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Abstract 

Traditionally, conventional power plants have the task to support the power system, by supplying 
power balancing services. These services are required by the power system operators in order to 
secure a safe and reliable operation of the power system. However, as in the future the wind 
power is going more and more to replace conventional power plants, the sources of conventional 
reserve available to the system will be reduced and fewer conventional plants will be available 
on-line to share the regulation burden. The reliable operation of highly wind power integrated 
power system might then beat risk unless the wind power plants (WPPs) are able to support and 
participate in power balancing services.  

The objective of this PhD project is to develop and analyse control strategies which can increase 
the WPPs capability to provide system services, such as active power balancing control, in a 
modern power system with large scale integration wind power. This study presents the 
investigation of the real-time balance control in a modern Danish power system, where WPPs 
can actively contribute to active power balance control. New solutions for the automatic 
generation control (AGC) dealing with the compensation of the power imbalances between 
demand and generation in real time, caused by wind power forecast errors, to enhance the 
security and the reliability of a power system operation with large wind power penetration with 
the coordination between combined heat and power plants (CHPs) and WPPs are developed and 
analysed.  

The main results of this research work show that the WPPs can actively contribute to power 
balance control through primary and secondary response. The integration of WPPs control into 
the AGC is of high relevance, particularly in situations when wind power is contributing highly 
to the total electricity production and conventional power plants are operating on the minimum 
level. The grid support services from WPPs improve the active power balance control and make 
power system operation more reliable.  

The research work is carried at the Technical University of Denmark (DTU) in the Wind Energy 
Department with the collaboration of Energinet.dk and it is funded by the Sino Danish Centre for 
education and research (SDC). 
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Resume på Dansk  

Øget brug af vindkraft i el-systemer giver de systemansvarlige alvorlige bekymringer med 
hensyn til sikkerhed og pålidelighed af el-systemer, især hvad angår kontrollen af energi-
balancen. 
Vindhastighedsprognoser spiller en vigtig rolle i denne sag, da en forkert prognose i et system 
med meget integreret vindkraft, kan føre til ubalancer og kontrolproblemer, og give en række 
udfordringer med at opretholde en pålidelig drift af el-systemet på grund af utilstrækkelige 
energireserver. 

Konventionelle kraftværker har typisk til opgave at støtte el-systemet ved at levere den rette 
mængde strøm. Men i fremtiden, vil vindkraften erstatte konventionelle kraftværker, kilderne til 
konventionelle kraftværker vil blive reduceret og færre konventionelle anlæg vil være 
tilgængelige online og derved dele fordelingsbyrden. En pålidelige drift af et el-system baseret 
på en høj grad af vindkraft kan være risikofyldt med mindre vindkraftværker er i stand til at 
støtte og deltage i energi-fordelingstjenester. 

Formålet med dette ph.d.-projekt, ”Wind Power Plant System Services” er at udvikle og 
analysere kontrolstrategier, som kan øge WPPs kapacitet til at yde systemtjenester, såsom aktiv 
effekt-balanceringskontrol i et moderne el-system med stor-skala integration af vindkraft. 
Forskningsarbejdet er udført på Danmarks Tekniske Universitet (DTU) i Afdelingen for 
Vindenergi i samarbejde med Energinet.dk og er finansieret af Sino Dansk Center for 
Uddannelse og Forskning (SDC). 

Denne afhandling har udviklet et dansk el-system, der omfatter automatisk genereringskontroller 
(AGC), aggregerede modeller for WPP, kombineret centraliseret og decentraliseret 
kraftvarmeværk (hhv. CHP og DCHP) and sammenkoblinger med nærliggende el-systemer. De 
aggregerede modeller for generede enheder er udviklet med henblik på at reducere 
beregningsindsatsen, men stadig indeholdende de dynamiske egenskaber, som måtte være 
relevante for særlig undersøgelse, dvs. aktiv energibalancekontrol. El-systemmodellen tager 
genereringen og kraftværkskapaciteten for 2020 med i betragtning og gør brug af input, som 
genereres en time i forvejen hvert femte minut ved langsigtede dynamiske simuleringsstudier. 
Inputs givet en time i forvejen er leveret af ”Simulation Power Balancing-modellen (SimBa), 
som er udviklet af Dansk TSO (Energinet.dk) i samarbejde med DTU. 

v 
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Denne undersøgelse har foreslået, og præsenteret en ny og praktisk tilgang til at integrere WPP 
kontrol i AGC. Dette er baseret på en koordineret kontrolstrategi mellem kraftværker og WPPs. 
Det er blevet bemærket, at den koordinerede kontrolstrategi forbedrer den aktive effektbalance i 
el-systemet med minimale sekundære afsendelsesomkostninger. I den henseende regulerer 
kontrolstrategien den aktive effektproduktion fra kraftværkerne og WPPs afhængig af 
driftsreserverne, afsendelsesbegrænsninger og produktionsomkostninger. WPPS’erne kan give 
op- eller nedregulerende tjenester, betinget af tilgængeligheden af vindenergireserver. Ydermere 
har denne undersøgelse også analyseret det tilfælde, hvor fornyet kontrol leveres af WPPs og 
forbrugsenheder, hvor AGC nedregulerer den fleksible belastning ved negative strømbalancer og 
WPP-produktionen ved positive strømbalancer. Denne ph.d.-afhandling har også udviklet en 
algoritme til aktivering af manuelle reserver. Algoritmen navngivet som "rullende balance" 
imiterer kontrolrummets respons, samtidig med at den aktiverer reguleringskraften for sikker 
drift af el-systemet. 

De vigtigste resultater af denne forskning viser, at WPPs aktivt kan bidrage til kontrol af 
energibalancen gennem primær og sekundær reaktion. Integrationen af WPPs kontrol i AGC er 
af stor relevans, især i situationer, hvor vindkraft bidrager stærkt til den samlede el-produktion 
og konventionelle kraftværker opererer på minimumsniveauet. Ledningsnettets støtte fra WPPs 
forbedrer den aktive effekt balancekontrol og gør driften af el-systemet mere pålideligt. 
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Chapter 1  
Introduction 

This thesis presents the development and investigation of methodologies for active participation 
of wind power in the power balance control of power systems with large wind power penetration. 
New solutions for the automatic generation control (AGC) dealing with the compensation of the 
power imbalances between demand and generation in real time, caused by wind power forecast 
errors, and with the coordination between combined heat and power plants (CHPs) and wind 
power plants (WPPs) to enhance the security and the reliability of a power system operation with 
large wind power penetration are developed and analysed. 

1.1 Background 
Nowadays, the global energy challenge is not only to satisfy the growing energy demands but 
also to generate electricity from safer, cleaner and environmental friendly energy sources. In this 
respect the renewable energy is an important source for electricity generation with no pollution 
and global warming emissions. The renewable sources such as hydro, wind, solar are available 
almost all over the world.  

In the last decades, renewable energy has experienced significant growth worldwide mainly due 
to global environmental concern.  Of renewable energies, the wind energy is one of the fastest 
growing resources for electricity generation. Wind power is increasingly being viewed as a 
mainstream electricity supply technology and has raised ambitious targets in many countries 
around the world. The main reasons for the fast increasing integration of wind power into the 
power system over the last decade are: 

o Very low CO2 lifetime emission  

o Significantly exploitable resource potential 

o No cost uncertainties from fuel supply price fluctuations 

o Can be rapidly installed 

o Opportunity for industrial, economic and rural development 

1 
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According to [1], 318 GW of wind power has been installed globally till the end of 2013, where 
35.3 GW was installed only in 2013. China holds the largest capacity of WPPs worldwide, i.e. 
91.4 GW. Other countries having large wind power capacities are United States (61 GW), 
Germany (34.2 GW), Spain (22.95 GW) and India (20.15 GW).  

Large scale integration of wind power in modern power systems sets new challenges in power 
system operation raising concerns around dynamic security and reliability. Replacement of 
conventional power plants by WPPs of similar size increases the risk of system failures, 
challenging the security and reliability of the power system. 

1.1.1 Wind power in Danish power system 

As the pioneer in the electricity generation from wind power, Denmark is among the top 10 
countries having the largest wind power capacity [1]. The electricity generation from wind power 
started in late seventies and gained growth in nineties. Figure 1 depicts for example the growth 
of wind power in Danish power system during the last three decades, while Figure 2 shows the 
wind power share in the total electricity consumption during the last thirteen years [2]. It is worth 
noticing that, in 2000, Denmark had an installed wind capacity of 2,390 MW, which produced 
0.57 TWh of energy and covered 12.1% of the total electricity generation. In 2010, the capacity 
grew up to 3,752 MW and to 4,792 MW by the end of 2013. 

 
Figure 1: Wind Power development in Denmark over the last three decades 

 
Figure 2: Wind Power share in Denmark  

2 
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At the end of 2013, Denmark has highest wind power penetration level globally with the 
generating capacity of 4.79 GW [1]. The installed wind power generated 11.1 TWh during the 
year 2013 and shared 33.2% of the electricity consumption in the entire year, when the total 
electricity consumption in the Danish grid was 33.5 TWh [3]. Moreover, the wind power shared 
50% of total electricity consumption in the month of December 2013 and 102 % on 21st of 
December, 2013. 

Due to its continuing increasing wind power penetration over the years, Denmark is also one of 
the first to face the possible problems and challenges due to large scale integration of wind 
power. The large integration of wind power in the Danish power system sets new challenges in 
power system operation raising concerns around dynamic security and reliability. The future is 
even more alarming, as the Danish government aims to increase the wind power share in 
electricity system to 50% by 2020 and 100% renewables by the year 2050 [4]. This large scale 
integration of wind power will possibly replace some of the traditional power plants and thus 
might affect the security and reliability of the power system operation, unless the existing 
operational strategies of the power system are revised. 

It is to mention here, that the wind power penetration is commonly defined as either energy 
penetration or capacity penetration. Energy penetration is the ratio of the amount of energy 
obtained from the wind generation to the total energy consumed in the power system, normally 
on an annual basis. Capacity penetration is defined as the ratio of the installed wind power 
capacity to the peak load consumption on a specified time period. In this study, the wind 
penetration or integration refers to the energy penetration. 

1.1.2 Impact of large scale wind power integration  

Increasing levels of wind power penetration in power systems has posed to the system operators 
serious concerns regarding the security and reliability of the power system operation. Some of 
the problems that need intensive research include issues like: frequency control, power balance 
control, voltage stability and reserves availability. Furthermore, the challenges associated with 
unit commitment (UC), economic dispatch (ED) and AGC are also needed to be addressed [5]. 
Frequency control problems are typically prominent in small or standalone power systems as less 
number of generating units contribute to primary response. In a large interconnected power 
system, power balance is one of the main challenges that need to be evaluated for large scale 
integration of wind power [6]. For operational security, the transmission system operators 
(TSOs) must continually ensure that the generation and load demand are in close balance. Beside 
this, the variability of wind power impacting the power system operation  is also an important 
factor, which should be taken into consideration, as it depends on the penetration level, 
intermittency of the wind resource, power system size, generation capacity mix, load variation 
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and interconnections with neighbouring power systems [5, 7, 8, 9, 10]. Wind power forecast can 
create even more problems during extreme weather conditions, if not predicted timely. 

In traditional power systems, the average load almost varies in predictable patterns, except for 
the unforeseen events [11]. These variations are compensated with additional generation capacity 
kept as reserves. The reserves are provided by the conventional power plants which are also 
responsible for controlling the grid frequency. Introducing wind generation into the power 
system increases the regulation burden and need for reserves, due to its natural intermittency. It 
is the responsibility of TSOs to always ensure that sufficient reserves are available for keeping 
the system in balance to deal with wrong wind power forecasts [8], even though this strategy 
increases the operating cost of the power system. 

Accuracy of wind power forecast is essential in a reliable and active integration of wind power 
into the power system. Large wind power forecasting errors may compromise the proper dispatch 
of the generators and the determination of the required power reserve levels. They contribute 
majorly to the deviations in planned power generation which lead to power system control and 
balancing problems. The forecasting error also deviates the power exchange from its schedule, 
affecting the transmission capacity on interconnections. As result, the reliability of power system 
is challenged if power production capacity is not sufficient to meet the demands at all time. The 
large scale integration of wind power challenges therefore a power system operator to maintain 
the balance between production and consumption in power system and the power exchange at its 
schedule.  

The operational security is particularly at risk during extreme weather condition, as it may result 
in loss of large amount of wind power within minutes [12, 13]. Therefore, the availability of 
system reserve and power ramping of generation units must be taken into consideration while 
analysing the power balance control in a large scale wind power integrated power system [11].  

Moreover, in future power systems, the increasing large scale integration of wind power may 
replace the conventional power plants. The sources of conventional reserve available to the 
system may be therefore reduced and fewer conventional plants may be available on-line to share 
the regulation burden. In these situations, the reserve management by conventional plants is 
difficult due to their limited capability in power regulation. Consequently, wind power forecasts 
might introduce large power imbalances leading to frequency control and operational issues 
unless WPPs actively participate in the active power balance control on the power system level. 

1.1.3 Challenges for future Danish power system 

The dispatch-able generation in traditional power system balances the forecasted load with least 
error. However, the challenges are becoming more serious with the addition of intermittent wind 
power. During the first two decades of wind turbines (1980-2000), small scale integration of 

4 
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wind power didn’t pose significant challenge to power system operation. However, with 
increasing wind power integration, secure operation of the power system gets significantly 
affected and demands strong attention. In a large interconnected power system, such as 
Denmark, power balance is one of the main challenges that need to be evaluated for large scale 
integration of wind power [14]. 

Presently, the Danish power system has highest wind power penetration level in the world and it 
met 33.2% of the total generation in 2013 [1]. In this context, wind power forecast is a serious 
challenge for the Danish power system, as only 1 m/s increase or decrease in a wind speed 
between 5 – 15 m/s may generate a power imbalance of approximate 350 MW [15]. This power 
imbalance deviates the power exchange with Continental European (CE) and Nordel power 
systems and might overload the transmission lines. Although, the strong interconnections with 
CE and Nordel offer large frequency response and helps in restricting the frequency deviations in 
the Danish power system. The existing Danish power system is capable of handling wind power 
variations when 33.2% of the electricity consumption is provided by the wind power; however 
operation and control methods need to be reviewed for future integration of wind power, when 
50% of the electricity has to be supplied by wind power or 100% by the renewable sources. 

The presence of significant amounts of wind generation in future Danish power system require 
some prudent adjustments of the operation strategy of power system, as wind power forecast 
may affect the deployment and operation of other generating resources in a balancing area. In 
this sense, it is of high relevance to identify and find solutions to minimize the impacts of wind 
generation on system performance. It is required to develop and analyse models and control 
strategies for WPPs, which increase their capability to provide ancillary services, especially 
power balancing support in modern power systems with high wind power penetration.  

This project focuses on developing methodologies with specific aim of solving the power 
balance control problems in power systems with high wind power penetration and on 
investigation of the active power control ability of different generating units’ in future Danish 
power system, such as CHPs and WPPs. 

1.2 State of the art 
Increasing large scale integration of wind power into power systems challenges the system 
operators especially in respect to the security issues, as WPPs are expected to replace more and 
more conventional units on the production side in the future.  This means that for shorter or longer 
periods, some of the duties carried out today by conventional power plants, will have to be 
delivered in the future by WPPs [16, 17, 18, 19].  They will have to support the grid by 
supplying ancillary services. The ancillary services represent a number of services required by 
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the power system operators, such as to participate actively in the power balance, in order to 
secure safe and reliable grid operation. 

The WPPs contributing in ancillary service is a challenging technical issue, which has initiated 
an intensification of this research area in academia and industry. Several studies regarding this 
issue, i.e. active contribution in balance control, have been performed over the world in the last 
few years. The wind turbines contributing to active power control is dependent on the ability to 
respond to the system frequency change or operators’ demand, which can be obtained either 
mechanically through pitch control or kinetically through rotor over-speeding [20, 21, 22, 23, 24, 
25]. 

Initially, the concept of negative load has been applied to the wind turbines to indicate their 
passive role in the power system. However as the electricity production from wind power 
increased, the researchers started to investigate the possibility of wind turbines to behave as 
active controllable components in the power system. Investigations on how to control wind 
power to provide frequency response have been in the attention of wind power industry and 
academia over the last few years.  The wind turbines power can temporarily support the grid 
during a frequency deviation by injecting additional power into the system [26] [27]. The study 
in [28] suggests that the frequency response from wind turbines can be improved with techniques 
like, hybrid over-speeding de-loading control scheme and combined strategy of pitch controlled 
with inertial support. 

Numerous studies are reported on the WPP control level, where the hierarchical control 
architecture controls the WPP response by sending out reference power signals to each 
individual wind turbine [29]. The WPPs are required to provide different control functions, like 
balance control, delta control or frequency control [30]. The work in [31] describes the real-time 
operational experience of Horns Rev offshore wind farm in Denmark, providing the 
aforementioned control services. The study in [32] suggested that the wind power can provide 
better regulation services for frequency control, if grouped in clusters. This approach increases 
the overall performance of the WPPs on power system level. This and the increasing large scale 
integration of wind power therefore require studying the collective performance of WPPs on the 
power system level, contributing to real-time power balance control. 

On system level, the aggregated performance of conventional power plants, WPPs, loads and 
system interconnections is needed to study the operational security of the power system. The 
TSOs of highly wind power penetrated power system must be able to deal with the wind power 
forecast error that deviates the power generation from its schedule and leads to power system 
control and balancing problems. Several studies are reported on this topic, but they adopt the 
conventional power plant approach to minimize the power imbalance in real-time. For-example: 
a Chinese study uses conventional generators to control the fluctuation from wind power [33] to 
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improve power system performance. Whereas, a Dutch case study controls the power imbalance 
originating from wind power through AGC and founds that additional reserves from 
conventional power plants are required in future for keeping the area control error (PACE) within 
acceptable limits [34]. Some studies on the active power balance control in the Danish power 
system models are described in [6, 35, 9, 10, 7, 14]. These studies investigate the ability of the 
secondary control from conventional power plants, the spinning reserves from CHPs for 
maintaining the power balance in Danish power system and the power exchange at its schedule. 
However, the increasing large scale integration of wind power in modern power system requires 
more and more services from WPPs similar to those provided by conventional plants. Of 
ancillary services from WPPS, the ability to actively participate in maintaining the active power 
balance control is in focus for this PhD thesis. 

Detailed studies regarding the provision of grid support services by WPPs is performed for the 
European grid in [36, 37]. According to these studies, systematic investigation of wind power 
technology confirms that WPPs are technically capable of providing grid support services. The 
alternating current (AC) connected onshore and offshore WPPs can provide active power reserve 
and frequency response in all time domains, i.e. primary, secondary and tertiary. However, the 
WPPs performance when providing a service can be improved by aggregating the WPPs, where 
implementation of better and faster communication systems (between WPPs and system 
operators control room) is essentially required. These studies also suggest that the control 
strategies should be tuned and improved to obtain the maximum power performance and 
flexibility from wind generation.  

The developed control methods and available reserves are suitable to deal with the load 
variations and variable supply of power from WPPs in existing power systems. However in 
future power systems, advanced control methods of operation and additional reserves are needed 
to accommodate further integration of wind power. This PhD thesis investigates solutions in this 
direction. Progress is being made, with knowledge from recent studies, in developing methods to 
operate the power system reliably with higher levels of wind power penetration, where WPPs 
can actively participate in secondary power balance control. 

In this respect, conventional market models are important to be considered as well, as they are 
simulating optimal UC and dispatch of power plants with one hour resolution [38]. However, in 
order to manage the wind power forecast errors in a large scale wind power integrated power 
system, a dispatch plan for the power plants with a smaller resolution than one hour is necessary. 
This PhD study uses an hour-ahead regulating power plan in a time scale of five minutes to 
compensate the real time active power imbalances in the power system. The regulating power 
plan is provided by the power balancing model, Simulation power balancing (SimBa), developed 
by the Danish TSO (Energinet.dk) together with the Technical University of Denmark (DTU). 
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1.3 Research objective 
TSOs have the utmost task to secure the power system operation while keeping the cost at its 
minimum. This applies on the power systems with increasing integration of wind power, where 
WPPs may influence the power balance control due to wrong forecast of wind power. The 
intermittent nature of wind power contributes to the deviations in planned power generation 
which can lead to power system control and balancing problems. Traditionally, conventional 
power plants have the task to maintain the active power balance and are capable of meeting the 
TSO guidelines. However, their possible replacement in the future by WPPs of similar size 
increases the risk of system failures, unless the TSOs revise and set new requirements for WPPs. 
The TSOs of highly wind power integrated power system have to develop methods and tools to 
ensure the most cost effective way of integrating additional wind energy to their power systems. 

This research work ‘Wind Power Plant System Services’ analyses the real-time balance control 
in modern Danish power system, where WPPs can actively contribute in active power balance 
control. The work is carried at DTU Wind Energy department in collaboration with Energinet.dk 
and it is funded by Sino Danish Centre for education and research (SDC).  

The aim of this PhD project is to develop and analyse models and control strategies for WPPs, 
which increase their capability to provide system services. The focus is on active power 
balancing of modern power systems with high wind power penetration, where WPPs have higher 
capacity than conventional power plants and contribute largely to the total load demand.  

Specifically, the objectives defined for this work are: 

o To study the active power balance control in a power system during normal and critical 
weather conditions, when wind power shares more than 50% of the total electricity 
consumption 

o To study the WPPs capability to provide system services, participating in the power 
balance control of the power system by providing  primary and secondary response 

o To integrate the WPPs control in AGC, aiming to provide suitable active power 
regulation service when required 

o To study the real-time coordination of secondary dispatch between WPP and CHP, and 
the overall response of the power system 

o To study the real-time balance control when WPP and flexible consumptions respond to 
the AGC command   
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o To study the coordination between primary, secondary and tertiary control during 
different loads and production conditions 

1.3.1 Research approach 

Adequate power system models and control strategies are of high relevance for power system 
studies, like the present one, on active power balance control. A Danish power system model is 
developed for this proposes as an example, taking the generation and power exchange capacities 
for the year 2020 into account. The developed power system model includes AGC, aggregated 
models for CHP, de-centralized combined heat and power plant (DCHP) and WPP and 
interconnections with neighbouring power system. The aggregated generating unit model 
reduces the computation effort but still contain the dynamic features relevant for specific studies.  
Long term simulations are used to study the dynamics of highly wind power integrated power 
system model, where its performance is assessed and discussed by means of set of simulations. 

Conventional market models are simulating optimal UC and dispatch of generation units with 
one hour resolution, based on input time series for consumption and renewable power 
generation. This modelling approach reflects the mechanisms of the power trading on day-ahead 
spot markets. The increasing integration of wind power causes a growing need for activation of 
regulating power with reduced planning horizon, in order to cope with wind power forecast 
errors and other sources of imbalance. SimBa model generates the hour-ahead schedule in a five 
minutes plan for balanced power system operation. It approximates the wind power fluctuation 
from hour-ahead wind power forecasts within each operating hour and estimates the wind power 
with a five minute time resolution. Based on the estimated wind power forecast and the day-
ahead power production plan from the spot market, SimBa model releases an hour-ahead 
regulating power plan in a time scale of five minutes for generating units and power exchange 
with neighbouring power systems. This study uses the regulating power plan from SimBa model 
as input to the power system model, where the conventional generating units, power exchange 
and the load uses hour-ahead plan, while WPPs generates the available power.  

This research work evaluates the impact of large scale wind power penetration in a power system 
with wind power supplying more than 50% of the total generation, as it will be the case for 
Danish power system in 2020. Firstly, the work investigates how power imbalances between 
demand and generation, caused by wind power forecast errors, can be compensated by regulating 
the active power production from AGC controlled CHP. The research evaluates then the 
capability of WPPs to contribute in in the power balance by integrating the aggregated WPP 
control into the AGC system. The study shows that the coordinated secondary control between 
CHP and WPP enhances the reliable operation of large scale wind power integrated power 
system. The research work also evaluates the power system performance when an algorithm 
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effectively activates the regulating bids to relive the secondary control reserves and to further 
minimize the power imbalance. The research work at the end investigates the power system 
performance when secondary control is provided by the WPPs and flexible consumption units. 

1.3.2 Project limitation 

The focus of this study is on active power balance control in a highly wind power integrated 
power system, system balance management and coordinated AGC control between CHPs and 
WPPs. Special attention is paid to the reserves deployment, taking the grid regulations in 
account. The research work studies the real-time power balance control during normal and 
critical weather conditions, and do not considers the power system dynamics during severe grid 
faults, e.g. short circuits or N – 1 contingency. Moreover, the study involving voltage control, 
transmission losses, transmission constraints and system inertia are also not the scope of this 
research work. 

The generating units with the same technology are aggregated for this study, as the reference 
power provided by the SimBa model are ramped with a single rate, i.e. 30 MW/min. The 
aggregation of CHPs and WPPs also simplifies the secondary dispatch process, as the dispatch is 
decided between two generating units. An aggregated model for WPP is developed for a specific 
study, i.e. active power balance control and the modelling do not consider the inertial response 
from WPP. The power exchange on HVDC links is kept at its planned level and dynamics on AC 
interconnection with Nordic and CE power systems are studied with an external grid.  

1.4 Contributions 
The main contributions of this PhD work are listed below: 

o Implementation of Danish power system model that includes the aggregated models of 
CHP, DCHP and WPP, along with system interconnection and the AGC control  

o Study of WPPs capability to contribute in active power balance control 

o Development of coordination method between CHPs and WPP  in the dispatch process 
for AGC  

o Development of ‘rolling balance’ algorithm for programmed activation of regulating 
power bids, emulating the control room response 

o Study and characterization of generating units for providing primary control 

o Study and characterization of CHPs and WPPs for providing secondary control 
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o Study and characterization of flexible loads for providing secondary control 

o Studying power system behaviour during normal and critical weather conditions, with 
large scale integration of wind power  

1.5 Thesis outline 
The introduction chapter is followed by the main body of the thesis which is organised as 
follows: 

The second chapter introduces the Danish power system, based on which the power system 
model has been developed. This chapter provides an overview of the general structure of the 
electrical power network in Denmark and outlines the existing and future intended capacities of 
generating units and system interconnections. 

The third chapter briefly discusses the regulations for active power balance control and the 
reserve requirement in the CE and Nordic power systems and its share for the Danish power 
system. This chapter also highlights the specific requirement for the WPPs in Denmark, 
contributing to frequency control services. 

The fourth chapter highlights the modelling of real-time power balance control. This chapter 
initially discusses the generation of hour-ahead regulating power plan from Simba model and 
then the modelling of AGC. A coordinated control strategy between CHPs and WPPs, where 
WPPs can contribute actively in active power balance control, is explained afterwards. The 
chapter also proposes a ‘rolling balance’ algorithm for the programmed activation of manual 
reserves, to reduce the sustained power imbalances and restore secondary reserves. 

The modelling of the generating units and the system interconnections is discussed in the fifth 
chapter. This chapter explains the development of aggregated models of generating units and 
also evaluates their performance. The aggregated models developed for this study are neither too 
complex, which makes the simulations time consuming and nor too simple to reduce the results 
reliability. The simplified models reduce the computation effort but still contain the dynamic 
features relevant for the specific application. 

The sixth chapter investigates through sets of simulations the long term dynamic behaviour of 
the power system regarding active power balance control, by utilising the developed models and 
control strategies described in Chapter 4 and Chapter 5. The chapter initially analyses the 
dynamic behaviour of the developed power system model and then the real-time power balance 
control in an interconnected power system, where wrong forecasts of wind power leads to huge 
power imbalances. The studies are based on assumptions for the year 2020 and the time series 
for generation, load and power exchange are provided by SimBa model. This chapter analyses 
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the contribution of WPPs and flexible consumption units in the power balance control, along 
with conventional power plants. 

The final chapter summarizes the conclusions of this thesis with discussions and the 
recommendation for future work. 
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Chapter 2  
Danish power system 

This chapter provides an introduction to the Danish power system, starting with an overview of 
the general structure of electrical power network in Denmark, i.e. Eastern and Western Danish 
power systems. The chapter then outlines the existing and future interconnections of the Danish 
power system with the Nordic and CE power systems and also the great belt link connection 
between the two Danish electrical networks. The main part of this chapter is devoted to power 
generating units, where various types of generating units in the Danish power system are 
summarized. The conventional power generation is basically from CHPs and DCHPs, while 
renewable power generation from WPPs. The chapter also provides an overview of the existing 
and future intended capacities of the generating units in Denmark. 

2.1 Danish power system overview 
Danish power system is electrically divided into two parts, Eastern and Western Danish power 
systems. The Eastern Danish power system is synchronously connected to the hydro power 
dominated Nordic synchronous power system and the Western Danish power system to the fossil 
fuel dominated CE synchronous power system. The Eastern and Western Danish power systems 
are connected through a High Voltage Direct Current (HVDC) link, called the ‘Great Belt power 
Link’ (GBL). The HVDC links also connects Eastern Danish power system to CE power system 
and Western Danish power system to Nordic power systems. The electrical interconnections of 
the Danish power system with neighbouring power systems is shown in Figure 3, where the blue 
lines showing the HVDC connection and red lines showing the AC connection. 

2.1.1 Eastern Danish power system 

The Eastern Danish power system includes Zealand and some nearby small islands.  The 
electrical power is generated mainly from CHPs, DCHPs and WPPs. The CHPs and DCHPs uses 
coal, gas, oil, waste and bio mass as a fuel for the production of electricity and heat, while WPPs 
are spread on land (onshore) and also located in sea (offshore). The transmission system 
comprises overhead lines and cables at the two highest voltage levels of 132 kV and 400 kV 
[39]. 
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Figure 3: Danish power system interconnections with Nordic and CE power systems; Red lines 

indicate the AC connection and the blue lines indicate the HVDC connection 

The Eastern Danish power system constitutes the southern part of strong Nordic power system. 
The Nordic power system is characterized by large hydro power that comes from Norway [39]. 
The predictable power generation from hydro power stabilizes the frequency of Nordic power 
system. This is of great profit for the Danish Eastern system, as the power balancing task is more 
difficult with large scale integration of wind power. The strong Nordic power system makes the 
power system operation in the Eastern Denmark frequency stable. In the south, the Eastern 
Danish power system is also connected to Germany, the CE power system, with an HVDC link. 

2.1.2 Western Danish power system 

The Western Danish power system includes Jutland, Funen and some small islands. The Western 
Danish power system also generates the electricity from CHPs, DCHPs and WPPs. The 
conventional generation uses coal, gas, waste and Bio mass as fuel for the production of 
electricity and heat. A significant portion of the power generation comes from onshore and 
offshore WPPs. The electricity is transmitted through overhead lines and cables at the highest 
voltage levels of 150 kV and 400 kV [39]. 

The Western Danish power system is interconnected to CE power system through Germany in 
the south, where fossil fuelled power plants are dominating. The CE power network has large 
inertia and offers huge automatic frequency response, making the Western Danish power system 
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frequency stable with large scale integration of wind power. The Western Danish power system 
is also connected to Nordic power system through HVDC links via Norway and Sweden. 

2.2 System Interconnections 
As aforementioned, the Danish power system is comprised of two parts, i.e. Eastern and Western 
Danish power systems. The Eastern and Western Danish power systems are connected through 
GBL and also interconnected to the strong neighbouring power systems of Germany, Sweden 
and Norway. Figure 3 shows the interconnections of the Danish power system and are briefly 
explained below: 

2.2.1 Great Belt Link 

An HVDC connection having a transmission capacity of 600 MW connects the two electrical 
networks of the Danish power system [40, 41]. The HVDC link, shown in Figure 3, has a voltage 
level of 400 kV. The converter station on Western Denmark side is connected to a 400 kV 
substation and the converter station on Eastern Denmark side is connected to a 400 kV overhead 
line. The GBL interconnector includes 32 km long sea cable, 16 km long land cable in Western 
Denmark and 10 km long land cable in Eastern Denmark. The interconnection was 
commissioned in July 2010 and started commercial operations in August 2010 [41]. 

2.2.2 Eastern Danish power system interconnections 

The Eastern Danish power system is connected to Sweden through an AC transmission line and 
with Germany through a HVDC transmission line, shown in Figure 3. The interconnection to 
Sweden, i.e. link to the Nordic grid, is through two 400 kV and two 132 kV cables connections, 
having a total capacity of about 1700 MW [40]. Eastern Denmark is connected to Germany 
through a 400 kV DC cable with a capacity of 600 MW [40]. 

2.2.3 Western Danish power system interconnections 

The Western Danish power system is connected to Sweden and Norway through a DC 
connection and to Germany through an AC connection. The interconnection to Sweden is 
through two 250 kV DC connections with a transmission capacity of 740 MW [40], while the 
interconnection to Norway comprises of three DC connections, two 250 kV and one 350 kV, 
with a total transmission capacity of 1040 MW. According to [42, 43], a planned fourth electric 
cable to Norway will increase the transmission capacity from 1040 MW to 1640 MW. Moreover, 
the Danish and Dutch TSOs are also planning to build a DC power link with a capacity of 700 
MW which is expected to be operational by 2016 [44]. 

As mentioned, an AC interconnection with Germany links the Western Danish power system to 
the CE grid. It consists of four AC connections, i.e. one 400 kV, two 220 kV and one 150 kV 
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connection. The total transmission capacity on this AC connection at present is approximately 
1500 MW [40]. Though, according to [43], there are plans to increase this transmission capacity 
to 2500 MW by 2017. The planned system interconnections for the future Danish power system 
with Nordic and CE power systems is shown in Figure 4, with AC as dotted line and DC as bold 
line. 

 
Figure 4: Planned system interconnection capacities for future Danish power system with 

neighbouring power systems 

It is worth mentioning that, Denmark’s neighbouring power systems ramp the agreed power 
exchange in different durations and at different starting times [14]. For example, in the Nordic 
power system, the agreed power exchange shall be ramped within 30 minutes and shall begin 15 
minutes before the agreed exchange hour. Meanwhile, in the CE power system, the power 
exchange shall be ramped within 10 minutes and shall start 5 minutes before the agreed 
exchange hour. The difference in power exchange ramping might lead to a power imbalance in 
Danish power system at an agreed hour. For example, if the power has to be transported from the 
Nordic power system to the CE power system or vice versa, it might end in a power surplus or 
deficit in the Danish power system, respectively. The Danish TSO deals with the power 
imbalance on an agreed exchange hour by activating an extra regulating power bid, to maintain 
active power in balance. 

2.3 Electrical power generation 
The electrical power generation in Denmark is a combination of conventional and renewable 
generation sources. The conventional power generation is typically based on centralized thermal 
power plants and DCHPs, while renewable generation is mainly from WPPs. Most of the 
centralized thermal power plants are also used for the production of heat along with electricity 
generation and therefore in this study they are classified as centralized CHPs. The following will 
present the CHPs, DCHPs and WPPs operating in the Danish power system. 
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2.3.1 Conventional power plants 

CHPs are globally popular for their most efficient ways of generating electricity and heat, with 
lower CO2 emissions compared to other fossil fuelled power plants. The co-generation of 
electricity and heat enables the efficient utilisation of fuel. Large amount of heat is wasted in 
conventional way of electricity generation, whereas the CHP captures usable heat in an efficient 
way and utilize it either for district heating or for electricity production through steam turbine. 
Thus, the reuse of heat increases the efficiency of CHP power plants. 

The EU has actively incorporated cogeneration in its energy policy and Denmark is among one 
of the countries that have employed intensive cogeneration in its generation system. The 
combined production of heat and power saves a minimum of 10% of energy compared to 
separate production [45]. According to [46], Denmark with modern equipment saves 25 – 30 % 
of the energy with cogeneration. Denmark has both large scale CHPs and small scale DCHPs in 
its generating system. CHPs are located in large cities, while DCHPs are located at smaller 
centres. 16 CHPs and approximately 415 DCHPs supply public heating in Denmark [47]. Most 
of the CHP in Denmark are coal fired while DCHP typically uses natural gas, waste, biomass or 
bio gas as a fuel [48]. The CHPs operating presently in the eastern and western Denmark are 
discussed below and shown in Figure 5. The CHPs are marked as red dots while the DCHPs as 
yellow on the Danish map.  

 
Figure 5: CHPs and DCHPs in the Danish power system 
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The CHPs operating centrally in Danish power system are briefly explained below, with their 
capabilities of generating electricity and heat and also the type of fuel they used [48, 49]. The 
CHPs operating centrally in Eastern Denmark are as follows: 

o Asnæs Power Station (Asnæsværket) can deliver a total of 782MW electricity and up to 
552MJ/s of heating for the Municipality of Kalundborg. The Asnæs Power Station uses 
coal as its main fuel and oil as a reserve. 

o Avedøre Power Station (Avedøreværket) utilises up to 94 % of the energy in the fuels by 
producing electricity and heat simultaneously. The total production capacity is 793MW 
electricity and 918MJ/s heating. The Avedøre Power Station supplies 200,000 households 
with heat. It consists of two power station units: Avedøre 1 and Avedøre 2. Avedøre 1 
primarily uses coal as fuel and Avedøre 2 is a multi-fuel system, which utilises natural 
gas, oil, coal, straw and wood pellets. 

o H.C. Ørsted Power Station is a gas-fired power station that can generate 98MW of 
electricity and 486MJ/s for district heating. The primary task is to supply district heating 
to the Copenhagen district heating network. 

o Kyndby Power Station is the emergency and peak load facility for Zealand in 
Hornsherred. It can start operating within minutes in case of operational 
irregularities. The 734MW capacity is distributed on five different production units; 
260MW on two oil-fired steam power units, 63MW on two oil fired gas turbine units and 
a 70MW on gas turbine.  

o Amager power station is fuelled with coal and bio pellets and comprises of two combined 
heat and power units with a combined electrical capacity of 314 Megawatt and a 
combined heat capacity of 583 MJ/s.  

o Stigsnæs Power Station consists of two coal-fired production plants with an overall 
capacity of 409 MW of electricity and 2 MJ/s of heat. 

Also, the CHPs operating in Western Danish power system are: 

o Esbjerg Power Station has a total capacity of 371MW electricity and 460MJ/s of heating. 
The power station primarily uses coal to produce electricity and district heating. 

o Herning Power Station based on biomass fuels produces 88MW of power and 200MJ/s 
of district heating. It burn wood chips and wood pellets, with natural gas as reserve fuel. 
Wood chips make up about 70% of fuel while wood pellets approximately 30 %. 
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o Skærbæk Power Station has a capacity of 392MW electricity and 447MJ/s heating. It is 
a natural gas fired plants with a total efficiency of 49 % at 100 % power production. At 
combined heat and power production, the plant can achieve a total efficiency of 93 % 
which makes it one of the world’s most efficient power stations.  

o Studstrup Power Station is located north of Aarhus and has a total capacity of 714MW 
electricity and 986MJ/s district heating. Studstrup Power Station primarily uses coal for 
generating electricity and district heating.  

o Fyn Power Station (Fynsværket) is a coal, straw and municipal waste-fired power 
station in Odense, having a generation capacity of 675 MW of electricity. 

o Ensted Power Station (Enstedværket) is a thermal power plant in Aabenraa, Denmark. 
The power station is fuelled by coal, straw and woodchips and has a generation capacity 
of 700 MW. 

o Nordjylland Power Station (Nordjyllandsværket) is a coal-fired combined heat and 
power plant in the north east of Aalborg, Denmark. The power plant has the generation 
capacity of 741 MW. 

o Viborg Power Station (Viborg Kraftvarmeværk) is a natural gas-fired power station. It 
can provide 57 MW of electric power and 57 MJ/s of district heating. 

Apart from centralized power plants, large numbers of dispersed generations in form of DCHPs 
is also installed in the Danish electricity system, as shown in Figure 5. DCHPs are characterized 
by the connection between local district heating system and a regional power grid. As 
aforementioned, these power plants mainly use natural gas for the production of heat and 
electricity. The other sources of generation are waste, oil, coal and bio mass. The DCHPs deliver 
heat to the local district heating system and are equipped with heat storage tank, so they can 
operate more independently from the heat demand. DCHP units with a capacity of less than 
10MW are operated in on-off mode depending on the power prices they are given. Units above 
10MW are allowed to participate in power balancing through electricity market [50]. In this 
study, the DCHP units only offer spinning reserve for real-time balance control. 

During last decades, the Danish power system has evolved from fossil fuel to environmental 
friendly mix of renewable energy, generated 33.2% of the annual electricity consumption from 
the wind power in 2013 and aims to increase it to 50% by 2020. In view of future ambitious goal, 
Table 1 provides the future intended power generation from conventional power plants by the 
Danish TSO in the Eastern and Western Danish power system.  
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Table 1: Future intended Conventional power generation in Danish power system 

 

DCHP CHP 

Fuel 
Generation 

capacity  
(MW) 

Fuel 
Generation 

capacity  
(MW) 

Eastern Danish 
power system 

Bio Mass 124 Coal 1166 
Coal 35 Gas 560 
Gas 624 Oil 692 

Waste 96 Internal 
Combustion 20 

Oil 34 - - 

Western Danish 
power system 

Bio Mass 193 Bio Mass 350 
Waste 154 Coal 1130 
Gas 1261 Gas 436 

From Table 1, DCHP power plants mainly use gas for energy production, while CHP power 
plants use coal as a fuel.  

2.3.2 Wind Power Plants 

Denmark, being a pioneer in generating the electricity from wind is characterized today by the 
highest wind power penetration level in Europe. The installed wind power capacity reaches to 
4792 MW in 2013 [3]. This large scale integration of wind power provided 33.2% of the total 
electricity generation in Danish power system. The electricity is generated from both onshore 
and offshore WPPs in Danish power system. The onshore WPPs have the capacity of 3521 MW 
and are geographically distributed in whole Denmark [51]. A large geographical spread of 
onshore wind power reduces the power variability and increases the predictability of output 
power [52]. On the other hand, the power fluctuations are much more intense from off shore 
WPPs having the capacity of 1271 MW [51]. The offshore wind farms operating presently in 
Denmark are listed in Table 2 and some of them are briefly described below.  

o Anholt offshore wind farm with a capacity of 400 MW is the largest wind farm in 
Denmark and third largest offshore wind farm in the world. The wind farm has 111 
number of wind turbine of 3.6 MW. The wind farm is commissioned in September 2013 
and is located between Djursland and Anholt island. 

o Horns Rev 2 is located in the eastern North Sea, about 30 km off the westernmost point 
of Denmark, Blåvands Huk. It consists of 91 wind turbines with a capacity of 2.3 MW. 
The total generating of Horns Rev 2 is 209 MW. 

o Nysted (Rødsand 1) and Rødsand 2 are located close to the Rødsand sand bank near 
Lolland. Rødsand I was built in 2003, with 72 turbines and a total capacity of 166 MW. 
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In 2010, a 207 MW extension of the Nysted wind farm as Rødsand 2 was installed. 
Rødsand 2 consists of 91 wind turbines. 

o Horns Rev located close to Horns Rev 2 in the eastern North Sea, about 15 km off the 
Blavands Huk. This offshore wind farm has a generating capacity of 160 MW with a total 
of 80 wind turbines (2 MW). 

Table 2: Offshore Wind farms in Danish power system 

Wind Farm Capacity (MW) Number of wind turbine 
Anholt 400 111 

Horns Rev 2 209 91 
Rodsand 2 207 90 

Nysted (Rodsand 1) 166 72 
Horns Rev 1 160 80 

Middelgrunden 40 20 
Samso 23 10 
Sprogo 21 7 

Ronland 17.2 8 
Avedore Holme 10.8 3 
Frederikshavn 7.6 3 

Tuno Knob 5 10 
Vindeby 4.95 11 

The Danish power system will increase the country's offshore wind capacity by 1500 MW in 
coming years, to attain the 2020 goal. The 1500 MW will be achieved by constructing the 
offshore wind farms; Horns Rev 3 with a capacity of 400 MW and Krigers Flak with a capacity 
of 600 MW [53]. Horns Rev 3 will start operating in 2017, while Kriger Flak is set to be fully 
operational by 2020. 450 MW will be provided from near shore wind farms along with 50 MW 
of experimental offshore wind farms [53]. Furthermore, 500 MW of additional capacity will be 
achieved by scraping 1300 MW of outdated on shore wind turbines and simultaneous building of 
1800 MW of modern wind turbines [2]. With the effect of commissioning new wind farms, the 
installed wind power capacity will be upgraded to 6600 MW, i.e. 2800 MW in Eastern Danish 
power system and 3800 MW in Western Danish power system. Figure 6 shows the existing and 
future offshore wind farms in Denmark that would be operational by 2020.  
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Figure 6: Present and future off shore wind farms in Denmark 

2.4 Summary 
Increasing wind power integration significantly affects the secure operation of power system. 
The large scale wind power integration brings challenges like power regulation, frequency 
stability and voltage stability along with UC, ED and AGC. 

An overview of the Danish power system and its general structure is presented and discussed in 
the chapter. The Eastern and Western Danish power systems are strongly connected to the 
neighbouring countries of Nordic and CE powers systems offering huge frequency response. 
This chapter provides an overview of the existing and future intended power exchange capacities 
with strong neighbouring power systems that stabilize the system frequency. However, power 
balance is still one of the main challenges that need to be evaluated for large scale integration of 
wind power. This chapter also highlights the conventional and wind generating units in the 
Danish power system and also presented the intended future generating plans for the Danish 
power system. 
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Chapter 3  
Technical requirements and regulations for 
active power balance control 

Large scale integration of wind power brings new challenges to the power system operation, 
raising serious concerns over its dynamic security, stability and reliability. These new challenges 
have already resulted in grid codes revision and established new regulations and technical 
requirements for reliable and secure power systems operation. As aforementioned, Denmark, 
being a pioneer in generating the electricity from wind is also the first to face challenges due to 
large scale integration of wind power. Therefore, this chapter highlights the technical 
requirements and the regulations for active power balance control in Danish power systems and 
also utilize it for further studies. 

The chapter initially presents the real-time approach for active power balance control in an 
interconnected power system, primary frequency response during power imbalance and the AGC 
response from the control area causing the power imbalance. It then defines the different types of 
reserves used in Danish power systems and its requirement by the European Network of 
Transmission System Operators for Electricity (ENTSO-E) for balanced power system operation. 
The chapter also highlights the specific requirements for the WPPs from the Danish grid 
operator.  

3.1 Regulations for active power balance control 
Active power regulation services are typically needed to deal with the power imbalance due to 
forecasting error (wind power or load) or contingency events (e.g. tripping of a generating unit or 
network disconnection). A balance between production and consumption of electricity must 
always be maintained in a power system. A change in active power balance alters the system 
frequency and if this violates a strictly predefined frequency range it can threaten the stability 
and thus the security of the power system. The frequency of electric power system is determined 
from the relationship between generation and load demand. This relationship is exemplified in 
Figure 7 using the analogy of water level in a tank. The water inflow to the tank is assumed as 
power generation, water outflow as the system load and the water level as system frequency. If 
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Figure 13: Deployment time for FCR in CE by the ENTSO-E 

The FCR is distributed between the subsystems of the CE power system in accordance with the 
annual consumption during the previous year. As for example in 2011, the western Denmark 
shared ±27 MW of the FCR in the total required reserves [59, 57]. 

Frequency – Controlled Normal Operation Reserve (FCNOR) [57, 59, 60, 61] 

FCNOR is used to avoid frequency deviations in the Nordel synchronous system. The FCNOR 
shall be activated linearly until the full reserve is utilised for a frequency deviation of 0.1 Hz 
with 50 Hz being the reference value. The FCNOR shall be at least ±600 MW at 50.0 Hz for the 
Nordic synchronous system and shall be regulated upward or downward within 2-3 minutes for 
±0.1 Hz of change in frequency.  

The FCNOR is distributed between the subsystems of the Nordic synchronous system based on 
previous year’s power consumption. Eastern Denmark share ±23 MW of FCNOR in the year 
2011. Also, each subsystem of the Nordic synchronous system shall have at least 2/3 of the 
FCNOR in its own system in the event of splitting up and island operation. 

Frequency – Controlled Disturbance Reserve (FCDR) [57, 59, 60, 61] 

Nordic grid code defines the FCDR as “a reserve of such magnitude and composition that 
dimensioning faults won’t entail a frequency of less than 49.5 Hz in the synchronous system”. 
The FCDR shall amount to an output power equal to the dimensioning fault minus 200 MW as 
self-regulation of the load and it must be available for usage until the FADR has been activated. 
The dimensioning fault is defined as the single contingency that can happen with a probability of 
once every third year that leads to the largest loss of generating capacity. In Nordic region, it is 
approximately 1400 MW and it corresponds to a nuclear power plant in Sweden or the largest 
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hydro power plant in Norway. The self-regulation of the load was estimated to 200 MW. The 
total FCDR requirement is thus approximately 1200 MW, which is allocated between 
subsystems of the Nordic synchronous system according to the relative dimensioning faults of 
the individual areas on a weekly basis. Eastern Denmark share approximately 160 MW in the 
year 2011.  

The FCDR shall be activated at 49.9 Hz (when FCNOR has been fully activated) and be 
completely activated at 49.5 Hz. It must increase as good as linearly throughout the frequency 
range of 49.9-49.5 Hz. In the case of a momentary frequency drop to 49.5 Hz caused by 
momentary loss of production, 100% of the FCDR shall be regulated upwards within 30 seconds. 
Agreed automatic load shedding in the event of frequency drops to 49.5 Hz can be counted as 
part of the FCDR. 

Figure 14 illustrated the correlation between FCNOR and FCDR. The Nordic grid code also 
require the activation of FCNOR with minimum response of 6000 MW/Hz and FCDR with 2500 
MW/Hz.  

 
Figure 14: Primary reserves and power frequency characteristics of Nordic power system  

3.2.2 Secondary controlled reserves 

Secondary control is responsible to restore the primary reserves, restore scheduled power flow on 
tie lines and return system frequency to nominal level within 15 minutes. The automatic reserves, 
in CE (FCR) and in Nordic (FCNOR & FCDR), are allocated among each control area to 
stabilizes the power system following a power mismatch between generation and load demand. 
The deployment of these reserves stabilizes the system frequency at new level and deviate the 
power exchange from their scheduled values. The automatic secondary reserves (FRR) then have 
to be activated in the control area responsible for the power imbalance to bring back the 
frequency to its nominal level, restore the primary reserves and also restore the power exchange 
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to its schedule. The secondary reserves can be shared among the partners, provided there is no 
potential congestion in the transmission system that might prevent the activation of the reserves. 
FRR must be available within 15 minutes to restore the system to normal state following faults. 
The size of these reserves is determined by the individual subsystem’s assessment of local 
requirements [56]. 

In Western Denmark, Energinet.dk is currently using central AGC for the deployment of FRR. 
The AGC handles the unforeseen imbalances in western Denmark, so that the power exchange 
on AC link between with Germany is kept at its schedule. The AGC is required to respond not 
later than 30 seconds and fully activate FRR within 15 minutes at most. The AGC reserve 
requirement is based on the maximum consumption. The AGC capacity is currently limited to 
±90 MW as the majority of imbalances are handled in the control room through manual reserves, 
using operational planning to a large extent [57, 59].  

3.2.3 Manual reserves  

Each TSO is responsible to ensure that the load demand should be covered at all times by 
electricity produced in that area, together with electricity imports from neighbouring control 
areas. In order to maintain this balance, generation capacity must be available to cover power 
plant outages and any disturbances affecting production, consumption and transmission. In 
European context the manual reserves are also called tertiary control reserves, activated in the 
form of regulating power to release the automatic reserves and deal with the prolonged power 
imbalances due to forecasting error or contingent events. The manual reserves ensure the 
minimum amount of regulating power to deal with the outage of a dimensioning unit (N-1 
contingency) in the Eastern or Western Danish power system. The dimensioning unit will be a 
national transmission line, international interconnector or a generation unit.  

In Eastern Denmark, 300 MW of fast and 300 MW of slow manual reserves are required as 
FADR and SDR, respectively. The FADR is available within 15 minutes and SDR after 15 
minutes to deal with power imbalances in Eastern Denmark. The reserve power in Eastern 
Denmark is also used to counter the contingency events in the Western Denmark via GBL. In 
case of contingency, the exports to Eastern Denmark can be reduced to handle the dimensioning 
fault in Western Denmark. While in case of power import, Energinet.dk can reserve up to 300 
MW on the GBL in the westbound direction for operational security of Western Denmark during 
contingent events. However, in the event of heavy westbound power flow, Energinet.dk will 
specifically consider purchasing of extra reserves in Western Denmark. Energinet.dk only keeps 
250 MW as manual reserves (RR) in Western Denmark for dealing with the power imbalances 
and release of automatic reserves [57, 59]. 
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3.3 Active power regulation from WPPs 
During the first two decades of wind turbines (1980 – 2000), they were exempted from providing 
any grid support services. The wind turbines were then being connected to a fairly strong grid 
where conventional power plants dominated the overall generation. However, the increasing 
integration of wind power imposed new challenges for the power system operation, raising 
concerns about its dynamic security and reliability. To deal with possible challenges, some of the 
TSOs of highly wind power integrated power system have revised grid codes to secure its 
operation and facilitate additional integration of wind power into power systems in a secure and 
reliable manner. In this regard, the WPPs connected to Danish power system have to cover 
several regulating functions to control its output power. The regulating and constraint functions 
imposed by the Energinet.dk are subjected to the conditions of the grid and wind. This is to 
ensure that the various regulating and constraint functions do not interfere with each other. The 
regulating functions are listed in a priority order in the following [16]: 

3.3.1 System protection 

During overloading in the grid, system protection function regulates the active power from WPP 
to an acceptable level. This regulating function contributes to avoid system collapse in case of 
any unforeseen incidents. The down regulation in wind power starts when system protection 
signal is activated and continues till the termination of external signal. It must be possible to set 
up at least five different set points for the WPP and if require to change the set point, it must be 
done not later than 10 seconds after receiving instructions. The power output in system 
protection must not differ by more than ±2% of the set point value. The system protection 
regulation is shown in the Figure 15 and is applied on the power plants having capacity more 
than 1.5 MW. 

3.3.2 Frequency control 

The automatic frequency regulation shall change the output power of the WPP to restore the 
frequency with an accuracy of ±10 mHz in case of deviation. The frequency control function 
from the WPP is shown in Figure 16. The frequencies between f2 – f3 form a dead band, whereas 
the WPP shall provide the primary control with Droop 1 if frequency is in between f1 – f2 and 
with Droop 2 if in between f3 – f4. The critical frequency control is supplied with Droop 3 and 
Droop 4 for frequency in between f4 – f6. 

PDELTA set aside reserves and is used to stabilize the system frequency, if frequency drops from 
point f2. If frequency rises from f3, the active power from the WPP is regulated downward. The 
WPP shouldn’t up regulate its active power output if frequency reaches to point f5, until the grid 
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frequency reduces than f7. The shutting down of individual wind turbine is also allowed in case 
it is needed to down regulate the active power below Pmin. 

 

Figure 15: System Protection  

 
Figure 16: Frequency Control Regulation  

The frequency control regulation is applied on the WPP having capacity larger than 25 MW. The 
frequency set points can be changed not later than 10 seconds after receiving order signal. The 
accuracy of the power output must not deviate by more than ±2% of the set point value. 

3.3.3 Constraint functions 

The constraint functions are the auxiliary active power control functions that are used to avoid 
imbalances or overloading of electricity network during faults or other unpredictable events. The 
WPP must be equipped with the following constraint functions, i.e. power gradient constraint, 
absolute gradient constraint and delta production constraint. These constraint functions are 
described below:  
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I. Power gradient constraint 

This constraint function limits the rate in wind turbine output power with respect to wind speed 
changes, as the conventional power plants might not be able to change their output as fast as the 
wind speed is changing. The settings for the power gradient constraint are provided by the 
system operator. Power gradient constraint function is shown in Figure 17 and is applied on the 
WPP having capacity larger than 1.5 MW. 

 

Figure 17: Power Gradient Constraint  

II. Absolute production constraint 

This regulating constraint limits the current power production of a WPP to random set MW 
value, when available power is in range of 20% to 100% of rated power. The maximum 
allowable deviation is ±0.5% of rated power at connection point. This regulating function shall 
not overload the grid and is demanded from WPP having capacity larger than 1.5 MW. Absolute 
production constraint function is shown in Figure 18. 

 

Figure 18: Absolute Power Constraint  

III. Delta production constraint 

This constraint function limits the current power production of a WPP by a fixed amount in 
proportion to the available power, thereby setting aside reserve for handling critical power 
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requirement. Delta production constraint function can take part in frequency control. It reduces 
the power fluctuations due to high wind thus reducing the need of spinning reserves. Delta 
production constraint function is exemplified in Figure 19 and is applied on WPP with capacity 
larger than 25 MW. 

 

 

Figure 19: Delta Power Constraint 

If a change in the set points for the above constraint functions is obliged, it shall commence 
within two seconds and completed not later than 30 seconds after receiving an order signal from 
the system operator. The power output must not deviate by more than ±2% of the set point value 
or by ±0.5% of the rated power, depending on which provides the highest tolerance. 

Different control techniques discussed above make WPPs able to participate in frequency control 
services during certain conditions. However, the large scale integration of wind power in future 
may also requires services like primary and secondary balancing control from the WPP on 
continuous basis. The fast ramp rate need for the balancing response is not a technical threshold 
for WPP to participate in frequency control services. Reserves can be set aside from hour-ahead 
forecast wind power forecast or operating in a delta mode, to enable the WPPs to participate in 
primary and as well as in secondary control purposes. But, the variability of wind power with a 
limited predictability hurdles the full time availability of reserves. However, less tight standards 
for WPPs may be defined in the future to have a certain capacity at a certain availability rate. 

Even if WPP participates in the frequency control services, yet the economic feasibility of setting 
aside reserves is still to discuss. Wind power being cheapest source of producing electricity 
receives a dispatch priority and the most profitable strategy for a WPP is to produce at maximal 
capacity. Keeping wind power as an upward regulating reserving is expensive as the WPP has to 
produce continuously under maximal capacity. The upward regulating reserve imposes a 
reservation cost, depending on the lost revenues of electricity and is determined by the electricity 
price that could have been sold otherwise. On the other hand, keeping downward reserves has no 
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reservation cost, as WPP normally produces the available wind power but participates in the 
active power balance control during positive imbalances. 

3.4 Summary 
This chapter provides an overview of the main aspects regarding the power balancing control in 
the Nordic and CE synchronous power systems. The power frequency characteristics of the 
electrical network decide the stiffness of the synchronous power system that depends on the 
frequency characteristic of the generating units operating in the power system. The AGC, based 
on area control error provides the desired secondary response to return the system frequency and 
the power exchange to its schedule following a power imbalance. The area control error depends 
on the frequency control error and power control error, which is the deviation seen on the AC 
interconnection from its schedule following the power mismatch. The area control error 
replicates the total power imbalance, if AGC bias settings, for the calculation of frequency 
control error, equal to the power frequency characteristics of the control area where power 
imbalance occurred. The frequency control error then emulates the primary response of that 
control area. 

The main part of this chapter reports the balancing reserves in the Nordic and CE power system. 
The CE follows the ENSTO-E definition for the reserves requirement, while Nordic grid codes 
define the reserves as automatic and manual reserves. These reserves are distributed between the 
subsystems of the synchronous power system based on previous year’s power consumption and 
relative dimensioning faults. In CE, the secondary reserves are activated automatically though 
central AGC system. 

This chapter also presents the requirements for active power regulation from WPP connected to 
the Danish grid for secure and stable operation of the power system with increasing large scale 
integration of wind power. The WPPs require certain control functions that include system 
protection, frequency control and constraint functions like absolute production, delta control and 
power gradient. However in future, the WPP may be required to participate in active power 
balance control services, same as other conventional power plants, to uphold the secure and 
reliable operation of large scale wind power integrated power system. 
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Chapter 4  
Power system modelling and control 

Increasing wind power integration influences the power system operation, particularly the active 
power balance control. The variable wind power generation together with the technical 
capabilities of the generating units and the market rules might hinder the power system balance 
control. These factors must be taken into account while planning the power balancing operation 
of a large scale wind power integrated power system. 

This chapter models the real-time balance control for future Danish power system with large 
scale integration of wind power. The chapter initially describes the generation of HA balanced 
regulating power plan, in a five minute resolution, for generation and power exchange with 
neighbouring power systems. It then follows with the implementation of AGC system and a 
coordinated control strategy between CHPs and WPPs, where WPPs can contribute actively in 
active power balance control while deciding the secondary dispatch with minimum cost. The 
chapter also proposes an algorithm ‘rolling balance’ to further reduce the real-time power 
imbalance and secure power system operation. 

4.1 Hour-ahead Regulating power plan 
Traditionally, TSOs accept the hourly regulating bids for balanced power system operation. 
These bids are selected to preserve system security and to minimize generation cost, without any 
information of power balancing within intra-hour. For large scale wind power integration, as the 
case of future Danish power system, the intra-hour balancing will be required due to the 
intermittent and uncertain nature of wind power. In order to maintain a close balance between 
generation and demand, the Danish TSO for electricity and gas, Energinet.dk, together with the 
Technical University of Denmark has developed a new model capable of modelling the intra-
hour power balance control. This model, known as SimBa, is based on the Danish principles of 
balancing. The model scales the balance operation down to a five minute time period and 
therefore have more precise forecast of the system’s behaviour. It closes the gap between 
traditional energy models and intra-hour power balancing models by simulating the procedures 
taking place in the operator's control room.  
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4.1.1 Balancing concept of Danish power system 

The power balancing model, SimBa, is developed on the operational principle of Danish power 
system, where electricity market is responsible for the balanced power system operation [62]. In 
order to understand the principles on which the SimBa generates the HA time series for 
generating units and power exchange with neighbouring power systems, it is required to 
understand the Danish operational principles and the market design. 

The power balance responsible players’ trade in the electricity market for the balanced operation 
of the power system. Examples of electricity markets are the day-ahead, intraday and regulating 
power markets. The balance responsible players trade in spot market to balance the power 
system for each operating period in the next day. These players send their bids for production 
and consumption to the Nordic power exchange, Nord Pool Spot. The spot market closes at 
12:00, one day before the operating period. The Nord Pool Spot select the hourly bids for 
purchase and sale one day prior to physical delivery and therefore referred as a day-ahead 
market. Within this process, the bids are selected with foremost intent of preserving system 
integrity and then to minimize the overall operating cost. The bids selection is subjected to 
different constraints, such as transmission constraints, capacity constraints and generating 
technologies. 

After market clearance, the unsuccessful players then might offer their potential 
production/consumption as regulating power. These regulating power bids are added to the 
Nordic Operational Information System (NOIS) list with their price and amount for upward or 
downward regulation. The market players are obliged to send updated operational schedules to 
Energinet.dk whenever they experience a change in their production/consumption. In this way, 
the Energinet.dk has always the best possible knowledge of the regulating power available in 
real-time operation.  

Energinet.dk updates the schedule based on the updates of wind or load forecast by activating the 
bids from the NOIS list on the intraday. There are several rules for activating bids, a bid should, 
for example, be activated for at least 30 minutes and the size of the activated bid should be at 
least 10 MW [62]. Some rules help to stabilise the system and some rules are made to help to 
protect the production equipment. The bids activated by the Enrginet.dk need not necessarily be 
from Danish power system, it could be anywhere inside the Nord Pool Spot area. The bids with 
lower cost are activated, taking in account the transmission constraints of the power system.  

Energinet.dk has to maintain the power system in close balance during the operational hour. The 
TSO has to react to larger power imbalance by activating the regulating power. The smaller 
power imbalances are minimized by the automatic frequency reserves in the power system. 
However, the use of expensive automatic reserves is minimized by activating the slower reserves 
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to minimize the balancing cost of the power system. The following Figure 20 summarizes the 
market design and principle of power balance control.  

 

Figure 20: Operational design of electricity market 

4.1.2 Simulation Power Balancing (SimBa) model 

The intra-hour operational management is crucial for the power system optimization, especially 
for large scale wind power integrated power system. The TSO should not only manage the real-
time power balance control, but also estimate the changes that have to be done to the existing 
electricity grid in order to ensure good function and lowest cost. SimBa models the system in a 
detailed way taking into accounts the current grid regulations and energy market rules. It 
calculates the type and amount of reserves which should be activated in the hour-ahead operation 
time frame, while taking market rules in account.  

SimBa uses inputs from UC models including hourly values for energy production, load and the 
power exchange between interconnected areas. The UC model simulates the spot market and 
returns time series for production, consumption, prices etc. in an hourly time resolution. 
WILMAR, an abbreviation of ‘Wind Power Integration in Liberalised Electricity Markets’, is an 
example of such program used to model the spot market as a perfect market with a UC and 
dispatch model. In this study, the outputs from WILMAR are used as inputs to SimBa. The 
power balancing model transforms the hourly resolution time series into a more detailed 
resolution, i.e. five minutes and simulates the real-life operational schedule.  
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The generation of power schedules in SimBa differs for different types of production, 
consumption and exchanges. In this study, SimBa assumed that the consumption is perfectly 
forecasted which also can be interpreted as if the consumption is known one hour in advance. 
The schedule for power exchanges takes the ramping requirements in account, as Denmark’s 
neighbouring power systems ramp the agreed power exchange in different durations and at 
different starting times. For example, in the Nordic power system, the agreed power exchange 
shall be ramped within 30 minutes and shall begin 15 minutes before the agreed exchange hour. 
Meanwhile, in the CE power system, the power exchange shall be ramped within 10 minutes and 
shall start 5 minutes before the agreed exchange hour [14]. The difference in power exchange 
ramping might lead to a power imbalance in Danish power system at an agreed hour. For 
example, if the power has to be transported from the Nordic power system to the CE power 
system or vice versa, it might end in a power surplus or deficit in the Danish power system, 
respectively. SimBa analyses this problem and activates an extra regulating bid to overcome the 
imbalance due to the difference in power ramping. 

SimBa also takes in account the ramping characteristics of the conventional generating units and 
ramps their power schedule with a rate of 30 MW/min. The detailed power schedule for the wind 
power is generated based on the hour-ahead forecast of wind power. SimBa estimates the 
fluctuations from hour-ahead forecast and generates the possible wind power schedule in a five 
minute resolution within the operating hour. This intra-hour variability is not modelled by most 
wind power forecast systems. In this study, the day-ahead and hour-ahead forecasts of wind 
power are provided by the Correlated Wind power fluctuations (CorWind) model. According to 
[8], CorWind simulate the wind power time series over a power system region. It reanalysis data 
from a climate model adds a stochastic contribution to provide the mean wind flow over a large 
region which varies in time and space. The detailed power schedules for power exchanges, load 
consumption and generating units (conventional and wind) in five minute resolution can be 
interpreted as the available schedules prior to the operating hour, which are used for the 
calculation of hour-ahead power imbalance.  

SimBa also creates list similar to the NOIS using as input the technical characteristics of the 
units and the marginal costs. SimBa calculates the available capacity in the power system from 
the maximum and actual production of the online generating units. Knowing the marginal cost 
function of each unit, a merit list for upward and downward regulation is created.  

SimBa, from detailed power schedule, calculates the mean imbalance for half an hour and 
balances the power system internally in different areas, considering the grid regulation, 
transmission losses and transmission constraints. It activates the regulating power from the above 
mentioned list, while taking the market rules in account. This simulates almost similar real-life 
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operations at Energinet.dk, although Energinet.dk continuously updates schedules and activates 
regulating power.  

To understand the operation of SimBa, an example is illustrated below with inputs from the UC 
model and the wind power forecast model, as shown in Figure 21. This example helps in 
understanding the generation of hour-ahead schedule for balanced power system operation.  

 
Figure 21: Generation of hour-ahead schedule from SimBa 

i. Hourly inputs from unit commitment model 

The UC model after simulating the spot market generates the balanced schedule for the power 
system. WILMAR is an example of UC and dispatch model that provides day-ahead plan 
(Pplan_DA) for balanced power system. This study uses the Pplan_DA, as an input to the SimBa, for 
the generation of hour-ahead schedule (Pplan_HA) for the Danish power system. The Pplan_DA, 
shown in Figure 22, has an hourly time resolution and completely balanced. The power exchange 
in the figure shows the power exports from the neighbouring power systems. 

 
Figure 22: Day-ahead schedule from UC model in an hourly resolution 
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Apart from energy production, energy demand, power exchange and wind power forecast, 
WILMAR also provide the information regarding technical characteristics and marginal costs of 
generating units and the bid prices. 

ii. Updating Day-ahead schedule 

The SimBa model, after receiving the inputs from UC model, will update the hourly day-ahead 
schedule to five minutes resolution. Simba model than simulates both ramping on 
interconnection lines and ramping in the schedules for the power plants. The ramping starts 
15 minutes before the operating hour and ends 15 minutes after. As SimBa model assumes 
that the consumption is completely forecasted, so it will smooth out the hourly series of load 
consumption and will update the schedule. The updated schedule for the power exchange, load 
consumption and conventional generation is shown in Figure 23.   

 
Figure 23: Updated day-ahead schedule: top: power exchange, centre: conventional generation 

and bottom: load 

The ramping on the power exchange and on the conventional generating units will add an 
imbalance and so the system will be longer in balance with updated day-ahead schedule.  

iii. Possible wind power schedule 

The CorWind model provides the hour-ahead forecast of wind power based on the data provided 
by the weather model for every six hours. From this forecast, Simba generates the possible wind 
power schedule within the operating hour. The generated wind power schedule is more precise as 
it is forecasted closer to the operation time. Figure 24 shows the hour-ahead forecast of wind 
power from the CorWind. 
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Figure 24: Hour-ahead wind power forecast in five minute resolution 

iv. Balancing operation 

The system with updated schedule and wind power forecast is no longer in balance. The ramping 
and the predictability of the wind forecast cause an imbalance in the system. The power 
imbalance before and after updating the day-ahead plan and wind power forecast is shown in 
Figure 25. 

 
Figure 25: Power imbalance before and after updating the day-ahead plan 

SimBa will handle this imbalance before the operating hour by activating regulating power, as it 
is done by the Danish TSO. SimBa activates the bids from the bid list for balanced power 
system operation. The bids are activated while taking care of the market rules, i.e. the minimum 
activation time (30 minutes) and minimum bid level (10 MW). After bid activation process, 
SimBa generates the hour-ahead schedule and provides the balanced plan for generating units 
and power exchange with neighbouring power systems with five minute resolution.  

Due to the uncertain nature of wind, the wind power within the operating hour may not be the 
same as its estimated value and this aspect can create power imbalance within the operating hour. 
The hour-ahead forecast of wind power and the available wind power is shown in Figure 26, 
while Figure 27 shows the real-time power imbalance and the wrong forecast of wind power. 

 
Figure 26: Hour-head forecast and available wind power 
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