,N (5.7)

where E,' is the k™ generator transient emf, ¥ is the k™ bus voltage, /' is the k™

generator current, and Yy, is kI

element of the modified admittance matrix by the
addition of load impedances.

Above equations can be written in compact form:
Is Y, Yl Eg
- (5.8)
0 Y Y ||V
N c ‘pll'wN
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where Y, Y3, Y, and Yp, is the related sub-matrices of the modified admittance matrix
and diagonal matrix [/x,". Using second row of the matrix equation above Vy is
substituted in the first row and the following relation is obtained between generator

currents (/) and internal emfs (£¢")

I = (YA - YBYD“YC)EG' (5.9)

where Y-Y3Yp'Y, ¢ matrix is referred as the reduced network matrix (Yzya).

The synchronizing power analysis for multi-machine systems is based on the reduced
network model [5.2], [5.3]. According to active power flow equations (5.10), the self
and mutual synchronizing power is calculated in (5.11) and (5.12). The mutual
synchronizing power indicates how the output of the active power output of the SG
changes in relation to its rotor angle difference with the other SGs. It determines the
stiffness of the connection between SGs regarding the loading of SGs.
P-E?G+3E 'E G, cos(8, -5, ')+§:Ei 'E B, sin(8,-5) (5.10)
Jj#i i
where Y;=G;+jB; are the elements of the reduced admittance matrix. In order to

simplify the analysis the transmission losses are neglected [5.2] and synchronizing

powers are
o°P. N
I% }=—e’=ZE"EA’B“cos(8"—8A’) (5.11)
E self 68 o i g i J
OP
K — el =—FE'E'B — ' .
E mutual od [ COS(Si Sj ) (5 12)
J

In the classical synchronizing power analysis of power systems, the above formulations
are sufficient and can be also used for the transient stability analysis (e.g. in transient
energy calculation [5.2] and in time domain analysis [5.4]). However, in order to
employ the load characteristic, which may be dependent on the bus voltage of the load,
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another approach should be considered. Therefore, in [5.5] the dynamic ward
equivalencing method was developed to include the voltage dependent loads when the
operating point moves away from the steady-state conditions for the transient stability
studies. The current injections from load buses are included in (5.8) and the sensitivity
matrix is defined for equivalent current increments (4/5°Y) as a function of the rotor

angle of SGs (5.14).

IG Y, Y EG‘
= (5.13)
1 Y, Y ||V
L c 'p L
where [} is load currents, and V; is load bus voltages. From (5.8), equivalent current
I1“=Y E (5.14)
G eq G
where the equivalent current injection and equivalent admittance matrix as follows

19=1_-Y.Y ", (5.15)

Y =Y, —YBYD_IYC (5.16)

15 is re-derived with 415 considering the sensitivity matrix (W) which is defined by
taking the partial derivatives of the load flow equations, load and generator current
injection equations [5.4]. W includes load dynamics and indicates how much rotor
angle deviation (4Js") changes the equivalent current injection from generator buses.

Further, active power deviations (4Pg;) are calculated according to A" which is

dependent on 4d.
eq _ eq eq
19=1 “+Al (5.17)
Al =Y AE '+Y AV -Y.Y ~'AI (5.18)
G A G B L B D L

In (5.18), 4EG', AV, and A1} can be written in terms of 405’ with W [5.5].

AL =WAS ' (5.19)
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AP = Z E W _cos(8 = )AS (5.20)
J

Although the dynamic equivalencing method is utilized for the transient stability
studies to increase the accuracy of equivalent current injections, it can be used to assess
the contribution of WPPs for the synchronizing power support as given in (5.21). In the
next sections, the analysis of synchronizing power with presence of WPPs and the
assessment of the synchronizing power support of WPPs using the dynamic ward

equivalencing method are addressed with a simplified test system.

Al =Y AE '+Y AV, —YY‘I(AI ~AI ) (5.21)
G A G B L B D L G

5.5 Synchronizing Power Analysis of Power Systems with

WPPs

In [5.6], a generic power system model was developed to assess dynamic and transient
performance characteristics of WPPs. The model comprises one WPP, one CPP (e.g.
thermal or hydro power plant), and one main system which may be a CPP or an infinite
bus. Moreover, an aggregated load is modeled. Modified version of this generic power
system model, which is presented in Fig. 5.5, is employed for synchronizing power
analysis. The aim of using the modified generic model is to illustrate the theory of the
synchronizing power between two CPPs (or SGs) without increasing the complexity of
the power system. The base case is designed with three CPPs (i.e. G1, G2, and G3) for
the synchronizing power study, and then one of the CPP (i.e. G3) is replaced with a
WPP to investigate its impact on the synchronizing power between the remaining
CPPs. In the analysis, AVR and governor of CPPs are not modeled, and the simulations
are performed for one second (i.e. duration for the first swing stability). The parameters
of the G1, G2, and G3 are given in [3.1]. The WPP is modeled as the first order time
delay which is mentioned in the modeling chapter (Chapter 3). Since the time frame for
the synchronizing power is in the order of a few seconds, the detailed model of the
wind turbine is not preferred for the simulations. Additionally, in the simulations the
limitations of the active and reactive power control are not exceeded where the overall

WPP response is assumed to provide the required power for the control method. For
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the replacement of CPP case, the load flow conditions are kept same as the base case.
The CPP under investigation is G2 in Fig. 5, thus the rotor angle and active power
deviations are going to be compared between two cases. First, the lack of the
synchronizing power due to the replacement of CPP is addressed, and then how the
WPP can support the synchronizing power of CPPs is presented by using the dynamic

ward equivalencing method.

Bus 1
(Main System) Bus 2

| Line 1-4 Line 2-4
@ | &

80 MW
Bus 4 %7
System load
160 MW L%%aus\?d
Line 3-4
Bus 3
WPP
80 MW (replacing G3)

Fig. 5.5. Simplified generic power system model for synchronizing power studies

Using (5.9), (5.11), (5.12), and (5.14) self and mutual synchronizing powers of two
cases are compared in Table 1 for G2. From Table 5.1, it can be concluded that the
replacement of the CPP with the WPP reduce the synchronizing power between
remaining CPPs. This impact of the WPP is illustrated with time domain simulations in
Fig. 5.6. The load connected to Busl is increased with the step of 25% and 50% as a

disturbance for both cases.

Table 5.1. Comparison of Synchronizing Powers of Two Cases

Cases Kesera: | Kemunagi-c2 | Kemumar,63-62
Base Case 2.09 -1.02 -1.07
WPP Case 1.49 -1.49 -

123



Dynamic Frequency Response of Wind Power Plants

1.05 . 12 -
Base Case | : — Base Case | : :
e : Z :
g S
g 095 W gl
e )
2 =)
£ 09 c 8
2 <<
o .§ 7r
O 085 &
o 6
O]
0.8 . 5 ! ! !
Time (s) Time (s)
(a) (b)
65 15 R T
> Base Case | > Base Case | !
ﬁ ——WPP Case | : \-8/ 14| ——WPP Case | -
& & wf
© ©
o o
& 5 2
9]
o ~ ~ E 1}
a : : o
()] (2] 10} -
C
< : , : <
45 ; ; ; 9 ; ;
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (s) Time (s)

(c) (d)

Fig. 5.6. Comparison of two cases for 25% load increase in terms of active power
output of G2 (a), rotor angle of G2 with reference to G1 (d,.;) (b), angle difference
between rotor angle of G2 and Bus-1 angle (c), angle difference between Bus-2 and
Bus-1 (d)

According to the Fig. 5.6, G2 is stable for both of the cases. However, in WPP case the
active power output of G2 at the instant of the disturbance is increased compared to
base case. The reason is that the WPP does not increase its active power output like the
G3. Thus, the synchronizing power is reduced compared to base case. This can also be
observed from the mutual synchronizing power of G2 in Table 5.1. Furthermore, the
power system is forced towards the stability limits by increasing the system load
connected to Bus5 50% step as another disturbance. The results are given in Fig. 5.7.
According to these results, G2 is unstable regarding the high load increase related to
the voltage stability. During the simulations excitation voltage is constant and bus
voltages decrease to low values that the loads cannot be fed through. However, in both

of the cases for different disturbances, only change is the replacement of G2 with the
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WPP. Therefore, the lack of synchronizing power or in other words the lack of WPP’s
active power contribution following the disturbance leads the power system towards
instability quickly compared to the base case. It is obvious that if the WPP has voltage
control or reactive power support after the disturbance, it will stabilize the power
system similar to the FACTs [5.7]. Reactive power support is important however, the
loading of G2 will not be changed after the reactive power support following the
disturbance. In the next section, different input signals, such as rotor angle deviation,
bus voltage angle and magnitude deviations, are considered to increase active and
reactive power output of the WPP in order to support synchronizing power and the

power system stability.
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Fig. 5.7. Comparison of two cases for 50% load increase in terms of active power
output of G2 (a), rotor angle of G2 with reference to G1 (d,.;) (b), angle difference
between rotor angle of G2 and Bus-1 angle (c), angle difference between Bus-2 and

Bus-1 (d)
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The dynamic ward equivalencing method is employed to assess the control method
based on different input and output correlation (e.g. input: angle deviation output:
active power or reactive power). The performance criterion of the synchronizing power

support is to come close the base case performance.

5.6 Control Methods for Synchronizing Power Support from
WPPs

To support the synchronizing power between G1 and G2, various input signals have
been selected for the WPP. These signals can be angle difference and voltage deviation
such as rotor angle deviation between G2 and Gl (Ad,;), angle difference between
Bus2 and Busl voltage (A#;;), angle difference between Bus2 and Bus3 voltage (A65;),
angle difference between Bus3 and Busl voltage (A#;;), and Bus3 voltage magnitude
deviation (4V;). The correlation between these input signals and WPP active and
reactive power output is illustrated in Fig. 5.8. The control methodology of the
synchronizing power support is to enable temporary active or reactive power according
to the related input signal. The duration of the response is assumed two seconds. After
the disturbance, this support will compensate the lack of the synchronizing power
released by the replaced CPP (G3). For this reason, several configurations are proposed
in Fig. 5.8. The dead-band block is optional and can be implemented within the enable
signal. The dynamic ward equivalent method is modified and used to assess these
control methods considering their impact on the active power increase of G2 (AP,) with

respect to rotor angle deviation of G1 (Ad)).
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Fig. 5.8. Control candidates for the synchronizing power support; temporary active
power increase based on rotor angle deviation (a), various angle deviations (b), (c), (d),
and temporary reactive power increase based on voltage deviation (¢)

According to the modified dynamic ward equivalencing analysis, AP,/49; is calculated
for the proposed control methods above. This ratio can be treated as the mutual
synchronizing power which is defined in (5.12). The difference is that when the
modified dynamic ward equivalent analysis is employed, the reduced admittance
matrix is not used but the load flow equations and the impact of the WPP is included
(i.e. current injection of WPP). This analysis is applied to assess the proposed control
methods above, and the results are given in Table 5.2. In the assessment of the
proposed control methods, K, is assumed 1 pu, and the current and voltage
dependency of the WPP’s active and reactive power are modified with respect to the

control methods.

Table 5.2. Assessment of Proposed Control Methods according to AP,/49;

Control Methods | 4PyA0, |
Without control 1.4
AP, dependent on 46, (Fig 7. a) 1.8
AP, dependent on 46,; (Fig 7. b) 1.7
AP, dependent on 46,; (Fig 7. c) 1.5
AP, dependent on 463, (Fig 7. d) 1.5
AQqynen dependent on AV (Fig 7. e) 1.4
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Table 5.2 shows that the control method, which is using the rotor angle difference
between G2 and G1 as an input signal and changing the active power output according
to this signal, has more impact on 4P,/49; (i.e. mutual synchronizing power) than the
other methods. This is an expected result due to the control method which is directly
dependent on the rotor angle deviations. This assessment is verified with the time
domain simulations as shown in Fig. 5.9 and Fig. 5.10 for the 25% and 50% load
increase, respectively. From the simulation results below, the modified dynamic ward
equivalencing method has accurate results however, the performance criterion has not
been achieved completely with the control methods due to slow variation of the input
signals. The active power increase of G2 at the instant of the disturbance has not been
changed immediately with the control methods. When the control methods increase the
active/reactive power output of the WPP, the synchronizing power is increased between
G2 and G1 which can be obtained from Fig. 5.9 and 5.10 (a). Only for the control
method based on AV; input signal does not have sufficient impact on the mutual
synchronizing power of G2. The damping of the power system oscillations has not been
affected adversely by the proposed control methods. The prony analysis is conducted

for the controls and the results are summarized in Table 5.3.
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Fig. 5.9. Comparison of the control candidates for the 25% load increase in terms of
active power output of G2 (a), and rotor angle of G2 with reference to G1 (d,;) (b)

128



Chapter 5 Synchronizing Power Support from Wind Power Plants

1.4 S 22
— Base Case 3 5 Base Case
5 13[| —— wpP Case et —— WPP Case
o —— APgynen-A024 l’?\‘ 18 APgynch-Ad21
E 12 - APsynch‘921 o 16 - APsym:h'621
g 11 + APgynen023 § 14 <+« APgynen823
o | [— - = APsyncnBa o — + = DPgynci03
L gl —— 2QyrVs Qo 12 AQsynn-Vs
© a
: 0.9 % 10
O 28
08 <o
]
O'70 0.5 1 1.5 2 lg 40 0.5 1 15 2
Time (s) Time (s)

Fig. 5.10. Comparison of the control candidates for the 50% load increase in terms of
active power output of G2 (a), and rotor angle of G2 with reference to G1 (d5;) (b)

Table 5.3. Comparison of the Dominant Mode Frequency and Damping Ratio

Control Methods Frequency (Hz) | Damping (%)
Without control 1.86 6.4
AP, dependent on 46, (Fig 7. a) 1.87 6.9
APy, dependent on 40,, (Fig 7.b) | 1.87 6.6
APy, dependent on 40,3 (Fig 7. ¢) 1.86 6.4
APy, dependent on 4605, (Fig 7. d) 1.86 6.0
AQsynen dependent on AV (Fig 7. e) 1.88 6.1

Hitherto, the synchronizing power support for the transient conditions has been
analyzed. In other words, the transient-power angle characteristic of G2 has been
analyzed with the proposed control methods. The control methods can be also
employed for the support of the steady-state characteristic. In order to analyze the
impact of the proposed control on the steady-state synchronizing power, the system
load is increased by a ramp-up rate which has the duration of five seconds. It represents
slowly increasing load events in power systems. For this disturbance, due to time frame
of the disturbance, excitation systems and governors of the CPPs have to be included
into the CPPs’ model. The structures and parameters of these controls have been
chosen from the models in Chapter 3. The ramp increase of system load is applied as a
disturbance in the modified generic power system to assess the proposed controls, and
the simulation results are shown in Fig. 5.11. As it can be seen obviously, when there is
an active power increase of the WPP by any control method regardless of the

contribution amount, the steady-state characteristic of the G2 has been improved
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compared to the without control case. The assessment of the control methods, which is
given in Table 2, is also valid for this disturbance (Fig. 5.11 b). The control methods
can be also realized as the de-loading of the CPPs by increasing WPP’s active power
output. The last control method has not been demonstrated in Fig. 5.11 due to the

negligible voltage deviations.
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Fig. 5.11. Comparison of the control candidates for the ramp-load increase in terms of

active power output of G2 (a) and WPP (b)

5.7 Summary

In this chapter, the impact of WPPs on the synchronizing power of CPPs for high wind
power penetration scenarios which include replacement of some of the CPPs with the
WPPs has been analyzed by means of extensive simulation studies. The synchronizing
power of a SG has investigated from the literature in terms of the steady-state and
transient characteristics. These characteristics have been reviewed for SMIB system
which describes the rotor angle stability of one SG connected to infinite bus.
Furthermore, the synchronizing power analysis of the multi-machine systems has been
investigated, thus the self and mutual synchronizing powers of a SG have been defined.
These synchronizing power definitions have been employed to assess the WPP impact
on the rotor angle stability. When the WPPs are integrated to a power system, there are
two ways to assess the impact; in the classical approach reduced network model has
been utilized and the load and WPP impacts cannot be included. In the dynamic ward

equivalencing approach, the load impact is included by the sensitivity matrix which is
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calculated by the partial derivatives of the power flow equations and current injections
of loads. The dynamic ward equivalencing approach has been modified in order to
assess the WPP impact, and the active power deviations dependent on the rotor angle

variations has been calculated considering the WPP current injections.

The generic power system model has been utilized for the synchronizing power
analysis. In this model, for the base case there are three CPPs, and for the WPP case
one of the CPP has been replaced by a WPP. The reason is to investigate the impact of
the WPP on the synchronizing power of the remaining CPPs. Accordingly the
investigation is conducted for both cases using the modified dynamic ward equivalent
approach and time domain simulations. The consistency of the modified approach is
verified with the time domain simulations. Furthermore, the control methods to support
the synchronizing power have been proposed. The assessment of these control methods
has been carried out, and as a result the control method, which increases the active
power output of the WPP based on rotor angle deviation, has more impact on the
synchronizing power. Other control methods based on bus voltage angle deviation can
be also considered and their gain parameters can be increased to obtain the same impact
of the control based on rotor angle deviation according to the modified dynamic ward
equivalent approach. On the other hand, the control method which modifies the reactive
power output of the WPP based on the voltage deviation at its PCC point has smaller
impact compared to other control methods, however in the generic power system model
the PCC point short circuit ratio and the effect of the excitation systems are important
for this control method. For the future work, real power system models which comprise
congested lines and bottlenecks for the active power transfer can be investigated.
Additionally, the practical consideration of the bus voltage angle measurements should
be implemented into the simulations, such as sampling time, communication delays,

etc.
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Chapter 6

Conclusions and Future Work

With the integration of large WPPs, the power system stability will be affected for the
high wind power penetration scenarios in the future particularly for the island power
systems such as UK, Ireland, etc. According to the initial wind integration studies
conducted by TSOs have claimed that WPPs should behave like CPPs. According to
these studies, the draft versions of grid codes for integration of wind power have been
published and discussed with the WPP owners and WT manufacturers. However, the
details of these requirements are not clearly specified in terms of the generic parameters
considering the power system characteristics, and this situation leads to the
manufacturers’ objections. More studies and discussions are still required for
investigating the power system requirements and enhancing the capability of WPPs

according to these investigation results.

The main focus of this thesis is the analysis of power system requirements for the
synchronizing power support and inertial response control of WPPs in high wind power
penetration scenarios. Considering the performance of a generic power system obtained
analysis results are evaluated thus, a new control method has been proposed for inertial
response of WPPs. Additionally, an assessment methodology of the synchronizing
power support from WPPs has been developed. In order to implement and simulate the
generic power system, WPPs and proposed control method, appropriated models are

presented with an RMS simulation platform.
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In this chapter, the conclusions of this thesis and the possible future works associated

with this thesis are elaborated as follows.

6.1 Conclusions

In this thesis, WPPs consist of FC-VSWT are main concern in power systems with high
wind power penetration levels. Therefore, symmetrical stead-state representation of a
generic power system with various wind power penetration scenarios and a WPP
(simplified and aggregated models) have been presented for the wind integration
studies. Moreover, for the simulations of the inertial response control and
synchronizing power support studies an RMS toolbox has been developed. According
to the simulation results, which include the operation of WPPs in the island and weak
power systems, the controller parameters should be carefully tuned to represent the
realistic behavior of the WPP and not to cause any instability. In order to validate the
aggregated WPP model, step response of active and reactive power controls are
compared with the model developed in RISO, Wind Energy Systems Department. As a
result of the comparison of two models, there is no significant difference for the
electrical and control part of the WPP model. However, for the wind turbine part
standard models are required, and further concern is needed for the aggregation
approach of WPPs and the tuning methodology of the control loops considering the

connected power system characteristics.

For the inertial response control, classification of the existing control methods has been
made regarding the profile of the active power support. Accordingly, the sensitivity
analysis of these control methods has been performed to investigate the requirements of
the power systems. Based on the results of the sensitivity analysis a new control
method is proposed which improves the performance of WPPs’ inertial response in
terms of less energy release and peak active power compared to the existing control
methods. The tuning methodology of the proposed control can help TSOs about the
requirement specification of the inertial response control for any power systems with

high wind power penetration. Additionally, for the operation of low wind speed the
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recovery period has less impact on the system frequency again compared to the

previous methods.

As a result of the synchronizing power support investigations, the replacement of CPPs
in high wind power penetration scenarios reduces the synchronizing power between the
remaining CPPs. Based on the simulations, the instability situations have not been
experienced with the sudden load increase as a disturbance; however the weak
synchronizing power links may cause instability of power systems in N-2 contingency
or in quasi-steady state points. The developed assessment methodology describes the
impact of WPPs and also the contribution of WPPs to support synchronizing power in

different ways.

To summarize, the contributions below are presented in this thesis:

e The proposed control method provides improved inertial response for WPPs in
high wind power penetration scenarios. With the tuning methodology of the
proposed control, parameters of the proposed control are specified for any power
system.

e The assessment of the proposed control and existing control methods have been
performed in the generic power system with various wind power penetration
scenarios.

e The assessment methodology for the synchronizing power between CPPs is

developed in the case of the replacement of CPPs.

6.2 Future work

The objectives stated for the thesis are achieved within the scope and limitations.

However, further improvements can be done as follows:

e  WPP model can be improved including each wind turbine operating conditions and
collector system.

e Analysis of dispatch algorithm for the proposed inertial response control method

can be performed aiming the minimum recovery period of the overall WPP.
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Real power system models can be employed for both the inertial response control
and synchronizing power support studies in cooperation with TSOs.

The realistic estimation of frequency deviation and ROCOF can be implemented
and with the real frequency measurements in the simulations.

Coordination of WPPs for the inertial response control can be analyzed to reduce
the impact of the recovery period of WPPs.

Realistic N-1 and N-2 contingencies can be used for the synchronizing power
studies to highlight the importance of the synchronizing power support from WPPs
with collaboration of TSOs.

The measurement and calculation of angles can be considered with the
representation of phasor measurement units to improve the synchronizing power

support.
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Aspects of Wind Power Plant Collector Network
Layout and Control Architecture

M. Altin, R. Teodorescu, B. Bak-Jensen, P. Rodriguez and P. C. Kjar

ABSTRACT

Recent developments in wind turbine technology go
towards the installation of larger Wind Power Plants
(WPPs) both onshore and offshore. As wind power penetration
level increases, power system operators are challenged by the
penetration impacts to maintain reliability and stability of
power system. Therefore, connection topology and control
concepts of large WPPs should be carefully investigated to
improve the overall performance of both the WPP and the
power systems. This paper aims to present a general overview
of the design considerations for the electrical layout of WPPs
and the WPP control strategy for optimum power generation
while fulfilling the power system operators’ requirements.

1. INTRODUCTION

As fossil fuel energy sources have dwindled and global
warming increases, renewable energy sources attract more
attention. Wind energy is one of the leading alternatives
among these sources. The rapid growth of wind industry over
the last decades brings along a lot of study and research for
integration of wind energy to conventional power systems. In
addition to technological and economical developments in
wind turbine technology, governments have granted funds for
research and support in renewable energy sources.

The important benefits of wind energy are reduced CO,
emission, reduced operational cost (as no fuel is required) and
adding capacity value to a power system (ability to contribute
to peak demands). However, these advantages are available
only when WPPs operate according to the regulations that are
prescribed by power system operators for the stability and
reliability of the system [1], [2]. Considering these regulations,
WPP designers should design internal electrical system, as
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well as control structure of the WPP.

The main function of the internal electrical system is to
collect power from each Wind Turbine Generator (WTG)
spread over the entire WPP and to transmit it to the power
system. Electrical collector systems can be designed using
different topologies depending on the size, location (onshore
or offshore), and terrain of the WPP [3], [4]. Because of the
practical limitations, collector system design must be evaluated
from economic and reliability point of view [5], [6].

Furthermore, the WPP control structure, which consists of
centralized controller and individual WTG controllers,
regulates the WPP power production [7]. WPP operators are
able to control entire power plant by a centralized controller
which is an interface between the power system operator and
the WPP. The centralized controller should be implemented to
satisfy the requirements of the power system operator in
coordination with the WTG controllers [8], [9].

In this paper considerations for the collector system design
regarding power loss optimization, reliability and economics
are presented. Additionally, a hierarchical WPP control
structure for optimum active and reactive power generation is
introduced. Thereby, the overall WPP should be able to satisfy
the power system operators’ requirements.

In Section II, an overview of the grid codes of Germany and
Denmark is briefly introduced as a general instance of
common requirements. The collector system design
considerations including optimization of power losses,
economic and reliability evaluations are presented in Section
III. Section IV introduces WPP control strategies in a
coordinated and hierarchical structure. In the closing section,
future work and milestones of the work is provided.

II. GRID CODE REQUIREMENTS

The transmission system operators (TSOs) are responsible
for network operations in steady-state and transient conditions.
According to TSOs’ perspective, it must be proven for the
power plants connected to transmission network that the
reliability and stability of the grid should not be adversely
affected. Thus the technical requirements, which are
commonly referred to as grid codes, must clearly define the
connection criteria of the WPPs into the transmission network.
Recently there has been a lot of research and study on revising
grid codes. However, it has to be considered, that every
country has different connection criteria for the wind power
and national regulatory frameworks require continuous
changes due to the developments in the wind turbine
technology.



The new grid codes treat the WPPs in such a way that they
should contribute power system control similar to conventional
power plants [1]. In the literature, technical analysis and
overview of technical requirements regarding the connection
of large WPPs to the transmission system are provided [10],
[11]. In [11], the grid codes of several countries and
comparison of their most recent available editions are
presented. This paper narrows down the overview to Germany
and Denmark grid codes, just to give an idea of the common
requirements.

According to the grid codes, the technical requirements are
defined for the connection and operation of WPPs connected
to transmission system [1], [2]. These requirements cover:

© FRT requirements,

® Active power and frequency control,

* Reactive power control,

e Frequency and voltage operating range.

The FRT or low voltage ride through (LVRT) requirements
are described in such a way that WPPs must withstand voltage
dips to a certain percentage of the voltage level for a specified
duration in the grid codes. These voltage characteristics
depend on protection system of the network and fault location.
The FRT requirements also include fast active and reactive
output power restoration after a fault clearance.

The active power and frequency control requirements
define the regulation of WPP active power output and the
frequency response to control their active power outputs with
respect to frequency deviations. Moreover, WPPs can actively
participate in active power regulation using various control
strategies [2]. This control should require ancillary services
such as participation in primary and secondary frequency
control.

Reactive power control capabilities are also required by the
grid codes. It is performed either by setting a reactive power
value or power factor value. Further, reactive power control
should be extended for controlling voltage at the WPP grid
connection point or at the distant node (secondary voltage
control).

In addition to control and response capabilities, grid codes
stated that WPPs must operate over an extended range of
system voltages and frequency deviations from the nominal
operating values. For these operating ranges, limited period of
continuous operation and active power reduction is allowed.

A. Germany [1]

1) FRT Requirements

According to the Transmission Code 2007 [1], the FRT
requirements are given in Fig. 1 for single, dual, and triple
pole short circuits (with and without earth contact) or fault
induced symmetrical and asymmetrical voltage dips. The curve
characteristic represents the voltage magnitude associated with
the time duration during which the WPP must remain
connected.

The grid code defines the following FRT requirements:

e Above the borderline 1, voltage drops should not lead
to WPP disconnection.

e The voltage dips within the shaded area between the
borderline 1 and borderline 2 should not lead to
instability or disconnection of the WPP. However, in
case of WPP instability, short-time disconnection is
allowed. The resynchronization must be completed at
most 2 s and after fault clearance active power feed-in
must be increased with a gradient of 10% of the
nominal capacity per second.
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Fig. 1. Limit curve for the FRT requirements of the Transmission Code 2007
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e Below the borderline 2, disconnection of the WPP is
allowed and also a short-time disconnection of the
WPP  from the network is always permitted
(Resynchronization period may be more than 2 s and
the active power gradient may be less than 10%).

e  For all WPPs which are not disconnected during the
fault, active power must be maintained immediately
after the fault clearance and increased to the original
value with a gradient of at least 20% of the nominal
capacity per second.

e  For reactive current feed-in for voltage backup, in the
case of network voltage above the borderline 1, the
requirements are shown in Fig. 2. K value should be
in the range of 0 and 10 and it must be adjustable.
Additionally, WPP disconnection time delays
associated with voltage level are specified in
Transmission Code 2007.

[ ——

auen

Fig. 2. Reactive output current during disturbances [1]



2) Active power and frequency control

The active power reduction must be satisfied with at least
10% of the network connection capacity per minute. And
frequency response of the WPP is shown in Fig. 3 similar to
the droop characteristic of a conventional power plant for
over-frequencies. However, there is no limitation for the
frequency band between 47.5 and 50.2 Hz. WPP is allowed to
disconnect below 47.5 Hz and above 51.5 Hz.

50,2 Hz

Fretwiork

AP=40%%P , per Hz

AP

fnetwork
LCLWOTK ) L al

AP

Fig. 3. Active power reduction of WPPs in the case of over-frequency [1]

3) Reactive power control

The reactive power control requirements are defined for
various ranges of reactive power or power factor at rated
active power. Each WPP must meet the requirements at the
grid connection point to one of the variants of Fig. 4. The TSO
shall select one variant with respect to the relevant network
conditions. The reactive power output of the WPP must be
able to reach the set value within 4 minutes.

Grid voltage per vokags level
@t grid connection pointin (KV)
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Fig. 4. WPP reactive power (or power factor) requirements at the grid
connection point (Variants 1-3) [1]

4) Frequency and voltage operating range

‘WPP must operate continuously within certain voltage and
frequency variation limits during the normal operation of the
system. Further, they must remain in operation even in case of
voltage and frequency disturbances outside the normal
operating limits. Fig. 5 shows the operating voltage (at the grid
connection point) and frequency limits for WPPs.
g 11
250

45
20

27

123 |
10

te ta

10 min 30 min

P |

105 33

e |

475 480 485  49.0 50.0 505 5.0

Fig. 5. Operating frequency and voltage limits for WPPs [1]
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B. Denmark [2]

The Danish requirements which are presented in this paper
should apply to WPPs connected to grids with voltages above
100 kV (the transmission system) [2].

1) FRT Requirements

The FRT requirements define that the WPP must remain
connected after the faults or sequence of faults that are shown
in Table I.

TABLEI
FRT REQUIREMENTS OF DANISH GRID CODE FOR WPPS CONNECTED TO THE
GRIDS ABOVE 100 KV [2]
Duration of the fault
Short circuit in 100 ms
Shorts circuits within 2 mins
Short 100 ms
followed by new short circuit
300-500 ms later, also with a
duration of 100 ms
Shorts circuits within 2 mins
Single-phase earth fault 300-
500ms later, also with a
duration of 100 ms
Shorts circuits within 2 mins

Type of the fault

Three-phase short circuit

At least two three-phase short circuits
Two-phase short circuit
(with/without earth contact)

circuit  in

At least two two-phase short circuits
Single-phase short circuit to earth
(earth fault)

At least two single-phase earth faults

According to Danish grid code, behavior of the grid during
a three-phase fault is illustrated in Fig. 6 for simulation
purposes. Technical details are defined in the grid code [2].

Voltage inp.u

100 —

253

050
028

o |

Fig. 6. Voltage profile for simulation of three-phase faults in Danish grid
code [2]

Additionally, WPPs must have sufficient energy reserves in
terms of emergency power, hydraulics and pneumatics for the
following three independent sequences:

e At least six three-phase short circuits with 5-min

intervals

e At least six two-phase short circuits with 5-min
intervals

e At least six single-phase earth faults with 5-min
intervals

2) Active power and frequency control

The grid code [2] demands WPPs to have ability of active
power regulation speed (both upward and downward) with a
ramp rate 10-100 % of rated power per minute.

By frequency regulation WPPs must change the active
power production with respect to the grid frequency
deviations. Fig. 7 shows two cases of frequency control. In
case 1, the frequency control can only regulate the active
power production in downward direction, whereas in case 2, it
can also make upward regulation due to the previous



downward regulation. The frequencies applied to this figure
are depicted in the grid code [2].

Production in % of the production
without frequency control
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100 e

Case " case 1
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Fig. 7. Active power-frequency response [2]

3) Reactive power control
WPP must control its reactive power output that as a mean
value over 10 seconds must be kept within the control band, as
shown in Fig. 8.

P/Rated

1.0

Production

-02 -0.1 o] 0.1 0.2
QRated

Fig. 8. Requirements concerning the WPP’s exchange of reactive power at
the grid connection point [2]

4) Frequency and voltage operating range
WPP must continue power production at voltages and
frequencies that deviate from normal operating conditions. Fig.
9 indicates normal and time-limited operating conditions of the
WPP. Abnormal voltages and frequencies will occur in less
than ten hours per year.

Votoge Ky’

430 1w 168

n
10% raauctan

420 0 s

0mn. c 3 e
e, | nersten B reremaris fer
0% a4 wr actre o prdacton

100 %0 2t 155 0475 e

40 148 1281

10% reductzn

as 25 w7 ss s san Freauwensy e)

Fig. 9. Operating frequency and voltage limits for WPPs [2]

C. Comparison of German and Danish Grid Code
Requirements

From the grid codes presented above, it can be clearly
noticed that the interconnection requirements for WPPs have
common concepts. However, they vary from country to
country due to the inherent network structure.

In the German grid code, there are more options regarding
FRT and reactive power control requirements for the WPP
operator. In the Danish grid code, however, for the FRT
requirement point of view, fault types and duration of the
faults, which may occur in the transmission system, are clearly
described. On the other hand, WPP operational voltage and
frequency ranges are much flexible in Danish grid code.
Active power control and frequency control requirements are
very similar in both transmission codes, but they leave WPP
primary and secondary frequency control issues to the bilateral
agreements between the TSO and WPP operator.

III. WPP COLLECTOR SYSTEM DESIGN

The WPP collector system generally consists of WTGs,
step-up transformers, network of cables which collect the
power from each WTG, switching equipments, protection
relays and collector substation where the collected power is
transmitted to the transmission system. If WPP capacity
increases, collector system performance becomes particularly
important.

WPP location (onshore or offshore) and terrain are
significant factors for designing collector system. Terrain
characteristics determine whether the collector system consists
of overhead lines, underground or subsea cables. Furthermore,
WTG locations in the wind farm are optimized with respect to
wind regime and site [12], [13]. Collector substation location
and grid connection point can also be constrained by the
terrain.

Once the WTG locations and grid connection point are
decided, collector system layout, which is also referred to as
feeder topology, must be configured by selecting and routing
the cables. The number of WTGs located on a collection
feeder is limited by the cable ampacity and the voltage level of
the collector system. System reliability is another design
consideration to maintain sustainable power. The reliability
aspect covers redundancy, protection system, fault location,
and service restoration systems. Typical configurations that
have different levels of redundancy are illustrated in Fig. 10
[3]:

e Radial designed and radial operated feeder structure
Fig. 10a,

e Ring designed and radial operated feeder structure
Fig. 10b and Fig. 10c,

e Star designed and radial operated feeder structure
Fig. 10d.

The solutions that provide adequate reliability will increase
capital investments and can increase power losses. A technique
that translates power losses (fixed, variable losses and losses



due to unavailability of the system) into initial capital
investment should be used for economic evaluation of the
collector system. By using expected financial return
investment in the economic evaluation for WPP economic
factors (fixed losses factor, variable losses factor, and system
unavailability losses factor), design alternatives are shown to
be favorable [5].

On the other hand, collector layout affects protection
system design such that in some cases, it may be difficult to
distinguish faults and make selective coordination of the
layout. Therefore, in the early stage of the collector system
design, protection scheme should be considered and protection
evaluation factor may be introduced such as reliability
assessment factor [14]. Short circuit current capacity, types
and numbers of protection relays, additional switching
equipment and relay cost, and selective coordination level
(numbers of relays, which can be coordinated) can be the
protection evaluation factors.

HV
Collector
lub

MV
Collector
lub P

NO.point
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Fig. 10. Typical feeder configurations of WPPs.

IV. WPP CONTROL

The grid code specifications mentioned in Section II force
the WPPs to participate in power system control similar to
conventional power plants. WPP control structure should be
designed including control of output power fluctuations
(because of the intermittent nature of wind), primary frequency
control, secondary frequency control, reactive power

regulation, and secondary voltage control. To perform these
control functions, the WPP must have a hierarchical structure
such as a centralized (main) controller and WTG controllers.
The main controller determines active and reactive power set
points, which are ordered by the TSO, for each WTG. At the
local control level, WTG controller ensures that the received
set points are reached. In this scheme the main controller is
responsible for the overall optimum power production of the
plant considering the collector system power losses and
availability of wind power [15]. In Fig. 11, an overall diagram
of the centralized controller is shown [8].

The control functions mentioned above should be
distributed among the main and WTG controllers in the
following manner:

e Main controller functions:
Active power control of WPP,
Secondary frequency control,
Reactive power control of WPP,
Voltage control of WPP (at the grid
connection point and a distance point).

o Wind Prediction
e  WTG control functions:

o Active power control of WTG,
Reactive power control of WTG,
Primary frequency control,

FRT control.

o O O O

o 0 O

Wind farm control level

Wind turbine
control level

Power

Availabicpows

Fig. 11. WPP main controller [8].

Furthermore, the centralized controller should operate in
coordination with each WTG controller to satisfy stability and
robustness of the WPP, thus it is operated as a conventional
plant. A cluster controller shown in Fig. 12 can be a novel
option to satisfy this coordination. It can be basically
described as a control level between the main controller and a
group (cluster) of WTG controllers. The centralized controller
shares its responsibilities with the distributed cluster
controllers. These controllers are responsible for a group of
WTGs (with respect to the collector layout) in a decentralized
way. The cluster controller should include fault location and
service restoration functions, which are automated processes,
for the collector system, short-term wind forecasting function
for optimum generation, and redundant control in case of
emergency. Hereafter the centralized and WTG controller



hierarchy is defined as 2-level control, and the centralized,
cluster and WTG controller hierarchy is named as 3-level
control structure.
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Fig. 12. WPP cluster controller concept.

In 2-level control structure, the centralized controller sends
out set points, WPP operator commands to WTGs and gets
related measurement data from the WTGs. All data should be
processed in the centralized controller, thus there is a lot of
network traffic in the WPP. However, the cluster controllers
in 3-level control structure manage the network traffic and
optimize the bandwidth of the network for faster
communication. 3-level control structure is more reliable due
to redundant control that during a communication failure
between the cluster and centralized controller, the cluster
control can perform the centralized controller’s functions. In
3-level control structure, protection scheme will also have
additional features such as group tripping of WTGs, faster
fault detection and service restoration concerning a sub-area of
the WPP not the whole WPP.

V. CONCLUSION

In this paper, an overview of German and Danish grid code
requirements, the WPP collector system design considerations
and the WPP control structure were presented. The objective
of the grid codes is to specify WPPs’ regulation and control
capabilities for safe, reliable and economic operation of the
power system. Grid codes may also be used for the modelling
of the transmission system.

WPP collection system design decisions have been playing
a critical role to efficient operation of the WPP. There are
many challenges regarding power losses, economics,
protection system and reliability. The tradeoffs between these
challenges point the importance of the design
considerations and evaluation techniques to decide optimum
configuration.  Further study can integrate economic
evaluation, steady state analysis (load-flow, loss calculation,
short-circuit calculation), reliability assessment, protection and
generation automation system analysis to develop an
optimization platform.

To fulfill grid code requirements, the WPP control structure
should have the functions presented in Section IV. The control

out

strategy is similar to the Automatic Generation Control (AGC)
concept of centralized dispatch centre in transmission system.
For future study AGC experiences can be used to improve
WPP control algorithm including optimization active and
reactive power control due to the collector system layout and
availability of the generation. Fast communication and
redundant control are the primary drivers for the 3-level
control structure. This structure should be required for
redundancy, reliability, fault detection and service restoration
functions in the WPP. To compare 2-level and 3-level control
structure, communication time sensitivity and economic
evaluation analyses should be required.
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Abstract- As wind power penetration level increases, power
system operators are challenged by the penetration impacts to
maintain reliability and stability of power system. Therefore,
grid codes are being published and conti ly updated by
transmission system operators of the countries. In this paper,
recent grid codes, which are prepared specially for the large
wind power plants, are analyzed and compared. Also,
harmonization of different grid codes in a common manner and
future trends are assessed.

I INTRODUCTION

Wind power penetration to power systems increases in
large amounts worldwide. The transmission system operators
(TSO) have revised their grid codes which are technical
interconnection requirements for the wind power plants
(WPP).  There are also different requirements for the
distribution system operators (DSO) however, the grid codes,
which are surveyed in this paper, are related only for
transmission systems.

The grid codes are significant due to the following
statements:

e  TSOs must maintain stability and reliability of

power dispatch regardless the generation technology.

e The technical negotiations between TSOs and power

plant operators must be clear, transparent and reduced as

much as possible.

e  On the power plant manufacturer side, they must

design equipments and controllers considering these grid

codes, and they should not make changes without the

TSO's permission.

Conventional power plants, which are composed of
synchronous generators, are able to support the stability of the
transmission ~ system by providing inertia response,
synchronizing power, oscillation damping, short-circuit
capability and voltage backup during faults. These features
allow the conventional power plants comply with the grid
codes, thus today TSO have a quite stable and reliable grid
operation worldwide.

Wind turbine generator technical characteristics, which are
mainly fixed and variable speed induction generators, doubly
fed induction generators and synchronous generators with
back to back converters, are very different to those of the
conventional generators. As the installation of WPPs, which
consist of these wind turbine generators, has reached

important levels that they have a major impact on the
characteristics of the transmission system [1]. Therefore, the
grid codes demand WPPs to behave as much as similar to the
conventional power plants for maintaining power system
stability and reliability. Simultaneously the wind turbine
manufacturers have been challenged by the new grid codes as
they must adapt their technology to satisfy these grid codes.
After adaptations and developments in the wind turbine
technology, TSOs and WPP developers will work together
and revise the grid codes in order to assist the future WPP
connections without destabilizing the transmission system [2].
This is an iterative process regarding TSOs, WPP developers
and operators.

As grid codes have evolved especially in the countries with
already or planned high wind power penetration, technical
analyses of the main issues related to the WPP connection are
provided in the literature [3], [4]. This paper provides first,
main requirements of the WPP connection in different
countries and then, compares the resent available grid code
versions. The current grid codes of these countries are listed
in Table I.

In Section II, the common technical issues for connection
of WPPs are described briefly. Section III compares the latest
available versions of the grid codes listed in Table I. Grid
codes harmonization and future trends are discussed in
Section IV.

TABLE I
GRID CODES IN COUNTRIES WITH HIGH WIND POWER PENETRATION
Country TSO Release Date Ref
Denmark Energinet.dk December 2004 [5]
August 2007 [6]
G E.ON, EnBW, Vattenfall,
ermany RWE 2009 7
2008 [8]
March 2006 [9]
Spain Red Electrica October 2008 110
2007 [
2000 [12]
UK NGET June 2009 [13]
Ireland EIRGRID April 2008 [14]
Tune 2005 [15]
us FERC, WECC
July 2009 [16]
China CEPRI July 2009 [17]




1L COMMON TECHNICAL REQUIREMENTS IN GRID
CODES

According to the grid codes, the technical requirements are
defined for the connection and operation of WPPs in the
transmission system. The following requirements, which are
common in most of the grid codes, have been considered in
this paper:

e Normal operation:
o Frequency and voltage ranges
o Active power (P) control
o Reactive power (Q) control
e Behavior under grid disturbances
o Voltage ride through (VRT)
o Reactive current injection (RCI)

WPPs must be required to operate within a range around
the rated voltage and frequency at point of common coupling
(PCC) to avoid instabilities due to the grid disturbances.
Typically this requirement can be described as the following
frequency/voltage operation zones:

e  Continuous operation in a limited range below and
above the nominal point.

. Time limited operation with possible reduced output
in extended ranges.

e Immediate disconnection.

For normal grid operations, active power control
requirement is defined as an ability to adjust the active power
output with respect to the frequency deviations and the orders
coming from the TSO. According to this requirement, WPPs
can participate both in primary and secondary frequency
control.

Reactive power control in normal operation is generally
reactive power regulation in response to the PCC voltage
variations. The reactive power requirement is related to the
characteristics of each grid as a voltage changing capability,
which depends on the grid short-circuit power. There are
three different ways for this requirement; reactive power set
point control, power factor (PF) control, and voltage control.

Grid disturbances in the form of voltage sags or swells can
typically lead to WPP disconnections that may cause
instability and yield in blackouts. To avoid this, the grid code
requires continuous operation even if the voltage dip reaches
very low levels (in some cases 0 pu), support the voltage
recovery by injecting reactive current and active power
restoration after the fault clearance with a limited ramp
values. These typical features are generally defined in grid
codes as follows

e VRT in terms of minimum (low VRT) and
maximum (high VRT) voltage ride through and recovery
slope for symmetrical and asymmetrical faults that WPPs
must be able to withstand without disconnection from the
grid.

e Active power and reactive power limitation during
faults and recovery.

e RCI for voltage support during fault and recovery.

. Restoration active power with limited ramp after
fault clearance.

111 COMPARISON OF THE GRID CODE REQUIREMENTS

A. Frequency and voltage deviations under normal control

The voltage-frequency operational window for grid codes
is graphically represented in Fig. 1. The strictest continuous
operation limits for frequency appear in the British code [13]
(47.5-52 Hz) and for voltage in the Chinese grid code [17]
(90-110% nominal voltage). It is obvious that the most
extreme frequency limits 46.5 Hz and 53.5 Hz are for EON
offshore [8].
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Fig. 1. Limit Voltage-frequency operation window for Denmark (a),
Germany (b), Spain (c), UK (d) grid codes.
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B.  Active Power Control in Normal Operation

Active power curtailment requirements are different across
the countries as given in Table II.

As a particularity in Denmark, various types of power
curtailment are requested [5].

The frequency control participation is varying with respect
to transmission system characteristics.

According to the German code [7] when frequency exceeds
the value 50.2 Hz, wind farms must reduce their active power
with a 0.4 pu/Hz gradient (WPP 40% of the available power).

The British code [13] requires that wind farms larger than
50 MW to have a frequency control device capable of
supplying primary and secondary frequency control, as well
as over-frequency control. It is remarkable that it also
prescribes tests, which validate that wind farms indeed have
the capability of the demanded frequency response.

In Spanish grid code, WPPs must be able to give active
power increase or decrease active power output proportional
to the frequency deviation at the connection point. The
frequency control must work as a droop controller of which
values vary between 0.02 and 0.06 pu based on wind power
plant ratings. Speed of the response will be adjustable 10% of
the rated capacity in 250 ms.

The Irish code [14] demands a frequency response as
described in the curve in Fig. 2.

TABLE II
ACTIVE POWER CURTAILMENT RATES

Country Active Power Ramp Rate Range
Z100% wi curac D
Denmark 20 .100/0 with accuracy of 5%
(5 min average)
- At least 10% of grid connection capacity per 1 min. (to a
Germany set level higher than 10%)
Spain -
UK -
over 1 min over 10 min
Ireland 1-30 MW per min. 1-30 MW per min.
(activation time less than (activation time less than
10 s) 10 s)
Inst. capacity Inst. capacity Inst. capacity
<30 MW 30-150 MW >150 MW
over 1 min. over 1 min. over 1 min.
China max ramp: max ramp: max ramp:
B 6 MW inst. cap. /5 30 MW
over 10 min. over 10 min. over 10 min.
max ramp: max ramp: max ramp:
20 MW inst. cap. /1.5 100 MW
A Available P [%]
100 A 49.5-51 Hz
47151 Hz B 50-100 %
80 501100 % 49.5-51iH;
50-100% \
60 \
40
50.5-52 Hz
D g-100%
20
50.5-52 Hz
E 0%
0 >

47 48 49 50 51 52
Frequency [Hz]
Fig. 2. Irish P-f curve.

The values for the power and frequency of ABCDE points
should be online modified by the TSO within the ranges
shown in the Fig. 2. This is due to the fact that in order to
obtain a smooth participation of WPP in the TSO frequency
control, the active power ramp should be imposed by TSO in
harmony with the frequency response of the other participants
to the balancing act.

C.  Reactive Power Control in Normal Operation

1. Germany

The minimum requirements for reactive power generation
[7] are given in the form of areas as function of voltage at
nominal active power and as function of active power for the
cases when the WPP is working at derated power for different
ranges of voltages inside the normal operation range. The
requirement can be given as a reactive power requirement or a
power factor requirement. As the characteristics of the grid
may differ depending on location and strength, three variants
are defined by the Germans TSO’s as depicted in Fig. 3 and
Fig. 4.
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2. Spain

The reactive power requirements during normal operations
are defined by the directive [12], which applies to all
generation on high voltage (HV) level both conventional and
renewable. The following requirements are defined as a
function of active power and transmission voltages as
follows:

. Min. range 0.15 inductive - 0.15 capacitive for all

technical active power range and nominal voltage

e  Min. range 0.30 inductive - 0.30 capacitive as a

function of the voltage shown in Fig. 5
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Fig. 5. V-Q dependence in Spain grid code.

3. Denmark
In the Danish grid code [5], the 10 s average PQ diagram is
given as shown in Fig. 6 which applies for the whole range of
voltage during normal operation. Basically it defines a control
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3

~
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~

>
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Fig. 6. P-Q dependence in Denmark grid code.

band of 0.1 pu. In comparison with the Germany and Spanish
grid codes, the minimum required reactive power is lower.

4. UK

The British [13] code is specifically formulated for non-
synchronous embedded generation and requires a power
factor in the range 0.95 inductive to 0.95 capacitive at 1 pu
active power for connection to the HV system (132/275/400
kV). This requirement equivalent to 0.33 pu reactive power
should be maintained for active power down to 0.2 pu for
lagging power factor and down to 0.5 pu for leading power
factor. The grey area in Fig. 7 is an extension of the reactive
power requirements in the dashed are for active power lower
than 0.2 pu a lower band of pu of reactive power is required at
low power leading power factor that can be required after
agreement with the TSO (NGET).

P/P,

pu]

R —
02
N .
050 033 012 2005 033 050
Q/ Py [p]
Fig. 7. P-Q dependence in UK grid code
5. Ireland

The Irish code [14] is quite similar but with 0.33 pu
reactive power for both lagging and leading power factor as
shown in Fig. 8 and with the reactive power requirements
decreasing linearly to zero proportional to active power for
lower than 0.5 pu.

P/ Py [p)

A

»-

050 03 0070 007 03 050
Q/ Py [p1]

Fig. 8. P-Q dependence in Ireland grid code.



6. US
The US FERC 661 code [15] is specifying that reactive
power in the power factor range 0.95 inductive to 0.95
capacitive can be required by TSO on a situation, which is not
permanent operation but dynamically employed.

D.  Behavior Under Grid Disturbance

1. Germany
The VRT and RCI are described in Fig. 9 and Fig. 10,
respectively.

VRT

e  Within the black area no interruptions is allowed.
The WPP must stay connected even when the PCC
voltage is zero. The 150 ms accounts for typical operating
time of protection relays.

e  Within the dark grey area, if the facility is facing
stability issues, short time interruptions (STI) with
resynchronization in maximum 2 s are allowed.

e  The voltage value in Fig. 9 refers to the highest
value of all three phase grid voltages measured at the low
voltage side of the transformer in each wind turbine.

P and Q limitation during faults and recovery
e During faults, the active current can be reduced in
order to fulfill the reactive current requirements

Minimum reactive current injection

. In case of significant deviation of the voltage,
proportional reactive current has to be injected/absorbed
as shown in Fig. 10, which indicates that rated reactive
current can be requested for a voltage deviation of 10%.

e  The response time of reactive current controller
should be max 30 ms and the control band should be
between —10% and +20% of the rated current.

L2 Normal operation

I Should ot disconnect

I May disconnect i resynchronization within 2sec EON
May disconnect upon ageeement

[ May disconnect by automatic protection relays

TTART OF FAULT E\D OF RECOIERY

N0

%

a10s o

0
0 15 15 Time [sec]
Fig. 9. VRT requirements in German grid code.
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Fig. 10. Reactive Current Injection Requirements in German grid code.

e The reactive current requirements in Fig. 10 apply
for the highest value of the three phase voltages in case of
faults within the black area.
. For 1 and 2-phase faults, the maximum reactive
current can be limited to 40% of the rated current.
. After fault clearance, the reactive current reference
should not change stepwise in order to avoid stability
issues.
e For voltages below 0.85 pu, if the facility is unable
to supply the reactive power required for voltage support,
the so called “Safeguard I"” implemented in PCC will trip
the wind farm after 0.5 s. “Safeguard II” at the wind
turbine level is implemented as system protection acting
after 1.5 s and includes the stepwise tripping of wind
turbines.

Resuming Active power
. After fault clearance without disconnection, the
active power feed-in must be continued immediately after
fault clearance and increased to the original value with a
gradient of at least 20%/s.
. In case of short disconnection, the active power
feed-in must be resumed immediate after fault clearance
with a gradient of at least 10%/s.

2. Spain
The VRT and RCI requirements of Spain are described in

Fig. 11 and Fig. 12, respectively.

VRT
e During the whole transient regime, the facility must
be able to inject to the grid at least the nominal apparent
current.

P and Q limitation during faults and recovery
e The facility might not consume active and reactive
power at the grid connection point during both, fault



duration and the duration of voltage recovery following
fault clearance.

e  Momentary active or reactive power consumption
(<0.6 pu) is allowed during just the first 40 ms after the
start of the fault and the first 80 ms after the clearance of
balanced (three-phase) faults.

e  Momentary active or reactive power consumption
(<0.4 pu) is allowed during just the first 80 ms after the
start of the fault and the first 80 ms after the clearance of
unbalanced faults (single-phase and two-phase).
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Fig.11. VRT requirements in Spain grid code.
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Fig.12. RCI requirements in Spain grid code.

Reactive current injection

The requirements of reactive power generation under
voltage faults (V<0.85 pu) are implemented similarly as for
the case of automatic voltage regulation (AVR) in
conventional synchronous generation, i.e. in the form of a PI
voltage controller with reactive current reference I, as output,

as shown in Fig. 13. V, is the voltage set point (rms), V is the
PCC voltage (rms) and I, is the instantaneous reactive current
reference. The saturation levels are voltage dependent as
explained in Fig. 13.

The following particularities apply:

e  The controller will be enabled for any voltage
outside the normal operation range.
e If the WPP was working in voltage control mode in
normal operation, the voltage set point during fault will
remain unchanged.

1

rmax(V)

1+ T

1,

v rmin)

Fig.13. Reactive current injection requirements in Spain during FRT.

e  If the WPP was working in reactive power or power
factor control mode, during the disturbance the voltage set
point will be the voltage prior to the fault if the normal
operation set to reactive power or power factor allocation.
e During the fault, the facility should inject/absorb
positive sequence reactive currents based on the action of
the voltage controller with minimum saturation levels
defined by the polygonal curve ABCDE as shown in Fig.
12. In case of overvoltage, the saturation levels are
mirrored but for voltages higher than 1.3 pu,
disconnection is required by protection relays.

e  These levels should be implemented as saturation
levels for the voltage controller that runs in both normal
and faulty operation.

e  For the range 0.85<V<1.15 pu, the injected reactive
current will react according to the voltage control,
possibly saturating the regulator limits.

e Once the fault is cleared, the voltage controller will
keep be enabled for at least 30 s after voltage level reenter
the normal operation range. Afterwards, the voltage
controller will be disabled and the reactive power
requirements for normal operation will apply

Active current injection
e During faults, the facility should limit the active
current within the grey area as shown in Fig. 14
(excluding the active current increments/reductions due to
frequency control or, if applicable inertia emulation).
As it can be seen, the active current limitation is a function
of P,,, the active power that the facility was generating prior
to the disturbance and voltage level.

. For voltage levels lower than 0.5 pu, the active
current can be reduced to zero.

e Any possible violation of these active current limits
must be corrected before 40 ms.
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Fig.14. Active power limitation in Spain during FRT.

. In case of current saturation, reactive current
limitation given by voltage controller saturation has
priority over active current limitation.
e For voltages higher than the normal operation, the
facility will seek if possible, to maintain the active power
level prior to the disturbance.
e  The gain of the active current controller should
ensure dynamic response (90% rise) in less than 40 ms for
V<0.85 pu and 250 ms for V>0.85 pu

Resuming Active power
e  The voltage dependent active current control
previous mentioned ensures that after the fault clearance
without disconnection, the active power level prior to
disturbance will be restored smoothly within 250 ms.

3. Denmark

The VRT requirement for Danish grid code is as shown in
Fig. 15, which is valid only for three-phase faults. For single
or double-phase faults, wind power plant should be able to
withstand unsuccessful reclosures in the transmission network
[5].

During the voltage dip the wind farm must as a maximum
take a reactive current measured in at the grid connection
point corresponding to 1.0 times the nominal current of the
wind farm.

1. US
The recent WECC LVRT standard [16] is an effort to
create compliance with the federal regulation FERC Order
[ Normal operation

M Should not disconnect
[ May disconnect by automatic protection relays

ENDK
Denmark

START OF FAULT END OF RECOVERY

v [%T

100
95

75 o

0.1 1 10 Time [sec.]

Fig.15. VRT in Denmark Grid Code.

661-A [14] in terms of fault voltage level and duration (0V
for 9 cycles) and boundaries for time of voltage recovery for
both LVRT (until voltage became higher than 90%) and
HVRT (until voltage became lower than 110%) shown in Fig.
16.

VRT

e  All generators are required to remain in-service
during three-phase faults with normal clearing (for a
maximum of 9 cycles) unless clearing the fault
disconnects the generator from the transmission system

e The voltage is measured at high voltage side of the
WPP step-up transformer

e For single-phase faults, delayed clearing times apply
unless clearing the fault disconnects the generator from
the transmission system

e TSO should provide to the WPP owner the normal
breaker clearing time for three-phase faults and delayed
clearing time for single-line-to-ground faults at the high
voltage side of the generating plant step-up transformer

e There is no requirement for power limitation during
fault or reactive power injection during fault or recovery.

1v. DISCUSSION OF HARMONIZATION OF GRID CODES

From the survey presented above, it can be observed that
the interconnection regulations vary considerably from
country to country. It is often difficult to find a general
technical justification for the existing technical regulations
that are currently in use worldwide due to the different wind
power penetration levels in different countries and operational
methodology of power systems.

For instance, countries with a weak power system, such as
Ireland, have considered the impact of wind power on
network stability issues, which means that they require fault
ride-through capabilities for wind turbines already at a lower
wind power penetration level compared with countries that
have very robust systems. The inclusion of FRT regulations
for DFIG noticeably increase overall cost by 5%. The
European Wind Energy Association (EWEA) recommends
that regulations for the European grid connection (or other
nations) are to be developed in a more consistent and
harmonized manner [18].

F2) Normal operation

I Should not disconnect
[ May disconnect upon agreement

V%)

1 23 4 Timelsec]

Fig.16. VRT in US-WECC.



Harmonized technical requirements will bring maximum
efficiency for all parties and should be employed wherever
possible and appropriate. While this applies to all generation
technologies, there is a particular urgency in the case of wind
power. As wind penetration is forecasted to increase
significantly in the short to medium term, it is essential that
grid code harmonization should be tackled immediately. It
help manufacturers to internationalize  their
products/services, developers to reduce cost, and TSOs to
share experience, mutually, in operating power systems. It is
also important that the national grid code should aim at an
overall economically efficient solution, i.e., the costly
technical requirements such as ‘‘fault ride through”
capability for wind turbines should be included only if they
are technically required for reliable and stable power system
operation. Hence, it can be summarized that grid codes should
be harmonized at least in the areas that have little impact on
the overall costs of wind turbines. In other areas, grid codes
should take into account the specific power system
robustness, the penetration level, and/or the generation
technology.

will

V. FUTURE TRENDS

The following requirements are expected to be included in
the future grid codes:

Local Voltage control

Both the Spanish and the German grid codes have
increased the complexity of the reactive current injection
during fault and recovery and a continuous local voltage
control may prove to be necessary, particularly for offshore
wind farms [19].

Inertia Emulation

The Spanish grid code [10] mention that even if for the
moment the ability to emulate inertia is not yet compulsory it
is strongly recommended and it may be introduced as a
requirement later.

The implementation of emulated inertia should be in the
form of proportional-derivative controller acting on frequency
variation as input and outputting the necessary power
variation as shown in Fig. 17.

The following particularities apply:

+AP, max
A AP,
Lo ke
—AP, max

Fig.17. VRT in US-WECC.

. The gain Ky should be adjustable between 0 and 15
s, and the response time should be such that in 50 ms the
active power should increase at least by AP=5%.

e Inorder to be able to generate the required saturation
levels: +APymax, energy storage of any technology is
required able to inject or absorb at least 10% active power
for at least 2 s.

e The deadband of frequency variation will be limited
to £ 10 mHz.

e  The Inertia Emulation should be disabled for
voltages lower than 0.85 pu.

Power Oscillation Damping (POD)

This is another feature strongly recommended by the
Spanish grid code [10], where just like in the case of the
synchronous generators, the system should be able to increase
or decrease the output power in such a way to reduce the
power oscillations in the low frequency range (0.15 — 2.0 Hz).
The following specific requirements apply:

e The POD can be implemented by “sharing” the
existing power-frequency regulator.

e  The POD can “share” the energy storage used for
Inertia Emulation.

e The deadband of frequency variation will be limited
to £ 10 mHz.

e The POD should be disabled for voltages lower than
0.85 pu.

VL CONCLUSION

In this paper, the grid code technical requirements were
presented for the connection of wind farms to the power
systems, basically at the HV level. A comparative overview
and analysis of the main requirements were conducted,
comprising several national codes from many countries where
high wind penetration levels have been achieved or are
expected in the future. The objective of these requirements is
to provide wind farms with the control and regulation
capabilities encountered in conventional power plants and are
necessary for the safe, reliable and economic operation of the
power system. Current wind turbine technology, particularly
developed over the last years, has been heavily influenced by
these requirements. Modern wind turbines are indeed capable
of meeting all requirements set, with the exception of the
constant speed machines, which are practically not marketed
anymore for large scale applications.
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Wind Power Plant Control - An Overview

Mufit Altin, Remus Teodorescu, Birgitte Bak-Jensen, Pedro Rodriguez, Florin Iov, Philip C. Kjer

Recent d I in wind turbine technology
go towards installation of larger Wind Power Plants (WPPs).
Therefore, power system operators have been challenged by
the WPP penetration impacts in order to maintain reliability
and stability of the power system. The revised grid codes have
concentrated on the WPP connection point and as a result a
WPP is considered as a single power plant. Nevertheless,
compared to conventional power plants, WPPs have different
inherent features such as converter-based grid interface
technology, internal electrical layout, and asynchronous
operation of turbines. Taking these into account, a WPP
controller is the key factor in order to satisfy the grid code
requirements. This paper presents a comprehensive overview
of various WPP controller strategies comprising active power,
reactive power, voltage, frequency, and emulated inertia
control. The WPP control architecture composed of WPP
control level and wind turbine control level is also discussed
considering the hierarchy and coordination of these levels.

Ab: 1.

Index Terms— active and reactive power control, emulated
inertia control, frequency control, wind power, wind power
plant control,

I. INTRODUCTION

EFORE the rapid increasing of the wind power

generation, wind turbines had been considered as
distributed energy sources in medium and low voltage
distribution systems. The wind turbine technology was not
adequate to participate in power system control in response
to voltage or frequency disturbances [1]. Common practice
during a system disturbance was to disconnect the wind
turbines and reconnect them after the fault clearance.
However, recent developments in wind turbine technology
have changed this picture and TSOs have revised their grid
codes for connection and operational requirements to
reduce the impacts of the large WPP installations. Denmark
and Germany have led these grid code revisions among the
other countries due to their high wind power capacity [2],
[3]. In Spain, the TSO has also revised the grid code
including future requirements that are introduced for
planned wind power installations in order to maintain
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stable and reliable integration [4]. Technical analyses and
comparison of the most recent available grid code editions
with the wind turbine technologies are surveyed in the
literature [5], [6]. All these studies with the experiences
from recent years have pointed out that WPPs should be
treated like conventional power plants. Accordingly, grid
codes have concentrated on the WPP connection point
rather than the wind turbines connection points.

Furthermore, in a conventional power plant, generating
units usually have identical controllers, i.e. governors and
excitation system, with similar controller settings. They are
connected to the same bus through common or individual
step-up transformers. Thus, the general approach for
modeling and evaluating the performance of the power
plant is that one synchronous generator with its controllers
can represent the overall power plant response. In some
applications, conventional power plants are equipped with
joint control functionality which provides the power plant
operator to control the generating units as a group, working
together on the basis of single active and reactive power
generation set points [7]. As a result, the power plant
control features are implemented with a single generating
unit and should satisfy the grid code requirements.

‘WPPs have completely different aspects from the above
discussion which bring additional considerations to the
control system. The control structure is not straightforward
as in the conventional power plant case mentioned above.
The characteristic aspects of the WPPs can be summarized
as follows [8]:

e WPPs have wind turbines with converter-based grid
interface  technology  (permanent  magnet
synchronous  generators and squirrel cage
induction generators with full-scale converters or
doubly-fed induction generators with partial-scale
converters).

e The rotor speed of the wind turbines is varying and
fluctuates due to the wind (variable wind speed
turbines). In other words, wind turbines rotor
speed is eventually decoupled from the frequency
of the transmission system due to the usage of the
induction generators and full-scale converters.

e In WPPs, the typical size of the wind turbines is
much smaller with respect to conventional units
(from kW to MW range).

e WPPs are not simply collections of individual wind
turbines, they have collector systems and other

devices (energy storage, FACT, etc.) with
controllers. This means each individual wind
turbine terminals face different operating



conditions from the point of connection during the
steady-state and the transient situations.

e Each individual wind turbine has its own electrical
and mechanical control systems (wind turbine
control level).

e Active and reactive power controls are decoupled in
the converter-based wind turbines.

Therefore, in large WPPs wind turbines have to be
managed from a higher and centralized control level, here
called as WPP control level. The WPP control level is an
interface between the WPP (wind turbines and if available,
reactive compensation or energy storage devices) and the
transmission system, and therefore, also the WPP operator
and TSO. The WPP control usually regulates the production
of the WPP based on the TSO demands and the connection
point measurements. Additionally, the WPP control level is
a key factor to control the wind turbines centrally in an
efficient and hierarchical way while satisfying the grid
codes.

To be able to implement the WPP control level,
aggregated models are used in the literature [9]-[11] for the
overall WPP, which is represented as a single wind turbine
without losing the wind and collector system
characteristics. Another approach is to model the WPP as
individual wind turbine and the WPP control functions are
implemented at this wind turbine control level. This
approach aims to gain wind turbines the required WPP
functionalities. After implementing the control structure,
evaluation is performed for the proposed controller in order
to fulfill the grid code requirements [12], [13].

So far, the mentioned approaches are based on a single
control level without a hierarchical architecture or
distribution of the control functions among several control
levels (i.e. WPP and wind turbine control levels, if available
FACTs and energy storage controllers). But, in this paper, a
comprehensive overview of WPP control strategies [14]-
[19], which are implemented at the WPP control level in
the WPP two-level control architecture, is presented
regarding active power, reactive power, voltage, frequency,
and emulated inertia controls. Moreover, WPP and wind
turbine control level functions are discussed considering the
hierarchy and coordination of these levels.

II. GrID CODE REQUIREMENTS FOR WPPS

Grid codes define the connection and operational
requirements for all parties such as power plant owners,
large consumers, and ancillary service providers, connected
to the transmission system. Recent grid codes for the power
plants were specified in terms of synchronous machines.
However, wind turbines are based on different technologies
which have significant impacts on the conventional
transmission system [20]. TSOs have revised their grid
codes to sustain reliable and stable power generation to the
loads while enabling the large scale integration of wind
power generation [2]-[4]. Although the requirements
depend on the inherent characteristics of each transmission

system, structural harmonization study of the grid codes has
been intended to establish a generic common grid code
format where the general layout and specifications, not the
values, are fixed and agreed upon by all the TSOs, WPP
developers, and wind turbine manufacturers [21]. The most
common requirements comprise:

e Active power and frequency control,

e Reactive power and voltage control,

e Fault ride through (FRT) capability,

e Frequency and voltage operating ranges.

The given requirements and more detailed discussions
have already been made in the literature [5], [6], [20], [21].
Here a brief review of the mentioned common requirements
is included for the WPP control functions.

A. Active Power and Frequency Control

WPPs have to dynamically participate in the grid
operation control by regulating their active power output.
Active power regulation in the grid codes include active
power control functions, which limit the maximum active
power, balance the active power output, and define the
ramp rates upward or downward direction.

The control functions provide TSOs to control WPPs in
a predictable way reducing the uncertainties caused by the
wind. They might also be the supervisory tools to integrate
WPPs into existing transmission planning and market
operations. Additionally, reserve power can be maintained
through using these functions for the frequency control.
Active power reference update rate, start-up ramp rate, shut
down ramp rate, and system protection functions are the
additional requirements specified under the active power
control title in the grid codes [2]-[4], [21], [23], [24].

Frequency control is performed by the power plants
under the supervision of TSO in different stages which
depend on each other [22]. Primary frequency control is one
of the stages and allows a balance to be re-established
between generation and consumption at a frequency other
than the system frequency reference (50 or 60 Hz) in
response to a frequency deviation.

In the WPPs, the wind turbines don’t have a
synchronously rotating rotor like in conventional power
plants, and they are therefore following the system
frequency. If there is a frequency excursion, they can
change their active power output by the additional converter
or the wind turbine controllers according to the grid code
requirements [8]. The grid codes generally demand active
power curtailment for frequencies above the normal
operating limits (i.e. higher than 50.2 Hz in [3]) and
immediate disconnection for lower frequencies (i.e. lower
than 47 Hz in [3]). However, these limits can vary
according to the bilateral agreements between the TSO and
WPP owner. If the TSO demands same primary frequency
control performance as for the conventional power plants,
active power reserve should be deployed in the turbine
kinetic energy, energy storage equipments or by de-rated
operation of the wind turbine.



Moreover, emulated inertia control is another form of
active power control for WPPs. This control idea comes
from the conventional power plant natural response to the
load changes in the grid operation. However, in WPPs wind
turbine rotor speed is decoupled from the system frequency.
The controller for inertia emulation should increase or
decrease the active power output proportional to the
derivative of the frequency, and as a result reduces the
drop/rise of the frequency deviations. But, specifications for
the emulated inertia control rely on the power system
characteristics, such as the overall inertia of the system and
the wind power penetration level in the transmission
system. This controller structure is not a
requirement now in the grid codes, but is defined for a
future implementation in the Spanish grid code [4].

common

B. Reactive Power and Voltage Control

WPPs have to regulate their reactive power output in
response to the voltage deviations at the grid connection
point and the reactive power references sent by the TSO.
The reactive power requirements depend on the grid
connection point characteristics, which include short-circuit
power of the connection point, X/R ratio, and wind power
penetration level. For the grid operation, there are three
different possibilities for reactive power references set by
the TSO; reactive power, power factor and voltage
references. Grid codes have stated these reactive power
operating conditions, such as P/Q and V/Q curves or
voltage slope characteristics. Additionally, the reactive
power ramp rate, reactive power control and measurement
accuracy, settling and rise times for reactive power change
are specified in the grid codes [2]-[4], [21], [23], [24].

C. Fault Ride Through (FRT) Capability

During grid disturbances, voltage dips can typically lead
to WPP disconnections that will cause instability and yield
into blackouts. To avoid these problems, the grid codes
require continuous operation even if the voltage dip reaches
very low levels, support to the voltage recovery by injecting
reactive current and active power restoration after the fault
clearance with a limited ramp values. All these features are
defined as FRT capability of the wind turbines and
described by the FRT voltage profile given in the grid
codes. During the fault, the reactive current injection is
defined by another figure, and in addition to these
capabilities, reactive current injection, dead, rise, and
settling time with the post fault support time are specified
correspondingly in the grid codes [2]-[4], [23], [24].

III. WPP CONTROL

In order to satisfy the mentioned grid codes, the WPP
control level is responsible for the active and reactive power
dispatch for the wind turbines. In addition to the steady
state performance, the WPP control level can dynamically
provide stability, or if it is not possible to react due to the
response time of the WPP controller and WPP

communication system, it should not affect the transmission
system operation adversely during the transient conditions
(i.e. faults, switching operations, and load/wind variations).
The challenge increases further when there are other
components, such as energy storages, capacitor banks, and
FACTs in the WPP. Therefore, the WPP control
architecture should be structured in a hierarchical and
coordinated way for efficient, reliable and stable grid
operation as a single generating unit.

Generally, two-level control, which comprises the WPP
control level and the wind turbine level, has been
implemented as a benchmark of WPP control architecture
in the literature and industry [14]-[19]. In this architecture,
the WPP control level determines the active and reactive
power set points for each wind turbine based on the grid
connection point measurements and TSO demands.

The wind turbine control level on the other hand,
ensures that the sent out references from the WPP control
level are reached. Moreover, if any operational changes
occur, such as available wind power or fault situations, the
WPP control level should be acknowledged through a
SCADA (Supervisory Control and Data Acquisition)
system. In the following subsections, the WPP control level
is described in more details.

A. WPP Active Power Control

In the WPP control level, the active power control main
purpose is to control the injected active power at the point
of connection into the transmission system. Therefore, the
WPP active power controller calculates the active power set
points of each wind turbine in the WPP with respect to the
active power reference received from the TSO. As
illustrated in Fig. 1, the inputs of the active power control
are the received power reference, measured active power at
the connection point, available active power values from
each wind turbines, and the outputs are the reference
signals to each wind turbine. The WPP active power control
typically contains an active power control functions block,
main controller block and dispatch function block as shown
in Fig. 1.

‘Wind Power Plant Control Level

‘Wind Turbine
Control Level

Control Functions Cont

Prcs
Available Active Power

of each Wind Turbine

Point of Connection
Measurements

Fig. 1. WPP level active power control [16]

1) Active Power Control Functions

In Danish grid code [2], active power control functions
are clearly defined, thus in Horns Rev I all the functions are
implemented and in operation [17]. The active power
control functions block in Fig. 1 can decide which control
function will be active for the WPP. For instance, balance
control or delta control can work at the same time with the
power rate limiter function. These control functions are
simulated in [16] and the results are given in Fig. 2.
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Fig. 2. WPP active power control functions [16]

2) Active Power Main Controller

The main controller block, illustrated in Fig. 3, is a
simple PI controller with anti wind-up limiter that
calculates the active power error and decides the overall
‘WPP active power reference (Pcu.WPP)A

Main Controller

wee wee
P! Pout

Pucas

Fig. 3. WPP active power main controller based on [16]

3) Active Power Dispatch Function

There are various ways in order to distribute the active
power reference signals to individual wind turbines (P ")
as a dispatch function. The simplest algorithm directly
sends the input signal (Po, " "), which is expressed in per
unit (pu), to all wind turbines. It should be noticed that if
the power reference signal sent to a wind turbine exceeds
the maximum available power of the wind turbine, in the
next error computation step the rest of the wind turbines
will automatically increase their outputs in order to reset
the active power error. However, this algorithm does not
check the available power of the overall WPP, thereby a
steady state error may remain [19], [25].

Another strategy, which is mentioned in [16]-[18],
calculates the wind turbine active power set points based on
a proportional distribution of each wind turbine available
active power. Equation (1) is simply formulated as a
proportional distribution of the available active power by
dividing each wind turbine available active power to the
total available active power, where P, is the available
active power of i wind turbine and P, is the total
available active power of the WPP.

P :

PW‘T, - x PWI’I” R::’I’I’ — z PI:‘VT, (l)

ref wep * L out
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Further, an optimized dispatch control strategy is
implemented that defines the active power set points of
each wind turbines and closely follows the TSO active
power reference taking the WPP internal active power
losses and availability of the wind power into consideration
[14]. This optimization problem defined in (2) is composed
of three sub-objective functions: the first and second part
aim to decrease the deviation between the WPP active and
reactive power outputs and the TSO reference value
respectively, and the last part seeks to reduce the active
power losses in the collector system.

2P =P + 22(0u = Qi) +
. )
2| (=B + 2 (-, Y]

,where Py and Qq is active and reactive power demand
received from the TSO, Pyo and Qo is the total active and
reactive power of the WPP, P, is the sending side active
power flow of branches and Pg; is the receiving side active
power flow of branches from the wind turbine side to the
connection point. For this objective function a primal-dual
predictor corrector interior point optimization method is
used in [14].

As a result, using the above active power control the
WPPs can operate at the maximum power or at a de-rated
power that would be used for the primary and secondary
frequency control purposes or to support voltage stability in
contingency situations (curtailment of the active power).

B. WPP Reactive Power Control

The grid codes demand reactive power support in several
ways; reactive power, power factor or voltage control
specified as set points sent by the TSOs. Among these
control strategies, the appropriate strategy is selected by the
TSO and WPP developer with respect to the short-circuit
ratio, X/R ratio at the connection point and the currently
installed reactive compensation in the vicinity of WPP
connection point.

The WPP reactive power control structure is similar to
the active power control mentioned above. It is briefly
shown in Fig. 4 that possible set points from the TSO are
reactive power, power factor or voltage. The inputs of
reactive power control are the set points (Q,chSO, Vit 0,
pfre!'TSO), the measurement of the related signal (Qmeafso,
Vineas' 20, pfmcas"'so) according to the set point, and in some
cases the available active power of the wind turbines, are
needed in order to calculate the individual reactive power or
voltage reference of the wind turbines (Q,UI-WT, erwr) [16].

min;
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Fig. 4. WPP level reactive power control [16]

1) Reactive Power Control Strategies

Power factor control is a passive reactive power control
related to the active power output of the WPP. In other
words, when the active power output is increased, the power
factor control will also increase the reactive output. The
significant disadvantage is that when the active power
changes due to wind or TSO reference, these changes will
lead to reactive power changes at the connection point [15].

Another strategy is the reactive power control which
receives the reactive power reference signal from the TSO.
Same disadvantage can take place, if the wind power



change is very rapid. Thus a very fast reactive control will
be required from both the TSO operator and the WPP
reactive power controller in order to sustain the voltage
constraints.

On the other hand, the voltage control strategy is more
robust and active power changes do not affect the set points
coming from the TSO as in the previous strategies. But
practical drawbacks, such as communication delays, should
be carefully handled. However, undesired voltage changes
cannot be avoided at the point of connection [15].

2) Reactive Power Main Controller

The main controller, which is illustrated as a block in
Fig. 4, is a simple PI controller with anti wind-up limiter
that calculates the reactive power or voltage error and
decides the overall WPP reactive power reference (Qoy" ")
or connection point voltage reference (Vou"™). In addition
to this structure in reactive power control strategy, the
reactive power reference can be modified by adding output
of the voltage control as a reactive power correction. It is
shown in Fig. 5 and the additional voltage loop is realized
to assure the voltage constraints at the connection point
[16]. Similar control structure with the reactive power
additional loop can also be implemented in the voltage
control strategy. Another similar main controller structure,
which is based on reactive power control and a
subordinated voltage control loop, is illustrated in Fig. 6
[25]. The implementation of the subordinated loop is to
enable the voltage constraints while following the reactive
power reference. In other words it s a protection to sustain
the WPP availability such that the WPP connection point
voltage remains between the voltage limits.

Main Controller
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WPP
AV pea
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Fig. 5. WPP reactive power main controller [16]
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Fig. 6. WPP reactive power cascaded main controller [25]

3) Reactive Power Dispatch Function

Similar to the active power dispatch function, there are
various ways in order to distribute the reactive
power/voltage reference signals to individual wind turbines
(QrefWT or V,cfwvr) similar to active power control as a
dispatch function. The simplest algorithm directly sends the

input signal that is reactive power reference (Quy" ") to all

wind turbines. It should be noticed that in the voltage
control strategy, the voltage reference (Vou"'') must be
converted to reactive power set point, and then it can be
distributed as the reactive power references (Qur ') [25].
However, the disadvantage of the reactive control strategy
with this distribution function is that the identical reactive
power set values sent to each wind turbine would cause
excessive voltage variations within the collector feeders. In
case of high voltage profile, there could be trip of the wind
turbines because of the voltage instability and equipment
voltage ratings [19].

Another strategy, which is mentioned in [16]-[17],
calculates wind turbine reactive power set points based on a
proportional distribution of each wind turbine available
reactive power. Equation (3) is simply formulated as a
proportional distribution of the available reactive power by
dividing each wind turbine available reactive power to the
total available reactive power, where PV and QMWT' is the
available active and reactive power of ith wind turbine
respectively, Q,""" is the total available reactive power of
the WPP, and Sgn e is MVA rating of the i" wind

turbine.
W, M o
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Further, an optimized dispatch control strategy is

implemented that defines the reactive power or voltage set
points of each wind turbines and closely follows the TSO
active power reference taking the WPP internal active
power losses and availability of the wind power into
consideration [14]. This optimization problem is defined in
(2) and the details are mentioned in the active power
dispatch function part.

Another optimization algorithm focuses on the WPP
collector system losses which are the sum of no-load and
load losses in the collector system [26]. In (4), the total loss
(PLoss) is formulated in two parts; the first part is the load
loss at any operating point in terms of total power (S) and
voltage (V) which is related to the load loss (Ppp.racq) at the
rated power (Syaeq) and nominal voltage (Viueq). The second
part is the no-load loss of the collector system transformers
at any V which is also related to the no-load loss (Pn.ratea)
at the nominal voltage (Vyaca)-

5 2 2
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4) WPP Coordinated Reactive Power Control

The WPP reactive power control level is surveyed as a
single central unit in order to satisfy grid codes reactive
power and voltage requirements. Likewise, the wind turbine
control level has reactive power and voltage control
strategies, which affect the overall performance of the WPP.
The coordination of these two control levels is very
important. For instance, reactive power control can be
implemented as a slow control loop on the WPP control
level and a fast voltage control loop, which is able to



operate in the wind turbines (Fig. 7). Another possible
structure is that both WPP control and wind turbine control
level have the voltage control capability. The voltage
control on the WPP level can stabilize the connection point
voltage within the limits regardless the active power
variations. On the other hand, voltage controllers at the
wind turbines are able to reduce the fast voltage variations
in the collector system and the grid (Fig. 8) [15], [27]. On
the contrary to this control structure, there has been an
implementation where the voltage control loop is the inner
control and the relatively slower reactive power control loop
is the outer control loop [28]. The claim for this structure,
which is depicted in Fig. 9, is that it is more stable than the
reactive power control loop inside of the voltage control
loop. However, if the wind turbines react with their very
fast voltage control with respect to the disturbances, there
might be some intra-plant stability problems due to the
WPP collector system and interaction of these controllers.
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Fig. 7. WPP reactive power control with voltage control at the wind turbine
[15]
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Fig. 8. WPP voltage control with voltage control (inner reactive power
control loop) at the wind turbine [15]
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Fig. 9. WPP reactive power control with reactive power control (inner voltage
control loop) at the wind turbine [28]

C. WPP Frequency Control

In the power system, the active power generated and
consumed must be in balance during steady state
conditions. When a disturbance has occurred, the system
frequency will deviate with respect to the angular
momentum of the synchronous machines and spinning
loads connected to the system. For these frequency
excursions, power plants are required to provide frequency
response which is specified in the grid codes by the TSOs.

The primary frequency control is the response of the

power plant during the frequency deviation by changing its
active power output in order to stabilize the frequency at a
level different than the nominal frequency (50 Hz or 60 Hz)
within 10 sec. — 30 sec. (BC period in Fig. 10).

frequency (1)

50 0r 60

time (sec)

ry frequency response
Fig. 10. Primary frequency control

In the last 5 years, there have been a lot of studies about
primary frequency control both implemented on the WPP
control and wind turbine control level. Most of the studies
have implemented the primary frequency control in the
pitch control system or active power control loop of the
converters by either using the inertial response of the rotor,
reserve power of the wind turbine (de-rated operation
mode) or energy storage devices. In [16] and [17], the
primary frequency control is implemented on the WPP
control level and the reason is stated to avoid that WPP can
counteract the frequency controllers in the wind turbines.
This control structure is illustrated in Fig. 11. On the other
hand, in [14] and [17], all the all the wind turbines are able
to response to frequency deviations and they can change
their active power autonomously regardless of the WPP
controller.
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Fig. 11. WPP frequency control [16]
D. WPP Emulated Inertia Control

As mentioned in the frequency control, any imbalance
such as the difference between generation and consumption
leads to deviations in the system frequency. The frequency
drop during the AB period (in Fig. 10) depends on the total
inertia of the system, which can be described as the
available stored energy in the rotor of the conventional
power plants. This stored energy is instantaneously released
to cease the frequency drop.

If the wind power penetration level is expected to
increase with the converter based wind turbines, the system
inertia response will be reduced. As a result, the system
frequency drop during an imbalance will drop very rapidly
to lower values than the previous case. Therefore, TSOs let
WPPs contribute to system inertia by emulating
synchronous machine inertial response [4]. In [29], the
active power output of a WPP is controlled by an algorithm
in order to contribute to the system frequency. This control

equeney




is emulating the inertia response behavior of the
synchronous power plant. It detects the frequency of the
power system and then calculates a variation rate in the
detected system frequency. Afterwards, an active power
output change of the WPP is calculated based on a value of
the WPP overall inertia and the previously calculated
frequency variation rate. The calculated active power
change for the overall WPP is distributed with respect to
two embodiments, the first one is just by dividing the
number of the wind turbines, and the second approach is by
taking account of the WPP equivalent rotational speed and
every individual rotational speed of the wind turbines.
Furthermore, the method comprises the detection of the
incoming wind speed at the WPP, and the calculation of the
energy residing in the rotational masses of the WPP from
the detected wind speed. Fig. 12 illustrates the whole
detection and calculation steps of the control methodology.

Emulated Inertia Control

Fig. 12. WPP emulated inertia control based on [29]

IV. DISCUSSION AND CONCLUSION

The installation of larger WPPs at both onshore and
offshore are rapidly increasing by virtue of the recent
developments in wind turbine technology and the incentives
provided by the governments. According to the wind
integration studies performed by the TSOs and
organizations from academy and industry, the grid code
requirements have been revised, wind turbine
manufacturers have been implementing new developments
to the market, and the WPP developers have been
conducting the connection studies considering grid codes
and wind turbine technology. In this paper, a
comprehensive overview of WPP control strategies is
presented regarding active power, reactive power, voltage,
frequency, and emulated inertia controls.

The WPP control level is the key factor for steady state
and dynamic operational performance of the WPP. The
WPP control architecture as a usual concept consists of
mainly two levels, the WPP control level and the wind
turbine control level. The general functions of the WPP
control level are discussed in the related part of the report
that comprises the following functions required from the
system operator; active power, frequency, emulated inertia,
and reactive power (voltage control, pf control).

FRT control function is much more related to the wind
turbine level with respect to the response time and
climination of the disturbances. In the literature the
functions of each WPP control level and the coordination of
these levels haven’t been covered in detail. Furthermore,
more detailed WPP models including the communication
latency and sampling time should be developed. According
to the grid code requirements and wind turbine technology

a brief provision of the functions for the each level can be
classified as follows:

WPP Control Level Functions:

e Active power control of WPP

e Secondary frequency control

e Primary frequency control

e Reactive power control (or Voltage control) of WPP
Wind Turbine Control Level Functions:

e Active power control of wind turbine

e Reactive power control of wind turbine

e Emulated inertia control

e FRT control

On the other hand, AGC (Automatic Generation
Control) for the secondary frequency control and secondary
voltage control functions utilized in conventional
transmission systems can be implemented to improve the
WPP control algorithm which includes optimization of the
active and reactive power control considering the collector
system layout, wind prediction, and availability of the
generation.

Finally, communication time delays between the control
levels should be taken into account for the WPP control
architecture. For instance, the arrival time of the available
wind power information from the wind turbine to the WPP
controller will affect the primary frequency control
performance.
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Abstract—High wind power penetration levels result in
additional requirements from wind power in order to improve
freq stability. Rep of con i power plants
with wind power plants reduces the power system inertia due to
the wind turbine technology. Consequently, the rate of change of
frequency and the maximum frequency deviation increase after a
disturbance such as generation loss, load increase, etc. Having no
inherent inertial response, wind power plants need additional
control concepts in order to provide an additional active power
following a disturbance. Several control concepts have been
implemented in the literature, but the assessment of these control
concepts with respect to power system requirements has not been
specified. In this paper, a methodology to assess the inertial
response from wind power plants is proposed. Accordingly, the
proposed methodology is applied to one of the inertial response
control concepts from the literature.

Index T ind energy, freq 'y stability, wind power
plant, frequency control, inertial response

I. INTRODUCTION

lectricity generation from wind energy has rapidly

increased for the last five years by 27.4% worldwide [1].
In many countries, wind energy targets have been set in the
range of 20% to 50% of all electricity generation due to the
concerns of CO, emissions, fossil fuel costs, and energy
efficiency [2]-[4]. In order to maintain sustainable and reliable
operation of the power system for these targets, transmission
system operators (TSOs) have revised the grid code
requirements [5]. Also, the TSOs are planning the future
development of the power system to integrate more wind
power according to their grid codes. Various future wind
penetration scenarios have been specified covering low levels
to high levels of wind penetration with low and high levels of
power consumption [6]. In the scenarios with high wind power
penetrations, conventional power plants (CPPs) such as old
thermal power plants are planned to be replaced with wind
power plants (WPPs) [7]. Consequently, the power system
inertia is reduced due to the replacement of CPPs and the wind
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turbine (WT) technology which does not respond like a
physical inertia of synchronous generators [8].

The power system inertia determines the sensitivity of
system frequency which indicates how fast and deep the
system frequency deviates after a imbalance between
generation and consumption. The total inertial response of
each synchronous generator determines the power system
inertia. The power system inertia helps to stabilize the system
frequency by providing time for primary frequency controllers
to respond [9], [10]. However, the inertial response cannot be
provided inherently by WPPs. In the high wind power
penetration scenarios which have the replacement plans of
CPPs, the power system frequency stability may be affected
more adversely for the islanded systems such as UK, Ireland,
and Bornholm. Therefore, frequency stability studies should
take into account the capability of WPPs providing short-term
additional active power [11]. This capability has been defined
as ‘synthetic inertial response’ in the grid code
recommendations and studies [12], [13].

The wind power industry has focused on the inertial
response capability of WTs in the last years. A comprehensive
summary regarding this topic is given in [14]. Different
control concepts enabling inertial response have been
proposed for WPPs and WTs in the literature [15]-[28]. These
control concepts can be divided into two main categories with
respect to the input signal and the inertial response shape. The
first category is the derivative control for the rate of change of
frequency (ROCOF) and referred as derivative control [15]-
[22]. The idea is to emulate the inertial response of a
synchronous generator using the electromechanical equation.
Due to the sensitivity of the derivative control, a low-pass
filter is added to eliminate noise from measurement. In the
second category, the control provides an additional active
power temporarily proportional to frequency deviation or
predefined constant value [23]-[28]. In this paper, it is defined
as temporary frequency control. These control concepts should
be analyzed by the TSOs in order to define the requirements
for WPPs’ inertial response in their grid codes.

In the literature, aforementioned control concepts have been
applied to various power system models such as single-mass
model [19], [26] and single-bus model [20], [21], [27], [28].
However, these power system models are insufficient to
analyze the impacts of WPPs’ inertial response on power
systems.

Besides the power system model, realistic wind power
penetration scenarios should be specified in order to analyze
the impact of the WPP inertial response on the power system.



However, in the literature these scenarios have been
implemented simply by changing the inertia constant of the
synchronous generators [27] or increasing the amount of
generation loss (or load) [28], which are not representing the
realistic situations. Accordingly, a methodology to assess the
WPP inertial response should include a realistic power system
model with wind power penetration scenarios.

In this paper, a methodology is proposed for assessment of
inertial response from WPPs. The methodology covers a
power system model with wind power penetration scenarios,
operational metrics, and a WPP model. The power system
model used in this methodology captures frequency and
voltage response dynamics of a power system. In the power
system model, realistic wind power penetration scenarios are
performed and operational metrics regarding frequency
stability are specified to determine the inertial response
requirements from WPPs. Moreover, a simplified WPP model
with an inertial response controller is included in the power
system model. Finally, the inertial response controller is
assessed using this methodology.

II. BACKGROUND

Frequency stability is defined as the ability of a power
system to maintain steady frequency after a disturbance
resulting in a significant imbalance between generation and
consumption. It depends on the control performance at the
generation side and the protection settings at the consumption
side. Generally, frequency stability problems are associated
with inadequacies in power system component responses, poor
coordination of control and protection equipment, or
insufficient generation reserve [29].

In frequency stability studies, the power system frequency
response  stages should be investigated following a
disturbance. The largest infeed loss is an example of
significant imbalance, which is one of the (N-1) contingency
criteria in transmission system planning. The power system
progresses through the frequency response stages described in
Table I after the largest infeed loss [9], [10].

TABLE [
FREQUENCY RESPONSE STAGES FOLLOWING A GENERATION LOSS
Stage Tmpact Origin
1 Electromagnetic Maintain Magnetic  field  of
energy release synchronism synchronous generator
2 | Inertial response | Slow down Kinetic energy from
ROCOF rotor
3 | Primary frequency | Bring frequency to | Frequency responsive
control a steady-state level | reserve
4 Automatic Bring  frequency | Contingency reserve
generation control | back to its nominal
value
The first two stages are inherent responses from

synchronous generators in CPPs. In the electromagnetic
energy stage, the synchronous generators release immediately
an additional active power depending on their electrical
distance from the point of the generation loss. However, the
additional active power sustains approximately 1/3 of a
second, and it comes from the magnetic field of the
synchronous generator. In the following stage, which is

defined as the inertial response stage, the system frequency
starts to decrease due to the difference between the mechanical
power input and the electrical power output of each
synchronous generator. The relation is described as the
electromechanical equation in (1), where @ is the rotational
speed, H is the inertia constant, P, and P... are the
mechanical and electrical power of the synchronous generator,
respectively.

During the second stage, the additional power comes from
the stored rotational energy of the synchronous generator. The
change of the active power depends on the inertia constant (H)
and the rotational speed change rate (dw/dr).

The inertial response of the synchronous generator is
illustrated in Fig. 1. The dashed curve is the active power
delivered from the rotational kinetic energy and the dotted
curve shows the active power given by the primary frequency
control after a loss of generation.
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Fig. 1. Synchronous generator frequency response

The power system inertia is the overall inertial response of
each synchronous generator in CPPs. However, WPPs do not
provide inertial response inherently due to the converter based
grid interface of WTs. Therefore, for high wind power
penetration scenarios comprising CPPs’ replacement, the
power system inertia is reduced due to the replacement of
CPPs and the frequency stability is technically challenging.
The power system requires a control capability from WPPs for
these scenarios. National Grid in UK, ENTSO-E in EU, Red
Electrica in Spain, and Hydro-Quebec in Canada have been
working on grid code requirements for the implementation of
an inertial response from WPPs. Table II summarizes the
recent requirements and studies from TSOs with the
illustration in Fig. 2.

TABLE IT
SUMMARY OF THE REQUIREMENTS AND STUDIES FOR INERTIAL RESPONSE
FROM WPPS
TSO Requirements
Red Electrica derivative control (future ) (Fig. 2)
Hydro Quebec emulating a synchronous generator with H=3.5s

(grid code requirement) [14]

similar to inertial response of a synchronous
generator (discussion and recommendation [13])
(Fig.2)

similar to inertial response of a synchronous
generator (pilot grid code draft [12]) (Fig. 2)

National Grid

ENTSO-E




Power

(MW) 4 Time of machine loss triggered by df/dt

+APgmax

Active power decay to be
.

proportional to the ROCOF

ref: ENTSO-E,
National Grid UK
Time (5)

ref: Red Electrica
Fig. 2. Requirements and studies for WPP inertial response

In order to fulfill the future requirements and
recommendations, several inertial response control concepts
have been implemented in the literature [15]-[28]. These
concepts can be grouped generally in two categories.

A. Derivative Control

The proportional control method based on ROCOF was
proposed to emulate the inertial response of a synchronous
generator [15]-[28]. The control modifies the active power or
torque set point by an additional active or torque value using
(1). The derivative control is sensitive to the noise in the
frequency measurements. To solve this problem, a low-pass
filter is added to the control as shown in Fig. 3.
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Fig. 3. Block diagram of the derivative control

B. Temporary Frequency Control

In this control method, an additional active power is
released temporarily after the detection of a disturbance [23]-
[28]. The magnitude of the additional active power can be
either proportional to the frequency deviation [25] or a
predefined value [26], [27]. The temporary frequency control
is similar to a fast primary frequency control of a CPP, except
the additional power is temporary in this control. The
controller output is illustrated in Fig. 4.
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The discussions and studies are still being carried out by
the TSOs, academia, and industry. In these studies, the control
concepts have been implemented in several power system
models. Single-mass model is one of the models to analyze the
impact of the WPP inertial response on the frequency stability

(Fig. 5) [19], [26]. This model is valid for the frequency
stability studies for governor control of CPPs. Using this
model, the simulation results for the WPP inertial response
studies present for how much the minimum frequency is
changing. However, the model assumes that WPPs behave
similar to CPPs after the disturbance, which is not the real
case. WPPs are not able to have inherent electromagnetic
release and inertial response stages. Additionally, the single-
mass model is neglecting voltage deviations and power system
oscillations after the disturbance.
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Fig. 5. Single-mass model used in WPP inertial response studies

Another power system model used for WPP inertial
response analysis, the single-bus model, is used where all the
power plants are connected to the same bus [20], [21], [27],
[28]. This model is more realistic than the single-mass model
however it is still missing the voltage response dynamics and
power oscillations in the power system. Consequently, a
power system model including voltage response dynamics and
power oscillations is required in order to assess control
concepts of WPP inertial response.

In these power system models, system inertia has been
changed by reducing the power system inertia constant or
increasing the loss of generation (or load) to indicate the need
for the WPP inertial response control. These disturbances
don’t reflect realistic wind power penetrations, particularly for
high wind power scenarios. Furthermore, the operational
metrics regarding frequency stability have not been defined
completely. For instance, the results have been compared only
to the minimum frequency point not considering ROCOF.

In the following section, a methodology is proposed to
assess the impact of the inertial response from WPPs on the
power system. The methodology includes a power system
model with wind power penetration scenarios, operational
metrics, and a WPP model.

III. METHODOLOGY FOR ASSESSING INERTIAL RESPONSE FROM
WPPs

The proposed methodology intends to assess the inertial
response from WPPs including power system model, different
wind power penetration scenarios, operational metrics for
frequency stability, and a WPP model. These topics are
presented in following subsections.



A. Power System Model: Generic 12-Bus Test System

The power system model should represent power system
dynamics associated with the inertial response stage.
Excitation system control and governor play an important role
during this stage in power systems. Therefore, to investigate
the impact of the WPP inertial response, multi-bus multi-
machine model with excitation system control and governor is
required.

Different multi-bus multi-machine models are available in
the literature [30], [31]. However, these models have not been
developed to conduct wind integration studies. Among these
models, the original 12-bus test system [32], [33] has been
selected and modified regarding the needs for WPP inertial
response studies. As a result, the generic 12-bus test system
for wind integration studies is modified and shown in Fig. 6.
The modifications can be summarized as follows; realistic
generators’ loading, realistic voltage profile, updating load and
excitation system models, adding governor and turbine
models. The models and parameters in [31] are used for the
modifications.
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Fig. 6. Generic 12-bus test system

B. Wind Power Penetration Scenarios

In order to show the need for the inertial response from
‘WPPs, detailed wind power penetration scenarios have been
established for the generic 12-bus test system. The scenarios
reflect different wind penetration levels from 0% to 50% in a
power system. Two trends are assumed in establishing the
wind penetration scenarios:

1. Increase load covered by an increase of wind power
while CPPs’ installed capacity is kept at the same
level. This is a typical situation in countries with
incentives for wind power in the early stages of
development.

2. Increase wind power for the same load while closing
some thermal power plants. This is typically in
countries where wind power is reaching a relatively
high penetration level e.g. 20% and there is no
increase in the load.

The trends are summarized in Table III. Additionally, the
distribution of WPPs to bus-3 and bus-4 is assumed more
realistic for higher penetration levels (>20%). The total active

power capacity of the generic 12-bus test system is 2248 MW
including frequency responsive reserve. For the base case
(0%), total active power of the load is established as 1450
MW and the total active power from CPPs is 1480 MW
including the active power losses in the generic 12-bus test
system.

TABLE I11

WIND POWER PENETRATION SCENARIOS IN GENERIC 12-BUS TEST SYSTEM

0% 5% 10% 20% 30% 40% 50%
cpp
MW) 1480 1470 1470 1470 1260 1120 1020
Load
MW) 1450 1550 1650 1850 1850 1850 1850
WPP
(MW) 0 100 200 400 600 750 850

C. Operational Metrics

In order to assess the impact of wind power penetration on
the power system, the operational metrics should be defined
for the largest infeed loss. The operational metrics for the
inertial response studies are chosen from the GC requirements
of TSOs and literature regarding the frequency stability. The
well-known metric is the maximum frequency deviation or in
other terms minimum frequency point after the largest infeed
loss. This metric is very important with respect to the
frequency stability and the primary control response. The
value is 800 mHz in 50 Hz systems and 900 mHz in 60 Hz
systems due to the under-frequency load shedding limit [34].

The second metric is the maximum df/dt for islanding
detection relays in the distributed generation. These relays
measure df/dt and once the threshold value is exceeded after a
detection time, a trip signal is initiated to disconnect
distributed generation. The threshold value for maximum df/dt
varies from 0.1 Hz/s to 1 Hz/s in 50 Hz systems, and the
detection time varies from 50 ms to 500 ms [35].

Finally, the third metric is selected as the time to reach the
minimum frequency point. The minimum frequency point and
the time to reach this point are determined by the energy
released during the inertial response stage. This time has an
influence on the frequency response and should be considered
carefully by the TSOs. It affects the management of the
frequency control such as primary and secondary frequency
reserve.

Abovementioned operational metrics are summarized in
Table 1V, and used for assessing the impact of the WPP
inertial response in the generic 12-bus test system with the
wind power penetration scenarios.

TABLEIV
OPERATIONAL METRICS FOR GENERIC 12-BUS TEST SYSTEM
Operational Metric Ranges/Values Remarks
max. dynamic 0.016pu Load shedding
frequency deviation | (=800mHz in 50 Hz) frequency limit (1 Hz)
(or min. frequency with a margin

point) (200mHz)
max. df/dt (ROCOF) | 0.008 pu/s with 200ms | ROCOF relay settings
with a given (=0.4Hz/s in 50 Hz) for distributed

detection time
time to reach the
min. frequency point

4.68s
(0% wind scenario)

Not to exceed the time
simulated for the base
case




D. Wind Power Plant Model
In the WPP inertial response studies, the proposed control
concepts are implemented in a WT or WPP control level. In
this paper, the WPP model is implemented as a first order
transfer function. The block diagram is shown in Fig. 7. This
simplification is sufficient enough to determine the power
system requirements of the inertial response from WPPs. Also,
the simplification is based on the following assumptions:
e Wind turbines are operating above the rated wind
speed. (for no recovery period)
e Current controllers in the converter interface are very
fast with respect to the active and reactive power

controllers.
P,
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Fig. 7. Simplified WPP model

IV. ASSESSMENT OF THE DERIVATIVE CONTROL

The derivative control concept has been implemented in the
generic 12-bus test system for all the WPPs. The block
diagram of the derivative controller with the WPP is shown in
Fig. 8. The parameters are the inertial response control gain
(Hwpp), the rate limiter ramp-up rate (Rwpp), and the time
constant of the WPP (Tywpp). In order to use the methodology
described above, the parameters are swept with predefined
values which are available in the literature for each wind
power penetration scenarios. The results are assessed with
respect to the operational metrics given in Table IV.

The values of the parameters are chosen from the literature
as follows:

e Rypp represents a grid code requirement or a limitation

for wind turbines. Rypp (pu/s) =0.1[25],0.5[11], 1

e Typp represents response time of the WPP.
Twep (s) =0.025,0.125, 0.25 [12], [24], [25]

e Hypp represents a gain of the inertial response
controller. Hypp (pu) = 3.5 [14], 53, 13.4, 283
(corresponding to 0.1,0.2, and 0.3 pu controller output
respectively)

V. RESULTS

The power dispatch is employed in the generic 12-bus test
system performing the load flow calculations for all the wind
power penetration scenarios. The power system is initialized
and operating at steady-state with the generation and
consumption balanced. At t = 2 s, the largest infeed, which is

specified as 200 MW (2 units from G2, Fig. 6),
X df/dt control rate limiter
.fx: id Hures Rypp
1+0.02s

Fig. 8. WPP model with derivative control

is tripped resulting in a frequency deviation. Simulation time
is 30 s covering the inertial response and primary frequency
control stages of the power system. For each wind power
penetration scenario, the impact of the disturbance on the
operational metrics is examined.

The power system frequency after the loss of largest infeed
is shown in Fig. 9 for different wind power penetration
scenarios. The ROCOF of the system at 200ms after the
largest infeed loss is given in Fig. 10 with Typp values swept
from 0.025s to 0.25s.
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Fig. 9. System frequency deviation following the largest infeed loss for

different wind power penetration scenarios (Typr=0.0255)

The impact of the increasing wind power penetration is the
reduction of the power system inertia in terms of minimum
frequency and ROCOF values. Due to the replacement of the
CPPs for the penetration levels higher than 30%, there is a
need for inertial response from WPPs.
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Additionally, time constant of the WPPs (Typp) have a
significant impact on the ROCOF due to the voltage
deviations at the point of common coupling (PCC). Following
the largest infeed loss, the reactive power from CPPs is
changed and the bus voltages close to the loss will fluctuate.
Consequently, it takes a certain time for the active and reactive
power output of the WPPs to reach the pre-disturbance set
values due to the Tywpp. In Fig. 10, when the response time is
increased (higher Twpp, slow response), the ROCOF threshold
value is reached at the lower penetration levels.

ROCOF is the main limitation for the derivative controller
parameters according to the results (sweeping Hypp, Twpp,
Rypp values) presented in Table V. The values in gray exceed
the specified limits in Table TV.

——— Ryypp=0.1puls|
— — Rypp=0.5pu’s|

10.2s 115s

22s

TABLE V
RESULTS OF PARAMETER SWEEP FOR 40% AND 50% WIND PENETRATION
SCENARIOS 3 0.985
‘Wind Power Penetration Scenarios -
Hurr | Rure | Tumr 0% 50 % S 0o
(pw) | (pu/s) ©) Fiin df/dt fonin df/dt 2
0.025 48.97 0.40 48.84 0.44 L%
025 | 4896 | 042 | 4883 | 048 0.985
o1 0.025 49.02 0.38 48.91 0.42 et
35 025 | 4903 | 042 | 4893 | 047 1025 115
| 0025 | 4902 | 033 | 4892 | 036 0.8 ; i
0.25 49.03 0.38 48.93 0.43 : 5 10 15
o1 0.025 | 4905 | 038 | 4895 0.42 Time (sec)
53 0062255 Zg'gg g"g :g»zg g-‘g Fig. 11 Impact of the rate limiter gain (Rwer) on WPP-1 active power output
- - - < - and system Hupp = 28.3pu and Tyypp = 0.025s).
! 025 | 49.06 | 037 | 4897 | 041 Y ety (Fuee = 28.3pu and Tuze )
0.025 | 49.13 | 038 49.05 0.42 . = o
4 0.1 025 1014 042 19.06 047 The effect of the Typp for the minimum frequency point is
3 | 0.025 | 49.14 0.23 49.06 0.24 negligible (=20 mHz). On the contrary, the Typp has an impact
025 | 4915 | 034 | 4908 | 038 on the ROCOF similar to the Rypp due to the regulation
0.1 0025 | 49.22 0.38 .15 W erformance of the WPP active power control. This can be
- 025 | 4922 | 042 | 49.15 | 047 p ot oFa p :
283 0.025 | 2924 | 020 2918 0.20 clearly seen in Fig. 12 for different Tyypp.
! 0.25 49.25 0.34 49.20 0.38 For the operational metric 2 (ROCOF), WPPs should act

In 40% wind penetration scenario, the slowest response
(Twpp=0.25s and Rypp=0.1pu/s) is not fulfilling the
operational metric related to the ROCOF relay settings for all
the inertial response gains (Hypp). Furthermore, considering
the smaller gain values lower than 13.4 pu, the minimum
frequency point is very close to the load-shedding limit (49
Hz).

In 50% wind penetration scenario, the impact of the
parameters on the power system is more substantial than the
40% scenario. According to the Table V, with the Rypp=0.1
pu/s, the ROCOF is exceeding the limits in the operational
metrics regardless of the Twpp and the Hypp. In other words, if
the WPPs have lower ramp rates, the ROCOF relays will trip
the distributed generation.

‘When the Rypp is changed keeping the Typp constant, the
minimum frequency point is affected slightly (50 mHz) in the
case of a high gain (Hypp=28.3pu). The Rypp value for 1 pu/s
keeps the ROCOF within the limits specified in the
operational metrics. The active power output variation of the
WPP-1 connected to bus-5 and the frequency deviation are
given in Fig. 11 with different Rypp values.

rapidly in 200 ms by releasing additional 0.047 pu active
power in their MW base value (Fig. 12). Consequently, the
first drop in active power due to voltage variation does not
trigger the ROCOF relays, and therefore the duration of the
active power recovery can be realized as a detection time
needed for the WPP inertial response control. The requirement
for both additional active power and detection time can be
rearranged with respect to the ROCOF relay settings.
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Fig. 12. Impact of the rate limiter gain (Twpe) on ROCOF and WPP-1 active
power output (Hypp = 28.3pu and Rypp = 0.5pu/s).

The first operational metric is related primarily to the
governor response of the CPPs. Following the loss of largest
infeed, the governors detect the frequency deviation and
increase mechanical input of the turbine in order to
compensate the power mismatch. The speed of the governor
performs the frequency response in terms of the minimum
frequency point and time to reach this point. For the WPP
inertial response, the control releases an additional power for a
certain time. Therefore, an additional energy is given to the
system like the kinetic energy release of the CPPs. In Table
VI, the minimum frequency point is compared with respect to
the released energy from WPPs and time to reach the
minimum frequency point for 50% wind penetration. The
minimum frequency points are relatively close such as 49.15
Hz and 49.18 Hz with different released energy (4.66pu.s and
7.45pu.s) where Hypp = 28.3, Twpp = 0.025s, Rypp = 0.1 pu/s
and 1pu/s. This can be realized also from the WPP-1 active
power output in Fig. 11. Accordingly, by keeping the Rypp
constant and increasing the Typp, the released energy is
reduced, but the same minimum frequency point is obtained
(Table VI). The third operational metric, time to reach
minimum frequency point, is dependent on the released energy
from WPPs. In Table VI, the more energy is provided by the
WPPs to system, the longer time is obtained to reach the
minimum frequency point.

The assessment results of the derivative control are
illustrated in Fig. 13. The illustration can be realized as power
system requirements from the derivative control. The ramp
rate of the inertial response can be set to 0.5 pu/s from Fig. 12.

TABLE VI
COMPARISON OF MINIMUM FREQUENCY POINT FOR 50% WIND PENETRATION
WITH RESPECT TO THE INERTIAL RESPONSE ENERGY FROM WPPS

H Ruer Wind Power 50 %
wep
(ou) Tyre (5) (puls) Fuin AEwrp tin
(Hz) (pu-s) s

0.1 49.05 3.05 6.84
134 0.025 1 49.06 4.14 7.39
: 025 0.1 49.06 2.75 6.62
) 1 49.08 391 7.29
0.1 49.15 4.66 8.23
283 0.025 1 49.18 7.45 9.69
) 025 0.1 49.15 4.07 7.74
) 1 49.20 6.90 9.37

Furthermore, the additional active power value at t = 2.2s is
selected as 0.047 pu which is obtained from Fig.12.
Additionally, the energy released during the inertial response
control is taken from Table VI as 4.07 pu.s. With these values,
the derivative control used in the methodology is achieving the
operational metrics. However, Fig. 13 does not comprise the
complete range of the parameters for the derivative control
response since these values are the results obtained from
certain Hypp, Rwpp, Twpp parameters.
Active Power (pu)

1.047
AE=4.07 pu.s

Ramp=0.5 pu/s

001 02 774 Time (s)
Fig. 13. Power system requirements for the inertial response from WPPs
using derivative control.

VI. CONCLUSION

In this paper, a methodology is proposed to assess the
inertial response from WPPs. The methodology is composed
of a generic 12-bus test system with wind power penetration
scenarios, operational metrics, and a WPP model. Using the
proposed methodology, derivative control, which is a well-
known control concept in the literature, is assessed and the
results are summarized to determine the power system
requirements for the WPP inertial response. In this study, the
aerodynamic and mechanical dynamics are not included. The
wind speed is assumed to be over the rated speed to neglect
the recovery period of the WTs. The study is the first approach
for determining the power system requirements for the WPP
inertial response. As a future work, the temporary frequency
response control concept, dynamics of a WT, and the detailed
WPP model will be implemented, and analyses will be
performed with the proposed methodology.
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Abstract--High wind power penetration levels into power
systems requires an appropriate power system model when
assessing impact on the overall system stability. The model
should capture the wide range of dynamics related to the wind
integration studies, such as voltage control, synchronizing power
control, inertial response, frequency control, damping of
electromechanical oscillations, balanced and unbalanced fault
management, etc. Hence, the power system components:
conventional power plants with controls, transmission lines,
transformers and loads should be represented accurately to
achieve realistic power system characteristics. Additionally, the
power system model should be simple and computationally

ble in order to si scenarios with different
control parameters in a reasonable time. In this paper, a generic
power system model is presented in order to comprehend the
wind integration studies with different penetration scenarios.

Index Terms-- wind power, integration studies, power system
stability and dynamics, power system modeling

1. INTRODUCTION

ind energy generation has increased by 27.4%

worldwide over five recent years [1]. Moreover, targets
for total electricity generation, ranging from 20% to 50%,
have been set for wind energy installations by many countries,
considering CO, emissions, fossil fuel costs and energy
efficiency [2]-[4]. Transmission system operators (TSOs) of
these countries have revised their grid codes for wind power
integration in order to provide the stable operation of the
power systems while reaching these targets [5], and power
systems are planned for more wind power integration. Wind
power penetration scenarios have been defined for varying
levels of penetration and consumption [6]. When wind power
penetration is reaching high levels, it is planned that wind
power plants (WPPs) replace old thermal conventional power
plants (CPPs) [7].

Beyond a certain level wind power penetration into a power
system poses challenges regarding wind power control and
stable power system operation. Nowadays, the wind power
can offer capabilities for ancillary services that can contribute
to the power system stability. It is expected that these
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Vestas Power Programme.

A. Adamczyk, M. Altin, O. Goksu and R. Teodorescu are with the
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offerings for ancillary services will expand in the future with
new functionalities such as inertial response, power system
damping, secondary voltage control, etc. These services will
play an important role especially in networks with high wind
power penetration levels. In order to study the impact of these
new ancillary services on the power system, simulation studies
must be performed on a test system.

Numerous test systems variants were proposed in the
literature. A simple test system represented by a voltage
source behind an impedance is proposed in Danish grid code
[8] to assess the stability of a wind turbine for symmetric
three-phase faults. However, this test system does not include
the dynamics regarding the frequency response, voltage
control, and electromechanical oscillations. Furthermore, for
inertial response and frequency control studies the single-mass
model is implemented in the literature [9]. The rotating masses
of all synchronous generators in CPPs are lumped as a single-
mass; and governor controls are acting on this single-mass.
The single-mass model represents the frequency control
dynamics however neglecting the voltage variations and
electromechanical oscillations. Another simplified model
comprising these two models’ behavior is implemented as a
single-bus model in the literature [10], where all the
generating units are connected to a single bus with their
voltage and frequency controllers. In the single-bus model, the
voltage dynamics are limited due to the small electrical
distances between the synchronous generators. Nevertheless,
this model is sufficient enough to analyze power system
oscillations and balanced/unbalanced faults. However, in order
to cover the wind integration studies thoroughly, a multi-
machine multi-bus system is required with appropriate voltage
and frequency controls.

Different multi-machine multi-bus power system models
that can exhibit particular phenomena exist in the available
literature, e.g. 9-bus system [11], 2-area 4-machine system
[12], 12-bus system [13], [14], and 68-bus 16-generator
system [15].

The 9-bus system is not adequate to create various
generation mixes, voltage profiles and electromechanical
oscillation modes. The 2-area 4-machine system has been
developed for studying the theory of the small signal stability;
however it is not representing a realistic power system layout.
The voltage profile of the 2-area 4-machine system is
relatively stiff due to small electrical distances between the
system buses and the radial and symmetrical system structure
does not allow flexibility in mode creation. The original 12-
bus system was developed to test FACTS devices and it is



supporting small signal stability analysis. However, it does not
include a wide range of parameters and settings for CPPs. The
68-bus 16-generator system gives great flexibility in
formulating system dynamics and enables approaching a
realistic system behavior. However, due to the system size it is
too complex to handle it analytically in a small-signal stability
analysis or other wind integration studies.

The existing power system models described above are not
able to accommodate wind integration studies when they are
used in their current form. For wind integration studies, the
wind power locations in the power system and different wind
penetration scenarios should be specified in detail. Thus, a test
system that is able to support wind power studies should be
relatively weak — system should be stressed close to a stability
limit. Still, the test system should be stable under steady-state
conditions. In the base case, voltage profile of the network
should not be uniform - i.e. deviations around lpu should
exist, while staying in the limits of 5% from the nominal
values, as commonly required by the grid codes. Moreover,
some of the system load buses should be relatively weak -i.e.
be electrically distant from the conventional generating units.

The primary frequency control requires a network with
different conventional generation mixes, including settings for
governors as well as load variations. Inertial response studies
have the similar requirements with different wind penetration
scenarios. On the other hand, studies regarding
electromechanical oscillation damping capabilities from wind
power are requiring presence of different oscillation modes in
the power system that are mainly coming from CPPs in
combination with the network parameters and layout.

Taking into account the abovementioned requirements, a
number of test cases should be defined (e.g. line and generator
tripping, step load change) to impose abnormal conditions on
the system and excite different kinds of instabilities. Since
wind integration studies are targeted, different realistic wind
penetration scenarios should be established based on existing
trends seen around the world. Overall, it is possible to relate a
generic test system used for wind integration studies with real
power grids including their trends in accommodating wind
power.

The present paper is proposing a generic test system model
based on the 12-bus test system [13], [14] that is able to
address all the above mentioned characteristics.

II. GENERIC 12-BUS TEST SYSTEM

A. Model structure

The layout of the generic 12-bus system for wind
integration studies is given in Fig. 1. The system represents a
small islanded power system with four areas dominated by
thermal power plants like power systems in UK, USA and
Germany. Area | is the biggest thermal power generation area
with industrial and residential loads. Area 2 has dominant
hydro power generation with small amount of rural loads.
Area 3 is a heavily industrial load center with thermal power
generation, while Area 4 is rich in wind resources. Hence, it is
considered to have wind power connected mainly at bus-5.
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Fig. 1. Structure of generic 12-bus system for wind power integration studies.

There is a large power flow, over long lines, from Area 1 to
Area 3. The infinite bus in the original 12-bus system (bus-9)
is replaced with a CPP, G1. Traditionally, it is assumed that in
power system studies the reference machine is the largest plant
in the system. Therefore, size of Gl is set to 768 MVA to
make its capacity largest among the generation mix. Most of
the loads in Area 2 are shifted to Area 1 in order to balance the
power flow.

Active power control for CPPs is included by implementing
the prime mover and governor models. Active power dispatch
between the areas is adjusted to improve voltage profile and
achieve N-1 contingency criterion.

Instead of simplified 1 order exciters, more detailed
models with realistic parameters are used for each CPP. The
main buses exhibit a poor voltage profile and different
electromechanical ~ oscillations occur when  triggered.
Furthermore, both the residential and industrial loads in the
test system are modeled as voltage and frequency dependent.
The system can be considered to be similar to UK power
system in terms of direction of power flows as shown in
Fig. 2, where Area 4 is representing offshore WPPs, Area 2 is
hydro dominant Scotland, finally Area 1 and 3 are the
congested central-south generation regions of the country.
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Generation
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Demand

O At \
Bus2
2

I

Fig. 2. Generic 12-bus system in context of UK grid [16].
B. Load Flow

The load flow for the base case without any wind power
contribution is presented in Fig. 3.
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Fig. 3. Load flow results for generic 12-bus system.

In the base case, voltage profiles and load flows are
balanced in order to represent steady-state operating
conditions of the test system with proper reactive power
compensation. Bus voltages are within the specified limits as
+5% of the nominal value, and accordingly the generator
loadings (around 70%) and line loadings (around 50%) are
within the acceptable limits. N-1 contingency criterion is
achieved except the tripping of the longest line between bus-7
and bus-8. In addition to the steady-state analysis, the stiffness
of the system buses is evaluated by a short circuit power
calculation, and illustrated in Fig.4.
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Fig. 4. Short-circuit power levels for cach buses in generic 12-bus system.

C. Operational Scenarios

Various operational scenarios are considered for the generic
power system model. These scenarios reflect different wind
penetrations into the power system. Two trends in
development of the power system have been considered. The
first trend assumes that the increased loads are covered by the
increase of wind power while the installed capacity of the
CPPs is kept constant. This is a typical situation in countries
with incentives for wind power in the early stages of wind
power development e.g. Denmark, Germany, UK, etc. For
these cases some levels of wind power penetration may
require reinforcement of lines; however no major changes in
the network layout are expected. The second trend assumes
that the demand will not change significantly, but new wind
farm installations would replace some for the existing CPPs.
This is typically in the countries where wind power is reaching
a relatively high penetration level e.g. more than 20%. A
typical example for this trend is Denmark where 50% of
electricity demand is planned to be covered from wind energy
by 2025. Thus, the generic power system model can
accommodate wind penetrations from 0% (base case) up to

50% as shown in Fig. 5

Y E‘”‘
Jwees

Fig. 5. Wind penetration scenarios for generic 12-bus system.

First, the wind power is inserted at bus-5 for penetration
levels up to 30%. Then, the distribution of wind power to bus-
3 and bus-4 is assumed to be more realistic for higher
penetration levels (>30%). The total active power capacity of
the generic 12-bus test system is 2248 MW, including
frequency responsive reserve. For the base case (0%), total
active power of the load is established as 1450 MW and the
total active power from CPPs is 1480 MW including the active
power losses.

TABLE |
'WIND POWER PENETRATION SCENARIOS IN GENERIC 12-BUS TEST SYSTEM
0% 5% 10% | 20% | 30% | 40% | 50%
CPP (MW) 1480 | 1470 | 1470 | 1470 | 1260 | 1120 | 1020
WPP (MW) 0 100 200 400 600 750 850
Load (MW) 1450 | 1550 | 1650 | 1850 | 1850 | 1850 | 1850

The sharing of production and consumption for the
considered wind penetration levels is given in Table 1. It
should be noticed that the active power losses are included in
the CPP generation.

III. CONVENTIONAL POWER PLANT MODEL

The structure of the CPP model implemented in the test
system is shown in Fig. 6.
Exciaton §
Votage

As given in the literature [17] this model comprises of a
synchronous generator, prime mover, governor, excitation
system, and automatic voltage control (AVR). In the following
subsections, brief descriptions of those components are given.

Generator Voltage

Load Reference Vaive
ositon|

Turbine
P Prime Mover | Toraue
Governor F Turoine)

Generator Spet

Excitation
System

Fig. 6. Structure of conventional power plant model.

A. Generator

The generator model is described by a set of six differential
equations in a synchronous reference frame that describe rotor
circuit dynamics as defined in [17]. Two additional steady-
state equations are describing the stator circuit.



B. Prime mover and governor

The CPPs considered for the model are of fossil, steam and
hydro types. Various types of governors in the power system
for CPPs are available on literature. However, it is difficult to
find parameters for a wide range of sizes. Thus, a governor
and turbine model as defined in [11] is selected and shown in
Fig. 7. The different parameters for the model are tested and
selected with respect to the response rates. Three sets of
parameters are benchmarked for different power system
characteristics.

Ao APm

Fig. 7. Block diagram for prime mover and governor model.

C. Excitation system

Excitation systems can be categorized into three main
groups [11], [18]:
e DC excitation systems,
e AC excitation systems,
e Static excitation systems.

Such categorization is also adopted in this paper.
Nevertheless, for each category many models exist in the
literature. Additionally, a wide scope of realistic parameters
for excitation systems is hardly available in the literature. The
parameters for abovementioned categories are selected from
[11]. These models can be viewed as equivalent or simplified
versions of models recommended by the current IEEE
standard [18]. Hence adopting notation used in [11], for the
generic 12-bus test system:

» DC exciters are modeled as Type A (equivalent to DC1A
in [18]),

* AC brushless exciters are modeled as Type C (simplified
version of ACIA in [18]),

« Static exciters are modeled as Type G (simplified version
of ST1A in [18]).

Regulator

Limiter Exciter

Limiter

Fig. 8. Block diagram of an AC brushless exciter [18].

The different parameters for the model are tested according
to the related IEEE standard [18]. Three sets of parameters are
benchmarked for different power system characteristics.

IV. SYSTEM IMPLEMENTATION

The proposed generic 12-bus test system model for wind
integration studies is implemented in Matlab/Simulink and
tested against an implementation in Power Factory DigSilent.
Currently, the model is available in the RMS toolbox
developed by the authors in Matlab/Simulink. The power
system is represented algebraically in a complex current form

4

while CPPs and WPPs are described by differential equations.
The implemented approach in RMS toolbox to solve these
equations is defined as partitioned-explicit method using a
current-balance form [17]. The Matlab/Simulink RMS toolbox
currently includes the analyses such as load flow, short-circuit
calculation for symmetrical and asymmetrical faults, small-
signal stability analysis, and time domain simulations for
power system stability studies.

An alternative implementation has been accomplished in
RSCAD, running in real time on RTDS. This model is suitable
for Hardware-In-the-Loop (HIL) electro-magnetic transient
(EMT) studies with detailed models of network components.

V. SMALL-SIGNAL STABILITY ANALYSIS

In order to select suitable types of excitation systems that
meet the requirements for the base case of the test system a
comprehensive small-signal stability analysis is performed.

Final selection of parameters regarding the excitation
system and generator models is done to obtain a desired mode
profile for electromechanical oscillations in the generic 12-bus
test system. Based on the analysis, two sets of parameters are
selected which correspond to two mode shape profiles.

Mode profile 1 is characterized by low damping of all
electromechanical modes. All damping ratios are in the critical
range of 0 to 10%. Moreover, for all modes of interest, a WPP
at bus-5 has a relatively high potential (controllability index)
to contribute to damping of this mode profile. For some modes
active power controllability is higher, while for others reactive
power controllability is higher. Mode profile 2 is characterized
by highest average controllability index for reactive power
modulation at bus-5, where most of the wind power is
connected.

Frequency and damping ratio for mode shapes
corresponding to the mode profile 1 are given in Table II. The
generic 12-bus test system exhibits swing modes as well as
control modes in the typical range for a power system. The
participation factors for all swing modes in the mode profile 1
are shown in Fig. 11 for all CPPs.

TABLE II
OSCILLATORY MODES FOR MODE PROFILE 1

Mode Damped Damping
No. requency ratio

1 095 Hz. T76%

2 093 Hz s % Cullipy

modes

3 077 He 05%

4 424 H 576%

5 116 Hz 474% Control

6 077 He 250% modes

7 058 Hz 332%

The response of the generators’ speed in time domain for a
small step in the voltage reference is shown in Fig. 13. Poorly
damped mode in which G4 is highly participating is clearly
noticed in Fig. 13. Two groups are swinging with respect to
each other; the first group is G1 with G2, and the second
group is G3 with G4.



o oo o9 9 2 0o o

Gt G2 G3 G4
Fig. 9. Normalized participation factors for swing modes related to Mode
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Fig. 10. Time domain responses of generators’ speed to a step in voltage
reference.

VI. SYSTEM FREQUENCY RESPONSE DURING NETWORK
EVENTS

For the grid frequency performance profile, there are
indices available in the grid codes such as the minimum
frequency point (nadir or dynamic frequency deviation),
quasi-steady-state frequency deviation, and rate of change of
frequency (ROCOF) [19]. In the load-frequency control
regulations of ENTSO-E, the maximum permissible frequency
deviation is defined as +800 mHz (0.016 pu) including a
safety margin for the automatic load shedding frequency (1
Hz). Moreover, the quasi steady-state frequency deviation is
specified between £180 mHz (0.0036 pu) range.

In islanded power systems like UK and Ireland, TSOs
defined ROCOF relay settings for the distributed generation
connected to distribution system. The ROCOF relay trip value
for EirGrid is 0.6Hz/s (0.012 pu/s). Taking into account the
above regulations and practical implementations, a set of
operational metrics is defined for the generic 12-bus test
system. Based on a comprehensive analysis involving
different sets of parameters for governors and prime movers,
three sets of parameters are selected for each CPP. The system
frequency response for the N-1 contingency which is the
largest infeed loss is given in Fig. 14 considering the defined
operational metrics. These parameter sets correspond to slow,
medium and fast response of the CPPs respectively.

The voltage variations and electromechanical oscillations
should be taken into account for the frequency control and
inertial response studies of the WPPs. It is possible to observe
these variations and oscillations in the generic 12-bus test
system. An example of these variations at the connection bus
of the WPP (bus-5) for the base case following the largest
infeed loss is shown in Fig. 15.
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Frequency (pu)

s 2 30
Time (sec)

Fig. 11. Generic 12-bus test system frequency response for different governor
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Fig. 12. Voltage and power variations at the connection point of WPP (bus-5).

VII. FUTURE WORK

As described in the previous sections, the developed
generic 12-bus test system is appropriate for wind integration
studies and can be used for analysis purposes such as small-
signal stability, electromechanical oscillation damping,
frequency response, etc. Additionally, the generic 12-bus test
system is open for modifications and gives the opportunity to
be improved by enhancements.

In order to analyze the impact of wind integration on the
power systems for cases where HVDC connections and
FACTS devices are installed, the generic 12-bus test system
can be expanded with these units as shown in Fig. 16. For
instance, the electromechanical oscillations in the power
system can be analyzed where the HVDC and STATCOM
units are also contributing in damping of oscillations.

Buse

Bus 1 N

Bur9
(Siac) STATCOM

Fig. 13. Future expansion of generic 12-bus system with FACTS devices.



Moreover, WPPs can be installed in the generic 12-bus test
system through HVDC connections, when analysis of wind
integration with DC connection is under interest.

VIII. SUMMARY

This paper presents a generic 12-bus test system with wind
power penetration scenarios for wind integration studies. The
developed test system is based on [13], but the original 12-bus
test system has been modified in order to investigate and
demonstrate the requirements of wind power on the power
system. The scope of the analysis includes voltage control,
synchronizing power control, inertial response, frequency
control, damping of electromechanical oscillations, balanced
and unbalanced fault management.

The realistic power system characteristics are demonstrated
briefly using small-signal and frequency stability analysis.
Accordingly, the generic 12-bus test system is simple and
computationally manageable to simulate multiple scenarios
with different control parameters. The test system is open for
modifications regarding different power system components
with control concepts such as HVDC, FACTs, and WAMs.

IX. APPENDIX — SYSTEM DATA

Here is summarized data for the generic 12-bus system.
Layout of the network is the same as show in Fig. 1. Line
lengths and impedances are shown in Table III. Transformer
data is given in Table IV. Bus configuration is shown in Table
VI. Generator data, including controllers, is given in Table V.
Due to space limitation only unit names, as used in the source
references, are given. Hence, the detailed list of parameters for
CPPs can be found in, according to [11] and [18]. Tables III-
VI describe the base case cofiguration of the system.

TABLE VI
BUS DATA FOR 12-BUS SYSTEM BASE CASE SCENARIO (100MV A BASE)
Bus| V | Type | Pin | Pioaa | Quaa | Bowne | Vinag
[kV] [pu] Ipu] [pu] Ipu] pu]
1 230 PQ - 3.00 1.86 - -
2 230 PQ - 2.50 1.21 - -
3 230 PQ - 3.50 115 - -
4 230 PQ - 3.00 1.86 2 -
5 230 PQ - 1.00 0.48 0.4 -
6 230 PQ - 1.50 0.49 - -
7 | 345 PQ - - - -1 -
8 | 345 | PQ - - - B -
9 155 SL - - - - 1.00
10 15 PV 4.0 - - - 1.01
11 18 PV 2.7 - - - 1.01
12 | 13.8 PV 33 - - - 1.01
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Abstract—. High wind power penetration scenarios demand
additional control capability from wind power plants in order to
enhance the frequency stability of power systems. Replacement of
conventional power plants with wind power plants based on
variable speed wind turbine technology reduces the power system
inertia in these scenarios. Consequently, the rate of change of
frequency and the maximum frequency deviation increase after a
disturbance (e.g. loss of a conventional power plant). Having no
inherent inertial response, wind power plants need

'y control hods to provide additional active
power following the disturbance. In this paper, a new inertial
response control is proposed and simulated considering inertial
response requirements of a generic power system with high wind
power penetration. Furthermore, the tuning methodology of the
proposed controller is described in detail. With the tuning
methodology, the proposed control is generic and can be applied
to any power system accommodating high wind power
penetration. Accordingly, performance of the proposed control is
compared with the existing control concepts in the literature by
means of extensive simulation studies.

Index Terms—Frequency stability, wind energy, wind power
generation, inertial response, power system control.

I. INTRODUCTION

HE variable speed wind turbines (VSWT), which
dominate the current wind industry market [1], with
converter-based grid interface provide decoupled, fast, and
flexible control of active and reactive power [2], [3].
However, due to this control strategy, a VSWT does not have
characteristics of a synchronous generator (SG) in terms of
contributing to the power system inertia. With integration of
wind power plants (WPP) employing VSWTs, the power
system inertia is reduced for high wind power penetration
scenarios which include replacement of conventional power
plants (CPP) [4], [5]. Therefore, in the future, the frequency
stability of power systems with high wind power penetration
will be affected adversely and the control capability of WPPs
should be reconsidered to enhance the frequency stability.
The wind power industry has focused on the inertial
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response capability of VSWTs in the last five years [6].
Transmission system operators (TSO) have been working on
grid code requirements for implementation of a generic
inertial response from WPPs [7]. Although some reports and
recommendations for future grid codes have been published
[8], there are no mandatory requirements at present.

This paper focuses on the inertial response control of WPPs
in isolated power systems for high wind power penetration. In
this study, the term ‘inertial response’ does not refer the
emulation of a SG, but represents the temporary additional
active power contribution from WPPs. Several control
concepts have been proposed related to the inertial response of
VSWTs in the previous studies [9]-[19]. The derivative
control, which estimates the rate of change of frequency
(ROCOF) with a low-pass filter, is implemented to emulate
the inherent inertial response of a SG [9]-[15]. The impact of
the derivative control on the power system is studied without
considering the converter limitations of the VSWT in [9]. In
[10], the influence of the derivative control on the converter
and generator limitations of the VSWT is addressed and a
novel control algorithm, which extracts the maximum energy
from the turbine, is proposed. However, the proposed control
algorithm provides a pre-defined temporary active power
which is independent from the frequency deviation. In [11]-
[13], the inertial response control of the VSWT is improved by
implementing primary frequency control as an additional
control loop. Further improvement for the DFIG based VSWT
is achieved by employing the generator slip control [14], and
coordinating WPPs with the CPPs’ frequency response [15].
Besides the derivative control, the temporary frequency
control, which is provision of an additional active power for a
certain time period after detection of the frequency deviation,
has been introduced [16]-[19]. The temporary frequency
control response is determined with respect to the frequency
deviation in [16] or a predefined active power pulse in [17]-
[19]. Similar to the derivative control studies, the capability of
VSWTs is evaluated for the temporary frequency control in
[19], and evaluation results are utilized to tune the parameters
of the temporary frequency control in [17]. Briefly, the
previous studies are focused on either capability of VSWTs or
simulation of the control concepts, however, without
considering the power system requirements for the inertial
response. Additionally, the description of the methodology for
tuning the control parameters has not been mentioned in the
previous studies. In fact, the inertial response control should
consider power system requirements and the tuning
methodology of the control concept should be developed



according to power system characteristics. Furthermore, in
future grid code revision studies, a generic inertial response
control with the tuning methodology should be available for
power systems with high wind power penetration.

This study begins with investigating the previous control
concepts to comprehend requirements for a generic power
system. The investigation results are employed to propose a
new control concept with a tuning methodology for the
generic power system. Eventually, the aim of the proposed
control is to quantify the inertial response requirements from
WPPs considering the VSWT capability for a given power
system. The proposed control concept determines the inertial
response profile, and the tuning methodology specifies the
parameters of the profile according to the power system
characteristics.

In this paper, first, the generic power system model is
introduced with various wind power penetration scenarios and
the performance criteria for the inertial response control are
defined. Second, the aggregated WPP model is described
comprising aerodynamical and mechanical dynamics of the
VSWT. Following the modeling sections, the proposed control
and tuning methodology are presented for the generic power
system model. By means of extensive simulations, the
proposed control and previous control concepts are evaluated
and compared considering the impact on the power system and
operational constraints of the VSWT.

II. POWER SYSTEM MODEL

The generic 12-bus test system given in Fig. 1 is utilized to
assess the performance of the inertial response control in this
study [20]. It represents a small isolated power system with
four areas dominated by thermal power plants. Moreover, the
generic test system has the flexibility for modeling different
governor and prime mover settings in order to represent
different frequency response of the power system. Thus, the
impact of the inertial response control on different power
systems can be analyzed using this test system. The data
regarding governors and prime movers are given in Appendix.

Various wind penetration scenarios are implemented to
have more realistic simulation cases for the generic 12-bus test
system [20]. Two trends are assumed in establishing these
scenarios. The first trend assumes that increased loads are
covered by an increase of wind power while the installed
capacity of the CPPs is kept constant. The second trend
assumes that the demand will not change significantly, but
new WPP installations will replace some of the existing old
thermal CPPs. According to these trends, the generic 12-bus
system accommodates wind power penetration from 0% up to
50% as shown in [20]. The percentage of the wind power
penetration is defined as the ratio of the installed wind power
capacity to installed conventional power capacity.

III.  VSWT MODEL

In this study, aggregated WPP model based on a full-
converter VSWT (FC-VSWT) with a permanent magnet
synchronous generator (PMSG) is developed and employed to
investigate the inertial response control in the generic power
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system. Several generic FC-VSWT models are proposed in the
literature by e.g. IEC [21] and IEEE working groups [22]. The
proposed models are generally focused on the fault ride-
through and voltage/reactive power control studies. However,
for the inertial response study the generic FC-VSWT model
should include aerodynamic and mechanical dynamics of the
turbine as well as the generator and converter RMS
representations. The generic utility-scale multi-megawatt
turbine (NREL 5MW) model is utilized [23], [24] and adapted
for RMS simulations in the generic power system.

The representation of aerodynamic and mechanical
dynamics of the wind turbine is important for the inertial
response control considering the overloading of the wind
turbine. In the simulations, the wind turbine is operated at
available power (i.e. maximum power for the given wind
speed), and the inertial response control overloads the wind
turbine by increasing the power reference of full-converter
(FC) above the available power. Therefore, ‘recovery period”
is observed after the inertial response control action. The
recovery period can be described as the duration to recover its
previous operating condition after releasing an additional
power when it is operating at available power due to
deceleration of the wind turbine rotor.

For the electrical dynamics of the FC and PMSG, RMS
models are implemented to represent the behavior of FC-
VSWT in the inertial response control studies. Since the inner
current control of the full-converter is very fast for the
frequency stability studies (i.e. in the order of milliseconds
[21]), the inner current control loops of machine side and grid
side converters are neglected. The control dynamics of DC-
link voltage and active power control are relevant for the
inertial response control, thus the PI control loops of these
controls retain in the FC control.

The developed FC-VSWT model is utilized for the
aggregated WPP behavior to investigate the inertial response
control. The aggregation approach is simply modifying the
base value of a single turbine to get overall WPP response
[12]. The park layout of the WPP is not included in the
aggregation approach, since the voltage variations at the wind
turbine connection point are of no interest for the inertial
response of the overall WPP in this study.



IV. PROPOSED INERTIAL RESPONSE CONTROL

In this section, the assumptions used in simulations of the
inertial response control, the performance criteria to assess the
impact of the inertial response control, the evaluation of the
previous control concepts, and finally the proposed control
concept are explained.

A. Assumptions for Inertial Response Control Simulations

Assumptions regarding the generic power system are
employed in order to simulate the inertial response control and
compare the various control concepts under the same
operating conditions of the generic power system. First, to
simulate a low frequency event, N-1 contingency is defined as
the largest infeed loss (i.e. 200MW from G2). Second, for
primary frequency control of CPPs, the allocation of active
power reserve is sufficient in all the wind power penetration
scenarios. Finally, all the wind power penetration scenarios
are simulated for the inertial response control, however only
the results of the 50% wind penetration scenario is presented
in this paper due to lack of space.

In addition to the assumptions made for the generic power
system, operating conditions of the aggregated WPP model are
also specified to simulate and analyze the impact of the
inertial response control on the frequency stability. WPPs are
operated at high wind speed (i.e. above rated wind speed) to
evaluate the inertial response control concepts and quantify
generic power system needs. In high wind speed conditions,
the tuning methodology is applied to the proposed control
without taking into account the recovery period of the VSWT.
After demonstration of the proposed control, low wind speed
operating condition (i.e. below rated wind speed) is also
simulated to present the impact of the recovery period on the
frequency stability.

B. Performance Criteria

The performance criteria for the generic power system are
defined in order to evaluate the inertial response control
concepts. They are chosen from the grid code requirements
and literature regarding the frequency stability. The details are
given in [25] and summarized in Table I.

C. Assessment of Existing Inertial Response Control Concepts

In the literature, several control concepts are proposed to
enable the inertial response of WPPs. The control concepts for
inertial response control can be grouped into two categories
according to the response profiles [25]. The derivative control
is the proportional control method based on the ROCOF in
order to emulate the inertial response of a SG [9]-[15]. The
control modifies the active power or torque set point by an
additional active or torque value which is equal to the product
of ROCOF and a gain (Hypp). The derivative control is
sensitive to the noise in the frequency measurements. To solve
this problem, a low-pass filter is added to the controller.
Overall response of the derivative control is the ROCOF
triggered inertial response similar to a SG. Moreover, the
temporary frequency control is the additional active power
release method of which the magnitude and the duration are
predefined or proportional to the frequency

TABLE I
OPERATIONAL METRICS FOR THE GENERIC POWER SYSTEM [25]

| Operational Metric Values

1 [ max. dynamic frequency 0.016pu (=800mHz in 50
deviation (min. frequency point) | Hz)
2 | max. ROCOF (df/dt) for a given | 0.008 pu/s with 200ms
detection time (=0.4Hz/s in 50 Hz)

3 | time to reach the 4.68s (20% wind power
|| min. frequenc penetration scenario)

df/dt control dead band
Soia df,.,/dt AP,
T

i @
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Fig. 2. Block diagrams of derivative control (a) and temporary frequency
control (b)

deviation [16]-[19]. The block diagrams of these control
concepts are given in Fig. 2.

Both of the control concepts are evaluated with various
control parameters in order to investigate the inertial response
control requirements for the generic power system [25]. Final
parameters of the control concepts which meet the
performance criteria are selected for the 50% wind power
penetration scenario. The selected parameters are given in
Appendix. According to these parameters, the simulation
results are presented in Fig. 3 and Fig 4.

Replacement of the CPPs is realized not only by providing
inertial response from WPPs but also by compensating the
replaced primary frequency control temporarily by the WPPs
(Fig. 3). Therefore, the parameters of the existing control
concepts are chosen considering the minimum frequency
point. Another important remark from Fig. 3 (b) is that the
inertial response control should be tuned properly by taking
into account the small signal stability of the power system.
Thus, the inertial response control should not decrease
damping of power system oscillations.

The temporary frequency control is an open loop control
releasing the energy with respect to a predefined amount and
duration of the active power that is triggered by the ROCOF
(Fig. 2) or the frequency deviation. However, the inertial
response control from WPPs should be dependent on the
power system frequency deviations for different power system
operating conditions (e.g. different wind power penetration
scenarios). Finally, the amount of the released energy during
the inertial response control does not determine directly the
minimum frequency point and the time to reach this point
according to Fig. 3 (a) and Fig. 4. Therefore, the way of
providing the energy during the inertial response control, such
as the duration and the ramp-down rate of the released active
power, affects the frequency stability in terms of a double dip
as shown in Fig. 4.

D. Proposed Inertial Response Control

Based on the conclusions above, a new inertial response
control is developed considering the frequency deviation (Af)
and the df/dt as input signals. The developed controller has
two components dependent on these input signals in order to
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achieve the operational metrics (Table I). The first component
is similar to the derivative control, but in this case, the gain of
this component is determined in order not to trip the ROCOF
relays or in other words to achieve the operational metric 2.
The second component is similar to the primary frequency
control of CPPs, however in this case it represents a droop
control with a variable gain to provide an additional active
power temporarily during the inertial response. In this study,
this control action is defined as ‘variable-droop’.
Consequently, the proposed control, which is presented in Fig.
5 (a), coordinates the additional active power (A4Piucria)
provided by these two components to minimize the released
energy during the inertial response compared to the existing
control concepts.

The variable-droop control (i.e. the second component) is
enabled by an external signal, which can be triggered by
dfgrid/dt ot Afyiq using a dead-band. After enabling the
variable-droop control, the droop value starts to increase, and
is multiplied by Af,is then added as APy,,p0p to AProcor in
Fig. 5 (a). During the ramp-up period of the variable-droop
control, APgocor signal starts to decrease due to the declined
dfyi/dt signal. Thus, the released energy during the inertial
response is minimized compared to the existing control
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Fig. 5. Proposed inertial response control () and variable-droop control (b)

concepts by coordinating the two components of the proposed
control. Besides releasing less energy, the variable-droop
control is based on Af., signal, which is easier and more
reliable to detect compared to dfy/dt signal. Taking the
derivative of the power system frequency is challenging due to
presence of the noise [6]. Another advantage is that, the
variable-droop control represents a fast frequency control
action with a smooth ramp-down rate which does not affect
the power system frequency adversely (e.g. in Fig. 4).

The structure of the variable-droop control is presented in
Fig. 5 (b). In this structure, there are two parameters which
determine the duration and the magnitude of the inertial
response, Ty and Kp,,,,, respectively. The tuning of these
parameters is described in the next section according to the
power system characteristics.

V. TUNING METHODOLOGY OF PROPOSED CONTROL

The tuning methodology for inertial response control
concepts has not been described particularly in the previous
studies [9]-[19]. Every specific power system model used in
the inertial response control studies has different
characteristics in terms of the inertia and the primary
frequency control. These two features determine the frequency
response of the power system, and should be taken into
account in order to provide a temporary active power
contribution from inertial response control of WPPs.
Therefore, the tuning methodology of the variable-droop
control aims selecting proper parameters not to cause potential
frequency instability while achieving the operational metric 1.
The tuning methodology is based on a simplified model which
is employed to estimate the minimum frequency point and the
time to reach this point for low frequency events without
simulations.

The generic power system model is simplified in two steps;
the first simplification is an average system frequency model
(i.e. single mass model) [26], and the second simplification is
a delay model adapted from [17], [27]. The delay model for
power systems with different generation mixes is developed to
estimate the maximum frequency deviation (4f,,,) and the
time to reach the minimum frequency point (#,;,). Moreover,
these estimated values are used to tune the 7., and Kp,,,,
values of the variable droop control.

A. Average System Frequency Model
In the average system frequency model, all CPPs are



represented as one equivalent mass, which has the average
inertia constant (H,,) with damping constant (D,,) and is
driven by the difference between the mechanical power
change (4P,,) and the electrical power change (4P;) [26]. In
this study the largest infeed loss is represented by AP;.

B. Delay Model

The delay model, which is based on the average system
frequency model, uses pure time delays to model the time
constants of the governor, steam and hydro dynamics (e.g.
valve motion, steam bowl dynamics), and converts the closed
loop model into an open loop delay model [27]. The hydro and
thermal turbine models can be kept as they are, or they can be
assumed also as time delays with respect to their response
characteristics.

The simplification approach of the delay model for the
hydroelectric power plant (HPP) is described in [17], which is
adopted from [27]. In this approach, the delay representation
of a HPP is developed based on three assumptions considering
governor time constant, transient droop compensation
dynamics, and hydro-turbine response. As a result, the total
delay (#pp) is calculated for power systems only consisting of
one type of HPPs. Therefore, the delay model for power
systems with different generation mixes is required for the
realistic estimation of Af,,;, and 1,,,. First, the delay model of a
power system consisting of only one type of thermal power
plant (TPP) is developed with the approach adapted from [17].
Then, the delay model of power systems with different
generation mixes is developed considering delay of HPPs and
TPPs together.

For a TPP, the first assumption of the HPP delay model is
the same [27], therefore governor dynamics (e.g. control time
constant, servo, and steam valve bowl time constant) is treated
as a pure time delay, 7 in (2). The second assumption is
employed for the time delay of the steam turbine. The transfer
function of the steam turbine, ((1+sFTg)/(1+sTg), is similar to
the transfer function of the transient droop compensation in a
HPP. Accordingly, Rz, jemar instead of Rz jyay, (transient droop
of hydro-governor) is defined in order to calculate time delay
of the steam turbine. The derivation of Rz ema is shown in
Appendix.

As a result, the total delay of the TPP (t7pp) in (1) is
calculated as the addition of two delays given in (2) and (3).
Furthermore, after the simulations with the average system
frequency model in order to validate the #,;, and 4f,,;, of a
power system consisting only one type of TPP, an additional
correction time delay (#y/2) is added to t7pp, and t7pp o 18
calculated. The difference between these two values is that #7pp
is associated with the estimate Af,;,, and trppcor is used to
estimate 7,,,. Therefore, the t7pp and t7pp.,, are given in (1)
and (4).

lTPP:lG+t0/2 @
1™ assumption:
t =T +T +T ?2)
G G s v

where 7§ is governor time constant, 7 is servo time constant,
and T is steam valve bowl time constant.

TABLE I
COMPARISON OF THE SIMULATION RESULTS AND DELAY MODEL
tuineqeorr ) | tmineqeorr S) | Afmineg (HZ) | Afminey (Hz)
(Estimated) | (Si (Esti d) (Sii )
4.81
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2" assumption:

1
W2=H GRe [‘*Dm,/ [7*% H &
»

where R, is permanent droop.

’T["P,(mr = lG +tU (4)

A realistic power system model comprises different types
of generation with different types of governor and turbine
parameters (e.g. 3 TPPs and 1 HPP in the generic 12-bus
system). Therefore, the delay model of a generic power system
with different generation mixes is developed considering the
response of each CPP independently based on the time delay
calculation of HPPs [17] and TPPs (1)-(4). The calculation is
based on the weighted average of time delay values of each
CPP (tcpp) according to their power ratings (ncpp). The
estimation of the time to reach the minimum frequency (i)
and maximum frequency deviation (Afyne,) are defined as
follows:

lmm.e‘q = Z nCPPlCPP /z nC[’I’ (5)

where n¢pp is power rating of the CPP in system MVA base.

Lerp =locrn ™ tn,crr’/z ©

where 7, cpp is for a HPP, and for a TPP.

1
1-D, / [ R +DﬂlH )

where Ry, cpp i8 Ry jyaro for a HPP or R7,epna for a TPP.

R
' 2-H _rcee

o0.cpp. o
cpp

= ZR e R, ®
D pH,
M =g o] ©

Similar to the above calculation for the TPP (4), iy, is
amended by adding 7, cpp/2 for TPPs in (6) in order to estimate
the fyineqcor consistently with the simulation results. The
comparison of the simulation results and the delay model
calculations for the generic power system are presented in
Table II.

The tuning methodology of T}, and Kp,,,, is designed in
order not to cause possible frequency instability by interacting
with the primary frequency control of CPPs. Thus, Z,i,eq.cor
and Afyine, values from the developed delay model are used
for the Tproep and Kproop- bmineqeor defines the duration of the
variable-droop control, and 4., determines how much
additional power is released in order to increase frequency
(Afincrease) as demanded. Response of the variable- droop
control is illustrated in Fig. 6, and the parameters are
calculated as follows:
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Fig. 6. Illustration of the tuning methodology of the variable-droop control

L - (10)
_H (R, )70, "
Droop Af‘ ¥ Rr. DM
where
R = RT[I'I" 1-D 1 D %
T ’Z”cpp - Yl | R +0, Z”Cpp (12)
e pcrp
At =21 [(A/’ Af )D« 1] 13)
=2In + “ 4
Y mineq Y increase AP,
Td = Znn’rtc.u’r/z n(‘l'[’ (14)

According to the formulations above for the generic 12-bus
system with 50% wind penetration scenario, the 7, value is
calculated as 2.5 s (i.€. Zyineqeor/22.5 8), and the Kp,,,, value
is 15 pu in the installed capacity base of all WPPs (i.e. 850
MW) to increase the minimum frequency point by 250 mHz
(i.e. Afinerease=0.25/50 pu).

VI. SIMULATION RESULTS

In the simulations, the largest infeed from G2 is tripped to
demonstrate the performance of the proposed inertial response
control and to compare it with the existing control concepts.
The advantages of the proposed control are presented in terms
of the peak value of the additional active power and the
released energy during the inertial response. The simulation
results are shown in the following subsections; in the first
subsection, all the aggregated WPPs are assumed to operate
high wind speed (i.e. average wind speed (V,,;,s) =14m/s). In
the second subsection, the WPP-2, which is connected at Bus
3 (Fig.1), operates at low wind speed (i.e. V;,~10m/s) to
assess the impact of the recovery period of the FC-VSWT on
the power system frequency.

A. Simulation Results for High Wind Speed Operation

In Fig. 7, the minimum frequency point of the generic
power system is compared for the proposed inertial response
control and the existing control concepts. All three control
concepts achieve the first operational metric 1 (Table I),
however the temporary frequency control creates a double dip
in the power system frequency due to the steep ramp-down
rate of the released active power (Fig. 8). Additionally, the
derivative control concept has the highest value for the time to
reach the minimum frequency point. The reason is that in the
derivative control more energy is released when the ramp-
down rate equal to ROCOF compared to the proposed control.
This can be seen in Fig. 8 which illustrates the active power
output of the WPP-1 connected to Bus 5. For the operational
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Fig. 7. Comparison of system frequency with the proposed and existing
control concepts for high wind speed operation
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Fig. 8. Comparison of active power output of WPP-1 (connected to Bus 5 in
Fig.1) with the proposed and existing control concepts for high wind speed
operation

metric 2, all the control concepts provide sufficient active
power within 200 ms after the detection of the disturbance.
Only difference between the control concepts is the ramp-up
rate of the released active power (Fig. 8), where the impact on
the ROCOF is insignificant.

One of the advantages of the proposed control is to achieve
operational metric 1 and 2 with releasing less than 15%
additional active power. Accordingly, the total energy released
during the inertial response for the proposed control is also
less than the other control strategies. The released energy from
the WPP-1 during the inertial response is compared for the
control concepts in Fig. 9. Another advantage of the proposed
control is that the dependency on the derivative component is
limited selecting a small Hypp value, which is implemented to
achieve the operational metric 2. On the contrary, the
derivative control does not have this flexibility due to the large
Hypp value and is only dependent on the df/dt signal.
Furthermore, the temporary frequency control does not have
the adaptive ramp-up and ramp-down rate for the released
active power causing the frequency instability (e.g. double dip
in Fig. 7).

B. Simulation Results for Low Wind Speed Operation

For low wind speed conditions, the recovery period occurs
after boosting the active power by the inertial response
control. The active power reduction due to the recovery period
is highly dependent on the wind speed, released energy during
the active power boost, and the duration of the active power
boost [19], [28]. Considering the recovery period, the
simulations are performed by taking the wind speed of the
aggregated WPP-2 (200 MW) as 10m/s (WPP-1 and WPP-3
are operated at high wind speed conditions). Since the wind
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Fig. 10. Comparison of system frequency (a) and the active power output of
WPP-2 (b) with the proposed and existing control concepts for low wind
speed operation

speed has been modified in the simulations, the gain for the
aggregated WPP-2 has increased not to change the load flow
of the 50% wind power penetration scenario.

In Fig. 10, the impact of the recovery period on the system
frequency is presented with the active power output of WPP-2.
The double dip in the system frequency has become deeper for
the temporary control due to the drop in the active power
output of the WPP-2 in Fig. 10 (b). Both the temporary
frequency control and the derivative control do not satisfy the
operational metric 1 for the operation below rated wind speed
of the WPP-2. Moreover, the proposed control has better
performance than the other two control concepts in terms of
the minimum frequency point, and the recovery period has a
small impact when the system frequency tries to reach the
quasi-steady state value. This is due to the low energy and
peak value of the active power provided during the inertial
response of the proposed control than the other control
concepts.

For the generic power system, if the active power drop in
the recovery period exceeds 0.25 pu (in 100 MW base), a
double dip in the power system frequency will occur

according to the simulation results. Also, the undelivered
energy during the recovery period is calculated as 1.2 pu.s (in
100 MW base). Different average wind speeds cause different
active power drop and undelivered energy assuming that the
required energy is in Fig. 9 for the generic power system to
achieve the operational metric 1. Thus, the impact on the
frequency varies according to the average wind speed. The
most severe double dip is observed when the wind speed is
close to the rated wind speed. Considering different wind
conditions for each WPP, WPPs can be coordinated to
minimize the double dip in the power system frequency. In
addition to these simulation results, the proposed control is
less sensitive to the ROCOF measurement noise compared to
the derivative control, also is more stable and flexible than the
temporary frequency control.

VII. CONCLUSIONS

In this paper, a new inertial response control for WPPs is
proposed and demonstrated considering the inertial response
requirements of a generic power system. Additionally, the
tuning methodology for the proposed control is described in
detail taking into account the power system characteristics (i.e.
inertia, governor response of the CPPs). Using the tuning
methodology, the proposed control can be applied to any
power system with high wind power penetration.

In order to assess the proposed inertial control and the
existing control concepts (i.e. the derivative control and
temporary frequency control), the generic power system with
wind power penetration scenarios, and the aggregated WPP
model are utilized with the operational metrics. According to
these metrics, the simulation results are evaluated in terms of
the power system requirements and the operational constraints
of the FC-VSWT. The proposed controller provides less
energy and peak active power compared to the existing control
concepts while achieving the performance criteria. Another
improvement has been made for the operation below rated
wind speed where the impact of the recovery period has been
reduced with the proposed inertial response control.

VIII. APPENDIX

1) Governor and prime mover block diagram [29] of CPPs in
the generic 12-bus test system

Limiter

where R, is permanent droop, 7; is governor response time, 7,
is pilot valve time, 7;is servo time constant, 7, is steam valve
bowl time constant, 75 is steam reheat/hydro water starting
time constant.

CPP Name/Type | (R,, 7), T2 T3, Ty, T5,F, Hepp)
G1/Steam 0.05.0.15,0,0.1,0.3, 10,0.237, 10
G2/Steam 0.05,0.15,0,0.1,0.3, 10, 0.237, 8.32
G3/Steam 0.05,0.15,0,0.1,0.3, 10,0.237, 6.93
G4/Hydro 0.05, 124.47, 8.59, 0.25, 0, 0.74, -2, 6.67

2) The derivative control and the temporary frequency control
parameters utilized in the simulations



Control Type Parameters

Derivative Control
Temporary Frequency Control

Tane=20ms, Hypr=28 pu
T =20mS, AP0y =0.1 pu. 1n=6.5 s

3) For the delay model, the second assumption is employed to
calculate the derivative of the change in the turbine valve
position (dA4g/dr) [17]. To calculate this change, R,y is taken
into account for HPPs from the following block diagram:

simplified t0 a gain as 1/Rppyare

Considering the simplification of R,q,, in the following
block diagram of the thermal turbine, R, jerma can be assumed
as R,/F. Then it can be treated as the second assumption of the
HPP delay model.

,

gen

simplified 10 a gain as F/R,
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